e— ]
AD-A119 264 CALIFORNIA INST OF TECH PASADENA F/6 20/5

OPTICAL PROPERTIES OF SMALL BAND GAP SEMICONDUCTORS SUBJECT TO ==ETC{U)
' 1982 T C MCGILL,.D L SMITH AFOSR=77~3216
UNCLASSIFIED AFOSR=TR=82+0678 NL

= ||l
ENANEEEREEREEE
il |







FINAL TECHNICAL REPORT
TO
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

GRANT NO. 77-3216 '
Title: (1/1/77 - 7/31/79)

OPTICAL PROPERTIES OF SMALL BAND GAP SEMICONDUCTORS

SUBJECT TO LASER EXCITATION

Title: (8/1/79 - 2/28/82)

NONLINEAR INFRARED PROPERTIES OF SEMICONDUCTORS

* Present address:

SUBMITTED
BY

DTIC

ELECTE
SEP 15 1982 .

T. C. McGill and D. L. Smith
California Institute of Technology
Pasadena, California 91125

Honeywell Systems § Research Center '
Mail Code: MN17-2328

2600 Ridgeway Parkway

Mimneapolis, Minnesota 55413

ATR FORCE CUFT7E OF SMITITIE
NOTICE eFaTT TTTL ~L } ; i :C-h L
This te-vois ¢ B )

TTNTIFIC RESEAR ~ (ATSER

3 .-\.-;4_} i9

DISTRIBUTION STATEMENT K

10-12
approve !

Approved for public releasel
Distribution Unlimited

Distri’
MeTTHT T

-7 srormation Division

chicr, deal Lot




b A a5 A e VIR AN 0 A=A 2N eI ot st £

- UNowsspep . - .

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ 1
REPORT DOCUMENTATION PAGE BEFORE cg,ﬁ;,‘f‘g%’,}g",,som
'- .l'o:i "Uuii' _ 2. GOVT ACCESSION NO.|] 3. RECIPIENT'S CATALOG NUMBER
AFOSR-TR- §--08%78 - 4119204
4 TITLE (and SubHHe) OPTICAL PROPERTIES OF SMALL BAND GAP | = FINAL REPORT o~ “CVERE°
EMICONDUCTORS SUBJECT TO LASER EXCITATION & D1 January 77 to 28 February 8
mnlm INFRARED PROPERTIES OF 6. PERFORMING OG. REPORYT NUMBER
EMICONDUCTORS ! :
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
T.C. McGILL & D.L. SMITH AFOSR-77-3216

9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM ELEMENT. PROJECT TASK
v AREA & WORK UNIT NUMBER
alifornia Institute of Technology

asadena, CA 91125 2306/c1 /02~

1, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE f

ku‘ Force Office of Sciences Research 6/? 02
uilding #4610 13. NUMBER OF PAGES

Bolling AFB, Washington, DC 20332 A"

HONITORING AGENCY NAME & ADDRESS(if dilferent trom Controlling Olllce) EA E Y CL A;s (ol this report)
"'I’
LS UL o D

15a. DECL ASSIFICATION DOWNGRADING
SCHEDULE

18. DISTRIBUTION STATEMENT (of this Report)

Approved fop Pudblic rel
e
distrivution unlimited. ase

17. DISTRIBUTION STATEMENT (of the sbstract entered in Block 20, i{ different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side il neceasary and identify by block number)

20. ABDSTRACT (Continue on reverse side If necessary and identily dy dlock number)

\,iA theoretical and experimental -tudy of the optical properties of small band gap
semiconductors subject to laser excitation and the nonlinear infrared properties
of small band gap semiconductors $ubject to laser excitation and the nonlinear

«. |infrared properties of semiconductors has been carried out. These studies have 1;1
to an understanding of the nonradiative recombination mechanisms due to impurties
via an Auger process. Predictions about the role of radiative and nonradiative
processes in narrow band gap semiconductors have been made. Experiments performed —>

= OVER -

DD 5nys 1473  coimion oF 1 nov 68 13 omsoLETE UNci KSS'"E"

SECURITY CLASSIFICATION OF THIE PAGE (Phen Deta Fntered)

- e e e - e e e

o

<




a s eh

T i s S A 1 <o Rl o ...

S\ HgCAdTe alloys with different composition provided the first systematic study of photoluminescery
in these alloys and gave data that supported the conclusions on the relative importance of radiativ
and nonradiative processes in alloys. The study of the nonlinear infrared properties in the

semiconductors resulted in the first complete theory of the phenomenon. Experiments to measure the

role of impurities on the saturation intensity have given results in good agreement with theor;.
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ABSTRACT

We have carried out a theoretical and experimental study of the optical
properties of small band gap semiconductors subject to laser excitation and the
nonlinear infrared properties of semiconductors. These studies have led to an
understanding of the nonradiative recombination mechanisms due to impurities via
an Auger process. We have made predictions about the role of radiativ: and non-
radiative processes in narrow band gap semiconductors. Experiments performed
. on HgCdTe alloys with different composition provided the first systematic study
of photoluminescence in these alloys and gave data that supported the conclusions
on the relative inporténce of radiative and nonradiative processes in alloys.
The study of the nonlinear infrared properties in the semiconductors resulted
in the first complete theory of the phenomenon. Owur experiments to measure the
role of impurities on the saturation intensity have given results in good agree-

ment with our theory.
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I. SCIENTIFIC OBJECTIVES

The major scientific objectives of this program were:

(1) To determine the nature of quantum states formed by excited
electrons and holes in small gap semiconductors umder dif-

ferent conditions of carrier density and temperature;
(2) To determine the energy and lifetime of these states;

(3) To determine the effect carriers in these states have on the

optical properties of the material;

(4) To determine the effect of impurities on the recombination

of photoexcited carriers in small band gap semiconductors;

(5) To determine the influence of high intensity below band
gap radiation on the free carrier distribution fimction in

semiconductors; |

(6) To determine the consequences of this change in the distri-
bution function on the optical and electrical properties
of the semiconductors.




II. SIGNIFICANT RESULTS

Over a period of five years a program, such as this one, produces a large
number of important results. To indicate the development of our ideas and
results, I will order the results approximately chronologically.

A. Auger Rates and Oscillator Strengths for Acceptor Bound Excitons in Si and Ge

The major recomiination mechanisms for excitons in moderately and heavily
doped indirect semiconductors are due to Auger processes. In this process an
exciton bound to a neutral impurity recombines with the energy being ahsorbad
by carrier originally bound to the neutral impurity. Under this program, the
first theoretical calculations of this effect were carried out for acceptors
in Si (:2e publication list item 1 and 2) and experiments measuring the decay
rates of bound excitons were carried which confirmed the predictions of the
theory (see publication list item 3). The theory was extended to cover the case
of excitons bound to acceptors in direct band gap materials (see publication
list item 4). The theoreéical results also included a calculation of
the oscillator strength for radiative recambination in the no-phonon channel

(see publication list item 4).
B. Auger Decay Versus Radiative Decay in HgCdTe Alloys

Theoretical predictions of radiative decay and the Auger decay were made
for l-lg(l_x)Cdee alloys as a function of alloy camposition x. It was found
that alloys with a band gap of less than 0.5 eV the radiative recombination
mechanism dominates while alloys with a band gap of greater than 0.5 eV the




Auger recombination mechanism dominates (see publication list items 2 and 4).
These results are supported by the experimental results obtained on HgCdTe

alloys with differing x (see publication list items 5 and 6).

C. Near Band Photoluminescence of HgCdTe Alloys

N

We made the first published study of the photoluminescence spectra of
Hg(l_x)Cdee alloys for x ¥ 0.3 and x = 0.4, The small x material shows
spectral features which we interpret as band-to-band, and donor-acceptor
recambination. The large x material shows spectral features which are band-
to-band, donor-acceptor, and bound exciton recombination. These results are
presented in publications 5 and 6. The results support the theoretical
results discussed in Section B. The variation of the energy of the

luminescence with position on the sample offers a method for measuring the

variation in camposition and band gap across the layer (see publication 6).
D. Theory of Nonlinear Absorption in p-type Semiconductors

The first realistic ;olid state theory of the nonlinear optical absorption
in p-type semiconductors was presented in publications 8 and 9. This theory
was very successful in accounting for the first time for the saturation in
the absorption observed at high laser intensities at 10.6 um in Ge. This theory
was generalized to include the effects of ionized impurity scattering,
residual (non-carrier induced) absorption anc the effects of hole-hole scat-
tering in publication 10. In publication 11 this theory was extended from

Ge to the I1II-V semiconductors with large spin-orbit splitting. These
included GaAs, GaSb, InAs, AlSb as well as Ge. The theory was further extended
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to include ihe effects of the spin orbit split-off valence band in
publication 12.

E. Theory of Pump and Probe Experiments

To develop an understanding of the hole distribution in p-type semicon-
ductors under intense 10.6 um irradiation experiments pump and probe experiments
have been performed. In these experiments the sample is irradiated with an
intense 10.6 ym laser pulse and the transmission through the sample is measured
at 3 yn. In publication 13, a theory of what should be observed in these
experiments was developed and compared with experiment. The agreement

between the theory and experiment are very good.

F. Photoconductivity of Ge under 10.6 um Radiation

It is known that the response of carriers to 10.6 um radiation in Ge produces a
change in the conductivity due to the holes. This occurs because the high
intensity radiation changes the carrier distribution and hence the effective
mobility. In publication '14, the theory of this phenomenon is presented.
Again the agreement between theory and experiment is quite good.

G. MNonlinear Refractive Index of p-type Semiconductors

A theory of the change in the refractive index of p-type semiconductors
due to the changes in the carrier distribution was presented in publication
15. At present, there is no experimental data on this phenomena although the
theory predicts that such changes in the refractive index should be observable
for samples doped higher than 3 . 108%em3,
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H. Experimental Measurementsof the Saturation in Absorption in p-type Ge

An experimental apparatus was constructed to measure the absorption as a
function of intensity using a (I)Z laser. Experiments were performed on Ge
and Si samples in which for the first time the saturation as a function of
doping was measured. The results were found to be in good agreement with
the theory. The experimental results were presented in publication 7.

1. Review on Theory of Nonlinear Optical Absorption Associated with Free

Carriers in Semiconductors

From above one can see that a major program was carried out to study the
nonlinear optical effects associated with free carriers in semiconductors.
The results of this study are presented in an invited review article to be
published in the IEEE Jowrnal of Quantum Electronics. A preprint of this
article is included in Appendix B which will be published in the November

1982 issue of this journal.
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|
Auger transition rates for excitons bound to acceptors in Si and Ge? ‘V

G. C. Osbourn and D. L. Smith
California Institute of Technology. Pasadena. California 91125
(Received 28 June 1977)

We present calculstions of the phononiess Auger transition rates for excitons bound (o the four commen :
shallowacceptors (B, Al, Ga. and In) in Si and Ge The cakuiated rates for the bound excitons 1n St vary i )
significantly for the different acceptors, increasing rapidly as the acceptor binding encrgy increases. This is !
in agreement with the rapid decrease with incressing scoeptor binding energy of messured sccepior downd- )
exciton lifetimes in Si. Numerically, the calculsted Auger rates arc within about a factor of 3 of the
measured recombination rates for the different acceptors. The dependence of the Auger rates on acceptor
binding energy is due (0 an increased spreading in momentum space of the bound-exciton wave function. In .,
Ge, the calculated Auger rates are orders of magnitude less than the measured free-exciton recombination !
rate in undoped Ge, suggesting that the phononless Auger transition is not important for acceptor bound i
excitons in Ge. This is consistent with the experimental observation that light doping with shallow acceptors
has little effect on the lifetimes of photoexcited carriers at low temperatures in Ge; whereas, in Si the
carrier lifetimes can be decreased by orders of magnitude. The principal difference between Si and Ge is that

the acceptor binding energies are much greater in Si than they are in Ge.

1. INTRODUCTION

A bound exciton (BE) consists of three carriers
{two holes and one electron for acceptor BE; two
electrons and one hole for donor BE) bound to a
charged impurity. Because in a BE three carriers
are localized in the same region of space, an Aug-
er transition, in which an electron recombines
with a hole and the energy is carried off by the
third carrier, can occur. Auger transitions are
believed to limit the lifetimes of bound excitons in
many cases.'~® Auger transitions have also been
shown to be important in band-to-band recombina-
tion and carrier capture at a trap site,** These
processes have been studied theoretically.*® but
to our knowledge, no quantitative calculations of
BE Auger rates in semiconductors have been pre-
sented.

The bound-exciton lifetimes for the four common
shallow acceptors in Si(B, Al,Ga,In) have recently
been measured.’ The BE lifetime was found to be
significantly shorter than the free-exciton (FE)
lifetime in undoped Si for each type of acceptor.
The BE lifetime was strongly dependent on the type
of acceptor, decreasing rapidly (at least a factor
of 200 from Si:B to Si:In} as the acceptor binding
energy increased. The lifetimes were interpreted
as due to Auger transitions without phonon assis-
tance. Qualitatively similar behavior has been ob-
served for excitons bound to acceptors in GaP.?
The lifetimes for the BE in GaP were also inter-
preted as limited by phononless Auger transitions,

Because the BE lifetimes are shorter than the
FE lifetimes in undoped Si, the addition of small
concentrations of shallow acceptors can greatly
change the decay rate of photoexcited carriers in

16

Si at low temperatures. For example, the free-
exciton lifetime in undoped Si is 2.6 usec.® If Si

is doped with In at the 10'* cm~? level (or greater),
the lifetime of photoexcited carriers (low excita-
tion) is reduced to less than 5 nsec.® This dramat-
ic reduction in carrier lifetime is most likely due
to capture of a FE at the impurity to form a BE
(the cross section for this process has recently
been shown to be very large for Si:ln at tempera-
tures less than 10 X") followed by Auger recom-
bination of the BE. The rate limiting step in the
process is the Auger recombination rate (for dop-
ing in the 10'¢ ¢cm=? or greater level and tempera-
tures less than 10 °K).”

In contrast to Si, doping Ge with shallow accept-
ors at the 10** em-? level has littie effect on the
lifetime of photoexcited carriers for temperature
and excitation conditions at which electron-hole
drops are not formed.% °* Both FE and BE are ob-
served in the luminescence spectrum of Ge under
these conditions and both decay with the lifetime of
the FE in undoped Ge. Thus, it appears that Auger
transitions for the BE in Ge are slow processes,

In this paper, we present calculations of the BE
Auger rates for the common shallow acceptors in
Si and Ge. The purpose of the calculation is to un-
derstand the strong dependence of the Auger rate
on acceptor type in Si and the qualitatively differ-
ent effect doping with shallow acceptors has on the
lifetime of photoexcited carriers in Si and Ge. The
result of the calculation shows the observed depen-
dence of the BE lifetime on acceptor type in Si and
is within about a factor of 3 of the measured life-
time in absolute value, The computed BE Auger
rates in Ge are found to be much slower than the
measured free-exciton lifetime in Ge. The impor-

5426




16 AUGER TRANSITION RATES FOR EXCITONS BOUND TO... 5427

tant difference in the two materials is that the
holes are much more strongly bound to the accep~
tors in Si than they are in Ge,

The paper is organized in the following way: the
‘qualitative physics of the Auger transition ig dis-
cussed in Sec. II. In Sec. III, the calculation is
presented, and the result of the calculation is com-
pared with experiment. Our conclusions are given
in Sec. 1IV. Calculational details are included in
Appendix A. Appendix B contains a calculation of
BE no-phonon oscillator strengths used to test the
BE wave function used in the Auger calculation.

1). QUALITATIVE PHYSICS OF THE AUGER TRANSITIONS

In their work on GaP, Dean and co-workers ar-
gued that the dependence of acceptor BE lifetimes
on acceptor type could be understood as due to an
increased localization (hence, an increased
spreading in K space) of the hole wave function in
the BE for the more tightly bound acceptors.?
{They did not, however, present quantitative cal-
culations of the BE Auger rates to support their
arguments.) We believe that the physical picture
they suggest also applies to Si and can be used to
understand the qualitatively different effect of dop-
ing with shallow acceptors on carrier lifetimes in
photoexcited Si and Ge.

In the acceptor BE (initial state of the Auger
transition) there are two holes near the valence-
band maximum and an electron near the conduc-
tion-band minimum. The final state of the acceptor
BE Auger transition has one hole in the valence
band. The holes in the BE are spread in K space
because they are localized about the acceptor., The
electron state will also be spread in K space, but
the spreading will be small compared to that of the
holes because the electron is not localized as much
as the holes. The wave vector of the final-state
hole lies on a constant energy surface as required
by energy conservation in the transition. Carrier-
carrier scattering, which conserves total wave
vector, is the dominant interaction responsible
for an Auger transition. Thus, for the Auger tran-
sition to take place, the initia] BE state must have
an amplitude to contain wave vectors which are ac-
cessible to the final-state hole. The conduction-
band minimum is rather far in K space from the
constant energy surface of the final-state hole.
Since the BE wave function is peaked at the con-
duction-band minimum, spreading of the BE wave
function in K apace is essential for the Auger tran-
sition to occur. In Si, the holes in the acceptor BE
are well localized, resulting in large hole wave
function spreading and fast Auger rates. The de-
pendence on acceptor type occurs because the ac-
ceptors with larger binding energy bind the holes

in the BE more tightly leading to faster Auger
rates, In Ge, the holes in the acceptor BE are not
tightly bound, so :nat the hole wave-function
spreading is small and the Auger rates are slow.

In principle, the Auger transition could be phonon
assisted. In contrast to the phononless Auger
transition, an Auger transition involving a phonon
should not be sensitive to the wave-function
spreading in the BE because the phonon would make
up the difference in wave vector between the peak
in K space of the BE wave function and the final-
state hole, As a result the phonon-assisted Auger
transition rate should be insensitive to the accep-
tor type. Since the observed BE lifetimes in Si
are, in fact, very sensitive to the acceptor type,
the acceptor BE Auger transitions in Si most likely
occur without phonon assistance. In Ge, it is very
difficult to know whether the phonon-assisted or
no-phonon Auger transition is more likely. Exper~
imentally, neither process appears to be impor-
tant. We will show that the no-phonon Auger pro-
cess (which dominates in 8i) is slow in Ge.

In order to compute the BE Auger rate, it is nec-
essary to know the BE wave function. It is very
difficult to compute this wave function accurately,
and we use an idealized model. In particular, we
describe the interaction of the holes with the
charged acceptor by a Coulomb potential and a
short-range square well, For Si:Al and Ge:Ga (the
impurity has the same core structure as the host)
the strength of the short-range well was taken to
be due only to the wave-vector dependence of the
dielectric function. For the other impurities, it
was adjusted to produce the observed acceptor
binding energies for a simple hydrogenic model of
the acceptor. In order to check the approximate
validity of the model BE wave function, we used it
to compute no-phonon oscillator strengths for BE
absorption. For Si:Al, 8i:Ga, and Si:In the resuits
are within a factor of 2 of the measured values.'®
For Si:B, the computed oscillator strength is
about a factor of 4 too large. We readjusted the
strength of the square wells 5o as to give wave
functions which produce the measured oscillator
strengths. This procedure is appropriate because
both the no-phonon oscillator strength and the Aug-
er transition rate depend gensitively on the extent
of K-space spreading of the hole wave function and
hence on the strength of the short-range potential,
In contrast, the acceptor binding energy is not as
strongly dependent on the strength of the short-
range potential. For Ge, the computed oscillator
strengths were so small that they are probably not
observable, This is consistent with the lack of no-
phonon BE optical transitions for Ge doped with
acceptors, but is not of much help in the Auger
rate calculations.

. 2]
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5428 G. C. OSBOURN AND D. L. SMITH 16

11l. CALCULATION OF AUGER TRANSITION RATES

From time-dependent perturbation theory. the
BE Auger transition rate is given by

-§=-3,1,'-Z K FHID8(E, - Ep) . (1)
' Fiand !

Here |F) is the final state which consists of a free
hole, {J) is the BE initial state, and ¥ is the Ham-
iltonian for the solid. (The states |/) and |F) are
only approximate eigenstates of H.) The BE wave
function has the form

= n..n;;‘,-lnzA:‘,'-;(k-’ by, k) Wlkym s kym o kyo,),

(2)

where ¥(k,m,; kym,; k,0,) is a Slater determinant
with the valence-band states (k,m,) and (k{m )
empty and the conduction-band state (k,0,) oc-
cupied. Here m, and m, label the four hole bands
degenerate at the valence-band maximum and o,
labels the electron spin. For simplicity, we neg-
lect valley orbit-splitting effects in the BE and re-
strict the electron to a particular conduction-band
minimum. A¥_ is the amplitude that a particular
determinant isl contained in the BE wave function;
J is the total hole spin (2 or 0) with projection M
along the Z axis. The final state is

\F) =¥(k,a,) , 3

where ¥(k,0,) is a Slater determinant with the val-
ence-band state (¢,0,) empty and o, is the final-
state hole spin. (We neglect spin-orbit splitting
in the final state and the hole band index is in-
cluded with g,.)

Using the wave functions given by Egs. (2) and
(3), the transition-matrix element becomes!!

(FIHID= 20 AZN, (R, K,k

Rkt by mym;

x «¢|.-"1 0.‘.2”’11‘¢h,61 ¢h,°,)

- (¢h‘-2; ¢..-lwnl¢llo! ¢n.o')) ’

4

where ¢ is a one-electron Bloch function and V,,
is the Coulomb interaction. The two-electron mat-
rix elements in Eg. (4) can be written

<¢a..‘; ¢n‘ .’| Vu'¢A’a! fh.o‘)
= §'Un.-l:0,c, (©) U,‘-:,,.,‘(G')

¢’5215‘6(Eri!-E.-E.’+G-G'!
x €ER,-K,+ )'[" WGl - (9)

Here € is the dielectric function, G and G’ are re-
ciprocal-lattice vectors, and

Ly, mao(G) =—‘13- fd“re--?-"‘u,._(r)u;,(r) , {6

where u is the periodic part of the Bloch function
and R is the sample volume.

The maximum contribution to the matrix element
comes from terms with G =0 so that the denomin-
ator can be small. The & function in Eq. (5) re-
quires that

K, +E, -, -k;+8' =0 7

for G=0. The amplitude function, A, will be peak-
ed at K, ~Kk; ~0 and k, ~K,, where %,, is the conduc-
tion-band minimum. The wave vector K, lies on a
constant energy surface. For Si, K,, is about 82%
of the way out in the Brillouin zone in the [ 100] di-
rection'? and k, is approximately 25% of the way
out in the zone with the value varying somewhat
with the direction of K,. Under these conditions,
the most important term in the sum over G’ will
be with 5’ =0, For Ge, K,, is at the zone edge in
the [111} direction so that there is a nonzero &’
that puts K,,+ &’ at the zone edge in the [111] direc-
tion. Both this term and the one with &’ =0 will be
significant in the sum on G’. These two terms are
important for different values of k, so there is no
interference between them, and they give the same
contribution to the Auger rate. Thus, we evaluate
the contribution to one of the terms and multiply
this by a factor of 2. (Since our conclusion will be
that the BE Auger rate in Ge is several orders of
magnitude smaller than the measured free-exciton
lifetime, this factor of 2 is not important,) Thus,
for Si and Ge we need only consider the term &
=3'=0in Eq. (5).

The wave-function amplitude function is taken to
have the form

Ana Uy ki ke ) =CUla Sl So(R) . (8)

where the coefficients C are chosen to give wave
functions that are eigenstates of the total spin of
the two holes. In particular, we have
Cﬂ =CH tcz-l =c2-2 =1 (9‘)
H 4 -4 44
and
1
Cao .C:o ,COO = 00 =
-4 44734 T4 VT
and all others are zero. The BE wave function is
properly normalized so long as the one-electron

functions 7, and /, are. Using this notation, Eg. (4)
becomes

(%)




16 AUGER TRANSITION RATES FOR EXCITONS BOUND TO... 5429

(FIH ) = ‘..§.hf.(E.)I.(E:.)f.(ﬁ.)v...l,., oUs,mt e

We next consider the overlap integrals U. Both
k, and k, are toward the zone center and in the up-
per valence band. From the K- p calculations of
Cardona and Pollak,'’ we see that overlap integrals
of the form Uays;:2j0, are not strongly dependent on
the magnitude of k, or Kk, in Si and Ge, and we make
the approximation

Ul.lll:l,o!k.‘}ﬂvourl;o, . (11)
The value depends on m;, ¢,, and the {final-state
hole band index b,. An analogous approximation
cannot be used for Uy;u,a,0, in Si because it is zero
atk,=0and K, =K,,. Since the spreading in K-space
of the holes in the BE is much greater than that for
the electron, we set K, =K,, and expand in K+ per-
turbation theory for &, away from the zone center.
Using the k- § perturbation theory, the periodic
part of the hole Bloch function is

)
u .‘.z(f) = "ouz(r) +'73_- Zo;umn(r)

x ( "Dgﬂ"l Ei M 5“‘0-2

E,-E, i
(12)
where b labels bands and ¢’ spins. Then we have
Un;m,:n, e =ki- ﬁo-.in.ou' ’ (13a)
where

-

SstgpolPlioms) (14

h
Mo, o0 =T"-Z°,,U°'°"f'co°- E,-E,

The only band which makes a significant contribu-
tion to the sum in Eq. (13b) for Si is the I, con-
duction band. If k,, is taken to define the Z direc-
tion, the Z component of M is zero.

In Ge, Uompurer, i8 not zero as it is in Si. How-
ever, the K- p calculations of Cardona and Pollak*?
show that this overlap integral is small. We have
computed the Auger rates in Ge both approximating
Un,m,:2,00 B Uomga,qo, a0d using the K« b expansion
similar to Si (that is, setting Uomyreoo, equal to
zero). The second result gave almost an order of
magnitude larger Auger rates. It is the one we re-
port.'* For Ge, the I'; conduction band makes the
dominant contribution to the sum in Eq. (13b).

With these approximations, the transition-matrix
element becomes

(FilI; x;‘( e ~Coga,)

x Uo-gzblo;ionfl”o, ° E(ﬁf) ,  (14a)

*(2nPok, +k, - K, ~K})

mo o
P79 AT AL TN (10)
where
- 3 .
B = () oo [ Preari D 1ED
Xf.(E.'*E‘-KI)
e’k;

x P A ] A (14b)

To obtain the transition rate, the matrix ele-
ment is squared, averaged over the initial BE
states and summed over final states. The most
important final hole states are in the two upper
valence bands; these two bands are degenerate in
the {100] and |111} directions. We include only
these two bands in the summation and neglect the
fact that they are not degenerate in all directions.'®
The remaining summations on discrete indices can
be performed in a straightforward but tedious way.
The result becomes

1/7=|DP°B , (15a)

where

n\? Jup,ed 2
|DI’=[21(%)=|<urlu,>|’(-,;) %{;l,&ﬂ-&- (15b)

and

2r 1 -
R f d*k, B4R)6(E, ~Ep). . (15¢)

The factor of 2 in square brackets is to the in-
cluded for Ge but not for $i. In Eq. (15), T refers
to the T',, conduction-band state for Si and the I'}
conduction-band state for Ge; ¢ refers to the con-
duction-band minimum (4, in Si and L, in Ge) and
p, is the x component of the momentum operator.
(The minimum of the conduction band is taken to
define the Z axis; the x and v components which
appear in the product M -5 give equal contribu-
tions to the transition rate.)

To evaluate A(k,), it is necessary to obtain the
envelope fur:ctions f,(k,) and f,(k,). As a first ap-
proximation, we use effective-mass theory with a
simplified model for the band structure. The elec-
tron effective mass is taken to be spherical with
a value'*

Vmg=4G/m+ 1/m,), (16)

where m, is the transverse electron effective mass
and m, is the longitudinal electron effective mass.
The interaction botween the holes and the charged
acceptor is taken to be a Coulomb part, screened
by the static dielectric function, plus a short-
range square well. The radius of the square well
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is taken to be the covalent radius of the host. For
Si: Al and Ge :Ga (the impurity with the same core
structure as the host), the square well is taken
to be due only to the dielectric function. In Appen-
dix A, we obtain an expression for the depth of
square well for Si: Al and Ge: Ga based on this
assumption. The hole effective mass is taken to
be spherical. We chose a value for the hole ef -
fective mass by making a varistional calculation
for the Si: Al and Gu : Ga acceptors, using a 1s
hydrogenic wave function and fitting the measured
binding energy. For impurities other than Al in
Si and Ga in Ge, we determine the depth of the
square well by making a variational calculation
for the acceptor using a 1s hydrogenic wave func.
tion and fitting the measured binding energy. The
interaction between the electron and the charged
acceptor was taken to be the same as for holes
but with the sign changed.

As a first approximation, f, and f, are assumed
to have a 1s hydrogenic form

f(k)-(')lﬂ 8 . 112
WELE) T a7y

AN 8
0= (5%) " vy am

The Bohr radii for the holes and electrons are
determined from a variational calculation.

There are corrections to the effective-mass ap-
proximation for wave vectors far from the band
extrema because the hole dispersion curves are
not parabolic at large k. We take these correc-
tions into account by substituting the hydrogenic
form into the Hartree equation for the holes in the
BE

k)= i‘(;;‘;f_- ; Ve SR, (18)

Here E(k) is the hole dispersion curve, E, is the
one hole Hartree energy, /7 is the hydrogenic
form for the hole wave function (Eq. (17a)] and V -
is the Hartree potential seen by the hole computed
taking the hydrogenic forms for the envelope func-
tion

e &
€0y €0y

I %P -&
[ RL ar

[ e S, o

Vir)=

Here the short-range square well of radius R and
depth V, has been replaced by ad tunction for con-
venience. (The Fourier transform of the square

well is effectively constant for the range of wave

vectors of interest.) Evaluating the integrals using
the hydrogenic functions and using the fact that
the hole Bohr radius is much smaller than the
electron Bohr radius gives
- m/c(.l. 1) =47 v Rigiy

V("):‘—T((o s b V.RS(r). (20)
Using this form for the potential, the iterated
wave function is

POTA. | !
W)=Y G ERISE,

(e T T
(21)

Although this function appears to be quite different
than the hydrogenic form, they are numerically
rather close at small k. At large l’z, where both
functions are small, the iterated functions dies

off more slowly with increasing k than the hydro-
genic form. We compare the two functions for K
in the {111] direction for Si: Ga in Fig. 1."" (Si:Ga
represents a case with an intermediate value for
the strength of the short range potential. The [111)
direction is the one of greatest interest because
the hole dispersion curves for Si and Ge drop off
most slowly in this direction so that the hole wave
function is spread most effectively in this direc-
tion.) In the calculations of Auger rates and no-
phonon oscillator strengths, we will only need the

Hole Envelope Function in
ceptor BE S Ge
o b (%-Spo«m 7
X === Hydrogerc
, A == Tierorea
0T\, {K wn [111) Dwechon) )
N'\ \
-
o<q
§0° 1
5
§'0
¢
0"
-2 A -
© [+] 2 L 1] -} 10 12

Ikl a

FIG. 1. Hole envelope function for the BE in Si:Ga vs
wave vector in units of the hole Bohr radius. The dashed
line is the hydrogenic form for the envelope function
{sce Eq. (173)) and the s0lid line is the itersted form
{see Eq. (21)). The wave vector is In the [111) direction;
|X la =12 corresponds to the zone edge.

A

S

e A e e
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TABLE 1. No-phonoo oscillator stremgths for acceptor
BE in Si.

Measured Calculated
Si:B ~2 x10%8s:0 8.7 x10%
Si:Al 7 »104¢ 3.5x10"
St:Ga 1 x10%s 9.0 10"
Si:ln 9 10%s 9.3~10"%

SReference 10.

bEstimated from the measured TO-phonon oscillator
strength of Ref, 10 and the ratio of TO to no~phonon
emission intensity given by R. Sauer and J. Weber
[Phys. Rev. Lett. _32. 48 (1976)].

iterated form of the hole wave function in the tail
region.

In order to test the validity of the BE wave func-
tion, we have used this function to compute no-
phonon oscillator strengths for acceptor BE in 8
and Ge. The details of this caiculation are given
in Appendix B. in Ge, the acceptor BE no-phonon
optical transitions are too weak to obsarve.'* Our
calculation produces very small oscillator
strengths'®; this is consistent with experiment,
but not very helpful. In Si, the acceptor BE no-
phonon oscillator strengths have been measured.
In Table I, we list the measured oscillator
strengths and the computed values for Si. For
Si: Al, Si:Ga and Si: In, the results are within
about a factor of 2 of the measured values; for
Si: B, the calculated oscillator strength is about
a factor of 4 too large. Si: B is different than the

—d

other cases because the square-well potential is
repulsive for holes in this case. The binding ener-
gy for the acceptor is not very seasitive to the
strength of this potential; the no-phonon oscillator
strength is rather semsitive to it. In addition, the
no-phoaon oscillator streagth is seasitive to the
tail (in K space) of the hole wave function in much
the same way as the Auger transition rate. We
adjust the depth of the square.well potential to
produce the measured osciliator strength. This
adjustment is most significant for Si: B, if we had
not made the adjustment, the calculated Auger
rate for Si: B would be about a factor of 3 larger
than that whicn we report.

In Table I1, we list the square-well parameters
and resulting Bohr radii determined by the accep-
tor binding energy and by the no-phonon oscillator
streagths. We also list the acceptor binding ener-
g108 produced by the square wells determined by
the no-phonon oscillator strengths. In Si: B, the
strength of the repulsive square well is reduced
to produce the measured oscillator strengths, and
a8 a result the corresponding acceptor binding
energy is greater than the measured value.

With the approximate expressions for the en-
velope functions, /7, and /,, we can perform the
integral in Eq. (14b). First, we note that the
function f, is much more sharply peaked than the
other function (the electron Bohr radius is large)
and replace it by a normalized 5 function,

£k, =[(20)/(2b") /?]6(K, - K,0) . (22)

Then we have

£yl gl A+ B~ i g o
)= g ogre [ avn A Cp it pa =l @

-k, )k, -k, |

The calculation would still be very lengthy if it
was done without further simplicifation because
both the integration in (k,) and the final-state
integration k, invoive evaluation of valence-band
energies at every point. We have examined the

integration in Eq. (23) numerically and found that
nearly all the contribution to the integral comes
from the region near k,, 0. This occurs because
the function f,(k,) is peaked at k =0. There is no
corresponding contribution at (k,,ok, k,) because

TABLE II. Square-well parameters and Bohr radii for acceptor BE in Si. The diameter
of the square well is taken as the covalent radius of Si (1.11 R). The unprimed numbers are
determined by fitting acceptor binding energies and the primed numbers are determined by

fitting no-phonon oscillator strengths.
VR E, a b Vo R E, a’
eVAH  (meV) 7 9) &) @AY mew) A 7y
8i:B <271 46 18.7 51.5 -12.0 53 16.4 48.2
8i:Al 2.8 61 13.0 433 4.9 70 12.4 42.5
S1:Ga 5.7 7 12.2 42.1 6.2 72 12.0 4.8
8i:In 14.8 154 7.1 34.9 14.8 154 7.7 34.9
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of the factor (k,+k -k,) and because the demon-
inator. lk, k,|° is large in this region. As long
as o)k, +K,) is much larger than unity, the in-
tegral in Eq. (23) is that of a sharply peaked func-
tion times a smoothly varying one in the region
which contributes. In this case, the sharply peaked
function can be reasonably approximated by a nor-
malized 5 function. Since we are only concerned
with the part of /»(K,) where the function is large
(i.e., near k,= 0) we use the hydrogenic form to
determine the normalization.

£ilk) =[(29)/ (za?) 12)0(K,) . (24)

Y
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To check the validity of this approximation, we
have used it for the integral with f,,(k + k, -k
being hydrogenic. For the hole Bohr radius pa-
rameters used here the approximate result was
within 50% of the exact value determined by nu-
merical integration for all cases except Si:In.
For §i:In the approximate result was within a
factor of 2 of the exact result. When Eq. (21) is
used for f,(k +k, k,,), the approximation should
be better tha.n for the hydrogenic form because
fu(k o+ K, —K,) is more slowly varying near k,=0
in this case. With this approximation, we

have

1 €(0)

8 (k)= (z«(zo)a) e

ak, (T> o k) E(ko+k/)+Ep €k, -k/)

oF Syam— + J o ot (25)
Ik,o+k,Fa’+8  (Ik,o+ Kk Pa?+9) ~ 6le’ 2¢(0)ala’

Here E, is negligible compared to E(k,,+ k,); thus,
it plays no role in the calculation of Auger rates.

The final -state integral in Eq. (15¢) is performed
numerically. The valence-band structure was ob-
tained from a tight -binding band -structure calcula-
tion using essentially the parameters of Chadi and
Cohen.” We have changed the second-nearest.-
neighbor interaction parameter (u,, in the notation
of Ref. 20) by 0.21 eV in Si and 0.16 eV in Ge in
order to produce the known energies at the L, va-
lence-band points.’' R is desirable to get this
point as accurately as possible because the largest
contribution to the density of final hole states for
the Auger transition in Si and Ge come with k in
the [111) directions. In Table III, we list param-
eters used in the calculation.

In Fig. 2 we show the result of the calculation
for Si along with experimental bound-exciton life-
times for the four common shallow acceptors.®®
The calculated lifetimes show the same dependence
on acceptor type as the observed lifetimes and
have numerical values that differ by about a factor
of 3 from the experimental lifetimes. Considering
the simplified BE wave functions used in the cal-
culation, we consider this agreement between the
calculated Auger rates and measured lifetimes to
be quite reasonable. The resuits indicate that the
BE lifetimes are limited by phononless Auger
transitions for acceptors in Si.

In Ge, it is difficult to determine the appropriate
square-well parameters because the no-phonon
acceptor BE oscillator strengths are so weak that
these optical transitions have not been observed.
In addition, the acceptor binding energies for the
different acceptors are nearly the same in Ge,

—
and they are not very sensitive to a short-range
potential (due to the large Bohr radii of the ac-
ceptors in Ge). In Fig. 3, we plot calculated Auger
rates for acceptor BE in Ge versus the square-
well parameter V,R'. In the lower panel of the
figure, we show the electron and hole Bohr radii.
The range of the square-well parameter shown in
the figure is over four times that used for Si: in.
(The binding energy of the Ge: In acceptor is pro-
duced by a well parameter of 37 eV A’.) Over the
entire range of the square-well parameters, the
calculated Auger rate is almost two order of mag-
nitude (or more) slower than the measured FE
recombination rate in Ge. (The measured FE
lifetime in undoped Ge is about 8usec.”®) Since it
seems unreasonable that the appropriate square-
well depth for the shallow acceptors in Ge should
be many times larger than that for Si: In, the cal-
culation indicates that the phononless Auger rate
for acceptor BE in Ge is too slow to significantly

TABLE [I[I. Parameters used in the calculation. All
symbols are defined in the text.

Si Ge
R 1.1A 1224
m, 0.26m 0.12m
m, 0.60m 0.19m
Cupine) 08* 0.6*
|(I'rlP.llrb)| 0.53 a.u.* 0.68 a.u.®
Ep 3.4ev? 1.0 ev*
| (eag 1B lwg )1 0.57 a.u.* “ee
) {upy IP, Jua )| 0.65au.*

SReference 13,

T T me——_—__
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FIG. 2. Bound-exciton lifetimes vs impurity binding
energy for the four common acceptors in Si. The hollow
squares are our calculations of the Auger lifetime and
the solid circles are the measure values from Ref. 3.
Only an upper bound of 5 nsec (indicated by the top of
the arrow) was set on the BE lifetime for Si:In in Ref. 3,

influence the BE lifetime.?’ The slow Auger rates
in Ge follow from the large Bohr radii.

IV. SUMMARY AND CONCLUSION

We have presented a calculation of phononless
Auger transition rates for excitons bound to shal-
low acceptors in Si and Ge. We used a simplified
model for the BE wave function and did not expect
to produce numerically precise results (It wouid
be a very formidable task to calculate a high-pre-
cision BE wave function. It would be necessary
to include the degenerate valence-band structure,
conduction-band anisotropies, and a realistic im-
purity-carrier potential in a three-body problem.)
The purpose of the calculation was to understand
the very large (almost three orders of magnitude)
dependence of acceptor BE lifetimes observed in
81, and the fact that shallow acceptors do not sig-
nificantly effect the lifetime of photoexcited car-
riers in Ge at low temperature® (qualitatively dif -
ferent behavior than in Si). These are large ef-
fects and qualitative differences which can be ac-
counted for in an approximate calculation.

The results of the calculation produced the strong
dependence of the Auger rate on acceptor type for
BE in 8i. The calculated results deviated from
the measured BE lifetimes by about a factor of 3.
For Ge, the calculation gave Auger rates at least
two orders of magnitude slower than the observed
FE recombination rate in undoped Ge. We con-
clude that phononless Auger transitions limit the
acceptor BE lifetime in Si, but are ineffective

Auger Lifetwme (sec]

Elecivon Bo Rodus A

30 e
v R evd?)

FIG. 3. Calculated Auger lifetimes for acceptor BE in
Ge vs the square-well parameter V,R®. The range of
square-well parameter is over four times that appropri-
ate for Si:In. Even for this unrealistically large value.
tne calculated no-phonon Auger lifetime is almost two
orders of magnitude greater than the measured FE life-
time in Ge indicating that the phononless Auger trans-
ition is not ap important process for acceptor BE in Ge.
In the lower panel, the hole and electron Bohr radii are
ghown.

in Ge. The principal difference between the two
materials is that the holes are much more tightly
bound to the charged acceptor in Si than in Ge. Be-
cause the holes are more tightly bound in the Si
BE, the hole wave function is more strongly spread
in K space and the Auger rates are faster. This
effect enters the calculation primarily through the
hole Bohr radii which are much smaller in Si than
in Ge. The increased spreading in K space for
more tightly bound acceptors also accounts for

the dependence of the Auger rate on acceptor type
observed in Si.
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APPENDIX A: DIELECTRIC-FUNCTION CONTRIBUTION
TO SHORT-RANGE POTENTIAL

In this appendix, we estimate the contribution to
the short-range potential due to the frequency de-
pendence of the dielectric function. We set the in-
tegrated value of the short-range potential equal
to that for a square well,

4
3—'v,,n= - f V,(r)d’r=V,(q=0). (26)

o — e ereprvrer RS
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For the short-range potential, we take
V,(g) = (4ne*/g”)[1/elq) - 1/€(0)]. (27)

We use the form of €(q) suggested by Nara and
Morita™ for Si; this gives 2.83 eV A for V R®
For Ge, we use the same form for the dielec-

tric function as in Si, but replace €(0) with the
measured value for Ge, 15.36. This form is a
reasonable parametrization of the dielectric func-
tion calculation in Ge by Brust. * For Ge, we have
V,R'=2.89 eV A

APPENDIX B NO-PHONON OSCILLATOR STRENGTHS

In this appendix, we use the BE wave function
to compute the no-phonon oscillator strengths for

]
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acceptor BE. The oscillator strength is defined
as

f= 2/ Rum) (1P, |F)[?. (28)

Here |F) is the final-state acceptor BE, |I) is the
initial -state acceptor, P is the momentum opera-
tor, and fiw is the photon energy required in the
optical transition; Eq. (28) is to be averaged over
the initial acceptor states and summed over the
final BE states. Using the BE wave function in
Eq. (8) and an acceptor wave function of the form

D=3 Fotke@em). (29)
]

The matrix element can be written

(PP =3 3 i) R RyF o, BhNy i, P, Ly JCIX - CEY ). (30)

AR mymoo,

Here u,,, is the periodic part of the electron Bloch
function and «,,,, is the periodic part of the hole
Bloch function. We assume that the acceptor en-
velope function F (k,) does not depend on the hole
spin state »:, and that near k, 0 where F(k,) and
f,.(k ) are large, they may be reasonably approxi-
mated by hydrogenic functions with Bohr radii a,
and @, respectively. In this case we have

> ARDF,, )= 8 ('“—")m (31)
T e /ay \a )

Next we use the fact that the spread of the electron
envelope function in A space is very small com-
pared to that for holes and replace f,(k,) with the
normalized 6§ function given in Eq. (22). The ma-
trix element becomes

32

8 (a_‘
(b’)”2 (l+a,/a’ ‘a >

(1!P,'F)=f,(k,)

x Z <u.¢om|¥Py!un,oo,>
"m0
x(c:,'," -Cin . (32)

mom,

T

The spin sums in Eq. (32), initial-state averages,
and final -state sum can be performed in a straight-
forward but tedious way. In Si, the result is

2 . 2
f= Tiont ]<"A5 'Pil"A,/!'

8 a /K &‘) -

4 [(14\(1‘70)5 <a-A) :] ( (nhh"')”‘ ) - B33
Here u,, is the periodic part of the hole Bloch
function in the 4, valence band a: k.. and u, is
the periodic part of the electron Bloch function at
this point. The conduction-band minimum is in
the z direction (a [100] direction).

For Ge, the result is

I= [eea, 1Py ey )12

I' wm

2 e ()T e e
3Ll+aA | (abhy

Here u,, and «,, are periodic parts of the hole and
electron Bloch functions at the conduction-band
minimum. The conduction-band minimum is in
the z direction (a [111] direction).
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AUGER AND RADIATIVE RECOMBINATION OF ACCEPTOR
BOUND EXCITONS IN SEMICONDUCTORS

G. C. OsBOURN, S. A. Lyon, K. R. ELLIOTT,
D. L. SMitH and T. C. McGuLL
California Institute of Technology, Pasadena, CA 91125, US.A.

Abstract—We report on s theoretical and experimental study af acceptor bound exciton recombination. We present
calculations of phononless Auger and radiative recombination in direct and indirect band gap materials. We
cmdethydro.enxucmmmtbedncthndnpmwm.-,cc Te in which the band gap can be varied by
changing alloy composition. We present mmm:dmmmmmmmmmws
for the common acceptors in Si and Ge. We have measured the bound exciton lifetimes and no-phonon oscillator
strengths for the acceptors in Si and find reasonable agreement with the calculated values.

1. INTRODUCTION

A bound exciton (BE) is formed when an electron-hole
pair becomes attached to a neutral acceptor or donor.
Once formed the bound exciton has a number of possible
decay modes available to it. Recombination can occur
radiatively (with or without phonon assistance) as well as
non-radiatively by an Auger transition (with or without
phonon assistance)(1-8]. The relative importance of
these decay mechanisms is dependent on the particular
semiconductor considered. At low temperature, decay
from a bound exciton state is often the principal decay
route of a nonequilibrium concentration of clectrons and
holes. In indirect band gap materials, BE recombination
can be dominated by the Auger transition(1-8). Lightly
doped Si is an example of an indirect material in which
Auger transitions from bound exciton states provide the
dominant decay mechanism for a non-equilibrium
concentration of electrons and holes{3, 7, 8]. In Ge,
however, small concentrations of acceptors or donors do
not significantly affect the decay rate of a nonequilibrium
concentration of electrons and holes(9]. In direct gap
materials, radiative decay of BE is generally larger than
Auger recombination{10]. For small band gap direct
materials, however, Auger recombination can be faster
than radiative decay.

To understand and compare the Auger and radiative
decay mechanisms in both direct and indirect semicon-
ductors, we calculate their transition rates for the com-
mon acceptors in Si and Ge (indirect) and for hydrogenic
acceptors in Hg,_.Cd, Te (direct). Hg,-.Cd.Te provides
» particularly interesting case because the band gap can
be varied by changing the alloy composition{i1]. Some
of our results for Si and Ge have been previously
published([3, 7, 12], and we review these results here
briefly for comparison with the direct band gap case. The
calculations for the direct gap material Hg,-.Cd.Te have
not been previously discussed.

2 QUALITATIVE PHYSKCS
In the acceptor BE, there are 2 holes near the valence
band maximum and 1 electron near the conduction band
minimum. This leads to a BE wavefunction which is

spread in k-space about a point of maximum amplitude
at the conduction band minimum, with most of the
spreading due to the more tightly bound holes. Because
of the different points in k-space at which the BE wave-
function is peaked, the Auger and radiative transitions
exhibit qualitatively different behavior in indirect and
direct gap materials.

In indirect materials, the initial state BE has a total
wavevector of maximum amplitude far out in the Bril-
Jouin zone. In the Auger transition, the final state is an
ionized acceptor with a hole at a k-vector that lies on a
surface of constant energy determined by energy
conservation. The Auger transition depends on the am-
plitude for the BE to have k vatues that are accessibie to
the final state hole. Since the BE wavefunction peaks
near the zone edge and the final state wavevector is not
as far out in the zone, the Auger rate will depend
sensitively on BE wavefunction spreading in k-space,
with faster rates corresponding to larger spreading. In Si,
there is a large spreading of the BE wavefunction
because the holes are well localized about the impurity;
this leads to fast Auger rates. The different acceptors in
Si have significantly different binding energies, and they
localize the BE holes by varying amounts. Increased
localization leads to more k-space spreading, so that
there is a rapid increase in Auger rates with increasing
acceptor binding energy. In Ge, the holes in the BE are
bound weakly to the impurity, so there is small k-space
spreading and slow Auger rates. The calculated lifetimes
for this transition are too slow to be important in Ge.

For radiative transitions in indirect materials, &k is
conserved, 30 that these transitions require large k-space
spreading of the BE wavefunction or phonon assistance.
Since the phononless rediative tramsition requires k-
space spreading, it depends on acceptor type in a manner
similar to the Auger transition (although less sensitively).
The photon assisted radiative transitions do not depend
on k-space spreading and phomon assisted oscillator
strengths are nearly independent of accepior type[13). In
Si, the relatively strong localization of the holes in the
acceptor BE causes the no-phonon oscillator strengths to
be comparable in magnitude to the phonon assisted
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oscillator strengths{13). In Ge, the holes are weakly
bound to the acceptor and no-phonon optical transitions
are not observed for the acceptor BE{9).

For direct gap materials, the BE wavefunction is
peaked at the zone center. In the Auger transition. the
final state again has a wave vector that lies on the
surface of constant energy determined by conservation
of energy. The Auger rate again requires K-space
spreading to be significant, but the spreading required is
only over a smali portion of the zone for small band gap
materials. The dependence on spreading leads to a
dependence of the Auger rate on acceptor type with
increasing rates corresponding to increasing acceptor
binding energies. For a fixed acceptor, the Auger rate
also depends on the size of the band gap. As the band
gap decreases, the final state wavevector gets closer to
the zone center, so that smaller k values in the BE
wavefunction contribute. This provides larger amplitudes
for the initial and final state k values to match up so that
the Auger rate increases with decreasing gap.

For direct gap materials, radistive decay can be very
fast because phonon assistance and large wavefunction
spreading are not necessary. The radiative decay
depends on the overlap of the electron and hole wave-
functions. This leads to a dependence of the radiative
transition rate on band gap because as the gap decreases,
the electron effective mass becomes smaller (from k - p
theory) and the electron Bohr radius incveases[14]). As a
result, the overlap of electron and hole wavefunctions
decrease as the gap decreases. In addition, the density of
photon siates decreases with the band gap further reduc-
ing the radiative transition rate for small gap materials.

The dependences of the Auger and radistive decay
rates on band gap size cause the radiative decay 1o be
dominant for larger gaps and the Auger decay to be
dominant for smaller gaps. At some gap size a crossover
will occur. We estimate this crossover gap for
Hg-«Cd.Te (in which the gap can be made arbitrarily
small as x gets small) with a hydrogenic acceptor and
find a crossover at a gap of about 0.5eV (or x ~0.4).

3 RESULTS AND DISCUSEION

The details of the calculation of the BE Auger rate for
indirect materials have been previously discussed(7), and
we will just state the result here. The values of the BE
lifetime 7 calculated for each acceptor in Si are presen-
ted in Fig. 1 along with the experimentally observed BE
lifetimes. The experimental procedure used to measure
the BE lifetime has been described elsewbere[3]. The
agreement of the calculated lifetimes with experiment is
reasonable (within a facter of 3 in all cases), and we
conclude that the BE lifetimes in Si are determined by
the phononless Auger transition. We have also estimated
the Auger rate for Si:T] using the measured oscillator
strengths and the radiative efficiency determined by
comparing the intensity of the BE luminescence in Si: T
with that of Si:Al in which the radiative efficiency is
known([3, 12). We find that the Anger Lifetime in Si: Tl is
between 75 and 300 peec.

The calculated Auger lifetimes for acceptor BE in Ge
are all greater than 107° sec, which is 2 orders of magni-
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Fig. 1. Bound exciton lifetimes vs impurity binding energy for
the four common acceptors in Si. The hollow squares are our
calculations of the Auger lifetime and the solid circles are our
measured values. In Si:In, we have only been able 10 set an upper
bound on the measured lifetime of § asec (indicated by the top of
the arrow). Schir4[8] has recently found a measured lifetime of
2.7 nsec for Si:in.

tude slower than the free exciton lifetimes[15]. We
conclude that the phononless Auger transition does not
determine the lifetimes in Ge. This result is consistent
with the observation that light doping of Ge with shallow
acceptors has little effect on the lifetimes of photoex-
cited carriers [9).

The details of the calculation of the no-phonon oscil-
lator strengths have been discussed eisewhere(7], we
state the result bere. In Table 1 we present the cal-
culation results for Si and the observed results for Si.
The experimental details have been presented
elsewhere[12). We also show the no-phonon radiative
lifetime determined from the measured oscillator
strengths (2] and the radiative efficiency of the no-phonon
transition. We see that the no-phonon radiative efficiency

Table 1. No-pbonon oscillator streagths and no-phoson radiative

\detimes for accepior bound excitons in Si. The oscillator strengths

are denoted by £, the lifetimes by r and the no-phonon radiative
efficiency by %; r and v are determined by the measured

f f t L]
measared  calculated  (sec)

$i:p 2108t g0t a0 a0t

S1:A1 5-1076 3.5.10°° 29073 4078

$1:6 7-1076 9.0-10°6 11072 4078

Siztn  g.10"5 9.3.10"% 107t 2078

$1:1 41074 - 2.0°% 4076
“Ref. 13.




drops as the acceptor binding energy increases. The
calculated results for Si agree within a factor of 2 with all
the experimental results except Si:B, which is within
about a factor of 4 of the observed value.

For Ge, the calculated no-phonon oscilistor strengths
are very small (less than 2x 10”7 in all cases). These
small oscillator strengths are due to the wesk binding of
the holes to the acceptor in the BE in Ge and are
consistent with the fact that no-phonon optical tran-
sitions have not been observed for acceptor BE in Ge[9).

For the direct band gap case we have calculated the
BE Auger and radiative decay rates for a hydrogenic
acceptor as » function of band gap for the alloy
Hg:-.Cd, Te, in which the band gap can be varied with
composition[11). The details of the calculations are
somewhat different than the indirect gap case because
the conduction band minimum is at the zome center.
Here, we will concentrate on the smaller gap alioys. For
these materials, the band gap is less than the energy
separation between the top of the valence band and the
split off valence band (~ 1.0eV)[11]. As a result the split
off band is not an accessible final state. In this cal-
culation we approximate the light and heavy hole bends
by a single parabolic valence band. We take the acceptor
binding energy to be independent of alloy concentration
for the range of x considered since this behavior has
been deserved experimentally(16].

Proceeding as in the indirect band gap case, we find
the Auger rate to be

Leiop S (@ ey aw

D= ( )’K“r.l};a:“n)lz

Here E, is the energy of the final hole state and

(1b)

1\ =1 -1 -1
I(‘")-J'dx(l-o-x’) {(x-x,)’+ 1(x+x)+12xx

[l

Grx)+l (1c)

where
x = kea

and Kk, is the final state hole wavevector. We determine
the electron and hole Bolu radii (b and 4, respectively)
from a varistional calculstion. For the hydrogenic ac-
ceptor, the hole BE Bohr radius is 22 A (independent of
alloy conceatrations for the small gap alloy case) and the
electron BE Bohr radius varies with the alloy band gap
from 150 10 730 A for the range of alioy gaps 0.8-0.14¢eV.
Because the electron effective mass is much smaller than
the hole effective mass, the hole Bohr radius is nearly
that for the H™ ion, that is a = (16/11)a, where a, is the
scceptor Bolr radius and the electron Bohr radius is
nearty that for the neutral donor. The electron effective
mass is determined from the result of & - p perturbation
theory(14}.

F——-—————-—-—-—-—-——————-——:,
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and A is the energy difierence between the top of the
valence band and the split off band.

The results of the BE Auger lifetimes as a function of
band gap are presented in Fig. 2. The Auger lifetimes get
very short for small gaps and rapidly increase with
increasing gap. The various parameters used in the

computation are given in Table 2.
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Fig. 2. Radiative and Auger transition rates for an acceptor
bound exciton in the direct gap material Hg,.,Cd, Te vs the band
gap of the material.

Table 2. Parameters used in the Auger and radiative transition rate
calculations for Hg,_,Cd,Te
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Proceeding as in the indirect gap case, we find the
no-phonon oscillator strength to be

= N b
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The radiative transition rate is determined from the
oscillator strength{2).

The sumerical results for the radiative lifetimes are
presented in Fig. 2 along with the Auger lifetimes. The
radistive lifetimes show a strong dependence on the gap
and cross the Auger lifetimes at a gap of about 0.5¢V.
For gaps smaller than 05¢V, the BE decay will be
peimarily soe-radiative, and for gaps larger than 0.5 eV
decreases with band gap for two reasoms: the photon
demsity of states becomes smaller and the overlap of the
slectron aad hole wavefunctions becomes small as the
slectron efiective mass becomes small and the electron
Bolr radius becomes larger (the factor [8/[(1+
blaYXbia)?) in eqn 3).
Acinowiedgements—This work was supported in pert by the Air
Force Office of Sciemtific Ressarch wader Graat No. AFOSR-77-
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BOUND EXCITON LIFETIMES POR ACCEPTORS IN 81.

S. A. Lyon, G. C. Osbourn, D. L. Smich and T. C. McGill

+

Californis Institute of Techmology
Pasadena, California 91125

Ve present measurements of the bound exciton lifetimes for the four
common acceptors in Si and for the first two bound multiple exciton

complexes in Si:Gs and Si:Al.

Ve present a calculation of the Auger

transition rate for the acceptor bound excitons in Si which accounts
for the observed lifetimes and their dependence on the acceptor type.

A great deal of interest has recently been
shown in the properties of bound excitons (BE)
in S1. This interest has been stiumulated, in
part, by the observation of a large number of
related emission lines (whose physical origin
1s not certain at present) in Si doped with
the common shallow donors and ncccptorll. The
current explanation for these emission lines
(this explanation is not universally accepted”)
is that they are due to recombination of an
electron hole pair in a complex of several ex-
citons bound to & single impurity, a bound
multiple exciton complex (BMEC).* If this ex~
planation 1is correct, the energy position of
the amission lines are such that the binding
energy of the last exciton in a complex in-
creases with the number of excitons already
bound to the complex. Thus, the smaller com-
plexes are thermodynamically unstable to forma-
tion of larger complexes. Since the small com-
plexes are observed and the maximum binding
energy is not reached, the relative concentra-
tion of complexes of different sizes must be de-
termined By kinetics rather than energy consi-
derations~. Thus, it is important to under-
stand the decay and formation kinetics of bound
excitons.

In any discussion of BE and BMEC kinetics,
the bound exciton lifetime will play an impor-
tant role. In Si, BE 1#«1-“ hav; been maa-
sured for the donors Li', P* and As?; among ac-
ceptors, only the lifetimes for B! has been
reported. In this communication, we present
seasurements of the BE lifetimes for the four
common acceptors in Si (B, Al, Ga and In) and
1ifetimes of the first two BMEC in Si:Al and
$1:Ga. (For Si:In, we are only able to set an
upper limit on the BE lifetime). We find very
different lifetimes for the BE associated with
the different acceptors; the lifetimes decrease
rapidly (by about three orders of magnitude) as
the binding energy of the acceptor increases.

The lifetime of the acceptor BE in Si is
most likely limited by Auger transitions in
which an electron recombines with one of the
holes in the BE and the energy is carried off
by the second hoie. We present a calculation
of transition rates for this process. The cal-

culation sccounts for the strong dependence of
the BE lifetime on acceptor binding energy and
is in approximate quantitative agresment with
the measured lifetimes.

Experiments were performed using samples
of Si prepared by lspping and then etching with
HNO4:HF (6:1) and cleaning with methancl. The
sample was placed in a variable temperature
helium cryostat and bath tempersture vas mea-
sured using a Ge temperature sensor in the sam-
ple block. The sample was optically excited
with a GaAs laser diode. The laser spot dia-
meter on the sample was approximately 1 mm. The
BE lumi {TO ph line for Si:B, zero
phonon line for S4:Al, S1i:Ga and S1:In) vas
selected with a Spex 1400~11 spectrodeter and
was detected with a cooled S-1 photomultiplier
in conjunction with a gated photon counting sys-
ten. The minimum system response time was
tested by measuring the fall time of the laser
pulse; it vas approximately 5 nsec. In mea-
surements on Si:3, a 200 nsec gate was used;
for S{:A1,51:Ca and Si:In,the 5 nsec gate vas
used. The laser excitation power vas selected
80 that the BE luminescence dominsted the spec-
trus. Thus, the results should not be compli-
cated by exciton capture and EMEC decay. The
decay of the BE luminescence was exponentisl for
over an order of magnitude drop in the inten-
sity.

The measurements were made at 4.2°K and 10°
K. There was a small increase in the observed
lifetime as the temperature was raised to 10°K.
This increase is most likely due to dissocia-
tion of the BE in S1:B at the higher tempera-
ture. (There was a reasonably large free exci-
ton emiasion signal at 10°K, but this emission
signal was very weak compared to the BE amie-
sion at 4.2°K.) In the case of Si:Ga, the BE
has ug excited state 1.67 meV above the ground
state’. At 10°K this excited state is popul-
ated with a probability comparable to that for
the ground state. If the Auger rate for the
excited state is slower than for the ground
state, population of the excited BE state in
Si:Ga (as well as exciton dissocistion) can im-
crease the observed lifetime as the temperature
is raised.

*  Work supported in part by AFOSR under Grant No. 77-3216.

+ Alfred P. Sloan Foundation Fellow.
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Table I: Measured uhthu for bound excitons (BE) and bound -ultiplc exciton complexes for ! 4
acceptors in $1; b, and b label the first and 4 MEC, Tespectivaly; E, 1is the b
: acceptor binding Jcr;y l&d I 10 the ptor ration. ;
1(4.2°0) acn e, . Excitstion Conditions ¢
S1:3(3E) 1.0 meac 1.15 usec 46 meV 2105 e™? 6 usec at 0.1 watt
S1:AL(BE) 104 nsac 67 mav 5:20%ca™3 350 nsec at 0.5 ware .
b,(J=2) 39 nsec 5:10%ca™3 350 nsec at 0.5 varr \
b, 46 nsec s-10t4ce™? 330 nsec at 0.5 watt 1
$1:Ca(BE) 58 nsec 67 nsec 71 waV 3-20%%ca™ 350 nsec at 0.5 vate ;
b (3*2) 39 nsec 2:10%™2 300 neec at 0.5 wate .
bz 35 nsec * 2. 10151:0 300 nsec at 0.5 watr ]
S1:In(BE) <5 nasc 154 meV 2-10 200 nsec at 0.5 wart

a) The by line for Si:Ga was very weak and there vas & background which decayed with a 47
nsec lifetime beneath it. The presence of the background may cause the measured decav
time to be somewhat larger than the actual lifetime.

The measured BE lifetimes for the four asc-
ceptors are listed in Table I. We have slso
listed the decay time for the first two BMEC in
S1:Al end S{:Ga. The result for Si:B at A.2°k
is identical to that previously reportedl, (Ve
did not messure the BMEC decay for Si:B becnu'e
they are already available in the literaturel.)
The BE exciton lifetime in Si:In was shorter
than our system response time, and we can only
set an upper bound on it,

Prom Table I, we see that the BE lifetime
decreases rapidly as the acceptor binding energy
increases. This behavior is similar to that ob-

sarved for acceptor BE lifetimes in cap.” Thise
effect can be understood as due to an increased
spreading in K-space of the BE mdu9ction as
the ascceptor binding energy incresses’. To quan-
tify this idea, we have carried out calculations
of the BE Auger rates for acceptor BE in Si. The
details of these calculations wvill be presented
elsewhere®, here we give the physical picture
and the results of the talculation.

From time dependent perturbation theory,
the BE An.cr transition rate is given by

i. — Licriviz>)? 8(E, - B m

h:re |!’> is the final state vhich consists of a
free hole, |ID> 1is the initial state which con-
sists of two holes and an electron bound to the
charged acceptor and the interaction which leads
to the transition, V, is the Coulomb interaction
betvesn the carriers.

The final hole state is an eigenstste of
wavevector. The possible final states are re-
stricted by energy comservation. The initial BE
state is not an eigenstate of wavevector because
the carriers are localized in gpsce by the im-
purity potential. In order for the Auger tran-
sition to occur, the initisl BE state must have
an smplitude to contain wavevectors wvhich are
accessible to the final state hole. Because the
wavefunction for the holas in the BE in K-space

are peaked at the zone center snd that for elec-
trons is peaked at the conduction band minisum,
the total wavevector for the BE is peaked at the
conduction band minimum. This point is rather
far, in K-space, from the constant energy sur-
face sccessible to the final state hole. Thus,
spreading of the BE wavefunction, in K~space,

is essential for the Auger transition to occur.
For the acceptor BE, the holes are more highly
localized in space than the electron and the
spresding of the BE wavefunction in K-space is
due primarily to the holes. The extent of this
spreading depends on the impurity, it increases
as the binding energy of the acceptor increases
because the holes are more strongly localized in
space for the more tightly buund acceptors.

In principle, it i3 possible that the Auger
transitions are phonon assigsted. 1f this were
the case, the phonon would supply the wavevector
necessary for the transition to occur and the
transition rate would not depend on the K-space
spreading of the BE wavefunction. Thus, one
would expect the phonon assisted Auger rates 'O
be insensitive to the acceptor type. Since the
observed lifetimes are, in fact, very sensitive
to the acceptor type, we believe the Auger tran-
sitions occur without phonon assistance.

The bound exciton wavefunction can be writ-
ten as & linear combination of determinants
which contsin two holes and one electron

- I , " +
x> = ook ACk k) ok k) 2)

e
As a first approximastion, the Fourjer transfore
of the amplitude function, A, can be obtained
from effective mass theory. To describe the
interaction of the carriers with the charged
acceptor, we used a Coulomb potential with ¢
ahort range spherical well. The strength of
the short range well for Al (same core struc-
ture as Si) was taken to be due only to the
wavevector dependence of the dielectric func-
tion. For the other impurities, it was adjus-

g e o e . .
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ted to produce the known scceptor binding ener-
gieas for a hydrogenic acceptor wavefunction.
Tor the BE wavefunction, a varistional fors

Ak, ok = £ Gg) £ () £, (k) @
was chosen. Here f 1s the Fourier transform of
8 Is hydrogen function

£ (k) [ 2 L
P WYY Y
1 o e anph w
Hetre 8 is the Bohr radius and the subscript
rafers to electrons (i=e) or holes (i=h).

The Bohr radii were chossn by a variational cal-
culstion. . Yor more atrongly bound acceptores,
the hole Bohr radius is emaller corresponding
to a greater spreading in K-spacs.

There are corractions teo the effective
mass approximation for wavevectors far from the
band extrema because the carrier dispersion
curves are no longer parabolic. WUe take these
corrections into sccount by substituting the
hydrogenic fors into the Hartree equation for
the hole in the BE

1 I H, v
!h(k) - T o ka, th(k ) (s)
Here €(k) is the hole dispersion curve, E i
the one hole Hartree enargy, V is the Hartree
potential seen by the hole (computed taking the
hydrozenic forms for the carrier wavefunctions)
and 3 is the hydrogenic form for the hole wave-
fnnct!on (Eq. (3)). The hole wavefunction pro-
duced by this procedure differs from the hydro-
gen form in that it has s longer tail region at
large k. (This tail is due so the fact that
€(k) increases slower than k¢ at large k.) In
the region of K-space where the two functions
are large, they are nearly equal.

The BE wavefunction was tested by computing
no-phonon oscillator strengths. For S1i:Al1,51:Ga
and Si:In, the resulcs werge within a factor of
two of the measured result’. For Si:B, the com-
puted oscillator strength was about a factor of
four too large. We adjusted the square well
potential to produce the measured oscillator
strengths.

The Auger trangition rates for the acceptor
BE was computed using the wavefunction descri-
bed above. The details are complicated and will
be given elsevhere®. The results of the calcu~
lation are shown in Fig. (1). The calculation
is seen to describe the observed depend of
the lifetime on acceptor binding energy reason~
ably well. The computed lifetimes are larger
than the experimental values by about a& factor
of three for all the impurities. Considering the
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Fig. 1. Bound exciton lifetimes va impurity
binding energy for the four common acceptors in
Si. The solid circles are measured values and
the hollow squares are calculstions of the
Auger lifetime. Por Si:In, the lifetime was
shorter than our system response Cime, and we
can only set an upper limit on it.

sensitivity of the calculated lifetimes on the
BE wavefunction, we consider this agresment to
be reasonable.

Summarizing, we have presented measursments
of the BE lifetime for the common shallow ac-
ceptors in Si and for the first two EBMEC in
S1:Al and S1:Ga. The lifetime of the BE was
found to decresse rapidly as the acceptor bind-
ing energy gets larger. We interpreted the
lifetime as being limited by phononless Auger
transitions. We presented a calculation of the
phononless Auger rate for the acceptor BE in Si
vhich produced the observed depend of the
lifetime on acceptor binding energy and is with-
in about s factor of three of the measured life-
times in absclute magnitude.
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We present calculations of the Auger and radi

ive s bination raies for acceptor bound

excitons in the HgCdTe alloy system and in GaAs. The transition rates are computed as # func-
tion of band gap in the HgCdTe alloy and as a [unciion of the acceptor binding energy. The
Auger rate is found 10 increase and the radiative rate to decrease with increasing acceptor bind-
ing energy The radiative recombination rate is found 1o increase with increasing band gap
The Auger rate decreases with increasing band gap except when the band gap (irst exceeds the
spin-ordit splitting in the valence band and for band gaps less than about 0.2 eV where the den-
sity of final hole siates and the electron-hole overlap becomes small. We find that Auger
recombination is dominant for hydrogenic acceptors in HgCdTe for materials with a band gap
less than about 0.35 eV and radiative recombination is dominant for larger gap materials. For
deeper acceptors, this crossover occurs at larger band gaps. For GaAs, we find that radiative
recombination dominates for all reasonably shaliow acceptors.

1. INTRODUCTION

A bound exciton (BE) is formed when an
electron-hole pair becomes attached 10 a neutral im-
purity. At low temperatures, recombination from
bound-exciton states is often the principal decay
route of a nonequilibrium concentration of electrons
and holes. There are two main decay mechanisms
available to an exciton bound to a shallow neutra! im-
purity: Auger'~’ recombination and radiative recom-
bination.?~!? The relative importance of these two
decay processes depends on the semiconductor snd
on the impurity. In indirect-band-gap materials, radi-
ative recombination is rather siow and the Auger
mechanism usually dominates the recombination.’~’
In direct-band-gap materials, radiative recombination
is quite fast and may dominate the recombina-
tion.'™'? Auger recombination of bound excitons in
indirect materials has recently been studied theoreti-
cally by the present authors® and by Schmid.’

12 this paper, we present a theoretical study of
Auger and radiative recombination of excitons bound
to shallow neutral acceptors in direct-band-gap semi-
conductors. We consider the dependence of these
two transition rates on the band gap of the semicon-
ductor and on the binding energy of the impurity.
We concentrate on the alioy system Hg, -,Cd,Te.
This is a particularly interesting system because the
band gap can be varied by changing alloy composi-
tion. We also present calculations for GaAs. We
find that radiative recombination dominates Auger
recombination for shallow acceptors except in rather
small-band-gap materials (£, <0.35 eV). In these
small-band- gap materials, the Auger rate is dominant.
Radistive recombination for bound excitons in

direct-band-gap materials has been previously siudied
theoretically by Rasba and Gurgenishvili.®* We use
a different model for the BE wave function than used
by these authors, but our results are qualitatively
similar to theirs. Except (or a simpie model calcula-
tion by us,!* we are unaware of previous calculations
of Auger recombination of BE in direct-gap materials.

The paper is organized in the following way: in
Sec. Il we discuss the qualitative behavior of Auger
and radiative transition rates for accepior BE in
direct-gap materials; in Sec. 111, detailed calculations
are presented. Sec. 1V contains a summary of our
conclusions.

Il. QUALITATIVE BEHAVIOR OF AUGER
AND RADIATIVE TRANSITIONS

In the acceptor BE there are two holes and one
electron bound to a charged acceptor. In direct-
band-gap materials, the electron effective mass is
generally considerably smaller than the hole effective
mass. As a result, the two holes are bound relatively
close to the acceptor and the electron is not as local-
ized as the holes. In a k-space picture the holes are
relatively spread out about the & =0 valence-band
maximum and the electron is relatively well localized
near the k =0 conduction-band minimum. In the
HgCdTe alloy system, the electron effective mass is a
sensitive function of the material band gap (alloy
composition). From k -P perturbation theory. the
electron effective mass decreases with decreasing
band gap'

m P12 1
R Lo e (1a)
' 3|E  E+a
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where that this change in slope of the transition rate occurs
2 at about 0.2 eV for hydrogenic accepiors in the
P";| TP 1L (1b) HgCdTe system. When E, first exceeds the spin-

Here m,” is the electron effective mass, £, is the
band gap. A is the spin-orbit splitting, m is the free-
electron mass, S and X refer 10 periodic parts of the
Bloch functions at the conduction-band minimum
and valence-band maximum (without spin-orbit split-
ting) and P is the momentum operator. The hole ef-
fective mass and the static dielectric function of the
material are only weakly dependent on band gap.
Thus the acceptor binding energy and hole wave
function in both the acceptor and the BE are not
strongly dependent on the alloy composition.'*

In the Auger lransition, the initial state is the BE
and the final state is a free hole in an accessibie
valence band. The heavy and light hole bands are al-
ways accessibie. 1f the band gap is greater than the
spin-orhit splitting of the vaience band, the split-off
valence band is also accessible. Energy conservation
requires that the energy of the final state hole meas-
ured from the vaience-band maximum is approxi-
mately the band gap. The dominant interaction
responsible for the Auger transition is carrier-carrier
scattering which conserves total wave vector.' Thus
the transition rate depends on the amplitude for the
BE t0 have wave vectors which are accessible to the
final state hole. This amplitude depends on the
strength of the impurity potential and on the band
structure of the semiconductor.

In direct gap materials, the k-space BE wave func-
tion is peaked at the zone center and falls off with in-
creasing |k|. The possible values of the final state
hole wave vector (k) depends on the band gap of
the material and on the valence-band structure. For
materials with a very small band gap, the final state
hole will be in the heavy or light hole band near the
zone center. For these very small gap materials, the
amplitude of the BE wave function 1o contain wave
vectors accessible to the final state hole wili be large.
However, for very small gap materials the density of
final hole states is small and the electron effective
mass is small. Because of the small electron effective
mass, the electron is weakly bound to the BE and is
not well localized near the holes. As a result of the
small density of final states and the small electron-
hole overlsp, the Auger transition is slow for very
small gap materials. As E, increases from zero, the
density of final states and the electron-hole overiap
increase 3o the Auger transition rate increases. As
E, continues 1o increase, the possible values of &, be-
come large enough that the amplitude for the BE
wave function to contain k, becomes small. Asa
result the transition matrix element begins to de-
crease rapidly. overcoming the effects of the increas-
ing density of fina) states and increasing electron-hole
overlap, and the transition rate decreases. We find

orbit splitting of the valence band (A=09 eV in
HgCdTe), final states in the split-off band with k,
near the zone center become available. There is a ra-
pid increase in the Auger transition rate when this
new set of final states becomes accessible. As E,
continues to increase, the possible values of &, be-
come large and the transition matrix element and
hence the transition rate decreases.

The extent of the spread in k space of the BE wave
function depends on the strength of the impurity po-
tential. Stronger impurity potentials (resuiting in
larger acceptor binding energies) lead to an increased
localization of the holes in the BE in position space
and hence an increased spread of the BE wave func-
tion in k space. For those vaiues of the band gap
that have final states with large k,, an impurity with a
stronger attractive potential (hence larger acceptor
binding energy) will have a faster Auger rate than an
impurity with a weaker potential. For those values of
the band gap that have final states with small &,, the
Auger transition rate does not depend strongly on the
impurity potential.

For radiative transitions, the BE is the initial state
and the neutral acceptor is the final state. Radiative
transition rates decrease monotonically as the band
gap is decreased. There are two reasons for this de-
crease in the radiative transition rate with band gap:
first, the density of final photon states is smaller for
the lower-energy photons emitted from the small-
band-gap material, second, because the electron ef-
fective mass is small in small gap materials the
electron-hole overlap is small. The radiative rate also
depends on the strength of the impurity potential.
The holes in the acceptor BE are bound close to the
impurity and their wave functions are sensitive to the
short-range part of the impurity potential. The elec-
tron is bound relatively loosely about the impurity
(held in the complex by its interaction with the
holes) and its wave function is relatively insensitive
10 short-range parts of the impurity potential. As the
impurity potential becomes increasingly attractive to
holes, the hole wave function will be more closely
bound to the impurity. As a result, the electron-hole
overlap will decrease and the radiative transition rate
will decrease.

The radiative lifetime is a monotonically decreasing
function of band gap. The Auger lifetime is 8 more
complicated function of band gap. but for most
values of the band gap it is an increasing function.
As a result, radiative recombination tends to dom-
inate in large gap materials and Auger recombination
tends to dominate in small gap materials. The radia-
tive lifetime is an increasing function of acceptor
binding energy: whereas, the Auger lifetime is a de-
creasing function of acceptor binding energy. Thus,
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in large-band-gap materials (where radiative recombi-
nation is dominant), the lifetime increases with ac-
ceptor binding energy and in small gap materials
(where Auger recombination is dominant). the life-
time decreases with acceptor binding energy.

1. CALCULATION OF AUGER AND RADIATIVE
TRANSITION RATES

From time-dependent perturbation theory, the
recombination rate of a BE due to a perturbation v is
given by

%'l} ;'url.,uwa(z,-m . +))
vl

where |7) is the initiat BE state and | F) is the final
state (free hole for Auger transition. neutral accep-
tor and photon in the radiative transition). We take
the BE wave function 1o have the form

= I Cdafalk) falka) [, (k)
NN

x t(k.m.:k.'m;'.k,v,) ' 3)

-l

(Fivil) =
Lo em,

Here ¢ is the dielectric function and the overlap in-
tegrals U have the form"’

u&.-lzlo-%jd"’ “klnl(')“l'(’) , )

where 1) is the sample volume and u,, is the period-
ic part of the Bloch function.

We use the same approximations for the envelope
functions f here as in the indirect case.® The impuri-
ty potentisl is taken to be that of a negative point
charge screened by the static dielectric function plus a
shori-range square well of variable strength. The
square well is used to account for short-range differ-
ences in the potential of different impurities. As a
first approximation, the envelope functions /f, and /,
are assumed 10 have a 1S hydrogenic form with the
electron and hole Bohr radii determined by a varis-
tional calculation. Corrections to the hole envelope
functions, due primarily to nonparabolic valence-band
structure at large k, are taken into account by iterat-
ing the Hariree equation for the holes in the acceptor
BE. The iterated envelope function is close to the
hydrogenic one at small k, but drops off more slowly
at large k* The integral in Eq. (4) is simplified by
the fact that the function /, (k) is sharply peaked at
the zone center. We replace f,(k,) by 2 normalized &

A "

N ACRIACRIACS) Uiy, tye Usye

PR

where $(kym,.kymy.k,,) is a Slater determinant
with the valence-band states (ky.m,) and (k,m;) ;
empty and the conduction-band state (k,a,) occu- o/
pied. Here m; and m; label the four hole states de- :
generate at the valence-band maximum, o, labels
electron spin, J is the total hole spin with projection
M in the BE, the coefficients C are closely related to
Clebsch-Gordan coefficients.* and /, and /, are the
amplitudes that a given hoie and electron state are
contained in the BE wave function. Taking the BE
envelope function as a product form in Eq. (3) is
equivaient to neglecting correlation in the BE. Corre-
lation must be included in binding-energy calculations
for the BE in order to have a stable compiex. But no
cancellations, such as the large cancellations between
kinetic and potential energy terms which occur in
binding-energy calculations, occur in the transition
rates calculated here. Thus the simple product form
should be adequate to give a reasonable estimate of
the dependence of the transition rates on band gap
and acceptor binding energy.

For Auger decay of the BE, the final state contains
a free hole and an ionized acceptor. The Coulomd
interaction between carriers is responsibie for the
Auger transition. The transition matrix element has
the same structure in direct-band-gap materials as for
indirect-band-gap materials discussed previously®

22m8(k, +k, ~ky —Kp) (

M _ IM
(lk/—hl’ C-,u, C-,-I . 4)

function

(2x)}

Selke) = (b

3(k,) . ®

where b is the electron Bohr radius.

For the overlap integrais U, we use the results of
Kane obtained from degenerate k - perturbation
theory.'"? The discrete sums in the matrix element
(m, and m,), the sum over final hole spins and
bands. and the average over initial siates (labeled by
J, M, and @,) can be performed in a straightforward
but tedious fashion; the result becomes

Ta

- 2% S 13 hU)8E - Er k) g
3
s

+ %'l(k,)S(EI - E'(k/))

+ Ik B(E - Estkp)) . (1)

where A, /, and S refer to transitions in which this fi-

nal siate hole is in the heavy hole, light hole, and )

split-off bands, respectively.
The integrals / are given by
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Here k; and & ' are unit vectors, and the functions a,,. b, and ¢, are those defined by Kane. ™
The form for the iterated hole envelope function is the same as that used for the Auger transitions in direct-

band-gap materials®

! 4y 1 1 VR}
k)=f- + + .
A € (a M E(k) +Eg J| k2 +9/a7  a¥(k? +9/a?)®  6el/e ®
where a is the hole Bohr radius, Ej is the BE locali- strength is given as
zation energy, V is the depth of the short-range 2
square well, and R is the radius of the short-range S=- m' (IPIFY? . (12}

square well (taken to be half the nearest-neighbor
distance). The one-hole energy [E(k)] was taken as
a spherical average of the heavy hole band from a
tight-binding band-structure calculation joined con-
tinuausly to the parabolic effective-mass result at
small k. The tight-binding parameters for HgTe and
CdTe were taken from Ref. 19; those for GaAs are
from Ref. 20. The band structure for the HgCdTe al-
loy was calculated in a virtual crystal approximation.
The integrations in the matrix elements of Eq. (8)
were evaluated numerically. The final state integral
in Eq. (7) was evaluated numerically; the final state
hole energies were taken from a tight-binding band-
structure calculation. The input parameters used in
the calculation are summarized in Table 1.

In radistive recombination of the acceptor BE, the
final state is the neutral acceptor with a wave func-
tion of the form

|Fy =S F(k)(kn) | 10
[

where ¢(kn) is a Slater determinant with the
valence-band state labeled by (k.n) not occupied and
F (k) is the hole envelope function. The radiative
decay rate can be expressed in terms of oscillator
strengths by

19 .2
_l_- 25_]_—__‘2’0”] . (li'
Le 1 7 om

where gp¢ is the degeneracy of the BE (12), g, is
the degeneracy of the acceptor (4), Aw is the photon
energy, n is the index of refraction, and the oscillator

Here Eq. (12) is to be summed over the 12 degen-
erate BE states and averaged over the 4 degenerate
acceptor states. To evaluate the oscillator strength
we use hydrogenic envelope functions
n 8

& *1/a)’ a3

A

F(k)-l-’L
a

TABLE [. Parameters used in the caiculation. All sym-
bols are defined in the text.

Hg, -,Cd, Te GaAs
P 18 +3x evad 25.7 eV®
€ 15.) -4.5x¢ 12.53¢
my, 045 m* 0.36 m"
L 0.067 m®
A 1.00 —0.24x eV*f 0.35 eV?
E, 1.79x —0.26 eV*f 1.51 eVv®

Linearly interpolated between the HgTe and CdTe values.
P Lawaetz, Phys. Rev. B 4, 3460 (1971).

¢J. J. Dubowski, Phys. Status Solidi B 85, 663 (1978).

#K. G. Hamble.on, C. Hilson, and B. R. Holeman, Proc.
Phys. Soc London 77, 1147 (1961).

*A. Jedrzeiczak and T. Dietl, Phys. Status Solidi B 79, 691
1977).

Reference 1S.

8). R. Chelikowsky and M. L. Cohen, Phys. Rev. B 14, 556
(1976).

MEit to Zn acceptor binring energy £, =31 meV.
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where a, is the acceptor Bohr radius, and similar
forms with Bohr radii b and a, for the electron and
the holes in the BE. The radiative rate is not sensi-
tive to the large k part of the hole envelope function
$0 it is not necessary to use the iterated form for the
hole envelope function to calculate radiative rates.
The calculation of the oscillator strength from Eq.
(12) is straightforward and the resull is

) 8 o 2R
4 ‘MM'(S|PZ'ZH [(l +a4/a)? l a
|
— 8 |®
“1a To/a) l" (14)

The results of the calculation for Auger and radia-
tive lifetimes in HgCdTe as a function of band gap
(composition) are shown in Fig. 1. The solid curves
correspond to hydrogenic acceptors ( VR> =0) and the
dashed curve to a deeper acceptor modeled by
VR?=16.5 eV A’. The binding energy of the accep-
tors depends somewhat on the composition because
of the compositional dependence of ¢. For the hy-
drogenic acceptor the binding energy goes from

|0"r ~

|0“L ...
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BAND GAP (eV)

FIG. 1. Auger and radiative acceplor bound-exciton life-
times as s function of band gap (composition) in the
HgCdTe alloy system. The solid curves are for hydrogenic
scceptors and the dashed curves are for a deeper acceptor
where the impurity potential is taken to be that of a
screened point charge plus a shori-range atiractive (for
holes) square well. The radius of the square weil (R} was
taken to be half the nearest-neighbor distance and Vis the
depth of the square well.

Eg =31 meV in the smallest gap case considered to
Es =46 meV in the largest gap casc. the binding en-
ergy of the deeper acceptor varies between

Ep=38 meV and E5 =59 meV. The Auger lifetime
has a local minimum at £, =0.2 eV it increases for
smaller £, because the density of final hole states
and the electron-hoie overlap in space becomes small.
The increase in the Auger lifetime for £, > 0.2 eV is
due to the larger values of &, and the decreased am-
plitude for the BE wave function to contain these
iarger wave vectors. The sudden decrease in the
Auger lifetime at £, =0.9 eV is due to the fact that
transitions in which the final state hole is in the
split-off band first become possible at this point. The
Auger lifetime for the deeper acceptor is shorter than
that for the hydrogenic acceptor because of the
greater spread of the BE wave function in k space for
the deeper accepior. The results for the radiative
lifetimes in the HgCdTe case are also shown in Fig.
1. The radiative lifetime decreases monotonically as
the band gap is increased because of the larger densi-
ty of photon states and increased electron-hole over-
fap in the larger gap material. The radiative lifetime
is larger for the deeper acceptor than the hydrogenic
acceptor because the electron-hole overlap is greater
for the shallow acceptor. For band gap greater than

103 h
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FIG. 2. Auger and radiative acceptor bound-exciton life-
times as 3 function of acceptor binding energy in GaAs.
The accepior binding energy was varied by adjusting the
strength of a shori-range square well added to a screened
point charge to form the acceptor potential. A binding ener-
gy of 31 meV corresponds to a hydrogenic acceptor (no
square well).
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about 0.35 eV for the hydrogenic acceptor and greater
than about 0.43 eV for the deeper acceptor, the life-
time is dominated by radistive recombination; for
smaller gaps. the lifetime is dominated by Auger
recombination.

The results for the Auger and radiative lifetimes in
GaAs as a function of impurity binding energy are
shown in Fig. 2. The hydrogenic acceptor in this case
has a binding energy of 31 meV (corresponding to
the experimental value for the Zn acceptor in
GaAs).Y' The radistive lifetime increases as the ac-
ceptor binding energy increases because the electron-
hole overlap is decreased with increasing acceptor
binding energy. The Auger lifetime decreases with
increasing acceptor binding energy because of an in-
creased spread of the BE wave function in k space for
the deeper impurities. The radiative transition rate is
much faster than the Auger rate for reasonably shal-
low impurities. The calculated value of the acceptor
BE radiative lifetime for the hydrogenic acceptor is
3.1 nsec; experimentally a value of 1.6 £0.6 nsec
(Ref. 12) is found for an exciton bound to a shallow
acceptor in GaAs.

IV. SUMMARY AND CONCLUSIONS

We have presented 2 calculation of Auger and radi-
ative transition rates for acceptor BE in HgCdTe and
GaAs. The purpose of the work wes-to investigate
the dependence of the Auger and radiative transition
rates gl’ acceptor BE in direct gap materials on accep-

&

tor binding energy and semiconductor band gap. For
HgCdTe we find that the radiative lifetimes decrease
with increasing energy gap, while the Auger lifetimes
increase with energy gap except for £, 2 4, where
the split-off band first becomes accessible to the
final state hole; and at £; <0.2 eV where the
electron-hole overlap and density of final states be-
comes small. The Auger and radistive lifetimes cross
for hydrogenic acceptors in HgCdTe at £, =0.35 eV,
radistive decay dominates for larger band gaps and
Auger decay dominates for smaller gaps. As the ac-
ceptor binding energy increases, the cross over point
between the two rates moves to higher band gaps.
For GaAs, the radiative rate is much faster than the
Auger rate. As the acceptor binding energy is in-
creased, the radiative rate decreases and the Auger
rate increases. it is possible that the Auger rate
could become dominant for very deep acceptors, but
for reasonably shallow acceptors the Auger rate
makes a negligible contribution to the BE lifetime in
GaAs.
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Near-band-gap photoluminescence of Hg, _,Cd, Te
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The results of photoluminescence studies of Hg, _ , Cd, Te with x = 0.32 and 0.48 for
temperatures between 5 and 30 K are described. In the x = 0.32 and x = 0.48 material, band-to-

band, band-to-acceptor, and donor-to-acceptor luminescence lines are observed. We report the
first observation of bound-exciton luminescence in HgCdTe, which we observe in the samples

with x = 0.48.
PACS numbers: 72.80.Ey, 78.55. — m, 78.55.Ds

The results of a series of photoluminescence experi-
ments on Hg,_, Cd, Te for samples with x = 0.32 and 0.48
are presented. We report the first observation of the lumines-
cence from a bound exciton in Hg,., Cd, Te. Other lines due
to band-to-band, band-to-acceptor, and donor-to-scceptor
transitions are also observed.

While Hg,., Cd, Te is an important material for in-
frared applications,’ its luminescence properties have not
been extensively investigated. Photo- and cathodo®-lumines-
cence spectra have been measured by other groups for sam-
ples with x = 0.3. They observed two broad luminescence

lines which they attributed to band-to-band and band-to-
impurity transitions.>* The impurity was thought to be Hg
vacancies.’ Recently, Osbourn and Smith* have suggested
that radiative recombination should dominate nonradiative
Auger recombination of bound excitons for x > 0.4. These
results suggest that it should be easier to observe bound-
exciton luminescence in high-x samples than in low-x
samples.

Our luminescence experiments have been carried out
on samples of two compositions, one of x = 0.32 with a band
gap near 0.25 eV, and the other of x = 0.48, with band gap
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FIG. 1. Photoluminescence intensity vs energy of emitted photon for
Hg,,Cd,,Te. The high-encrgy peak is sttributed to a band-to-band transi-
tion. The low-energy peak is sttributed primarily to donor-to-scceptor Ju-
minescence below ~ 10 K, and band-to-acceptor luminescence st higher
temperature. The fine structure seen on the lJow-energy peak is due to sb-
sorption by water vapor.

near 0.5 eV. Spectra were measured for temperatures be-
tween S and 30 K and average pump power, provided by a
mechanically chopped cw Ar* laser with 509 duty cycle, of
between 0.5 and 14 W/cm?. Laser light was focused onto the
sample, mounted in 2 Janis liquid-helium research dewar. A
heater and temperature sensor mounted near the sample in
the sample arm of the dewar allowed temperature control.
The luminescence from the sample was dispersed with a
monochrometer and detected with either an InSb (for

x = 0.32 material) or an InAs detector (for x = 0.48 materi-
al). The detector output was analyzed with a lock-in
amplifier.

In the x = 0.32 samples, two broad luminescence bands
are observed, as shown in Fig. 1. Two lightly p-type samples
were studied, each grown by fioat-zone-refining polycrystal-
line HgCdTe, annealed in Hg vapor to reduce Hg vacancies,
and doped with 10" cm™? Au atoms.® The composition of
these samples was determined by measuring the photocon-
ductivity cutoff wavelength for a sample cut from the same
boule adjacent to the sample we studied.® The results of our
experiments are similar for both our x = 0.32 samples.

The higher-energy line can be identified as a band-to-
band transition by the variation in intensity with pump pow-
er, and energy shift with temperature. The peak intensity of
the line divided by pump power increases as pump power is
increased. As pump power is increased by a factor of 5, the
ratio of intensity to pump power increases by 30% at 30 and
by 100% at 4.8 K. The peak of the line shifts to higher energy
as the temperature is increased. At all pump powers, the
energy shift is 7.5 meV in going from ~ 5to ~ 30K, of which
only ~4.5 meV is due to band-gap shift.' These observed
properties are consistent v 1iia the interpretation of the line
originating in a band-to-band transition.* The ratio of inten-
sity to pump power increases with pump power because of
the saturation of centers that bind carriers. The energy shift
with temperature (over that caused by band-gap shift) comes
about because higher-lying free-electron and hole states are
filled as the temperature increases.

The lower-energy line in Fig. 1 has a different appear-
ance and behavior from the higher-energy line. It is distinct-
ly asymmetric, having s long low-energy tail. While the
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asymmetry is not particularly evident in the 9.2-K spectrum
given in Fig. 1, the asymmetry is evident in lower-tempera-
ture spectra (T~ 5 K) where the band-to-band line is less
intense. This line is also wider than the higher-energy line,
having a full width at half maximum of 13 as opposed to 7
meV. The intensity of this line does not increase with pump
power as rapidly as the band-to-band line. The peak energy
shifts like the band gap from S to 10K, then shifts 2 to4 meV
(depending on pump power) more than band gap from 10to
30K.

These properties suggest that the lower-energy line is
due to donor-to-acceptor luminescence® at low temperatures
and is produced by a free electron recombining with a bound
hole’ at higher temperatures when the donors are ionized.
The observed intensity variation with pump power supports
the interpretation of the line as involving a bound hole: as the
centers become saturated, both donor-to-acceptor and free-
to-bound line intensities should decrease in relation to a free-
to-free line intensity. The observed shift in energy of the line
indicates a change from a transition involving only bound
carriers at low temperature to one involving a free carrier at
the higher temperatures studied. This change is indicated
because, if the lower energy line is produced only by donor-
to-acceptor luminescence, the line peak would shift at ap-
proximately the same rate as the band-gap energy as tem-
perature is increased, for the entire temperature range.

In the x = 0.48 material, three luminescence lines (a
spectrum is shown in Fig. 2) are observed in two of our sam-
ples. One of these samples is lightly p type, with 10" cm™ Au
atoms.® The other is lightly # type, with 10'* cm™> donors.® In
the third x = 0.48 sample studied, only the low-and high-
energy lines are observed. This sample is p type, with 10'*
em™® Au atoms.® All three samples were grown using the
solid-state recrystallization method, and were annealed in
Hg vapor to reduce the concentration of Hg vacancies.® The
composition of these samples was determined by the amount
of the constituents put into the melt before it was quenched.®

The high-energy line is qualitatively similar to the cor-
responding line in the x = 0.32 material. The peak of the line
shifts about 7 meV between 4.7 and 30 K in all samples of
x = 0.48 material studied. As pump power is increased from

=T T T T T L T
PHOTOLUMINESCENCE SPECTRUM OF Hgg,Co,,Te
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FIG. 2. Photoluminescence intensity vs energy of emitted photon for
Hg,Cd, Te. The high-energy peak is attributed to » band-t10-band transi-
tion. The low-energy pesk is attributed primarily to donor-to-scceptor lu-
minescence below ~ 10 K, and to band-to-acceptor luminescence at higher
temperature. The intermediate-energy line is interpreted as bound-exciton
recombination Juminescence.
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210 5 W cm™, the intensity of the line divided by the pump
intensity increases by 30 to 100% (depending on tempera-
ture). This ratio of line intensity to pump intensity then stays
the same, or decreases slightly as the pump power is in-
creased (o the highest pump power studied, 14 W cm™.
These properties indicate that the line is produced by a band-
to-band transition, for the same reasons given earlier for
identifying the corresponding line in the x = 0.32 material.

The low-energy line in the x = 0.48 material is also
similar to its counterpart in the x = 0.32 material. The line
peak shifts to higher energy with increasing temperature
above ~ 10 K, shifting 10 meV between 9.2 and 30 K at the
lowest pump power, 2 W cm~. The peak does not shift with
temperature below ~ 10 K, except for a small shift at the
highest pump power studied. The ratio of the intensity of the
low-energy line to the intensity of the high-energy line de-
creases with pump power, except that at 20 and 30 K the
ratio increases as pump power is raised from 5to 14 W cm2.
Using the same argument given above for x = 0.32 material,
we identify this line as donor-to-acceptor luminescence at
low temperature, and free-to-bound luminescence at the
higher temperature studied.

Theintermediate-energy line appears only in some sam-
ples of the x = 0.48 material. The line peak does not shift
with temperature to within 1 meV (the experimental uncer-
tainty of the peak positions) between 4.6 and 18.8 K. Since
the band gap for material of this composition shifts by less
than 1 meV in this temperature range (Ref. 1, p. 29), the peak
position is fixed with respect to the band gap for these tem-
peratures. The line intensity falls off more rapidly with in-
creasing temperature than either of the other lines, and is not
visible in the spectra taken above 18.8 K. As pump power is
increased, the line intensity increases at a rate that is slightly
less than linear. The characteristics of this line suggests that
it is produced by bound-exciton recombination. Since both
the hole and electron are bound, the peak position should not
change relative to the band gap with temperature. Also, the
intensity should fall off rapidly with temperature as the cen-
ters are depopulated by thermal excitation of the excitons.
Finally, the variation of intensity with pump power is also
consistent with a bound-exiton interpretation, because the
centers binding the exciton should saturate as the pump
power is increased.

The position of this line is approximately that of donor~
valence-band luminescence. There are several pieces of evi-
dence that indicate that this is not the origin of the line. The
most compelling argument is that donor—valence-band lu-
minescence should shift to higher energies as the tempera-
ture is increased, and higher-energy hold states are occupied.
Furthermore, the width is appropriate to a bound-exciton
line. A donor-valence-band line should have a width of
about 1 meV, while the observed line width is 6 meV, which
is closer to the 4-meV width expected for a bound-exciton
line.

The positions of the various lines provide donor and
acceptor ionization energies. The difference in energy be-
tween the band-to-band line and the donor-acceptor line at
zero tempersture is & lower limit on the sum of the donor and
acceptor energies. The acceptor energy is the difference be-
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tween the band-to-band line and the band-to-acceptor line
extrapolated to zero temperature. The overlap between the
band-to-acceptor and donor-acceptor lines and errors asso-
ciated with extrapolated to zero temperature cause some un-
certainty in the procedure, but some limits may be estimated
for the ionization energies. For the x = 0.32 material, the
acceptor energy is 14.0 + 1.5 meV, and for the donor, the
ionization energy is less than 2 meV. For the x = 0.48 mate-
rial, the two ionization energies are 155 + 2and 4.5 + 2
meV, respectively. For comparison, the authors of Ref. 2
estimate values of acceptor ionization energy for x ~0.3 ma-
terial of 13 meV from the luminescence data and 20 meV
from the temperature dependence of the Hall data. For

x = 0.5 material, they estimate 25 meV from luminescence
measurements. While the agreement is not particularly
good, the results are consistent with one another in light of
the uncertainty involved.

In summary, we have shown spectra of near-band-gap
photoluminescence from Hg,., Cd, Te with x = 0.32 and
x = 0.48, and presented our interpretation of the origin of
the lines. The x = 0.32 material shows two lines. The proper-
ties of the high-energy line are consistent with those for a
band-to-band transition, and those of the low-energy line
with donor-to-acceptor luminescence at low temperature
and free-electron to bound-hole luminescence above ~ 10K..
The x = 0.48 material shows both these bands, which we
interpret similarly, plus an additional line which we at-
tribute to bound-exciton recombination.

The presence of the bound-exciton luminescence in the
x = 0.48 material is consistent with the Osbourn-Smith cal-
culation showing a radiative efficiency of 90% for the bound
exciton in HgCdTe of this composition. The absence of a
corresponding line in the x = 0.32 samples cannot be taken
as conclusive evidence that bound-exciton luminescence
does not occur in this material, since we do not observe
bound-exciton luminescence in one of the x = 0.48 samples
we have studied. It is therefore possible that other mecha-
nisms are responsible for the absence of bound-exciton lumi-
nescence, such as overlap of the bound exciton with too
many impurities. This overlap would be more likely in
x = 0.32 than in x = 0.48 material, because the exciton radi-
usis larger in the x = 0.32 material. However, the absence of
the bound-exciton luminescence in the x = 0.32 samples is
consistent with the Osbourn-Smith estimate of a much lower
radiative efficiency of 209% for the bound exciton in that
material.

We wish to acknowledge the valuable help of Dr. Peter
Bratt of Santa Barbara Research Center, who provided us
with samples, and Dr. L. H. DeVaux of the Hughes Re-
search Laboratories, who gave us a number of useful sugges-
tions on working with HgCdTe. This work was supported in
part by AFOSR under Grant No. 77-3216.

'See, for example, R. Dornhaus, and G. Nimitz, in Springer Tracts in Mod-
ern Physics, Vol. 78, edited by G. Hohler (Springer, Berlin, 1976), pp. 1-
112.

3C. T. Elliot, 1. Melnagailis, T. C. Harman, and A. G. Foyt, J. Phys. Chem.
Solids 33, 1527 (1972).

V. 1. Ivanov-Omskii, V. A. Mattseva, A. D Britov, and S. D. Sivachenko,
Phys. Status Solidi (a) 46, 77 (1978).

Hunter, Smith, and McGill 202




4G. C. Osbourn and D. L. Smith, Phys. Rev. B 20, 1536 (1979).

3See, for example, R. J. Elliott, Phys. Rev. 108, 1384 (1957).

See, for example, . J. Hoplield, D. G. Thomas, snd M. Gersheazon, Phys.
Rev. Lett. 10, 162 (1963); D. G. Thomas, J. J. Hoplield, and W. M. Augus-
tynisk, Phys. Rev. 148, A202 (1965); M. R. Lorentz, T. N. Morgan, and A.
P. Petret, in Proceedings of the Insernational Confarence on the Physics of

200 Appl. Phys. Lett. 37(2), 18 July 1980

Semiconductors, adited by S. M. Ryvkin (Nauks, Leningrad, 1968), p. 495.
See, for exampie, D. M. Eagies, J. Phys. Chem. Solids 16, 76 (1960).
*Semple characierization and preparstion were carvied out at the Senta
Barbars Ressarch Conter, Santa Barbara, Calif. [P. Bratt and R. Cole (pri-
vate communication)].




Luminescence from HgCdTe alloys
A.T. Hunter,and T. C. McGill

PUBLICATION #6 -

California Institute of Technology, Pasadena, California 91125
(Received 9 February 1981; accepted for publication 28 May 1981)

We report the observation in Hg, _ , Cd, Te of band-to-band, band-to-scceptor, and donor-
acceptor luminescence for material of x = 0.32 and 0.48, and bound exciton recombination
luminescence_. for material of 0.48. The band-to-band line shape and variation in intensity with
pump power is sppropriste to an electron-hole plasma with recombination proceeding without
wave vector conservation. From line shape separations, we estimate acceptor binding energies of
14.0 + 1.0 and 15.5 5 2.0 meV in x = 0.32 and 0.48 material, respectively, and donor binding
energies of 1.0 + 1.0 and 4.5 + 2.0 meV, respectively. Shifts in luminescence energy across the
sample imply a change in composition across the sample of 0.03 cm ™.

PACS numbers: 78.55.Ds, 71.45.Nt

1. INTRODUCTION

‘We have carried out a series of photoluminescence ex-
periments on the important infrared detector materis!
HgCdTe' as a probe of the near band-gap electronic states of
the material. While these experiments can yield important
information about the electronic and optical properties of
HgCdTe, few experiments of this type have been reported in
the literature.

Previous work on HgCdTe included both photolu-
minescence > and cathodoluminescence.> Two broad lumi-
nescence bands were observed, which were attributed to
band-to-band and band-to-impurity transitions. >* The im-
purity was thought to be Hg vacancies.’ Acceptor ionization
energies were estimated from luminescence and Hall data.’
Temperature dependence of Hall measurements for
x = 0.32 material indicated an acceptor with an activation
energy of about 20 meV, but luminescence line separations
gave acceptor ionization energies of 25 meV in the x = 0.5
material, and as low as 10 meV in x ~0.3 material.? Another
group has done some additional Hall work, taking compen-
sation into account, and checked their resulting acceptor
energies by doing far IR photoconductivity.* These mea-
surements yield an acceptor binding energy E, = 14.0

+ 1.0 meV for material with x = 0.4. Previous theoretical
work relevant to our experiments includes a calculation of
the radiative efficiency of bound exciton luminescence in
HgCdTe by Osbourn and Smith.® Their calculation suggests
radiative decay of bound excitons should dominate nonra-
diative Auger decay in HgCdTe material with x greater than
~0.4.

In our experiments, which we have summarized else-
where,® we observed band-to-band, band-to-acceptor and
donor-to-scceptor, and bound exciton recombination lumi-
nescence. Our experiments were performed on samples of
x = 0.32 and 0.48, for temperatures less than 30 K, and for
excitation densities between 0.3 and 14.0 W cm~ 2. Three
samples of x = 0.48 material were studied, two p type and
one 1 type, and two samples of x = 0.32 material were stud-
ied, both p type.

In this paper, we present a complete description of our
data, and the results of our analysis of the data. We analyze
line shapes and line shifts with temperature and pump pow-
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er, which provide us with information on the exact nature of
the transitions, and on the densities of initial and final state.

The remainder of this paper is organized as follows. The
experimental apparatus and samples are discussed in Sec. 11.
Next, the results and analysis are presented in Sec. III. Final-
ly, a summary of the results is presented in Sec. IV.

il. EXPERIMENT

The experiment will be described briefly. Samples were
immersed in liquid helium or cold helium gas in a Janis re-
search Dewar. A temperature sensor and heater mounted
near the sample on the sample arm allowed temperature con-
trol. Excitation was provided by a mechanically chopped cw
Ar™ ion laser (the chopping produced a duty factor of
~ 50%)], focused onto the sample with a spot diameter of
about 1 mm. The average power densities for the data pre-
sented here varied between 0.3 and 14.0 W cm ~ 2, although
we were able to get power densities of up to 2 KW cm ~? by
increasing the laser power and focusing the laser spot down
to a few tenths of a millimeter. Luminescence from the sam-
ple was collected by BaF, lenses and analyzed with a Spex
1269 or 1400 spectrometer. The slit width of the spectrom-
eter was chosen to give energy resolution of about 1 meV in
the photoluminescence spectra. The signal was detected
with an InAs detector for the x = 0.48 material, and an InSb
detector for the x = 0.32 material. The signal was processed
with a lock-in amplifier.

Characterizing the sample impurity concentrations is
important because some of the observed luminescence is im-
purity related. The samples were obtained from Santa Bar-
bara Research Center, and we report the sample descriptions
they furnished us.” Both x = 0.32 samples were grown by
fiost zone refining of polycrystalline HgCdTe. After the
crystals were sliced, they were gold plated and annealed in
Hg vapor. This process doped the crystals with Au and re-
duced the number of Hg vacancies. The acceptor concentra-
tion in both of the processed crystals is about 10'* Avcm >
The x = 0.48 crystals were grown by the solid-swate recrys-
tallization method. Two of the samples were treated as de-
scribed above, and have an acceptor concentration of 10'*
and 10'® Aucm 3, respectively. The third was not gold plat-
ed before it was annealed in Hg vapor, and the result is an n-
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type sample with 10'* cm~? residual donors. For the p-type
samples, the acceptors are either Au substitutional atoms or
Hg vacancies.

lIl. RESULTS AND DISCUSSION

A. Band-to-band line

The highest energy line in both the x = 0.48 and
x = 0.32 material is attributed to a band-to-band transition.
The peak at the highest energy in Fig. 1 shows this line in the
0.48 material, for several temperatures, and the peak at the
highest energy in Fig. 2 presents similar data for x = 0.32
material. The qualitative features that characterize the line
are the shift of the line to higher energy as temperature is
increased, and the superlinear increase in intensity of the line
as pump power is increased. The shift as temperature is in-
creased implies that free carriers are involved in the transi-
tion. The superlinear increase in line intensity with pump
power comes about because the band-to-band transition
probability depends on the product of hole and electron con-
centrations, both of which increase as pump power is in-
creased. Another factor suggesting that this transition is
band-to-band is that no luminescence is observed with high-
er photon energy. In the remainder of this section we will
first describe these observations in detail, then we will dis-
cuss a model for the transition that explains most of the data.

Figures 1 and 2 both clearly show the high-energy lumi-
nescence band shifts toward higher energy as temperature is
increased. This information is summarized for several pump
powers in Figs. 3 and 4. In both figures, energy of the line
peak is plotted against temperature, with the points for a
given luminescence band at one pump power connected as
an aid to the eye. Figure 3 shows this data for x = 0.48 mate-
rial. The top three curves, labeled band-to-band, show the
behavior of this line for three different pump powers. The

L 1 T T LI T
PHOTOLUMINESCENCE SPECTRA OF Hgg s2Cd, 4gTe
AT SEVERAL TEMPERATURES

PUMP: CW Ar* LASER, 5 W cm™2

INTENSITY (arbitrory units)

ENERGY {eV)

FIG. 1. Spectra of Hg,, 5, Cdy o Te showing photcluminescence intensity vs
photonener‘yvhhthemplenQC.QS 18.8, and 30 K, respectively. The
high-energy peak is due to band-to-band recombination, the low-energy
peak is due to donor-acceptor recombination at low temperature, and to
tband-to-acceptor luminescence sbove ~ 10 K. The intermediats energy line
(shown most clearly in the 9.3 K spectrum) is due to bound exciton recombi-
astion. The sample was p type, with N, — N ~10" em >,
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FIG. 2. Spectra of Hg, 4, Cd, 5, Te showing photolumin i ity vs

photon energy with the aample at 4.8, 9.3, 18.6, and 30 K., respectively. The
high-energy peak is due to band-to-band recombination, and the low-energy
peak is due to donor-acceptor recombination at low temperatures, and to

band-to-acceptor recombination above ~ 10 K. The structure seen mostly

on the lower-energy peak isdueto ltmosphenc w:ter vapor absorption. The
sample was p type. with N, — N, ~10" em

slope of each of these curves is approximately 3 k,, where k
is Boltzmann's constant, 0.0862 meV K ~'. The top three
lines in Fig. 4 also yield a slope of approximately 3 k, , for the
shift of the band-to-band line in x = 0.32 materials.

The band-to-band intensity increases rapidly as pump
power increases. In material of both compositions, the rate
of increase is faster than linear at most temperatures and
pump powers for which measurements were made. In the
x = 0.48 material at 30 K (where the results are not compli-
cated by overlap with the bound exciton line), the band-to-
band intensity increases by a factor of 4 when pump power is
increased by ~2.5. In the x = 329 material, the intensity at
5 K increases by a factor of 9 when pump power ir. increased
by a factor of 5. (Although at 30 K in this sampie, the in-
crease is down to slightly sublinear with pump power.) So
over the range of temperatures and pump powers for which
we took data, the rate of increase of the band-to-band line
intensity ranged from slightly sublinear to superlinear, but
always less rapidly than the square of the pump power.

The moue! for the transiticn that best accounts for the
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FIG. 3. Summary of luminescence-band peak energies vs temperature of
Hgg o Cdy o, Te at three different pump powers for the sampie of Fig. 1. The
lines betwesn data points are drawn as a visual aid, and connect points
measured at different tamperstures for one type of luminescence band at
one pump power. Error bars are given where significant: the uncertainty is
due to overiap betweon bands.
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shape, peak shift, and intensity variation of the line, is that
the free carriers act as an electron-hole plasma, with recom-
bination proceeding without wave-vector conservation. Un-
der the assumptions of our model, an electron-hole droplet
like line shape® results:

(s — E,)

1 (hw)a de
0

f”:‘ﬁ)—f—E.)”z
[l +elh—a—£,—p.|/k,f][1 +¢l(—u.)/k‘1']’

(1

where / {Av) is luminescence intensity at photon energy %,
E, is band-gap energy, u2, and u, are electron and hole
chemical potentials, respectively, and k, T is Boltzmann's
constant times the sample temperature. This equation fits
the high-energy line fairly well at 20 and 30 K, although it is
somewhat too narrow for the data at lower temperatures.
However, the width of the lines observed at lower tempera-
tures is approximately that which would be produced by
compositional variation across the width of the pump beam.
This compositional broadening was not included in the theo-
retical line shapes; however, if it were included, the line
shape predicted by the model would probsbly agree with the
data over the entire temperature range.

Figure 5 shows the result of a fit at 30 K for one spec-
trum of the x = 0.48 material. Band-gap energy and carrier
density were varied to obtain the fit, with inputs being tem-
perature (T = 30 K, the bath temperature in the experiment)
and electron and hole effective masses (m, = 0.04,

m, = 0.5, from Ref. 1). The agreement between theory and
data, while not exact, is much better than could be obtained
for different models, such as for an exciton gas, or an elec-
tron-hole plasma in which recombination proceeds with
wave-vector conservation. Furthermore, the carrier density,
which is the only varisble that affects the shape of the pre-
dicted line, is not an entirely free parameter, since it can be
estimated from the pump-laser po'wer density. The accuracy
of the fit is not seriously diminished for any carrier density
within the range consistent with pump power. Therefore, the
agreement in shape shown in Fig. 5 is almost entirely due to
the model and measured material and experimental
parameters.
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The model can account for most of the large peak shift
that is observed in the data as temperature is changed. In the
nondegenerate limit (high temperature and low density,
which is approximately valid for this experiment), Eq. (1) can
be integrated analytically to give

1(hw) = §{hw ~ E, e~ o = EgrhaT e+ pabrkaT) (9

The maximum of this line shape occurs at fiw = E, + 2k, 7,
80 as temperature is increased, the maximum shifts to higher
energies at a rate equal to 2 k, . This shift is smalier than the
3k, observed experimentally, but there are several mecha-
nisms which can provide additional peak shift.

The first source of additional shift is that the band gap
may shift slightly in the temperature range covered. Above
20 K, the shift has been measured by other groups to be
linear with temperature, and is ~0.2 meV K~ for the
x = 0.32 material, and less than 0.05 meV K~ ' for x = 0.48
material, *'° Data are not available for lower temperatures;
hence, we have had to estimate the shift at temperatures
below 20 K. For many semiconductors, the rate of band-gap
shift with temperature decreases below 20 K.'' Therefore,
the high-temperature values for the rate of shift are likely to
be either reasonable approximations to the band-gap shift, or
upper limits to it. Using the values at 20 K we estimate a
band-gap shift between 5 and 30 K (the range over which we
took data} of less than 4.5 meV for the x = 0.32 material, and
less than | meV for the x = 0.48 material. While band-gap
shift and line shift as predicted by Eq. (2) could account for
all the observed shift of the line-peak energy with tempera-
ture in x = 0.32 material, we need to account for an addi-
tional 2 meV of shift in the 0.48 material. Since this remain-
ing discrepancy is probably larger than the error bars on the
measurement, we suggest one final source of additional shift.
The peak shift of 2 k, assumes a constant carrier density as
temperature is changed. This, however, is not quite true
since the hole density increases as acceptor atoms become
thermally ionized. This increase in free-carrier density can
contribute a small shift of the band-to-band line to higher
energy. However, while these iwo mechanisms, together
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FIG. $ Photoluminescence spectrum of the high-energy peak of

Hg, 5; Cd,, 4 Te for the sample of Fig. 1, and a fit to the data. The fit is
sppropriate to an electron-hole plasma recombining without wave.vector
conservation. Three parameters, the carrier density, band-gap energy, and
peak intensity, were varied to obtain the fit. The temperature used in the
expression for the line shape was 30 K, and electron and hole masses used
were 0.04m, and 0.5m,, respectively.
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with the peak shift predicted by our model, can account for
all the peak shift observed in x = 0.32 material, they may
predict a shift slightly smaller than the shift observed in the
x = 0.48 material.

The superlinear increase of line intensity provides addi-
tional evidence for a band-to-band transition of the type dis-
cussed earlier, which can be seen by some simple rate equa-
tion arguments. The band-to-band transition probability can
be written as n, -n, -4, where n, and n,, are the free-electron
and hole concentrations, respectively, and 4 is a constant
independent of temperature and pump power. Since both
n,and n, increase with pump power, a superlinear increase
of the product is expected. In contrast, recombination in an
exciton gas would display at most 2 linear dependence on
pump power.

All of the models for the transition considered assume
parabolic band edges, which in turn predict a sharply de-
fined absorption edge. It is possible that the band-edge elec-
tronic states are not well defined by this simple model, how-
ever, because the absorption edge for HgCdTe is fit by a
modified Urbach tail in HgCdTe with a composition of
x~0.2." This exponential turn on may be a reflection of
compositional inhomogeneities on the macroscopic scale
discussed earlier or, if the fluctuations are on a scale small
enough that electric field gradients are significant on a mi-
croscopic scale, an entirely different calculation of band-to-
band recombination should be considered. "> These processes
were not included in any of our attempted fits of the band-to-
band line shape.

8. Electron-to-bound hole band

The low-energy peak, observed in all the spectra at all
temperatures, is produced by electrons recombining with
holes bound to acceptors, processes which have been exten-
sively investigated in other materials. '*'* The leftmost band
in Fig. 1 shows this lJuminescence in x = 0.48 material, at
several temperatures, and Fig. 2 shows similar data for
x = 0.32 material. The same qualitative behavior is demon-
strated in material of each composition. The peak position
does not change in going from ~5 to ~ 10 K, then shifts
substantially from 10 1o 30 K. At the lowest temperatures
studied, the electrons are bound to donor atoms, but at high-
er temperatures (above about 10 K), most of the donors are
thermally ionized (donor binding energies are estimated to
be approximately 2 and 3.5 meV for x = 0.32 and 0.48 mate-
rial, respectively, from the hydrogenic model') and the lumi-
nescence is caused by conduction-band electrons recombin-
ing with bound holes. The presence of a significant donor-
acceptor luminescence line indicates the material is compen-
sated, although the degree of compensation is difficuit to
estimate.

The shape of the line is similar in both materials, with a
long tail on the low-energy side. On spectra taken at lower
pump power, in which the band-to-band line is not as promi-
nent, the low-energy line clearly appears asymmetric, with
the high-energy edge falling off much more sharply than the
low-energy tide. This impurity related line is somewhat
broader than the higher-energy band-to-band line. There are
several reasons for the breadth. The first is that the energy of
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luminescence depends on the distance between the impuri-
ties, since part of the line is due to donor-acceptor recombi-
nation. The second is the Urbach tail behavior mentioned
earlier for the absorption edge in HgCdTe, which can also
produce tails on band related luminescence lines. This is
probably the origin of the long low-energy tail seen in all the
spectra. Finally, the impurities see a distribution of environ-
ments since, instead of being in a perfect lattice, they are in
an alloy. Smith'® has calculated that this would give a width
of about 10 meV to an acceptor level. (The corresponding
broadening for a donor level would be much smaller, simply
because the donor binding energy itself is so small.) These
broadening mechanisms are responsible for the fact that the
low-energy threshold of the bands isnot E, — E, — E,, (E,
and E,, are the acceptor and donor binding energies, respec-
tively), corresponding to luminescence produced by donor-
acceptor pairs at infinite separation. The luminescence tail
extends much farther to low energy than could be accounted
for by reasonable estimates of the impurity ionization ener-
gies. Because of this long low-energy tail, and the overlap
with the band-to-band line on the high-energy edee, we did
not attempt a fit of this line.

The shift of the peak with temperature provides most of
the information needed to understand the origin of the lumi-
nescence, however. The shift in the peak position of this line
is caused by somewhat different mechanisms than for the
band-to-band line. Figures 3 and 4 show the shift in the peak
position of this line as a function of temperature for several
pump powers. The most important feature of this shift is that
it is not uniform with temperature, and does not shift signifi-
cantly below 10 K, for any pump power. The peak position
then shifts rapidly above 10 K. This sudden shift is consis-
tent with a change from a transition involving mostly bound
electrons recombining with the bound hole to a transition
involving free electrons. The band-to-acceptor line by
itself should shift with ~} kTin addition to band-gap shift,'*
since in this case the shift is caused by the thermal excitation
of orly one of the particles, the electron. The lower curves on
Figs. 3 and 4 indicate it may shift somewhat more than this,
but much of the excess shift is probably explainied by the
ionization of the electron.

Since this low-energy line is impurity related, it should
decrease in intensity relative to the higher-energy band-to-
band line as pump power is increased. This can be seen by
again referring to our simple rate equation model. As men-
tioned earlier, the band-to-band probability goes as n, -n,, 4.
‘The band-to-acceptor probability goes as n, -N % -B, where
N4 is the number of neutral acceptors and B is another con-
stant. At the low temperatures of this experiment, with the
~ |5 meV acceptor ionization energy, almost all of the ac-
ceptors are neutral: from model rate equation calculations
we estimate N does not change by more than 10% in the
temperature range studied. Therefore, the ratio of band-to-
band to band-to-acceptor intensity should go as ~constant
n,, which increases with pump power. This is the behavior
observed in the experiment. For x = 0.32, the ratio increases
by 25-100% (depending on temperature) as pump power is
increased by a factor of 5. For x = 0.48, the situation is com-
plicated by overlap with the bound exciton line, but the re-
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sults are qualitatively similar.

Donor and acceptor ionization energies can be estimat-
ed from the separation between the peaks of the lumines-
cence lines. Overlap between lines and low-energy tails make
it impractical to use the low-energy thresholds for determi-
nation of these energies. However, allowing for the estimat-
ed linewidths, we can give limits for the donor and acceptor
binding energies. We have estimated the donor binding ener-
gy tobe 1.0 4+ 1.0 meV in x = 0.32 material, and 4.5 4 2.0
meV in x = 0.48 material. For acceptors, the corresponding
energies are 14.0 4+ 1.5meV and 15.5 + 2.0 meV. This
agrees approximately with the values listed in Ref. 2: the
authors estimate values of the acceptor ionization energy for
x ~0.3 material of 13 meV from the luminescence data and
20 meV from Hall data. For x = 0.5 material, they estimate
25 meV from luminescence measurements. Our values agree
very closely with & more recent estimate of E, from tem-
perature dependence of Hall data which included the effect
of compensation.* They checked their estimate of E, by do-
ing far infrared photoconductivity measurements, and de-
duced 14.0 + 1.0 meV for x = 0.4 material.*

C. Bound exciton

The last luminescence line we observe has the charac-
teristics of bound exciton luminescence. The 9.3-K spectrum
in Fig. 1 shows this third line fairly clearly. On the 4.6 K
spectrum, it overlaps the band-to-band line and is difficult to
identify. Also, the intensity has dropped sufficiently to make

it difficult to resolve on the 18.8 K sample. This intermediate

energy line was seen only in two out of three x = 0.48 sam-
ples, the p-type 10'* cm 3 sample and the n-type 10** cm ™~
sample. It was not seen in the other x = 0.48 sample (p-type,
10" cm™?), nor in either of the x = 0.32 samples.

Since the line was not seen in all of the x = 0.48 samples
studied, composition was not the only factor that deter-
mined whether or not the line was observed in the lumines-
cence spectrum. However, there are two reasons to expect a
bound exciton line should be easier to observe in material of
higher composition. The first involves the lifetime expected
for bound excitons in this material. Osbourn and Smith®
have performed a calculation showing that for material of
low x (small Cd concentration), the Auger lifetime is shorter
than the radiative lifetime for bound excitons, and therefore
the radiative efficiency of the excitons should be low. On the
other hand, for material of high x, the opposite is true, and
bound excitons in high x material should have a high radia-
tive efficiency. The crossover point occurs at x~0.4. Ac-
cording to their calculation, the radiative efficiency for a
bound exciton in x = 0.48 material is 90%, compared to an
efficiency of 20% in x = 0.32 material, for which we cbserve
no bound exciton luminescence. A second factor which
would also make it less likely to observe a bound exciton in
x = 0.32 material is that the exciton bohr radius is somewhat
larger in this material than in the x = 0.48 material. This
means that, for a fixed impurity concentration, the exciton
would overlap more impurities in the x = 0.32 material than
in the x = 0.48 material.

Figure 3 shows the shift in the peak position of the
bound exciton as a function of temperature for several differ-

5783 J. Appl. Phys., Vol. 52, No. 9, September 1981

ent pump powers. As can be seen from the spectra shown in
Fig. 1, the bound exciton line is difficult to resolve from the
band-to-band line. Although it is more clearly resolved at
other pump powers and temperatures, it was necessary 10
use a fitting routine to determine the position of the lines
when they overlapped substantially. For this purpose, we
used a two Gaussian fitting routine, and did not attempt to
fit the tails of the lines. Although this procedure obviously
did not reproduce the exact shape of the lines, it did allow us
to obtain reasonable estimates of the position of the lines.
The error bars reflect a range of positions for the peaks that
gave reasonable fits. To within the accuracy of our measure-
ments, then, the line does not shift as either pump power or
temperature is changed. This is an important piece of evi-
dence indicating the line is a bound exciton line, since the
carriers must be bound if the energy of the luminescence
does not shift as temperature is raised. '

The width of the line also supports the bound exciton
interpretation of the luminescence. Figure 6 shows spectra
taken on a different x = 0.48 sample in which the bound-
exciton line was much more intense than the band-to-band
line at the lowest temperature studied. In this case, the impu-
rity concentration was high enough, and pump power low
enough, that most available electrons and holes could be-
come bound to impurity centers before recombination, rath-
er than recombine as free carriers. These data, therefore,
allow an unambiguous determination of the linewidth. We
determined the width to be 6 meV from the 4.8-K spectrum
shown in Fig. 6. This agrees with the width of ~5 meV for
bound-exciton recombination luminescence calculated by
Smith'® wtaking into account the broadening induced by the
distribution of environments around the acceptors.

Finally, the drop in intensity and position of this inter-
mediate energy line are characteristic of a weakly bound
state. At low temperatures, the lineis only 2- or 3-meV below
the band-to-band line, indicating an ionization energy of this
magnitude. The rapid decrease in intensity of the line with
respect to both of the other lines also indicate that the ioniza-
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tion energy is small. The only other possibility beside the
bound exciton is a free hole recombining with a weakly
bound electron. This possibility is eliminated by the lack of
shift of the line with temperature mentioned above.

D. Laser-induced damage

High intensity laser irradiation was found to damage
one of the samples. Surface damage occurred while irradiat-
ing the sample with an estimated 2 kW cm ~? continuous
laser beam, while the sample was in contact with a sample
block at 5 K. The damage occurred suddenly, as indicated by
a sudden loss of luminescence signal. The sample so dam-
aged had a small pit of approximately the same size as the
laser beam (about 0.1-mm radius) with a depth of about 0.1
mm.

E. Spatial variations in band gap

The samples we studied showed a concentration gradi-
ent from one side of the wafer to the other. Since the concen-
tration determines the band gap, the change in concentra-
tion was reflected in a shift of the luminescence lines in

energy. Figure 7 shows typical luminescence data for a sam-

ple of x = 0.32 material. The three different spectra were
collected under identical conditions, except that the sample
was moved with respect to the pump laser and spectrometer,
so that the luminescence came from a different part of the
sample in each case. Assuming that all of the shift in lumi-
nescence energy was caused by band-gap shift, and using
published fits relating band-gap energy to composition,' a
change in composition of 0.03 cm ™' is implied. This means
that luminescence experiments can provide a fairly sensitive
means of monitoring compositional changes across the sur-
face of HgCdTe wafers. The position of the luminescence
lines in our spectra can be determined to within about 4+ 1.0
meV, which would allow a resolution of + 0.0006 for mea-
surement in a compositional change from one point to an-
other. Some additional uncertainty would be added to the
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FI1G. 7. Spectra of Hg,, , Cd,, ,; Te showing photoluminescence intensity vs
photon energy for the sample of Fig. 2. For spectrum b, the pump laser was
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tion for spectrum a. The shift in energy between a and c implies a shift in
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measurement because of uncertainty in the relationship be-
tween composition and band gap. The formula. ompiled in
Ref. 1 give a spread of 15% in the compositional changes
implied by a given band-gap shift.

The compositional gradient may have contributed to
the width of the luminescence lines, since the spot size of the
pump laser was several millimeters in diameter. A 2-mm
spot causes a 4-meV linewidth because of the gradient alone.
This should be regarded as a lower limit on the width, how-
ever, since the gradient was measured over a distance of
many millimeters and implies nothing about local, but still
macroscopic, fluctuations in composition, which could con-
tribute even more to the linewidth.

IV. SUMMARY

In this paper we have described our observations of lu-
minescence spectra of Hg, _ Cd, Te, for x = 0.32 and 0.48.
We observed band-to-band, band-to-acceptor, donor-accep-
tor, and bound exciton recombination luminescence.

The band-to-band line shape, and variation of intensity
with pump power, implies an electron-hole plasma in which
recombination proceeds without wave-vector conservation.
This model for band-to-band recombination has been used
successfully to explain the gain spectrum of GaAs, '™'*
where free-carrier and impurity scattering are large enough
to relax the wave-vector selection rules. The model shouid
apply to HgCdTe, but perhaps for slightly different reasons.
The impurity and carrier concentrations are somewhat low-
er in the HgCdTe samples than in the GaAs lasers consid-
ered in Refs. 17 and 18. In the alloy the random fluctuations
in concentration can also act as scattering centers for elec-
trons,'® and so lead to relaxation of the wave-vector selection
rules. However, the major justification for invoking recom-
bination without wave-vector conservation is that it helps to
explain the large shift of this line with temperature, and can
fit the shape of the line for the higher-temperature spectra.
Other mechanisms, not considered in this paper, may also fit
the available data. Therefore, the analysis presented here,
especially the detailed model proposed, shouid be regarded
as somewhat tentative until the assumptions can be checked
against further data.

We have estimated donor and acceptor ionization ener-
gies from our luminescence data. For E,, we estimate
14.0 + 1.5 meV for x = 0.32 material and 15.5 + 2.0 for
x = 0.48 material. The acceptor is probably either a Au sub-
situtional atom or alloy vacancy. This agrees well with val-
ues obtained from IR photoconductivity data and tempera-
ture dependence of Hall measurements in which
compensation was taken into account.* We estimate
Ep =10+ 10and4.5+20meVinx =0.32andx =048
material, respectively, which is consistent with values calcu-
lated in the hydrogenic model.’ The identity of the donor is
unknown. The presence of the donor-acceptor luminescence
band indicates our samples are compensated.

The observation of the bound exciton luminescence in
the x = 0.48 material is consistent with the calculation by
Osbourn and Smith® showing a radiative efficiency of 90%
for the bound exciton in HgCdTe of this composition. We
did not observe the line in x = 0.32 material, although this
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does not mean bound excitons do not occur in this material,
since we did not see the bound exciton line in one of the

x = 0.48 samples. However, the absence of the line in

x = 0.32 material is consistent with the Osbourn-Smith esti-
mate of a much lower radiative efficiency of 20% for bound
exciton recombination in that material.

Finally, luminescence could be utilized as an easy, non-
damaging means of monitoring compositional changes
across the surface of a HgCdTe wafer. The area sampled can
be made essentially as small as the spot size of the pump
laser. Unlike an absorption measurement, it can be made on
» sample of any thickness. Finally, the technique yields very
reasonable signals at laser pump power densities two or three
orders-of-magnitude below s power density that would dam-
age the material. This is not necessarily true for techniques
that use electron beams as a probe of Hg and Cd
concentrations.
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Experimental investigation of the infrarad assorption saturation in p-type

germanium and silicon
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We investigate the room-temperature absorption saturation of p-Ge and p-Si for several samples
over a range of doping densities for light having wavelengths of 10.6 and 9.6 um. The transmission
data can be fairly well described using an intensity dependent absorption coefficient characteristic
of an inhomogeneously broadened two-level system. Measurements of the saturation intensity of
p-Ge show that J, increases monotonically with increasing hole concentration, and that the
resonant transition is significantly easier to saturate in p-Ge than in p-Si for the samples we

examined.
PACS numbers: 42.65.Bv, 78.20.Dj, 78.20. — ¢

In this letter we study the dependence of the absorption
saturation in p-type germanium and silicon on the doping
density for wavelengths in the 10-um region. It has previous-
ly been observed that the absorption of light saturates in p-
Ge'" and p-Si' at CO, laser wavelengths. This nonlinear be-
havior in p-Ge has been exploited for generating passively
mode-locked CO, laser pulses of subnanosecond duration,**
and to provide interstage isolation of high-power oscillator-
amplifier stage of CO, laser systems.? The main advantages
of using a p-type semiconductor, such as Ge, over other satu-
rable absorbers are the picosecond recovery time and the
broadband performance under saturation conditions.

The dominant absorption mechanism in p-Ge at room
temperature for light having a wavelength of about 10 um
has been shown to be direct transitions between the heavy-
and light-hole bands.® For p-Si, the spin orbit splitting is less
than the photon energy for 4 ~ 10 um so that direct interva-
lence-band transitions are energetically allowed between the
heavy- and light-hole bands, the heavy- and split-off hole
bands, and the light- to split-off hole bands. In addition, the
absorption of light by the creation of phonons is much larger
in Si than Ge for the wavelengths we consider, consequently,
the residual or nonsaturable absorption is much larger in Si
than Ge.

The absorption due to the direct intervalence-band
transitions is saturable, where the decrease in the absorption
coefficient with increasing intensity is approximately given
by an inhomogeneously broadened two-level model, where

(1

Aglw)

(1 +1/0)]"?
Here, a i) is the absorption coefficient due to the interva-

lence-band transitions at low intensity and /, (@) is the satu-
ration intensity. This intensity dependence in the absorption
has been found to be well satisfied experimentally for p-Ge,
and vaines of the saturation intensity have been reported.?
In these papers, the saturation intensity was determined for

all, ) =
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rather low doping densities (N, S 3% 10'* cm ™). Here we
present a systematic study of the dependence of /, on the
doping density in p-Ge.

A theory describing the absorption saturation of p-Ge
has been presented which realistically accounts for the ani-
sotropic and nonparabolic valence bands and which is in
close agreement with experiments.'? In the calculation only
the carrier-phonon scattering was included in determining
the modification of the hole distribution by the high intensity
light. For those temperatures and hole densities for which
carrier-phonon scattering dominated the carrier relaxation
(N, $3x 10" cm™? at room temperature), the calculated
values for I, were independent of the hole concentration. Ina
subsequent paper,'’ the theory was modified to include the
interaction of the hole carriers with ionized impurities and
other free holes. The results of the calculation were that for
hole concentrations such that hole-impurity and hole-hole
scattering rates were non-negligible compared to hole-
phonon scattering (i.e., N, = 3% 10"* cm ~* at room tem-
perature}, the saturation intensity increases monotonically
with increasing doping density. A similar dependence of /,
on the doping density is expected for p-Si; however, due to
the larger hole-phonon scattering rate in Si, the dependence
of I, on N, would most likely require more heavily doped
samples to be observable. In this letter we experimentally
investigate the saturation behavior of p-Ge and p-Si for sev-
eral samples with different hole concentrations for light at
10.6 and 9.6 um.

The transmission experiment is shown schematically in
Fig. 1. The saturating laser was a transversely excited CO,
laser at atmospheric pressure operating with a TEM,, out-
put. The wavelength was controlled by an internal grating
which allows a tunabie output over the 9-11-um region. The
output energy of about 0.6 J was reproducible to within 1-
2% from shot to shot. The output pulse has sbout 50% of the
energy in the form of a spike with a pulse width full width at
half-maximum (FWHM) of about 40 ns. The remainder of
the energy is in a long tail of relatively low power density
which lasts about 0.4 us (depending on the N, mix). An iris
was used to isolate the central portion of the Gaussian beam
in order to minimize the spatial variation of the beam. The
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FIG. §. Experimental setup for the absorption

power density was controlled by using calibrated CaF, at-
tenuators, a ZnSe optical lens for focusing, and by adjust-
ment of the high voltage power supply. The p-Ge and p-Si
samples were broadband antireflection coated for 10-um ra-
diation and normal incidence. In this way we were able to
obtain transmission data as a function of incident intensity
for pulses with approximately uniform spatial variation and
high energy reproducibility from shot to shot. The maxi-
mum peak intensity used in the experiment was about 50
MW/cm?, at which point the antireflection coatings began
to exhibit optical damage.

A pyroelectric detector with 500-ps rise time was used
to measure the time dependence of the pulses and a volume
absorbing calorimeter was used to provide a measurement of
the energy transmission. The calorimeter was accurate to
within 3% according to specifications. Burn patterns on Po-
laroid films were used to determine the cross-sectional area
of the beam at the position of the Ge or Si sample. The AR-
coated ZnSe lenses used were of relatively large focal length
to avoid any significant focusing as the beam propagated
through the sample. Self-focusing effects were negligible for
the power levels used in this experiment. Using the burn
patterns, calorimeter output, and pyroelectric detector dis-
play, we were able to measure the intensity after passage
through the sampie. Due to the high reproducibility of the
pulse energy from shot to shot, we could separately measure
the intensity incident on the sample in the same way as
shown in Fig. 1 but with the sample removed.

Using the transmission data of the energy incident on
the sample (E,,) and the energy at the exit of the sample
( ) We determine the linear absorption coefficient for

veax €1 bY

e~**=E_/E,, 2

where L is the sample thickness. We measure a cross section
of about 7 x 10~ "¢ cm? for 10.6-um radiation and room-tem-
perature conditions. The measured value of the cross section
is consistent with other measurements given the uncertainty
in N, for the different samples. For larger intensities

{Zoeex 2 1,), we consider that only the spike of the laser pulse
sees a nonlinear absorption coefficient. The spike is de-
scribed by a rectangular pulse of 40-ns width containing
50% of the total incident energy. The remainder of the ener-
gy in the low intensity tail of the pulse is linearly absorbed
according to Eq. (2). We subtract from our transmission data
the contribution due to the linear absorption in the tail and
obtain the average intensity in the spike incident on the sam-
ple (7., )and at the exit of the sample (I, ). We numerically fit
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1, and a, to satisfy

— ayw)
. J‘“‘*([l+]/[ i a,)ldz.
)

and we determine the value of the saturation intensity for the
different samples. Here, a, is the residual or nonsaturable
absorption due to phonon absorption and indirect intrava-
lence-band transitions. The absorption coefficient from mul-
tiphonon absorption at 10.6 um is 0.030 cm ™' for Ge (Ref.
12}and 1.30cm ™' for Si.'* The corresponding values for 9.6-
4m radiation are 0.025 cm ~ ' for Ge (Ref. 12)and 0.40cm ™'
for Si.'* The intravalence-band absorption cross section, es-
timated from Drude-Zener theory, is about 1 X 10~ " cm?®
for Ge and 3 X 10~'7 cm? for Si. Thus, for the hole densities
we consider in this letter, a, €, for p-Geand a, S a, for the
p-Si samples.

The measured values of I, for p-Ge are shown in Fig. 2
for 10.6- and 9.6-um radiation. Also shown are the caicuiat-
ed values for the dependence of the saturation intensity on
the doping density. The calculated values of I, vs N, at
10.6 um (solid line) are reproduced from Ref. 11 and values
of I, at 9.6 um (dotted line| are calculated in the same man-
ner as discussed in Ref. 11.

The experimental values of /, at 10.6 um indicate that
the saturation intensity increases monotonically with in-
creasing hole concentration for the Ge:Ga samples we stud-
ied. For the samples with larger hole concentrations, the
scattering rates due to hole-impurity and hole-hole scatter-
ing are larger. The result of increasing the scattering rate is
that higher intensities are required to reduce the free-hole
population in the heavy-hole band at the resonant region,
since the excited holes can relax at a faster rate. We also note
that the experimental values for /, vs N, are in fair agree-
ment with theory, with the experimental values consistently
larger than the calculated values by about 209%. Previous
measurements of /, on lightly doped samples (¥, 3 x 10
cm 3} have reported values of 3.2 (Ref. 2), 4.5 (Ref. 3}, and 4
{Ref. 4 MW/cm? for A = 10.6um and 6.8 MW /cm? (Ref. 2)
forA =9.6 um.

The measured values of /, for p-Ge at 9.6 um show a
weaker fractional dependence on the hole concentration for
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FIG. 2. Experimental and calculated values of the saturation intensity /, vs
the hole concentration for p-Ge. The circles {triangles) show the experimen-
tal values of /, for light having s wavelength of 10.6 um (9.6 um). The solid
line in the figure shows a calculation of /, vs A, tsken from Ref. i1 for
10.6-um radistion. and the dashed line shows the calculation of /, vs N,
for 9.6-um radiation,
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the samples considered. For light having a wavelength of 9.6
p4m, the direct transition berween the heavy- and light-hole
bands occurs at larger values in k space, and thus, for larger
heavy- and light-hole energies. Phonon scattering was calcu-
lated on the basis of the deformation potential model, where
the scattering rates have a square root dependence on the
energy of the hole carrier." The scattering rate for a hole
with energy € due to ionized impurities and other hole carn-
ers has approximately an ¢ ~>/? dependence.'*'® Conse-
quently, the effect of increasing the heavy- and light-hole
energies in the resonant region by going from 10.6 t0 9.6-um
radiation is to increase the effect of phonon scattering and to
decrease the contribution of hole-impurity and hole-hole
scattering. Since /, is substantially independent of the hole
density in the region where hole-phonon scattering is domi-
nant, we expect a weaker fractional dependence of 7, on N,
A discussion of the wavelength dependence of I, over the
€O, laser spectrum has previously been presented."’

The measured values of I, for p-Si at 10.6 and 9.6 um
are shown in Table 1. The first three samples were doped
with boron, and the fourth sample was doped with alumi-
num. We see that /, is considerably larger for Si than Ge,
which is primarily due to the larger hole-phonon scattering
rate and the smaller excitation rate in Si. In addition, lattice
absorption is much larger in Si than Ge for the wavelengths
of interest. This larger nonsaturable absorption must be in-
cluded in the analysis and creates a larger uncertainty in the
values for the saturation intensities. Absorption saturation
in p-Si has previously been observed'; however, the range of
intensities considered was smaller and the data was inter-
preted in terms of a homogeneously broadened two-ievel
model with 7, 2 50 MW/cm’. We find that the data 10 be
better approximated by an inhomogeneously broadened
two-level model, where the deviation between the two func-
tional forms for the intensity dependence of the absorption
coefficient becomes apparent for I2 I,.

A calculation of the nonlinear absorption of p-type se-
miconductors with small spin-orbit splittings, such as Si, has
recently been presented.'® In the calculation, the depletion
of the hole distribution function in the three resonant regions
for transitions between the heavy- and light-hole bands,
heavy- and split-off hole bands, and light- to split-off hole
bands were assumed to be decoupled so that the modifica-
tion of the distribution due to one resonant transition does
not strongly affect the population of occupied hole states in
the resonant region for another direct intervalence-band
transition. Using this approximation, values of Z, for p-Si
were calculated to range from 140 to 180 MW/cm? for wave-

TABLE 1. Saturation intensities for uncompensated crystalline p-Si sam-
ples. N, is the concentration of free holes and A is the wavelength of the

light.

Nyem~% A{pm) I(MW/cm?)
7% 10" 10.6 55
Ixi10™ 10.6 "
7% 10" 9.6 43
2x10" 9.6 36
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lengths in the 9-11.um region. Although the calculated val-
ues of /, are somewhat larger than the experimental values,
the calculation does predict that p-Si is significantly more
difficult to saturate than p-Ge, which is in agreement with
our data.

In summary, we have experimentally examined the
room-temperature absorption saturation of p-Ge and p-Si
for several samples of varied doping density for light having
a wavelength of 10.6 and 9.6 um. We find that the transmis-
sion data can be fairly well understood by an inhomogen-
eously broadened two-level model for the range of intensities
considered. We find that the saturation intensity for p-Ge
monotonically increases with increasing hole concentration,
in agreement with the calculations of Ref. 11. Thus, depend-
ing on the application of the saturable absorber, one can get
more efficient nonlinear behavior by using lightly doped ma-
terial, where hole-phonon scattering dominates the carrier
relaxation. The data for p-Si indicates that the matenial is
significantly more difficult to saturate than p-Ge, and is
probably not as useful in the applications of saturable ab-
sorbers to CO, laser systems as Ge.
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W2 present a theory of the saturation of inter-valence-band absorption in o -type Ge by
high-intensity light with a wavelength near 10 um. The absorption coefficient decreases
with intensity in a manner closely approximated by a: inhomogeneously broadened two-

level model.

The saturation intenaity is calculated as a function of excitation wavelength

and temperature and found to be in good agreement with measured values.

Free-hole transitions between the heavy- and
light-hole bands in p-type Ge are primarily re-
sponsible for the absorption of light with wave-
lengths in the 11- to 9~um range. Absorption
due to this process has been found to saturate at
high light intensities.'”* Thus p-type Ge can be
used as a saturable absorber to passively mode
lock CQ, lasers. In this Letter, we present a
theory of the saturation of heavy-hole band to
light-hole band transitions in p-type Ge at high
light intensities.

Previously saturable absorption in p-type Ge
has been analyzed by modeling the Ge valence
bands as an ensemble of two-level systems whose
level populations approach one another at high
light intensities.*® This model predicts that the
dependence of the absorption coefficient as a func-
tion of intensity is given by

all,w) =a (w1 +2/1,(w)]" "2, 1)

where a(w) is the absorption coefficient at low
intensity, and I,(w) is the saturation intensity.
This behavior was found to be reasonably well
satisfied experimentally.®"* However, attempts
to calculate 7,(w) as a function of photon energy
using the two-level model and a multistep cascade
relaxation produced results that were in qualita-~
tive disagreement with experiment,>* There has
also been a theoretical discussion of the satura-
tion based on a spherical, parabolic band model.®
but this study produced a result for the absorption
coefficient which was quite different from that of
Eq. (1) and which is in qualitative disagreement
with experimental results. Here we descrtbe the
Ge valence bands using degenerate k- - perturba-
tion theory. This is the first time the saturable
absorption has been discussed in a model which
realistically accounts for the anisotropic and non-
parabolic Ge valence bands. Our calculated re~
sults are in close numerical agreement with Eq.
(1) and for the first time give results for I (w) as
a function of photon energy which are in good
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agreement with the experimental values. There
are no adjustable parumeters in the theory.

Both energy and wave vector are conserved in
the inter-valence-band optical transition. Thus
only holes in a narrow region of the heavy-hole
band can directly participate in the absorption.
As the light intensity becomes large, the popula-
tion of these states in the heavy-hole band is de-
creased and the absorption coefficient is reduced.
The absorption coefficient is given by

all,0) =i 2E 5 ol®-sm

1/87T

xlp.,(k)F a( )_U + I/Tg )

@)

where the subscripts h (I) designate the heavy-
{light-) hole band, N is the density of holes, € is °
the dielectric constant, m is the free-electron
mass, ¥ is the photon energy, f.{&) is the proba-
bility that a hole state with wave vector k is occu-
pied in band i, [P,,(K)I® is the squared momentum
matrix element between the Bloch states in the
heavy- and light-hole bands (summed over the two
degenerate states in each band), and (k) is the
angular frequency associated with the energy dif-
terence [¢,(k) ~ ¢,(k)] where €,(k) is the energy of
the hole with wave vector k in band i. The phase
relaxation time T,(k) is given by

T'&)'E [le ~ck +R "ck'] 3

where R} -3 is the rate at which a hole in band
a with wavevector k is scattered into a state in
band b with wave vector &',

In p-type Ge the scattering rate of holes occurs
on 2 subpicosecond time scale. Since the experi-
mental studies use lasers with nanosecond pulse
durations, transient effects are damped out..
Hence, we calculate the steady~state distribution
functions which are determined by the following
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equations:

ﬂﬁ. I)UA(E) "fl (ﬁ)]
== ZEI (Rt -0 i® =Ry 43f.B)],  (42)

Bk, Nl -£, (k)]
- Z{[lm ~ 1B =R~ ifK)],  (4b)

where

2 Iy
88, D= g EnIP

1/BnT
"—_LF'@T{n&)-w +L1/T,®F (4c)

These equations state that the rate of optical ex-
citation out of (into) a state is equal to the net rate
of scattering into (out of) the state. The left-hand
sides of Egs. (4a) and (4b) give the net rate of op-
tical excitation out of a state with wave vector k
in the heavy-hole band into a state with wave vec-
tor k in the light-hole band, Here B(k, /) describes
the strength of the optical interaction.

Using Eqs. (4), we obtain an expression for the
steady-state difference in occupation probabili-
ties,

f.&) =f1k) =1 ﬂgii, [)i ;’;Et}«# T,ZE)]
T.(RF &, 0-T,&GE, D
AU e ©

where f,%(k) is the equilibrium value for the dis-
tribution function,

1 - .
m=§ﬂ.k -y (6a)
F(m,n-Zk), R -ailf &) -7 2®")], (6v)

and T, (k) and G(k, 1) are defined for the light-hole
band analogous to Egs. (6a) and (6b), respective-
ly. The function F(k, ]) is the difference in the
feeding rate of free holes from the equilibrium
feeding rate for the state with wave vector k in
the heavy-hole band. The first term in Eq. (5)
gives the population difference that would occur
for the states at K if the populations of the states
that feed those at K were given by their equilibri-
um values. The second term in Eq. (5) accounts
for the change in the populations of the states that
feed those at k. For those values of k which are
important in the integral in Eq. (2), the {irst term
in Eq. (5) is found to be significantly greater than
the second.

1496

For the hole concentrations and temperatures
at which most saturable absorption measurements
have been performed (room temperature, N s 10**
cm"?), phonon scattering is the dominant scatter-
ing mechanism. Phonon scattering was calculat-
ed on the basis of the deformable potential model,
where the deformation parameters were taken
from the mobility fits of Brown and 3ray.” Fol-
lowing Ref. 7 we neglect angular dependence in
the phonon scattering matrix elements and take
the scattering rates to be the same function of en-
ergy for the heavy- and light-hole bands. Energy
relaxation of the excited holes is determined by
optical-phonon scattering. The optical-phonon
spectrum is relatively flat for small # with an av-
erage energy of about 0.037 eV. We neglect the
energy of the acoustic phonons; this is a reason-
able approximation for the region of interest
(small k). Acoustic-phonon scattering mixes
states with approximately the same energy but
different values of K. The effect of acoustic-pho-
non scattering is not negligible because of the
anisotropy of the valence bands.

If there is no angular dependence in the phonon
scattering matrix elements, the functions F(k) and
G(K) depend only on ¢, (k) and ¢,(Kk), respectively.
We use Eq. (4) to write one-dimensional integral
equations for these functions. If we take the op-
tical-phonon energy as discrete and neglect the
acoustic-phonon energy, these integral equations
can be reduced to a set of algebraic equations
which we solve numerically. Once these func-
tions are determined, the absorption coefficient
is calculated by numerically integrating Eq. (2).
The one-hole energies and the momentum matrix
elements are found from degenerate k -p perturba-
tion theory.® The cyclotron-resonance param-
eters of Hensel and Suzuki® were used.

The calculated values of a(l, w) were compared
with the expression in Eq. (1), The numerical re-
sults could be fitted by this expression to an ac-
curacy of about 5% for intensities less than 25/,.
(This is the range of intensities which has been
explored experimentally.) If only the first term
in Eq. (5) is retained, the calculated a(/, w) has
precisely the form of Eq. (1). The second term
in Eq. (1) is smaller than the first; it leads to
the small deviations of the calculated o/, w) from
the expression in Eq. (1).

For those temperatures and hole densities for
which hole-impurity and hole-hole scattering is
small compared to phonon scattering, the calcu-
lated /, is independent of hole concentration. At
room temperature, /, has been found experimen-
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FIG. 1. Saturation intensity vs photon energy for p-
type Ge at 295°K. The experimental data are from
Refs. 2, 3, and 4. Error bars are given only in Ref. 2.

tally to be independent of hole concentration for
concentrations less than about 4 x10'* cm=3,!

Measurements of saturable absorption in p-type
Ge have been interpreted in terms of the inhomo-
geneously broadened two-level model which pro-
duces Eq. (1), and values of /,(w) are reported?-*
In Fig. 1, we compare measured values of /{w)
at room temperature as a function of photon en-
ergy with the calculated values. In the range of
photon energies considered, /,(w) was found to
increase monotonically with photon energy. The
increase in I (w) with increasing w is primarily
a result of the larger density of states in the
heavy-hole band for the higher-energy holes in-
volved in the optical transition. There is good
agreement between theory and experiment. There
are no adjustable parameters in the theory.

In Fig. 2, we present the results of a calcula-
tion of the temperature dependence of /,(w) for
light with a wavelength of 10.6 um. /, increases
monotonically with temperature. This increase
in 1, with temperature is due to the increased
rate of phonon scattering at higher temperature,
Because of the rather strong dependence of /, on
temperature, it should be possible to tune the
saturation behavior of p-type Ge with tempera-
ture,

Many semiconductors have a valence-band
structure which is similar to that of Ge, and satu-
ration of inter -valence-band absorption should be
observable in these m>terials. In addition to Ge,
the effect has also been observed in p-GaAs,!

The theory presented here should apply for these
materials as well as for Ge.
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FIG. 2. Calculated saturation intensity ve tempera-
ture for p-type Ge and light with a wavelength of 10.6
um.

Using this theory, we can determine the hole
distribution as a function of laser intensity and
frequency. Knowledge of the hole distribution
function allows an interpretation of “pump-probe”
experiments. In these experiments the absorp-
tion of a lJow-intensity light beam (probe) is meas-
ured as a function of frequency in the presence of
a high-intensity laser (pump) of fixed frequen~
cy. % e-1

In conclusion, we have presented a thecry of
the saturation of inter -valence-band absorption
in p-type Ge. We have found that the saturation
is closely approximated by an inhomogeneously
broadened two-level model. We have caiculated
the saturation intensity as a function of photon
energy and found good agreement with experimen-
tal values. We have predicted the dependence of
the saturation intensity on temperature,

The authors thank R. N. Silver for many useful
discussions. The authors gratefully acknowledge
the support of the Air Force Office of Scientific
Research under Grant No. AFOSR-77-3216. One
of us (D.L.S.) acknowledges support from the
Alfred P. Sloan Foundation.

‘A. F. Gibson, C. A. Rosito, C. A. Raffo, and M. F,
Kimmitt, Appl. Phys. Latt. 21, 356 (1972).

C. R. Phipps, Jr., and S. J. Thomas, Opt. Lett. 1,
93 (1977,

JR. L. Carlson, M. D. Montgomery, J. S. Ladish,
and C. M. Lockbart, IEEE J. Quantum Electron. 13,
88D (1977).

‘F. Kellmann, IEEFE J. Quantum Electron. 12, 592
(1976,

1497




VoLUME 42, Numaze 22 PHYSICAL REVIEW LETTERS 28 May 1979

M. Sargent, I, Opt. Commun. 20, 298 (1977). %). C. Hensel and K. Suzuki, Phys. Rev. B §, 4219
¢v. L. Komolov, 1. D. Yaroshetskii, and I. N. Yas- (1974).
sievich, Fiz. Tekh. Poluprovodn, 11, 85 (1877) |Sov. 1%p, J. Bisbop, A. F. Glbson, and M. F. Kimmett,
Phys. Semicond. 11, 48 (1977)]. J. Phys. D9, L101 (1876).
D. M. Brown and R. Bray, Phys. Rev. 127, 1593 P, Keilmann, Appl. Phys. 14, 29 (1977).
(1962). 12F, Keflmann and J. Kuhl, IEEE J. Quantum Electron.
'E. O. Kane, J. Phys. Chem. Solids 1, 82 (1956). 14, 203 (1878).

1498




PHYSICAL REVIEW B

VOLUME 21, NUMBER 8

PUBLICATION #9

15 APRIL 1980

Saturation of intervalence-band transitions in p-type semiconductors

R. B. James and D. L. Smith
California Institute of Technology, Pasadena, California 91125
(Received 15 October 1979)

We present a theory of the saturstion of heavy-hole to light-hole band absorption in p-type
semiconductors with the diamond or zinc-blende crystal structure by high-intensity light with a wavelength
near 10 um. The absorption coefficient is found to decrease with intensity in a8 manner closely approximated
by an inhomogeneously broadened two-level model. For temperatures and hole concentrations where hole-
phonon scattering dominates hole-impurity and hole-hole scattering, the saturation intensity is independent
of the hole concentration. We calculate the saturation intensity as » function of excitation wavelength and
temperature for p-Ge and p-GaAs. We find that the ssturation intensity increases with photon energy and
with temperature. The calculated results are compared with the available experimental data and good

agreement is found.

1. INTRODUCTION

In many p-type semiconductors, direct free-
hole transitions between the heavy- and light-hole
bands are primarily responsible for the absorp-~
tion of light with wavelengths near 10 pm. At
high light intensities, absorption due to these
transitions has been found to saturate in p-Ge
(Refs. 1-4) and p-GaAs.! This saturation prop-
erty allows a means of passively mode locking
a CO, laser by inserting a slice of p-Ge or p-GaAs
into the optical path of the cavity. Experiments
have demonstrated that a CO, laser with p-Ge
used as a saturable absorber can generate pas-
sively mode-locked pulses of subnanosecond dura-
tion.* In this paper, we present a theory of the
saturation behavior of heavy-hole band to light-
hole band transitions in p-type semiconductors
at high light intensities. We present detailed
numerical results for p-Ge and p-GaAs (the
materials in which the effect has been experimen-
tally observed). In a recent letter, we made a
preliminary report of the results for p-Ge.*

In previous work, saturable absorption in p-
type semiconductors has been described by model-
ing the valence bands as an ensemble of two-level
systems whose level populations approach one
another at high light intensities.”™*® This two-
level model predicts that the dependence of the
absorption coefficient as a function of intensity
is given by

ay(w)
all,w) = rm)mp ) Y

where @,(w) 18 the absorption coefficient at low
intensity, and 1,(w) is the saturation intensity.
The behavior described in Eq. (1) was found to be
reasonably well satisfied experimentally, and
vaiues of /,(w) were determined.’™ However,
attempts to calculate /,(w) as a function of photon

energy using the two-level model and a multistep
cascade relaxation® gave results that disagree
with experiment.’ A theoretical discussion of
saturable absorption in p-type Ge based on a
spherical-rarabolic-band model has also been
presented.’’ However, the results of that discus-
sion are qualitatively different than that of Eq. (1)
and are in disagreement with experiment.

In this paper we present a theoretical analysis
of the saturable absorption by considering the
initial- and final-hole states in the optical transi-
tion to form a continuum with the valence-band
structure determined by degenerate k- p perturba-
tion theory.!! Our calculated results are in close
agreement with Eq. (1), and the values of 1,{w)
deduced from the calculation are in good agree-
ment with experiment. We also determine the
dependence of I,(w) on temperature. We present
detailed results for p-Ge and p-GaAs; however,
the theory should be applicable to other semicon-
ductors with the zinc-blende crystal structure as
well.

The paper is organized in the following way:
in Sec. II we present our theoretical approach,
in Sec. III we give the results for p-Ge, in Sec.
IV we give the results for p-GaAs, and in Sec. V
we summarize our conclusions. Calculational
details are included in the Appendices.

II. THEORETICAL APPROACH

In semiconductors with the diamond or zinc-
blende crystal structure, the valence-band maxi-
mum occurs at the zone center.’? There are six
bands (three sets of twofold degenerate bands)
near the valence maximum. Four of the bands are
degenerate at k=0 and the other two bands (degen-
erate) are split off to lower energy by the spin-
orbit interaction. Aw-y from the zone center,
the bands degenerate at » = 0 split into 2 twolfold

3502 © 1980 The American Physical Society
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F@® =§ Rl LB -12@N), (13¢)
and
G =§: Rl L&) =12@))], (13d)

where £2(k) is the equilibrium value for the dis-
tribution function. The function F(k) is the dif-

-

ference in the feeding rate of free holes from the
equilibrium feeding rate for the state with wave
vector k in the heavy-hole band. The function

G(k) is analogously defined for the light-hole band.
[Scattering into the light-hole band is small be-
cause of the small density of light-hole states.
Thus the function G(k) is less important than F(k).]
In terms of the auxiliary functions, the distribution
functions can be written as

o e BERT, @ 12K - £1(K)) . FRT, (& + B T, (&) T, &)[F & +C[&
A =10 -7 a0 ¢ T+B@IT, 0+ T,®] (142)
o . BERT,® 1 -£1®)] . GET, &) + B T, &) T, ®)[F&) +C(K)
Ai® =710 + T 58T TL‘?\:—Z‘?F]J. % 1) SN w46 7 A 3) 2o, (140)

and

The difference in occupation probabilities which
appears in the expression for the absorption co-
efficient is given by

. £300) - r3(®)
L@ -£ 0 = Wﬁmﬁ‘mﬂ
T,®F® - T,®GE)
B ET e i R

The first term in Eq. (15) gives the population
difference that would occur for the states at k u
the populations of the states that feed those at k
were given by their equilibrium values. The
second term in Eq. (12) accounts for the change
in the population of the states that feed those at

k. For those values of k which are important in
the integral in Eq. (11), the first term in Eq. (15)
is found to be significantly greater than the sec-
ond.

Using Eq. (12) and the definition of the auxiliary
functions, one can write equations which deter-
mine F(k) and G(k). If there is no angular depen-
dence in the phonon scattering matrix elements
which go into the scattering rates, the functions
F(k) and G(k) depend on E, (k) and E,(k), respec-
tively., Thus, one-dimensional (rather than three.
dimensional) equations must be solved to deter-
mine these functions. Our treatment of these
functions is included in Appendix D.

M. CALCULATION AND RESULTS FOR p-Ge

In order to calculate the difference in occupation
probabilities for the heavy- and light-hole bands,
it is necessary to know the free-hole scattering
rates, We consider the region of temperature and
impurity densities for which hole-phonon scatter-
ing is the dominant scattering mechanism. Opti-

r

cal-phonon scattering is the dominant energy re-
laxation mechanism. The optical-phonon spec-
trum is relatively flat for small # with an average
energy of 0,037 eV, For the small # region in
which we are interested, the acoustic phonon en-
ergy is quite small, and we neglect it. Although
acoustic phonon scattering does not contribute
significantly to energy relaxation, it can change
the wave vector of the hole. The valence bands

of Ge are rather anisotropic and an acoustic pho-
non scattering event can take a hole from a region
in which B(k) is small to one in which it is large.
Thus, although acoustic phonon scattering is less
important than optical phonon 8cattering in deter-
mining the distribution functions, it is not negli-
gible because of the anisotropy of the valence
bands. We take the scattering rates to be given

by“
Risi= M@ - B,@) + )

« 2100, 206 ) - E,(&") - M)

s B e, @-EEN, (6
where
s ElNw
|M,) ﬁv W, +1), (16b)
2
|M.|l=—$fv “"N', (16c)
and
M |2 =gaal (16q)

L ®
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Here |M_|? is the squared matrix element for
optical phonon emission, |M7|? is the squared
matrix element for optical phonon absorption, and
|M_|? 18 the squared acoustic phonon scattering
matrix element (summed over both absorption and
emission processes). In Eq. (16), E  (E,) 18 the
deformation potential for optical (acoustical) pho-
non scattering, Aw, is the zone-center optical
phonon energy, P is the. density, u; is the longi-
tudinal sound velocity, N, is the optical phonon
Bose factor, and ¥ is the sample volume. Folliow-
ing Ref. 19, we have neglected angular dependence
in the phonon scattering matrix element and taken
the scattering rates to be the same for the heavy-
and light-hole bands. The numerical value for
the constants appearing in the squared matrix ele-
ments were taken from the mobility fits of Ref.
20; they are listed in Tabie I. The scattering
times T,(k), 7,(k), and T,(k) are computed from
Eqs. (6e), (13a), and (13b) using these scatter-
ing rates. Optical phonon scattering (primarily
emission) dominates in the results for T,(k) and
T,(®) for the states of interest. For T,(k) in the
resonant region, optical phonon emission is typi-
cally not possible and acoustic phonon scattering
makes a significant contribution to T, (k).

The free-hole energies E,(k) and E, (k) and the
momentum matrix elements |P,,(k)|? are deter-
mined by degenerate k * p perturbation theory."
The cyclotron resonance parameters of Hensel
and Suzuki®! are used.

A. First spproximation for £, (K) - £,(K)

As a first approximation for the population dif-
terence f,(k) - f,(K), ~e neglect the auxiliary func-
tions F(k) and G(k) and include only the first term
in Eq. (15). This approximation is equivalent to
assuming that the rate at which free holes are
scattered into the st2tes involved in the optical
transition is gives, by the equilibrium value. For
optical phonon scatteriig, the energy of the initial-
hole state in the scattering event differs from
that of the final-hole state by the optical phonon
energy. As a result, hole states that can scatter

]

TABLE I, Valence-band deformation potentials used
in the calculation of phonon scattering rates.

Eqy (V) Egy leV)
Ge 3.5° 6.8°
GaAs 3.6° 6.5°

SReference 20.
“Reference 23.

into a resonant optical transition region by opti-
cal phonon scattering are, for the most part,
themselves out of the resonant region. Thus, the
population of these states is not directly depleted
by the optical transitions. The population of these
states is indirectly depleted by the optical transi-
tion because there is a decrease in the feeding
rate of these states owing to the decrease in popu-
lation of hole states in the resonant region. How-
ever, this decreased feeding from the resonant
region is partially compensated for by an in-
creased feeding from the rerouting of optically
excited holes.

For acoustic phonon scattering, the energy of
the initial-hole state in the scattering event is
essentially the same as that of the final-hole
state. As a result, hole states that can scatter
into a resonant optical transition region by acous-
tic phonon scattering are, for the most part, in
the resonant region themselves. Thus, the popu-
lation of these states is directly depleted by the
optical transitions. Including only the first term
in Eq. (15), therefore, overestimates the impor-
tance of acoustic phonon scattering. At this level
of approximation, it is better to ignore acoustic
phonon scattering. We will see that this first
approximation for f, (k) - £, (%) ignoring acoustic
phonon scattering produces results close to that
of our more complete calculation,

Using only the first term in Eq. (15) to deter-
mine the population difference, the absorption
coefficient becomes

@t )= ¥ AE T (/200 - £ BB [y T 7T (17a)

where

micviomint

TPy (R

(1)

Transtorming to an integration over surfaces of conatant Q(k), and assuming that the power-broadened
Lorentzian is sharply peaked, Eq. (17a) can be written as

yp o 4T N1V ds 1B, ® 1} s3E - £100)
°u"""7_¢.m’wc_a‘i'('z?) Lﬁ., TV | 1+1/1® y (18}
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Here the integral is over a surface of constant
(). Integrating Eq. (18) numerically, we find
that the absorption coefficient satisfies Eq. (1)
to high accuracy. Indeed, if I(k) were indepen-
dent of k over the region of the surface integral,
Eq. (18) would reduce to Eq. (1) exactly.

For hole densities and temperatures such that
hole-phonon scattering dominates the hole-impuri-
ty and hole-hole scattering events, values of /,(w)
deduced from Eq. (18) are independent of the hole
density. Experimentally /,(w) has been found to
be independent of hole density for densities less
than 4X10% cm™ at room temperature.!

B. Higher-order approximation for £, (€) - £,(K)

The auxiliary functions F(k) and G(k) are com-
puted numerically as discussed in Appendix D.
The distribution function computed from these aux-
iliary functions for k in the (111] and [100] direc-
tions together with their equilibrium values are
shown in Fig. 1. The dominant dip in the heavy-
hole distribution function and corresponding peak
in the light-hole distribution function is due to di-

HOLE DISTRIBUTION IN p- Ge
FOR ¥ IN [1))) DIRECTION
1.0 ArtO.6um Y. 300%
sk ———THEAMAL EQUILIBRIUM
. \ 7 -- 130 Mw/em?
o 0l V R\ 1
Z oin YN
2 “ - 4
ool \° “reee, y 4
. N2 N
3 e
2+ *
0001 ) : . 12 16 20 24
Kt (I0°KD
(2] .
o HOLE DISTRIBUTION IN p-Ge
Y FOR K IN [100] DIRECTION
L g \\ A+ 10.6um  Te300% 1
o Y = THERMAL EQUIL IBRIUM
TR A ~--1430 Mw/emd
z -~ --
Rl ) Fa »
0.1 \ e .- / 1
ﬁ b /4 *.\ 1
et ! N
000 [ E . O [ 0 C
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F1G. 1. Calculated hole distribution functions in p ~Ge
a8 & function of & for & in the [ 111 and [100) direc-
tions. The calculstions were performed for A=10.6 um,
T *300°K, snd =30 MW/cm’. The equilibrium distri-
bution fmctions are shown for comparison. N, is the
offsctive dmsity of states.

rect optical transitions. Additional dips in the
heavy-hole distribution function occur because of
the discrete energy of the optical phonons. The
increase in the heavy-hole distribution compared
to the equilibrium value at large values of » is
due to scattering of the photoexcited holes in the
light-hole band into the heavy-hole band.

The absorption coefficient is calculated numeri-
cally. The calculated result for A=10.6 um and
T =205 °K is compared with the expression in Eq.
(1) in Fig. 2. The value of /, used in Eq. (1) was
determined by fitting the calculated result for
a(l, w). The numerical results could be fit to an
accuracy of about 5% for intensities less than
25 times /,. (This is the range of intensities
which has been most frequently explored experi-
mentally.) If only the first term in Eq. (15) is
retained, the calculated a(/, w) has almost exactly
the form of Eq, (1). The second term in Eq. (15)
is smaller than the first and leads to the small
deviations seen in Fig, 2,

Measurements of the saturable absorption in
p-type Ge have been interpreted in terms of the
inhomogeneously broadened two-level model
which produces Eq. (1), and the values of /,(w)
have been reported. In Fig, 3, we compare mea-
sured values of /,(w) at room temperature as a
function of photon energy with our theoretical
values. The theoretical values of /,(w) are deter-
mined by fitting the expression in Eg. (1) to the
calculated results for a{/, w) for intensities be-
tween zero and 100 MW/cm?. In the range of pho-
ton energies considered, /,(w) was found to in-
crease monotonically with photon energy. There

T T T T T Ty

sn;runnou BEMAVIOR VS
INTENSITY FOR _0-Geo g
O%oF Vioeum Toreen

o~ CALCULATED WALUE J

meecMOMOGENIOUS BROADE WG
ODEL witw I 41w’

0.90)

Q.40

ABSORPTION COEFFICIENT

LOW-INTENSITY ABSORPTION COEFFICIENT

o
]

o
3

o
S

P
8

o0
INTENSITY (MW/em?)

¥FIG. 2. Calculated absorption ocosefficient normalized
to Its low intemsity value as a fimotion of intensity for
p-Ge. The calculations were performed for A=10.6 ym
and T =295 °K. The sly broadened two-

level model result with [, =4.1 MW/cm’ is also shown.
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FIG. 3. Calculated saturation intensity as a function
of photon energy for p -Ge at 295°K. The experimental
results are from Refs. 2-4. Erior bars are only given
in Ref. 2.

is good agreement between theory and experiment.
There are no adjustable parameters in the theory,

The calculated results shown in Fig. 3 were
attamgd using the higher-order approximation
for f,(k) = £, (k). The results for the first-order
approximation are qualitatively similar to those
of the more complete calculation; the numerical
values of the two calculations differ by an approxi-
mately constant factor. At A=106 umand T
=295 °K, the more complete calculation gives a
value of /, of 4.1 MW/cm?, the first-order cal-
culation including acoustic phonon scattering gives
a result of 5.8 MW/em?, and the first-order cal-
culation neglecting acoustic phonon scattering
gives a result of 3.5 MW/cm’. Thus the first-
order calculation neglecting acoustic phonon scat-
tering is within about 15% of the more complete
calculation. This result is interesting because
the first-order calculation is much easier and less
expensive to perform than the more complete
calculation,

The increase in /,(w) with increasing w is due
both to the behavior of the scattering rates and the
optical matrix elements. The relative contribution
of the scattering rates and the optical matrix ele-
ments can be most easily seen in the first-order
calculation. At this level of approximation, /,(w)
18 given by a weighted average of I(k) [see Eq.
(18)]. The values of /(k) are proportional to w?,
T3k, [T.(K) + T,(®)]", and |P,(K)|?. InFig.

4, the variation of these factors is illustrated as
a funetion of photon energy for k in the {100] and
{111] directions.

Since the usefulness of p-Ge as a saturable ab-
sorber in CO; laser systems is determined by its
saturation characteristics, it is of interest to be
able to control the saturation behavior. Since
optical phonon scattering is the dominant relaxa-
tion mechaniam, and the optical phonon occupation
is temperature dependent, it is clear that I, (w)
will depend on temperature, In Fig. 5, we pre-
sent the results of a calculation of the temperature

1&:?@-% V2 ,.‘

FOR € « 17 mev

I 4+ 9.63mw/em?

T, ¢ 0.148%10%0ec
(23 YI)'- 0.282%C"%ec

§
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[[m] DIRECTION IN p- Ge |
zooir FOR £ : 1iTmev 1
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(T, +Tpi's 0122%10"sec

[Py A%< 02318282

PARAMETER / (PARAMETER CALCULATED AT € :ii7mev]
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}
)
e
TS 2e Tic Ta e

PHCTCH ENERGY (mev!

FIG. 4. Variation of the factors which contribute to
the photon energy dependence of [, (w) in our first ap-
proximation for the absorption coefficient inp-Ge. The
values of the factors are normalized to their value at
Nw =117 meV (A=10.6 4m). The factors were computed
for T =295 K.

dependence of /,(w) in p-Ge for light with a wave-
length of 10.6 km. /,(w) increases monotonically
with temperature. This increase is due to the
increased rate of phonon scattering at higher tem-
peratures, Because of the rather strong depen-
dence of /,(w) on temperature, it should be pos-
sible to tune the saturation behavior of p-Ge with
temperature.

IV. CALCULATION AND RESULTS FOR p-GaAs
The dependence of the absorption coefficient on
intensity in p-GaAs can be described by the same
theory as in p-Ge. We use the cyclotron reso-

SATURATION WNTENSI™Y v °
neGe 1:10.6,m

N -
20C FL . 300 3%
TEMPERATURE Ox:

FIG. 5. Calculated saturation intensity as a function
of temperature for p-Ge and light with a wavelength of
10.6 ym.
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nance parameters of Lawaetz® to determine the
GaAs valence-band structure. (We neglect the
small terms linear in * which appear in the E']’)
perturbation theory for zinc-blende cyrstals.)
Hole-phonon scattering is described as in Ge; the
deformation potential parameters are taken from
Ref, 23 and are listed in Table 1. We neglect the
small splitting between the zone-center LO and
TO phonons and take an average optical phonon
energy of 34.3 meV. The input parameters that
we use for GaAs are not as accurately known as
those for Ge.

Our calculations of the intensity dependence of
the absorption coefficient give a result that is
numerically close to the inhomogeneously broad-
ened two-level model result of Eq. (1).?* In Fig. 6,
we compare the calculated result for A=10.6 um
and T=295 °K with Eq, (1), As for Ge, the small
difference between the calculated result and in-
homogeneously broadened two-level model result
comes from the second term in Eq. (15).

In Fig. 7, we show the theoretical results for
1/w) as a function of photon energy at room tem-
perature, The theoretical results are determined
by fitting the expression in Eq. (1) to the calcula-
ted results for a(/, w) for intensities between zero
and 100 MW/cm?. The results for /,(w) are qual-
itatively similar to those for Ge except that / (w)
is uniformly larger in GaAs than in Ge. The
values of /,(w) are larger in GaAs than in Ge pri-
marily because the hole-phonon scattering times
are shorter in GaAs. The scattering times are
shorter in GaAs because the heavy-hole effective

1.00, ~ v
SATURATION BEMAVIOR v§
INTENSITY FOR p- GoAs
A0 6um T 299
0,90+ -
3 — CALCULATED vALUE ;
= ~INNOMOGE NE OUS -OAKNIH(A
MODEL WiTH I 22Mw/em’ |
<

o
@
Q
¥

§

o
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ABSORPTION COEFFICHENT

LOW - INTENSITY ABSORPYTION COEFFICIENT
o
3

g
Qo
—-F—

R et A e
INTENSITY tw/emS
¥IG. 6. Calculated absorption coefficient normalized
to its low-intensity value as a function of intensity for
p~GaAs. The calculations were performed for A*10.6
pm and T =295°K, The inhomogeneously broadened
two-level model result with I, =22 MW/cm? is also
shown.
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FIG. 7, Calculated saturstion intensity as a function
of photon energy for p -GaAs at 295°K.

mass is larger in GaAs, and as a result the den-
sity of final scattering states is larger in GaAs.

Saturation of intervalence-band absorption in
p-GaAs has been observed in one experiment in p-
GaAs,' A saturation intensity of /,=20:5 MW/
cm? at A=10,6 £ m and room temperature was re-
ported. However, these measurements were
performed over a relatively small range of inci-
dent intensities and were interpreted in terms of a
homogeneously (rather than an inhomogeneously)
broadened two-level model. If the results had
been interpreted in terms of the inhomogeously
broadened two-level model (which we believe
would have been more correct), a smaller value
of I, would most likely have been attained.

In Fig, 8, we present the results of a calcula-
tion of the temperature dependence of the satura-
tion intensity at A=10.6 um in p-GaAs. As for
Ge, I, is an increasing function of temperature
owing to the increased phonon scattering rates at
higher temperature.

V. SUMMARY AND CONCLUSIONS

We have presented a theory of saturation of
heavy- to light-hole band transitions in p-type
semiconductors with the diamond or zinc-blende
crystal structure. Detailed calculations have

SATURATION INTENSITY VS TEWMP
t p-GaAs Ar1O Gum
i
30,
i ]
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FIG. 8. Calculated saturation intensity as a function
of temperature for p-GaAs and light with a wavelength
of 10.6 xm.
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been presented for p-type Ge and GaAs. We

found that the intensity dependence of the absorp-
tion coefficient is closely approximated by an in-
homogeneously broadened two-level model. For
the temperature and concentration range where
hole-phonon scattering dominates hole-impurity
and hole-hole scattering, I, is found to be inde-
pendent of the hole density. This behavior is con-
sistent with experimental results. The dependence
of the saturation intensity on photon energy has
been computed and compared with available exper-
imenta) results. Good agreement between theory
and experiment was found. We have predicted the
dependence of the saturation intensity on tempera-
ture,
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APPENDIX A: FREE-HOLE DENSITY MATRIX

In this appendix we outline the derivation of
Eqs. (8a)-(6c) for the hole density matrix. We
consider the low-hole density limit and take the
Hamiltonian to be given by Eq. (2). The density
matrix p(f) satisfies

dp =i
et u[li,p]. (A1)

We assume that ¢ can be approximated by
p(t) =olt)P, , (A2)

where o{!} is the free-hole density matrix, and
P, describes the lattice in thermal equilibrium.
Using standard approximations,®® one {inds

do(t) _ —i
—%‘ll(—)s ;3{7,(1), (1)

-
- [ arTnvo. v, o0p).
(A3)

Here the subscript / signifies that an operator is
in the interaction representation, and Tr; signi-
fies a trace over lattice modes.

From Eq. (A3), one can see that ot} is diagonal
in wave vector. Prior to laser excitation, o(?)
has the equilibrium value which is diagonal in
wave vector. Taking matrix elements of Eq. (A3),
we See that the time derivative of any matrix
element of do,()/df which is off-diagonal in k is
equal to a sum of terms, all of which are propor-
tional to a matrix element of g;(¢), which is off-
diagonal in k. Thus when the equation is inte-
grated in time, all off-diagonal in k matrix ele-
ments of 0;(¢) vanish, This result is to be expec-
ted since the electromagnetic field leads to tran-
sitions between states with the same wave vector.
Taking matrix elements of Eq. (A3), dropping
nonresonant terms and returning to the Schro-
dinger representation gives Eq. (6.

APPENDIX B: EQUATIONS OF MOTION FOR T(k‘l
In this appendix we derive Eq. (7). Multiplying Eq. (6b) by B’, taking the time derivative and tracing

over bands gives

& - - ] -
7 Tlo 0]+ i & Trfo, 0P - £ 10, (27 ). (B1)

We have used the facts that o, z”, 7, and H, are all diagonal in k and hence can be cyclically permuted
in the trace on bands and that [P’, 7] vanishes. Using Eq. (6b), we can write

1
"

‘Tn’rﬁﬂ}’ Trlofk, 03] .
Thus Eq. (B1) becomes

1r, (280 3, 4, 1) - & Trylofk, AW, + 9, 14, B Tl & Trlo® 0P

(B2)

£ Trlof, 0%+ T o TolotE 0B+ (ﬂ:ﬁ)’ Tryloff, 05'] = -2 Trydof, @, « ), (8, BT} .

(B3)

. o
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Evaluating the trace on the right-hand side, multiplying by (N,e/m), and neglecting [1/7,(k)}* compared

with [Q(0 ] gives Eq. (7,

APPENDIX C: EQUATIONS OF MOTION FOR THE DISTRIBUTION FUNCTIONS

In this appendix we derive the equations for the distribution functions £, (k) and f, (k). Multiplying Eq.
(6b) by (N,eP’'/m) and taking the trace over bands gives

i FI0+ T T0 =2 0® T (g & 0P - o &, 0P ). (1)
o isl
Using Eq. (C1) and neglecting [1/T,(k)] compared with w, Eq. (6a) can be written as (with b in the heavy-
hole band)
4 ( Cﬁﬂiﬁ (le(k) * K)‘; [Rli -cl"fh(iy - Rei‘ ‘lifc(i'; f)] . (C2)
With b in the light-hole band, Eq. (6a) can be written as
B&Y) (330 K) - T (Rit e £ - R 01, (3

Assuning J(&) and A have sinusoidal time dependence and averaging over many cycles, one gets the

steady-state rate equations of Eq. (12),

APPENDIX D: AUXILIARY FUNCTIONS F(K') AND G(K)

In this appendix we describe our treatment of the auxiliary functions F(K) and G(K).

From the definition

of these functions, we see that when the phonon scattering matrix elements are approximated as indepen-

dent of the scattering angle, F (¥) depends on E (), and G(k) depends on E, (k).

Using the definitions of

F(k) and G(k) and Eqs. (12a)-(12¢) for the distribution functions, F(E,(K)) is seen to be determined by

F(E,(®)= 2; [ = R Ta(&) + Ryp i T, ®IRLFLRD = £1(K)] + FE, &N, (&)

- G(E, (kT (k"} 3

Blk’)
NT, &)+ T,

+Z R¢ \iF(E, (k)T (k) +Zi: Ryp G E(RNT, (K", (D1)
= -

and G(E,(k)) is determined by a similar equation where (hK) in the scattering rates is replaced by (I K).
The 1nction G(k) describes the increased (from the equilibrium value) scattering into the light-hole band
states. Because of the small density of hght -hole band states, the magnitude of this function is much

smaller than that of F(k), In addition T,(k) is much greater than T,(K).

Thus in Eq. (D1), we neglect

T,(KG(K) compared with T7,(k)F{k). We have explicitly checked the self-consistency of this approximation

at the end of the calculation,

Equation (D1) is an inhomogeneous, linear inte-
gral equation. Because of the energy conserving
8 functions in the phonon scattering rates, it re-
duces to algebraic equations relating F(E,(k)) at
different values of E,(k). The term proportional
to Ri:.rsF(E,(k")), however, is responsible for
coupling the equation for F(E,(k)) to those for all
other values of £,(k’). [In other terms, the equa-
tion for F(E,(k)) is only _coupled to those for
F(E, (k) + Hwy) and F(E,(k) - K,)). To overcome
this difficulty, we appraximate the first term on
the right-hand side of Eq. (D1), which can be
written as

;t = RypoatTu(®) + Ry Ty (1)

xBEN £, (k") - £,(&"],
by

X; [- Rn"-nTa(k Y+ Ry -nTt(k i
<& N1\ &) - £,&)], (D2)

where [£,(k") - £,(k")]! 18 the first approximation to
£, =£,(k’); that is, the first term in Eq. (15).
Here X is a function of fw, T, and /, but is as-
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sumed independent of E\(k). We determine X by
requiring

L AR AR - 1,&)]
14

=x2; BERIAED -1 @] (D3)

Since scattering to the light-hole band is much
slower than scattering to the heavy-hole band
(owing to the small density of states in the light.
hole band);

2 R TR =2 R T, (R =1, (D4)

| 3 x
Thus Eq. (D3) assures that the integral of the
positive and negative parts of Eq. (D2) are sepa-
rately satisfied, We solive the equation
FE®)=X 21 - Ryt Ta(K) + gy 71 (/)]
=
B NAED - £ &)]

+§; Rypr-nF(E, RNT, (&), (D5)

which is a series of inhomogeneous linear alge-

braic equations, We truncate the series for £,(k)

>400 meV, [F(E,(k)) is negligible for these high

energies.] We first find the solution for X =1, "~
Calling the result of this calculation F’, F is

- given by XF', We determine X from Eq. (D3)

which reduces to

X[L ds\ Py, (k) 2T, (RYFUE u’o)
19:9(k) {1 +1/1(k)

X=1+ [ AT D BMGE
P n&)tllu/llk")]”’

In order to limit the numerical expense, we ap-
proximate the surface integrals in Eq. (D6) using
the four-point prescription suggested by Kane.'

From Eqs. (11) and (D3), we see that the func-
tion X relates the absorption coefficient calculated
in the first approximation to the result of the
more complete calculation by

a(l, w)=Xal(l, w), (07
where a'(l, w) is given by Eq. (18).
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DEPENDENCE OF THE SATURATION INTENSITY OF p-TYPE GERMANIUM
ON IMPURITY CONCENTRATION AND RESIDUAL ABSORPTION AT 10.59 um

R. B, James and D. L. Smith
California Institute of Technology
Pasadena, California 91125

(Received 5 November 1979 by H. Suhl)

We present a calculation of the saturation intensity 1

of p~Ge at 10.59

vm as a function of the impurity concentration. The e?fect of residual
absorption is calculated and foun:d to be important in the interpretation
of experiments for intensities much greater than Is.

The absorption of light in p-type Ge has
been shown to saturate at sufficiently high in-
tensities at waveiengths near 10 im.(1-3) This
behavior has been analyzed by modeling the Ge
valence band structure as an ensemble of two-
level absorbers(4), Recently, the saturation
characteristics of p-Ge were described by the
authors in a way which realistically accounts
for the anfsotropic and nonparabolic valence
bands and which {8 in close agreement with ex-
periment (0=0). Both calculations are valid only
uvver a restricted range of impurity concentra-
tions. In this letter, we extend the range of
doping concentrations by including the effects
of hole-impurity and hole-hole scattering. We
also investigate the effects of residual ab-
sorption. .

The dominant absorption mechanism at room
temperature for light having a wavelength of
10.59 ym has been shown to be direct transitions
between the heavy-hole band and the light-hole
band{(7), Absorption due to this process is
saturable, and the decrease in the absorption co-
efficient with increasing intensity is approxi-
mately given by(2-4)

co(w)
O.D(I,w) - ——, (60

/1+I7Is(w)

where a_is the absorption coefficient at low in-
tensity due to direct free-hole transitions,

(I,w) 1s the absorption due to direct transi-
tions as a function of intensity, and Is(w) is
the saturation intensity.

The theory of the saturable absorption of
p-Ge previously presented by the authors in-
cludes only the carrier-phonosn scattering mecha-
nisa in determining the energy and phase relaxa-
tion of the hole carriera(5'g¥. We now present
a calculation of the ssturation behavior which
also allows for the interaction of the excited
holes with ionized impurities and with other
free holer. We consider only uncompensated
sampiry of p-Ge where the acceptors are all
shallow and ionized at room temperature condi-
tions.

The acattering rate for a8 hole with energy
€ by singly ionized impurities is given by

4 2
v Ll le Ln(1+82)-—§-7] . (2a)

I K2 E;;E3/Z 148

where

*
2K kT
B« —5 e (2v)
wNIe f

K is the dielectric constant, m* is the free-
carrier effective mass, k. is the Boltzmann cua-
stant, and N, is t?s)totaf concentration of
ionized 1upu%1CIes .

Following Ref. (9), the rate of hole-hole
scattering for a hole with energy ¢ is given by

2/7 Nheék
Yoh T T T (32)
kS e”' “/m*
"":“ ANV \
=1+ n (5 ¢ 5) . (3b)

The calculation of I_ at different im-
purity concentrations is performed using the
theory presented in Ref. (6), where the calcrwla-
tion of scattering rates is wodified to inclua._
hole~impurity and hole-hole scattiiagg in addi-
tion to carrier-phonon scattering . The in-
clusion of hole scattering by ionized iwmpurities
and other holes causes an increase in the scat-
tering rate of the free holes and introduces a
concentration dependence in the saturation in-
tensity. The result of increasing the scat-
tering rates is that higher intensities are
required to reduce the free-hole population in
the heavy-hole band at the resonant region,
since the excited holes can re-route at a faster
rate.

The calculated values of I_ as a function of
the impurity concentration are given in Fig. (1)
for 250, 300 and 350°K. We note that I_ is sub-
stantially independent of hole concentr§gions
for concentrations less than about 3x10 cn'3.
that is, in the region whe~e the hole-phonon
scattering mechanism is dewinant. fgr bgle con-
centrations greater than a'-«t 3x10""cm ~, the

saturation intensity begins to increase mono-
tonically with increasing hole concentrat'on due
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Figure 1. Calculated values of the saturation
intensity 1_ vs the hole concentration for p-Ge
with light ﬂaving a wavelength ot 10.59 um.
Values of I _vs N are shown for 250, 300 and
350°K. The’dashes line in the figure repre-
sents a calculation of 1_ assuming hole~impurity
and hole-hole scattering to be negligible com~
pared to hole-phonon scattering. The solid line
in the figure represents a calculation of 1
which includes hole-impurity, hole-hole, una hole-
phonon scattering mechanisms.

to the increased scattering rate of the free
holes participating in the optical interaction,
For_hole concentrations less than about 3.5x1013
cm”~, measured values of I at room temperature
have been found to be indeﬂendent of hole cog-
centrations (1) with a value of about 4 Mi/cm®,
(2-4) which 1s consistent with our calculation.

For a fixed impurity density, we find that
1_ increases with increasing temperature. This
ificrease is predominantly due to the increase in
the hole~pho?g2 ’cnttering rate at the higher
temperatures 6 . The fractional increase in
I_with increasing impurity density is smaller
fér the larger temperatures. The decrease in
the impurity concentration dependence at higher
temperatures occurs because the hole-impurity
and hole~hole scattering mechanisms become leas
important compared to hole-phonon scattering as
the temperature is increased.

Thus, depending on the intended application
of the saturable absorber, we predict that at a
fixed temperature one can control the saturation
characteristics by controlling the doping con~
centration. In addition, knowledge of the effect
of the doping concentration on the saturation in-
tensity is useful in interpreting independent
experimental results where the transmission ex-

periments are performed in samples of different
resistivities.

The effect of the residual absorption pro-
duces deviations of " /1)/a(I=0) from the form
given in Eq. (1). Thi: deviation may be signifi-
cant for I >> I_ owing to the decrease in the
direct intervalfnce band absorption compared to
the nonsaturable absorption. The important
residual (nonsaturable) absorption mechanisms
are lattice absorption and indirect free-hole
transitions. Measured values gf the lattice
absorgtion yield aP = 0.013 cm ° at room tempera-
ture(11), The absorption coefficient a,(w)
due to indirect free-hole transitions ié approxi-
mated by

o (wy =2 b “)

vhere w is the frequency of the light, n 1s the
refractive index, and 7 is the average scattering
time of the carriers determined by mobility data
(12). The intravalence band absorption crogg o
section estimated from Eq. (4) is about 10 " cm

The total absorption coefficient at 10.59
um can be written as:

st 5 -1
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a
a(l) = ap +a; + 2 ,
J1+I7I‘

vhere T has a calculated value °§ aboui 4 ?W/cnz
for a h8le concencration of 2x1019:m? (5-6),
The effect of a nonzero ap and e,

15 =3

illustrated in Fig. (2) for N = 2x10 "cm °,
wvhere values of a(I)/a(1=0) are plotted as a
function of intensity. Values of a(l)/a(l=0) 2
are shown for intensities ranging up to 1 GW/cm®,
which corresponds to the estimated optical da-ngf
threshold(3). For this value ?f N, a =1,20 em™?,
0r=0.02 en", and a_=0,013 cm™". ?he Calues of
u{l)/a(l-o) for ogn- a, = O are also shown for
comparison. The clu‘ion of residual absorp~
tion effects becomes important for I >> I_ and
produces significant deviations of a(1) /at1=0)

(5)

in Eq. (4) is

oty o 5
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from the form of Eq. (1). _A deviation has been
measured for I 2 200 MW/cp‘, which is consistent
with our predictions; however, other effects

may also be contributing to the deviation as dis-
cussed in Ref. (6).

In conclusion, we have calculated the satura-
tion intensity as s function of the doping con-
centration. We have presented the results of the
dependence of the residual absorption on the
calculation of the absorption coefficient and
found that the effect is important for intensities
greater than about 30 times Is'
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figure represents the calculated values assuming

no residual absorption. The dashed line in the
figure represents the calculated values assuming

a residual (non-saturable) absorption due to
lattice sbsorption and indirect free-hole transi-
tions. The upper curves show values of u(I)/g(l-O)
for intensities in the range of 1 -~ 100 MW/cm®,
and the lower curve, are for intensities ranging
from 100-1000 MW/cm‘.
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Absorption of high-intensity CO, laser light in p-type semiconductors with

small spin-orbit splittings
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We present the results of a theory describing the saturation behavior of p-type semiconductors,
such as Si, with small spin-orbit splittings by high intensity light with a wavelength near 10 um.
We consider absorption due to direct intervalence-band transitions between the heavy-hole and
light-hole, heavy-hole and split-off, and light-hole and split-off bands. The functional form for the
saturation of each transition is given and values for the saturation intensity as a function of photon

energy and temperature are reported.
PACS numbers: 78.50.Ge, 42.10.Ke

1. INTRODUCTION

In a previous publication’ we presented the results of a
theory describing the saturable absorption of several p-type
semiconductors for light having a wavelength in the 9-11
pm region, which corresponds to the CO, laser spectrum.
The dominant absorption mechanism is intervalence-band
transitions where a free-hole in the heavy-hole band absorbs
a photon and makes a direct transition to the light-hole
band. The absorption due to this mechanism has been shown
to be saturable in Ge*~* and GaAs.? Results of the theory
have been presented for most of the Group IV and I11-V
semiconductors for which the spin-orbit splitting was large
compared to the energy of the incident photon. However, for
materials such as Si, where the spin-orbit splitting is less than
the photon energy, one must generalize the theory to include
transitions from the heavy-hole to light-hole band, the
heavy-hole to split-off band, and the light-hole to split-off
band. In this paper, we consider the saturation properties of
Si and InP, GaP and AIP which also have small spin-orbit
splittings.

The absorption coefficient for these materials in the 9-
11 um region can be written as

a=a, +ah—-l+ah—os +al~n “)

where a,, is the residual absorption due to phonons, a,_,
(a,_., ) is the absorption coefficient due to direct heavy-hole
to light-hole (split-off) band transitions, and a,_, is the ab-
sorption coefficient due to direct light-hole to split-off band
transitions. The effect of lattice absorption depends on the
wavelength of the light and the temperature of the material.
Lattice absorption at 9.6 um requires the cooperation of at
least three phonons to conserve energy and is therefore
small. In Si, two-phonon absorption is energetically possible
for a wavelength of 10.6 um. The absorption of light by the
creation of phonons can be included in a straightforward
way, since this process is nonsaturable and just adds a residu-
al absorption term.® In this paper, we analyze the saturable
absorption due to the direct intervalence-band transitions.

The paper is organized in the following way: in Sec. I1
we describe the theoretical approach, in Sec. III we present
the results of the calculation, and in Sec. IV we summarize
our conclusions.
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fi. THEORETICAL APPROACH

In previous work we have given an expression to deter-
mine the decrease in the absorption coefficient with increas-
ing intensity when only the heavy-hole and light-hole bands
were involved in the optical transition.'”® Analogous ex-
pressions can be written for direct transitions between the
heavy-hole and split-off bands and between the light-hole
and split-off bands. In order to numericalily integrate the
expressions for a,__,.a,_., and a,_,, we must calculate the
steady-state distribution functions in each band as a function
of intensity for each wave vector k. If we assume that the
three direct optical transitions are uncoupled, then the ab-
sorption due to each resonant transition can be independent-
ly analyzed. That is, we can determine the saturation charac-
teristics for a,_,.@,_,, and a,_,, independently using the
theory previously presented. Here, we assume that the modi-
fication in the distribution function of free holes due to one
particular resonant transition between two valence bands in
k space does not strongly affect the distribution of free holes
in the resonant regions for the other transitions. This as-
sumption is made in order to limit the numerical expense
involved in the calculation of the distribution functions for
cach band; however, a more exact calculation can be per-
formed provided new experimental evidence becomes avail-
able to justify the additional complexity in the calculation.
We present the calculation to qualitatively characterize the
saturation behavior of these materials and determine if the
saturation properties are of sufficient interest to warrant ad-
ditional experimental investigation.

In Ref. 8 we find that a,_, is given by

4’ N.e’(l)

a
(€.)"?mwc 34

Q.

2r
y U ds  Ipu&[rsk) ~ fitk)] )
naw=~o [V 2Kkl [V +1/6,0]"7 ‘

2
where
3ﬁ2d€ 'Ilzmle
k)= - B
= Trw s Te ey Y
2
—_— R . ) 3b
T ) ;( rha + Rpya) (3b)
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Tn ) ;(Rn-.a ) (3¢)
and
1
T ;(Rn.-.‘« ) (3d)

Here, R, _.,, is the rate at which a hole in band a with wave
vector K is scattered into a state in band b with wave vector
k', I is the intensity of the light, N, is the density of holes, the
subscripts A (/) designate the heavy- (light-) hole band, m is
the free-electron mass, fiw is the photon energy, €_ is the
high-frequency dielectric constant, |p,, (k)|? is the squared
momentum matrix element between the Bloch states in the
heavy- and light-hole bands (summed over the two degener-
ate states in each band), £2,,(k) is the angular frequency asso-
ciated with the energy difference (¢, (k)e, (k)), where €,(k) is
the energy of the hole with wave vector k in band i, and /#(k)
is the probability that a hole state with wave vector k is occu-
pied in band / in thermal equilibrium. The integral in Eq. (2)
is calculated over a surface of constant £2,,(k). Analogous
expressions are written fora,__, and o, _,. The method used
for determining the momentum matrix elements |p,, (k}|?,
IPas ()%, and {p,, (k)|? is described by Kane.® The one-hole
energies are determined by degenerate k-p perturbation
theory.®

We consider hole densities such that hole-phonon scat-
tering is the dominant scattering mechanism. If we assume
that the mobility data can be explained by acoustic and non-
polar optical phonon scattering, then the valence-band de-
formation potential parameters can be chosen so that the
temperature dependence of the mobility agrees with the ex-

TABLE 1. Parameters used in determining the valence-band deformation
potential parameters. The hole mobility is given at room temperature in
units of cm’/V sec. Values of § are given in units of eV? cm sec’/gm.

Cyclotron 4 4
Material 4 m2/m, m?/m, @ resonance (mev}  (x107'Y
parameters
Si 480" 0.53° 0.16* 730" Ref 13 44.0° in
InP  134° 035" 0.089 4985° Ref. 13 130.0° 252
GaP 150° 0.79° 014" S8 Ref 13 20.0° 3.59
AP 450 063° 0.20° TI Ref.13 50.0° 253
*Reference 12.
*Reference 13.
‘Reference 14.
“Reference 15.
‘Reference 16.
Reference 17.
SReference 18.
*Reference 19.
‘Reference 20.

perimental results. Using the results of Ref. (10), we write the
mobility u as

23/2 nlze#{,_.,,;/z [(m:)sn ]-n
Syt 7 )lm,) ¢

J
- xe " *dx
SéaT) L 1+ im0 /TR —

Here, m2{m?) is the effective heavy-hole (light-hole) mass, p
is the material density, i is the average speed of sound, k, 8is
the energy of the zone-center longitudinal optical phonon,
and E_ (E,_,) is the deformation potential for the acoustic

(nonpohropncal)mode The values of £ for the materials

considered are given in Tabie 1. The values are obtained by
assuming = 4 and fitting the magnitude of the mobility at
room temperature.'® Given the values for the deformation
potential parameters, we can write expressions for the scat-
tering rates for acoustical and nonpolar optical phonon scat-
tering following Conwell.'" For the case of lightly doped

material near room-temperature, ionized impurity scatter-
ing and hole-hole scattering can be neglected.® For heavier
doped material, the effect of these scattering mechanisms

can be included in analogy with the results of Ref. 6.

til. RESULTS AND DISCUSSION

We numerically integrate the expressions for a, .,
a,...anda, ,,,and find that the intensity dependence of the
absorption due to each direct transition can be fit to high
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”— I“ + o/xr)llz +¢'/T(l

_ X .‘»‘(0,7).7‘)7"”z 4
where
r=my/m?, {5a)
0 ={Ep/E. Y\ {5b)
&=E2 /i), (5¢)
and
. (5d)
—0/xT)/?
{
accuracy by the functional form
all) = ——2t (6

(1 +2/0), 17
where a,, is the low-intensity absorption coefficient and (/, ),
is the saturation intensity of the /** intervalence-band transi-
tion. Values of (1,),,, (1,),. and (1,), at A = 9.6 um and
T = 295 are given in Table II for the materials considered.

Most measurements of the saturable absorption in p-
type semiconductors are interpreted in terms of an inhomo-
geneously broadened two-level model in which the reduc-
tion in the absorption coefficient is given by

)

= wrn

where a, is the low-intensity absorption coefficient. The ab-
sorption coefficient from the sum of the three intervalence-
band processes can be reasonably well approximated by this
form for intensities in the range in which most saturable
absorption experiments have been performed (7 5 100
MW/cm?). For intensities low enough that the square roots
in Eqs. (6} and (7) can be power series expanded, one bas
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TABLE I1. Parameters describing the saturation characteristics for heavy-
bole to light-bole band transitious, heavy-hole to split-off band transitions,
and light-hole to split-off band transitions for T, = 295 K and E, = 129.8
meV. Values of the saturation intensity are given owing to the cumulative
effect of all three direct intervalence-band transitions. Also included are the

TABLE I11. Values of a,, /a, for transitions between the heavy- and light-
hole bands, the heavy-hole and split-off bands, and the light-hole and split-
off bands. All values are given for a photon energy of 129.8 meV (4 = 9.6
4m) and room-temperature conditions.

first derivatives of the saturation intensity with respect to photon energy . (Xl (Golnrs @gli,
and temperature. All intensities are given in units of MW /cm?. Material pu 2 PN
0
) al, al, w1 ;

Mueriad 0 L U L3 (L) () S 037 039 024

OE 1e.\cm? meV/ 9T ir\em* ‘K InP* 0.39 0.61

GaP 0.14 0.58 0.28

Si 301 127 16] 175 33 1.7 AIP 0.71 0.19 0.10
InP* 45 97 159 8 1.0
GaP 1900 161 332 229 09 2.3 . iviam ¢ Pi tically allowed for this photon
AP 104 190 218 122 31 10 *The h—es transition in InP is not energetically a p

“The h—s transition in InP is not energetically allowed for this photon
energy.

1 1. a,
—_—=_Vy-2 8
I-I Qo ‘Il)j ( )

The values of a,,/a, for each of the three resonant transi-
tions are listed in Table III. We have taken /, to fit the result
for the sum of the three processes for intensities up to 100
MW /cm?, We find the saturation intensity to have a smooth
behavior near room temperature and A = 9.6 um

(Eo = 129.8 meV). This allows one to describe the saturation
near room temperature and near E, by giving the values of ,
(at £ = 129.8 meV and T'=295 K) and the slopes

0l,/3E|g, and 81,/3T\z, . The values of J,, 31,/3E|g, , and
al,/3T\r, are given in Table I1.

Values of the saturation intensities in the materials with
small spin-orbit splittings are generally larger than the val-
ues in materials with larger spin-orbit splittings such as Ge
and GaAs. This difference is primarily due to the relatively
slow splitting between the valence bands with increasing |k |.
As a result, the resonant optical transitions occur at larger
values of |k |. As discussed in Ref. 1, this leads to larger scat-
tering rates for the states involved in the transitions and thus
large values for the saturation intensity. The deformation
potentials and the values of the optical matrix elements also
play an important role in determining the value of the satura-
tion intensity.

There has been one experimental atiempt to observe
saturable absorption in Si’. In this experiment only a small
degree of saturation was observed and a lower limit of 50
MW /cm? was set for the saturation intensity.

IV. CONCLUSIONS

The calculated values for the saturation intensity indi-
cate that Si, InP, GaP, and AiP are more difficult to saturate
than several other p-type semiconductors.’ Thus it seems
likely that these materials will not be as useful in the applica-
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tions of saturable absorbers to CO, laser systems as other p-
type semiconductors such as Ge. In addition the residual
(nonsaturable) absorption is larger for the materials consid-
ered in this paper owing to their larger longitudinal optical-
phonon energy, which is undesirabie.
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We present the results of a theory describing the saturation behavior of p-type semiconductors,
such as Si, with small spin-orbit splittings by high intensity light with a wavelength near 10 um.
We consider absorption due to direct intervalence-band transitions between the heavy-hole and
light-hole, heavy-hole and split-off, anu light-hole and split-off bands. The functional form for the
saturation of each transition is given and values for the saturation intensity as a function of photon

energy and temperature are reported.
PACS numbers: 78.50.Ge, 42.10.Ke

(. INTRODUCTION

In a previous publication’ we presented the results of a
theory describing the saturable absorption of several p-type
semiconductors for light having a wavelength in the 9~11
pm region, which corresponds to the CO, laser spectrum.
The dominant absorption mechanism is intervalence-band
transitions where a free-hole in the heavy-hole band absorbs
a photon and makes a direct transition to the light-hole
band. The absorption due to this mechanism has been shown
10 be saturable in Ge*~* and GaAs.? Results of the theory
have been presented for most of the Group 1V and II1-V
semiconductors for which the spin-orbit splitting was large
compared to the energy of the incident photon. However, for
materials such as Si, where the spin-orbit splitting is less than
the photon energy, one must generalize the theory toinclude
transitions from the heavy-hole to light-hole band, the
heavy-hole to split-off band, and the light-hole to split-off
band. In this paper, we consider the saturation properties of
Si and InP, GaP and AIP which also have small spin-orbit
splittings.

The absorption coefficient for these materials in the 9
11 gm region can be written as

aga’ +ah—ol +ah-os +al-ql (”

where a, is the residual absorption due to phonons, a,_,
{a,_.,) is the absorption coefficient due to direct heavy-hole
to light-hole (split-off) band transitions, and a,_, is the ab-
sorption coeflicient due to direct light-hole to split-off band
transitions. The effect of lattice absorption depends on the
wavelength of the light and the temperature of the material.
Lattice absorption at 9.6 um requires the cooperation of at
least three phonons to conserve energy and is therefore
small. In Si, two-phonon absorption is energetically possible
for a wavelength of 10.6 um. The absorption of light by the
creation of phonons can be included in a straightforward
way, since this process is nonssturable and just adds a residu-
al absorption tern-.® In this paper, we analyze the saturable
absorption due 10 the direct intervalence-band transitions.

The paper is organized in the following way: in Sec. 11
we describe the theoretical approach, in Sec. 111 we present
the results of the calculation, and in Sec. IV we summarize
our conclusions.

4238 J. Appl. Phys. S2(6). Juns 1981

0021-8076/81/084238-03801.10

il. THEORETICAL APPROACH

In previous work we have given an expression to deter-
mine the decrease in the absorption coefficient with increas-
ing intensity when only the heavy-hole and light-hole bands
were involved in the optical transition.!-”* Analogous ex-
pressions can be written for direct transitions between the
heavy-hole and split-off bands and between the light-hole
and split-off bands. In order to numerically integrate the
expressions for a,__,.a,_., and a,_,, we must calculate the
steady-state distribution functions in each band as a function
of intensity for each wave vector k. If we assume that the
three direct optical transitions are uncoupled, then the ab-
sorption due to each resonant transition can be independent-
Iy anafyzed. That is, we can determine the saturation charac-
teristics for a,_,,,@,__,, and a,_, independently using the
theory previously presented. Here, we assume that the modi-
fication in the distribution function of free holes due 10 one
particular resonant transition between two valence bands in
k space does not strongly affect the distribution of free holes
in the resonant regions for the other transitions. This as-
sumption is made in order to limit the numerical expense
involved in the calculation of the distribution functions for
each band; however, a more exact calculation can be per-
formed provided new experimental evidence becomes avail-
able to justify the additional complexity in the calculation.
We present the calculation to qualitatively characterize the
saturation behavior of these materials and determine if the
saturation properties are of sufficient interest to warrant ad-
ditional experimental investigation.

In Ref. 8 we find that @, __, is given by

€. )“fm’ax Ag;: (-L)‘

Ay =

2

XU ds ID.:(kll’Vf.(kl —fﬂk'] )
nmi=o 192,00 [V + 178,007 )

(2)
where
Wcie_ ) *mie?
kj = = , 3a)
éulld [T.00 + Elk)]Taflk)he’lnu'k)l’ e
2
';.‘M_‘k"' = ;(th—d' +Rya ) {3b)

©® 1981 American instituts of Physics 4238

eSO it~ 15k i o i




T.(k) g( Ahck )r (3¢c)

and

Here, R, ., is the rate at which a hole in band a with wave
' wvector k is scattered into a state in band b with wave vector
k', I'is the intensity of the light, N, is the density of holes, the
subscripts 4 (/) designate the heavy- (light-) hole band, m is
the free-electron mass, A is the photon energy, €_ is the
high-frequency dielectric constant, |p,,(k}|? is the squared
momentum matrix element between the Bloch states in the
heavy- and light-hole bands (summed over the two degener-
ate states in each band), £2,,(k) is the angular frequency asso-
ciated with the energy difference (¢, (kje,(k)}, where ¢, (k) is
the energy of the hole with wave vector k in band /, and f{(k}
is the probability that a hole state with wave vector k is occu-
pied in band i in thermal equilibrium. The integral in Eq. (2)
is calculated over a surface of constant £2,,(k). Analogous
expressions are written for a,_, and a, .. The method used
for determining the momentum matrix elements |p,,(k)(>,
{Pus ()|, and {p,, (k)| is described by Kane.® The one-hole
energies are determined by degenerate kep perturbation
theory.®

We consider hole densities such that hole-phonon scat-
tering is the dominant scattering mechanism. If we assume
that the mobility data can be explained by acoustic and non-
polar optical phonon scattering, then the valence-band de-
formation potential parameters can be chosen so that the
temperature dependence of the mobility agrees with the ex-

J

xe ~ *dx

TABLE 1. Parameters used in determining the valence-band 4. ormation
potentisl parameters. The hole mobility is given at room temperature in
units of cm?/V sec. Values of £ are given in units of eV? cm sec’/gm.

Cyclotron a4 4
Material 4 m2/m, m?/m, 6 resonance (meV) (x10°'"
parameters
Si 480° 0.53* 0.16° 730° Ref 13 “o 3
InP 154" 085" 0.089" 498° Ref 13 130.0° 2.52
GaP 150* 0.79° 0.14° 582 Ref 13 80.0 3.59
AIP 450 0.63° 020° 719 Ref. 13 50.0" 253
*Reference 12.
*Reference 13.
‘Reference 14.
“Reference 15.
“Reference 16.
Reference 17.
SReference 18.
"Reference 19.
‘Reference 20.

perimental results. Using the results of Ref. (10), we write the
mobility u as

2wt (e 20 (mEY7]

= 3mik 3’ \]+ 372 ";0'

ﬂMﬂgilﬂWme.

Here, m$(m?) is the effective heavy-hole (light-hole) mass, p
is the material density, i is the average speed of sound, k, 6 is
the energy of the zone-center longitudinal optical phonon,
snd E_ (E,, ) is the deformation potential for the acoustic
{nonpolar optical) mode. The values of £ for the materials
considered are given in Table 1. The values are obtained by
assuming 7 = 4 and fitting the magnitude of the mobility at
room temperature.'® Given the values for the deformation
potential parameters, we can write expressions for the scat-
tering rates for acoustical and nonpolar optical phonon scat-
tering following Conwell.'" For the case of lightly doped
material near room-temperature, ionized impurity scatter-
ing and hole-hole scattering can be neglected.® For heavier
doped material, the effect of these scattering mechanisms
can be included in analogy with the results of Ref. 6.

#il. RESULTS AND DISCUSSION

We numerically integrate the expressions for a,, ;.
a,_...and a,_,, and find that the intensity dependence of the
absorption due to each direct transition can be fit to high
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-1+ 0/xT)M? +&2T(1 — 8/xT)M?

X S{@n,T)T %3, 4)
where
r=ms/m?, (Sa)
= (E,/E. Y, (5b)
5 EL /i), {5¢)
and
(5dj
!
accuracy by the functional form
Qo
allj= (6)

[+ 14207
where a,, is the low-intensity absorption coefficient and ({, ),
is the saturation intensity of the ** intervalence-band transi-
tion. Values du:)hh (ll)h' and u.’. A= 9-6”"\ and
T = 295 are given in Table 11 for the materials considered.

Most measurements of the saturabie sbsorption in p-
type semiconductors are interpreted in terms of an inhomo-
geneously broadened two-level model in which the reduc-
tion in the absorption coefficient is given by

-
all) (0 +1/1)V% a

where a, is the low-intensity absorption coefficient. The ab-
sorption coeficient from the sum of the three intervalence-
band processes can be reasonably well approximated by this
form for intensities in the range in which most saturable
abeorption experiments have been performed (/% 100

MW /cm?). For intensities low enough that the square roots
in Egs. (6) and (7) can be power series expanded, one has
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TABLE 11. Parameters describing the saturation characteristics for heavy-
bole 10 light-hole band transitions, heavy-hole to split-off band transitions,
and light-hole to split-off band transitioas for 7, = 295 K and E, = 129.8
meV. Values of the saturation intensity are given owing to the cumaulative
effect of all three direct intervalence-band transitions. Also included are the

TABLE IIl. Values of a,,/a, for transitions between the hesvy- and hight-
hole bands, the heavy-hole and split-off bands, and the light-hole and spis-
off bands. All values are given for a photon energy of 129.8 meV (4 = 9.6
#m| and room-temperature conditions.

first derivatives of the saturation intensity with respect to photon energy . (@ols s @ola—, agh -,
and temperature. All intensities are given in units of MW/cm?. Material . P po
. al MW 1\ d MW | ; 0.39 0.24
Material (Il ) WU)s 1 2t (._ __.) o (__ _) Si 0.37 . .
(L L) W)a JE e \em? meV/ T |x \em® K InP* 0.39 L 0.61
GaP 0.14 0.58 0.28
Si 3ol 127 161 175 33 1.7 AlP 0.7 0.19 0.10
InP* 745 97 159 8 1.0
GaP 1900 161 n 229 0.9 23 . ition in InP is not energetically allowed for this photon
AIP 104 190 215 122 Iy Lo *The h—s transition in InP is energetically

“The A—s transition in InP is not energetically allowed for this photon
energy.

1 |l « Qo
—_=V 8
I.l Qy'j (]:)1 ( )
The values of a,,/a, for each of the three resonant transi-
tions are listed in Table II1. We have taken 7, to fit the result
for the sum of the three processes for intensities up to 100
MW/cm?. We find the saturation intensity to have a smooth
behavior near room temperature and 4 = 9.6 um
(Eo = 129.8 meV). This allows one to describe the saturation
near room temperature and near E, by giving the values of ,
(at £y = 129.8 meV and T=295 K) and the slopes
8/,/3E|g, and 3/,/3T17, . The values of ,, 81,/3E]g, , and
a/,/3T\r, are given in Table IL.

Values of the saturation intensities in the materials with
small spin-orbit splittings are generally larger than the val-
oes in materials with larger spin-orbit splittings such as Ge
and GaAs. This difference is primarily due to the relatively
slow splitting between the valence bands with increasing |k |.
As a result, the resonant optical transitions occur at larger
values of |k |. As discussed in Ref. 1, this leads to larger scat-
tering rates for the states involved in the trantitions and thus
large values for the saturation intensity. The deformation
potentials and the values of the optical matrix elements also
play an important role in determining the value of the satura-
tion intensity.

There has been one experimental attempt to observe
saturable absorption in Si°. In this experiment only & small
degree of saturation was observed and a lower limit of 50
MW/cm® was set for the saturation intensity.

V. CONCLUSIONS

The calculated values for the saturation intensity indi-
cate that Si, InP, GaP, and AIP are more difficult to saturate
than several other p-type semiconductors.' Thus it seems
likely that these materials will not be as useful in the applica-
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tions of saturable absorbers to CO, laser systems as other p-
type semiconductors such as Ge. In addition the residual
{nonsaturable) absorption is larger for the materials consid-
ered in this paper owing to their larger longitudinal optical-
phonon energy, which is undesirable.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the
Air Force Office of Scientific Research under Grant No.
AFOSR-77-3216. One of us (D.L.S) acknowledges support
from the Alfred P. Sloan Foundation.

'R. B. James and D. L. Smith, J. Appl. Phys. 51, 2836 (1980).

?A.F. Gibson, C. A. Rosito, C. A. Raffo, and M. F. Kimmitt, Appl. Phys.
Lett. 21, 356 (1972).

3C. R. Phipps, Jr. and S. J. Thomas, Opt. Lett. 1, 93 (197,

“R. L. Carlson, M. D. Montgomery, J. S. Ladish, and C. M. Lockhart,
IEEE J. Quantum Electron. 13, 35 (1977).

SF. Keilmann, IEEE J. Quantum Electron. 12, 592 (1976).

*R. B. James and D. L. Smith, Solid State Commun. 33, 395 (1980).

'R. B. James and D). L. Smith, Phys. Rev. Lett. 42, 1495 (1979).

*R. B. James and D. L. Smith, Phys. Rev. B 21, 3502 (1980).

*E. 0. Kane, J. Phys. Chem. Solids 1, 82 (1956).

19}, D. Wiley and M. DiDomenico, Jr., Phys. Rev. B 2, 427 (1970).

"'E. M. Conwell, J. Phys. Chem. Solids 8, 236 (1959).

125 1. Pankove, Optical Processes in Semiconductors (Dover, New York,
1971), Appendix 1.

5p. Lawaetz, Phys. Rev. B 4, 3460 (1971),

“W. Richter, Springer Tracts in Modern Physics 78, Solid-State Physics.
edited by G. Hohler (Springer-Veriag, Berlin, 1976), p. 174.

'35, Zwerdling, K. J. Button, B. Lax, and L. M. Roth, Phys. Rev. 118, 975
(1960).

'*M. Glicksman and K. Weiser, J. Phys. Chem. Solids 10, 337 (1959).

"M. Cardona, K. L. Shaklee, and F. H. Pollack, Phys. Rev. 184, 696 (1967;

R.J. Cherry and J. W. Allen, J. Phys. Chem. Solids 23, 163 (1962).

"P. ). Dean, G. Kamimaky, and R. B. Zettersirom, J. Appl. Phys. 38, 3551
{1967).

2J. D. Wiley, Semiconductors and Semimesals, edited by R. K. Willardson
and A. C. Beer (Academic, New York, 1973, p. 141.

R. 8. James end D. L Smith 4240

: BRI Ll 5 o D1 it nin Y




e\'Solid State Communications, Vol.37, pp.379-3B).

PUBLICATION #13 -

Pergamon Press Ltd. 1981. Printed in Great Britain.
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We present a theory to describe tne enhanced transmission of a weak
tunable probe laser with a wavelengtt near 2 wr in the presence of a high-
intensity saturating beam with a wavelengty near 10 um. The mechaniszc
responsible for the increased transmission is the depletion of holes in
the heavy-hoie band by the saturating beam.

At room temperature, the absorption spectrum
of p-Ge in the wavelength region of 2-25 um is
determ%p?d by direct intervalence-band transi-
tions '4/, For light with a wavelengtt between
S5 and 25 um, the dominant transition occurs be-
tween the heavy- and light-hole bands, for wave-
lengths between 4 and S um the dominant transi-
tion occurs between the light- and split-off
hole bands; and for wavelengths between 2 and 4
um the dominant transition occurs between the
heavy- and split-off hole bands. For sufficient.
1y high intensities, the heavy- to light-hole
transitions have been shown to saturate due to &
depletion of the population of holes in the resonant
region of the heavy~hole band '2=%), wWith a
high-intensity pump laser saturating the heavy-
to light-hole dband transition, the transmission
of a lov intensity probe resonant betwveen the
heavy- and split-off hole bands is altered. If
the wavelength of the pump laser is fixed and the
wvavelength of the probe is tuned, there is a
spectral region for the probe in which the two
optical transitions are coupled due to their
sharing of common initial states in the heavy-
hole band. These features have been experimental-
ly observed in p-Ge by Keilmann and Kuhl (6), 1n
this experiment, the wavelength of the pump laser
was fixed at 9.6 um and the probe was tuned in
vavelength near 3 um. In this communication, ve
present a theory describing the enhanced trans-
mission of the 3 um probe in the presence of the
10 1w pump in p-Ge.

We consider single quantum transitions be-
tveen the heavy- and light-hole bands due to the
pump laser and between the heavy- and split-off
hole bands due to the probe. The absorption co-
efficient of the probe is given by

2
2 e
Ly lh 2
= 1l (k)= (x)]|P, _(X}]
JEI2U2C 3 X h ~ s ~ ~hs .

G(I.wz) =
1/(nn] Tz(g))h.)

5 > )
[, (0)-w, 1"+ [1/1,(0) ],

vhere the subscripts h(s) designate the hesvy-

(split-off) hole band, N is the density of holes,
I is the intemsity of thd pump, %w, is the photon
energy of the prodbe beam, € is the dielectric con-

kYL ]

———

stant,f (k) is the probability that e hole state
with waYebector k is occupied in band i, & (k)

is the angular frequency associsted with thé energy
difference fe (k) - € (k)] where €,(k) is the
one-hole energy for a siate with v&vévector k

in band i, and |P,_(k)}|° is the squared momentum
matrix element bebEedn the Blocr states ir the
heavy- and split-off hole bands {summed over the
two degenerate states in each band). Here,

[T2(§) s is defined by

2 )
G A (Rogecit * ngocg'] : ‘2

e -~ £

where Rayspy' is the rate at which & hole ir band
a vith wavevector k is scattered into a state in
band b with wavevector k'.

The dependence of the absorption coeffi-
cient on the intensity of the pump laser occurs
through the distribution function in the heavy-
hole band, f (k). We consider the case ir which
the prodbe is of sufficiently low intensity that
it cannot saturate the transition (7). Thus we
take the distribution in the split-off hole band
to be given by the equilibrium value. We calcu-
late the distribution function for the heavy-hole
band as a function of the intensity of the pumr
in the manner of Ref. (8).

The valence band structure of Ge hac been
calculated by several investigators to various
degrees of accuracy 9-11), The more 91.31 of
these calculations is given by Fawcett 9 where
the interactions betveen the valence band and
the two neighboring conduction bands are treated
exactly rather than by perturbation methods. The
result of the calculation indicates that for
small k the heavy- and light-hole bands can be
sdequately deufrl?ed by & simpler calculation
given by Kane (10} and that the split-off band
is better approximated by s fingler calculation
given by Dresselhaus, et al 119 e calculste
the dispersion curves for the heavy- and light-
hole bands and the momentum matrix elements
folloving Kane (10} The aispersior curve for
the split-off band vas taken to be

e (x) = ~A-A12-Di“[s1n“0 cor’e sir‘e

+ sin8 cos?ej . (3)
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trs spirecrrae eplivries oUE palc,

A 13 s Tyc.ctyar re:strarce paramerar, fognd ¢
are the po.ar ana azimu®na. ang.es rejavtive tC
a [ ot ] axis', respective.yv, and . is determinex
by fitting te tne results of Ref. (G ‘18, Tre
ar.sular dependence of the k° terr ir Eg. '3 &
sugFgested Dy symrerry. Tre value of T used was
Sx.0% mev.,®. For tne sma.l Kk regicr. cf in-
terest, tre fit of E3. t3) tc tne results ¢f Ferl.
(9. is very good. <{f eccurse, tnis result cannct
be extended to large va.ues ¢ K. The cyc}*"cr
resonance parameters cf Hense: ard Suzuki '-3
were uysed.

For room temperature conditions, the dominant
scattering mecharism is pnener scaltering for
no.e concertrations less trar about 3Ixid:Sem=3
For lerger concertrations, one shouw. 3 alsp inc.uds
tre effect of hois-impurity and ho.e-nole scat-
terirg. Here we consider twsc cases; the iow 2or-
centraticn case ang the case of a hole concen-
tration of 1.3xi01%m=3 (wnicn cerrespende to tre
experimental corditions in Ref. {é)). The thoncr
scattering rates are treated as ir Ref. (8) ard
hecle-impurity and hoie-hole scatterjng are treated
as in Ref. 1L},

The calculated velues for the absorption co-
efficient of the probe as a functicrn of the pnortor
energy of the probe are presented in Fig. (1) for
a pump wavelength of 9.6 um. ALl values cof the
absorptior coefficient at & giver phcton eneray
are giver relative to the small-signal absorptior
a (..} at that energy. To indicate the depen-
déncé of the absorrtion of the prohe or the intera
sity of the pump, we plot a({I)/o_ for I=20, &N,
bC, and 80 MW/em€. We note that the transmis-
sior of the prote is further enhanced as tne
rump intensity is increased due tc the further
derletior. of the hole distributior irn the
resonant region 0f the heavy-hole band. We slsc
note that for 8 given intensity and prote energy.
vaiues of a’‘a_ are larger for more heavily doped
samples. Trig occurs because ar increase in the
hcle concentrstion increases the nole-impurity
and hele-hoie scattering rates. Thus higner in-
tensities are required to deplete tne heavy-
hcle band popuiation in the more heaviiy doped
material.

Tne gquantity that is presented bty the authors
of Rer. (6] i=

mom

G@/a_ = tr T/tn T (L)
<] o ’

where T {s the transmiseion with the pump and T
i& the transmission without the pump. Recause
the intencrities of the pump and prohe bheams change
ir space or a scale which is long compared with
the vavelengths of the beams and the carrier
mean free paths, this ratio can be written as

[3
- J alI(p,2))dz
n(o) e’ dzo

c—l/uo'Sn

2
J Im(") a%p

- (5)
(—ool)

Here z is the direction of propagation of the

probe, o is the axial dimension of the probe,
{p) is the incident intensity of the probe

-35 2 is the sample length. The guantity which

[}
. y v : . . !
PROBE ABSORPTION vS PHOTON ENERGY IN B- Ge!
LOOF Mn & 3 10%em® A s 96um T 1300 _{ .
Vol ZOMW/cm
o 8k ~—40MW/cm?
g . —60MW/em?
—_ , 2
=06 80MW/cm
o

(o]
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T i 1 i "
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Lt — 0

T T T - T v T Y

all)/a

— T

)
0. 0 — A 1 . s
360 400 440 480

PHOTON ENERGY (meV}

Fizure i. Calculated spectral reeponse for thne
absorptior of a veak tunatie prote ir the pre-
senc+ Of & saturating pump laser with 8 wave-
iengtr ¢f v.6 up ir p=Ge 8t roor temperacure
Curves ar+ showr for pump intensities of -, &7,
6" and 80 MW/em®. The top figure iilustrates
<he probe absorgtion for hole concertrationc syc:
that hole-hcie and hole-impurity scattering car
be neglected compar<d with bhnle-phoror scattering
The bottom figur= jllustrates the prore gbsory-
tior for a hole concentration of 1. 3x,0-"en™ .

we calculate is a{l) (normaiized to a_ which ir
separately calculated). If the experimental
geometry was accurately knowr,, it would be
straightforward to perform the spatial integralc
and meke a direct comparison with the experiment
but the experimental conditions were no: accurately
enough defined to meske this practical. However,
the calculated values of a{l)/a_ account for the
main gqualitative features of thé experimental
results.

The experiments of Ref. (6) were done at room
temperature with a pump lager at A = 9.€ um and
a sample with B = 1.3x101%m~ The intensity
of the pump llsgr was estimated by the authors
of Ref. (6) to vary between 80 MW/cm“ and 7 MW/cm
as the beam passed through the absorbing sample.
The pump was focused to & Gaussian spot size of
2w = 0.7 mm. The probe entered the sample from
the opposite surface and was characterized by an
elliptical cross section with 2v = 1.6 mm in the
plane of incidence and 0.4 mm perpendicular to
it. In sddition the pump and probe beams were

. .
PV O N P
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not colinear. Thus much of the probe was outride
cf the pumped region. Ideally one would like tc
have the spot size of the probe to be considerariy
less thar the spot size of the pump. Under these
experimental conditions, a dip in a/a_ was ot~
served. The dip was centered at a probte energy
of 417 meV, the minimum valuye of a./o.o was (. E.

and the FWHM of the dir was about 13. meV.

The calculated values of o{l!/, predict tne
location of the saturation dif centeF to te at
L10 meV, in close agreement with the experimental
measurement of 417 meV. The locatiorn of the dij
can be shifted to higher .lower) probe energies
by adjusting the pump to higher “lower! photor
energies. Tris allovds a means i tune the maxi-
mum transmission of the probe by ccntrolling tne
wavelength of the pump laser. It has beer pre-
viously noted that the band structure results
of Ref. }9) could account for the positior of
the dip

Comparing the megnitude of the calculates
dip in a/0_ with the experimental results, we
see that the calculated values of tne dir are
larger than was measured. Thnis is to be expected
because, ac we have previously noted, much ¢f
the probe passed through unpumped regions of
the sample in the experiment.

The calculated value cf the FWHM of the
dip in a/a_ varies from about 70 to 110 meV for
intensitief in the 20-8C MW/cm? range. The line-
shape is non-lorentzian (there is an inner dip
in the curve) owing to the convolution of the
Lorentzian lineshape of the probe with the hole
distribution function in the heavy-hole band.

The experimental results indicate a somewhat
troader FWHM of about 130 meV. The experimental
lineshape is approximately lorentzian. Some of
the discrepancy could be understood if the pre-
sence of the calculated inner dir war not experi-
mentally ?bssrved owing to the broad frequency
settings 16) of the probe used in measuring
a’a_.

© In Ref. (6), it was suggested that a homo-
geneous linewidth of about 80 meV for the heavy
tc split-off band transitions is required tc ac-
count for the measured width of the dip in a/a_.
This large width requires a hole lifetime in
the split-off band of about 0.00€ psec. We
believe that this is an w."hysically small value
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for tne lifetime arn: it ic incerciident rnogl-
mos: ap grder °f magrituge witr

mat es a Tneoretica,iy. we Tinc B Ve uf
about (.0€ psec. ) Irn our cAICu.A®ion: The w.ite
of tne dir ir a’a_ results prima
structure effects’ Because cT a
band structure, tne energy OF the initlia.
hole state rasonant with tr+ pum: .afer var.:
witr. tne directior ir K-space fror atc.t [ to
6G meV. Tne enmergy of the iritia. neswv:
state resonart with the rrote laser a.sc var:er
with directior ir k-space. A: 8 resultl, e

value of the prob- freguency f~r wricr the cams
neavyv-hole staters are rescrant with pots crtica.
transitions wiil change witr the partici.er
directior ir k-spacts. Thus arisciropy Droajzens

the diy ir. a/a_ compared witr tie res..T one wWo..:
find in @ spnegical model fcr the bara siructiire.
Ir addition, the distributior. ¢f nc.es not

directly depleted by the pump larer carn hg dep.etec:

L FTEVILLS &0t -

nAEV. -

by scattering intc the dejlieted regicns

Alsc the curvature of the split-cff hele rand is
greater than that of the neavy-nc.ie bani wricn
further broadens the dir

For semiconductars witr the diamcné or
zinctlende crystal =tructure, the va.ence rard
is similar to that of Ge and enhancec trans-
missiorn of a probe in the presence cof & saiura-
ting pump should be observable in these material:
as vell. Such measurements could provide usefu.
information or the valence band structure for
materials in which the cycliotron rescnance para-
meters are not as well knowr ar those for Je.

In conclusion, we have prresented a theory
descriting the enhanced transmissiorn ¢f & prote
due to the presence of a saturating pumr-
Detajled calculations for p-Ge with a pump laser
vavelength of Q.6 umr and probe energies hetweer
350 and 500 meV have beer shown. The results of
the calculation are qualitatively consistent with
existing experimental measurements, nowever, mcre
experimental informatior is required for a detal.ec
quantitative comparison.
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Theoretical description of intervalence-band photoconductivity of p-Ge at 10.6 um
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The absorption of CO, laser radiation alters the distribution of free holes in p-Ge due to optical transitions between
the heavy- and light-hole bands. The modification of the hole distribution function leads to a change in the
ivity. We pi s calculation of the linear photoconductive response at 10.6 um as a function of hole
demsity at room temperature and as a function of temperature for fixed hole density. We also describe the
photoconductive, for high light intensities for which the effects of saturation of the intervalence-band transitions

are important.
1. INTRODUCTION

The absorption of light in the 10- um region by
p-type germanium is determined by direct inter-
valence-band transitions in which a free hole in
the heavy-hole band absorbs a photon and is ex-
cited to the light-hole band.! Since the absorption
of light modifies the distribution of free holes,
one expects a change in the sample conductivity
upon illumination. Because the density of states
in the heavy-hole band is much greater than that
in the light-hole band, the photoexcited holes
primarily scatter into high-energy states in the
heavy-hole band. Thus the dominant change in the
distribution function is an increase in the average
energy of occupied states in this band. For tem-
peratures and doping levels for which phonon
scattering dominates the momentum relaxation,
the conductivity decreases upon illumination be-
cause the rate of phonon scattering increases with
increasing hole energy. For lower temperatures
or higher doping levels where ionized-impurity
scattering dominates the momentum relaxation,
the conductivity increases with illumination be-
cause jonized-impurity scattering decreases with
increasing hole energy. These photoconductive
effects have been observed experimentally?*”’ and
have been shown to influence the performance of
p-Ge photon drag detectors.*° In this paper we
present a calculation of the photoconductive re-
sponse of p-Ge upon illumination by 10.6- um light
as a function of doping level, temperature, and
intensity.

Previous calculations of this photoconductive
response have been based on idealized models in
which the Ge valence bands have been replaced
by a set of discrete energy levels, each charac-
terized by an effective mobility.*” In addition,
the effects of saturation of the intervalence-band
transitions were not included, so that the results
could only be applied for low intensities. Here
we describe the Ge valence band using degenerate
K - D perturbation theory. We calculate the hole

B

distribution as a function of the laser intensity

in both the linear and nonlinear regimes. Using
the calculated hole distribution, we determine the
photoconductive response. We find reasonable
agreement with experimental results. There are
no adjustable parameters in the theory.

The paper is organizea in the following way: In
Sec. 1I we present our theoretical approach, in
Sec. IIl we give our results for the change in the
conductivity, and in Sec. IV we summarize our
conclusions.

. THEORETICAL APPROACH

The valence bands of Ge consist of three twofold
degenerate bands: the heavy-hole, the light-hole,
and the split-off hole bands. In thermal equili-
brium the occupied hole states are in the heavy-
and light-hole bands only. We consider the inter-
valence-band photoconductivity of p-Ge when the
sample is pumped by a CO, laser. Since the laser
does not couple free holes to states in the split-
off hole band, only the heavy- and light-hole bands
need to be considered. The dc¢ current density
owing to free holes is given by

J =(2—1ﬂ)’N,e ; f 1@V % m

where N, is the density of holes, b labels the band
index, K is the wave vector, /,(E) is the one-hole
distribution function, and V¢ is the group velocity
of the carrier with wave vector K in band 6.

In order to calculate the current density and thus
determine the conductivity, it is necessary to find
the distribution function in the presence of the ex-
citing laser and a small applied dc electric field.
The distribution functions in the heavy- and light-
hole bands are determined by solving the following
equations!!+i3;

O R) - 7,®)]+ E - s, (B)

- L (R 1B = R B, (20)
o«
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and

BRI K - 7,(B)] - %E Ve ()

=; [Rg-gf,(B) - Rg _cf (K], (2b)

where B(E) is given by

1/ aRT,(K)
SE) = 7( m’ SIiw ‘ﬁ"(g” ek - of+1/T,®F’
(3)
and
2
) =§ (R Ryt - (4)

Hcre, I is the light intensity, kw is the photon
energy, |P,,(®){? is the squared momentum ma-
trix element between the Bloch states in the heavy-
and light-hole bands (summed over the two de~
generate states in each band), R is the rate
in which a hole in band a with wave vector K is
scattered into band b with wave vector k', and
Q(K) is the angular frequency associated with the
energy difference [¢,(K) - ¢ ,(K)], where ¢ (%’ is
the energy of the hole in band { with wave vector
k. The proportional to 8 in Egs. (3a) and (2b) de-
scribes the change in the distribution due to opti-
cal excitation, the term proportional to £ de-
scribes the acceleration of thz holes by the efec-
tric field, and the terms proporticnal to R de-
scribe the scattering of the holes. The one-hole
energies and momentum matrix elements in Eq.
(3) are determined by degenerate k - p perturba-
tion theory.!* The cyclotron resonance parame-
ters of Ref. 14 are used in the caicufation. The
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the high-intensity laser but with no external elec-
tric field, and g,(K) is the modification of 7,(K) due
to the presence of the electric field. Here, it s
assumed that g,(K) < r9(k). The function f%(K) 1s
computed as in Ref. 11. Using Eq. (5), we write
Egs. (2) to first order in tne electric field

B(E)[gn(m -g,(E)]‘*%E : V;fﬁ(ﬁ)

=-§; (R g8 sE) - R 2 (K], (62)
and

B £,(R) - g,(E)] - £ E -9,/ 3(R)

= &Z.[Rli-cf'gr(t) - R&'ﬂig,(g')] . (6b)

We assume that a relaxation time approximation
can be made for the low dc field; that is, the rate
of change of g,(ﬁ) due to collisions can be approxi-

mated by

T Ress®-Raas®N-SE, @

= [ &’ =kOc 7.( )'
and a similar expression for the effect of colli-
sions on g,(k). Here, 1,(K) |7,(K)] is the momentum
relaxation time due to scattering of holes with
wave vector K in the heavy- (light-) hole band by
phonons and ionized impurities.!®

Using Eqs. (6) and the relaxation time approxi-

mation, we write expressions for g,(ﬁ) in terms
of the functions f9(k). Taking the dc electric field
to be in the z direction, we have

g (E)__.T ‘EI_Z..(l‘fo,l(Bf"/ak )/ {875/ 3k )ﬂ)
& L]

hole-phbonon contribution to the scattering rates 1+8(t,+7)
appearing in Egs. (2a) and (2b) are treated in the (8a)
manner of Ref. 11. The hole-hole and hole-
ionized-impurity scattering rates are included E L 1+ 87 [(8r S 0k, )/ (7] k) +1])
. g.@) -y TII l 1
following Ref. 15. +B8(1,+ 7))
In small dc electric fields, the distribution of (8b)
carriers can be described by the sum of a small
drift term and the distribution function without an Since V,(R) =~¥,(~k) and f9(k)~f3(~K), we can write
electric field. Thus in small electric f elds, we
write J, 2( )el\ Z [a e, @ ®
/’(ﬁ)r-f‘:(ﬁ)q»g’(ﬁ) 4 & Integrating Eq. (9) by parts the conductivity is
where f3(k) is the distribution function subject to given by
—
1\*e? j I (1+/.s-r‘[(8f‘1/akL)/(Qf‘:/ak,)+lj) ]
o= 2(21,) % M ks (k) o, [T.z). TR, +7)
1\et f o, @ [ (lq-ﬁr 8/ ok,)/ °/ak)+1)]
—_) = _— 1
*’(u) 3 Vo J 50 i Tr BT (10)
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The factor ing this derivative, we take the factors other than
to be slowly varying in the resonant region and
l 0/ [\] B ?
Z,= +B‘r‘[(af;: Z’(?;)i(:f)‘/ak‘“l] (11) take the change in 8 to occur primarily through the
] !

appearing in the heavy-hole band contributionto the
conductivity, and the analogous factor Z, present
some numerical difficulties owing to the peaked
nature of the terms involved. This factor differs
significantly from unity only if 7,2 1.” We note
that 8 is sharply peaked in the resonant region
of the optical transition and negligibly small out-
side of this region. Thus we need oniy evaluate
8°/ 8k, in the vicinity of the resonant region. At
low light intensities where saturation of the optical
transitions does not occur (I 1 MW,/ cm?), 87,
is small compared to unity even in the resonant
region, and Z, is essentially one. At high inten-
sities where satu:ation does occur, Z, differs
from unity in the resonant region. However, for
the range of intensities considered in this paper
(<10 MW/cm?), this difference still does not
make a large contribution to the integral in Eq.
(10) because of limited range over which it occurs.
To estimate the value of Z,, we only need to know
the distribution function in the resonant region. We
have previously found that these functions can be
reasonably approximated by a simple analytical
form for states in the resonant region'!

ey BOTIL R - 11(E)
£ =@ - EPTRLI L0 (12a)

and

o) . O T, ®)]75K) - £1(E)
sy =@ LOLERQ-ABL - o

where 7“(K) is the equilibrium distribution,

l -
T® -;;E.:-.p. {13)

and T is defined for the heavy-hole band analo-
gous to Eq. (13) except that only optical-phonon
scattering is included.

In the resonant region, the distribution functions
in Eqs. (12a) and (12b) have a peaked structure
owing to the Lorentzian factor contained in 5.
Taking the other factors in Eqs. (12) to be slowly
varying in the resonant region, we approximate

LA Al ]
ak,' % o, (14)
With this approximation we have
fi/ak, T
el (15
o ok, T

and thus a simple analytical expsession for Z,. To
calculate the conductivity we must also evaluate
the derivative of Z, with respect to k,. In evaluat-

Lorentzian factor which depends on (K); that is,
we approximate

22, 02,2 do

ok, 8B oR dk,’ (e
With this approximation, we have
2‘: T +1(L)]Q_—2u z
ok, " | AT Ja, T s, 7))
- an

- WP+ (/TR

We treat the factor Z,, which appears in the light-
hole contribution to the conductivity in a similar
way. We note that the expression in Eq. (17) is
vanishingly small outside of the resonant region
and changes sign as Q(k) crosses w. As a result
this term tends to cancel in the k-space integra-
tion. The inclusion of the terms containing
8Z,/dk, and 8Z,, 8k, makes a contribution of less
than 20+ to the calculation of the photoinduced
change in the conductivity at the highest intensi-
ties we consider.

M. RESULTS OF Aoa(/)

We compute the conductivity due to free hoies by
numerically integrating Eq. (10). For very lightly
doped (near intrinsic) samples, we also include a
term due to free electrons. We assume that the
electron contribution is not much modified by
illumination because the absorption cross section
for electrons is nearly 2 orders of magnitude
smaller than that for holes.!®

In Fig. 1 we show the calculated results for
(= ac/ol) vs N, in the low-intensity regime where
Ao is proportional to /. The calculation was done
for room-temperature Ge illuminated by A=10.6
um light. The conductivity has decreased upon
illumination. The primary effect of illumination
on the hole distribution is to increase the popula-
tion of high-energy holes in the heavy-hole band.
At room temperature and for the doping levels
considered here, hole-phonon scattering limits
the conductivity. Since hole-phonon scattering
rates increase with increasing hole energy, the
conductivity decreases with illumination. For
hole densities between about 10*¢ and 4 % 10'* ¢cm™,
(~a0/0l) is essentially independent of N,. In this
region hole-impurity scattering makes a negli-
gible contribution to the scattering rates. For hole
densities greater than about 4 x 10!% em™, (- a0/
ol) decreases with increasing N,. In this regime,
hole-impurity scattering begins to play a role in
limiting the mobility. Hole-impurity scattering
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CHANGE IN JONDUCTIVITY vs Ny
p-Ge A 0.6 um T: 300K
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FIG. 1. Values of {—ac/gl) versus the hole concen-
tration in p-Ge for CO, laser excitation at 10.6 um,
room temperature, and low light intensities. The cal-
culated values of { ~ Ag /o] are shown by the solid
curve. The experimental data are taken from x, Ref.
4. a. Ref. 5; », Ref. 6; @, Ref. 7: and c. Ref. 9.
Error bars are reported only in Refs. 5 and 7.

rates decrease with increasing hole energy. Asa
result the fractional increase in the total scatter-
ing rate (hole-phonon plus hole-impurity) does not
increase as much with increasing hole energy in
the more heavily doped samples. In addition, the
hole distribution is not as strongly modified by
illumination of a given intensity in the more heavily
doped samples due to the increase in hole-ionized-
impurity and hole-hole scattering which tends to
maintain the equilibrium distribution. For hole
densities less than about 10'* ¢m™, (- Ao/ al) de-
creases with decreasing hole density. This de-
crease is due to the increased contribution to the
conductivity of free electrons whose distribution
is not strongly modified by illumination. (In Ge

at 300 K, the intrinsic density is about 2 x 10'?
cm™.) .

Also shown in Fig. 1 are the available experi-
mental results. There is considerable variation
in the results reported by the various authors.

Our calculated values are in fairly good agree-
ment with the data of Gibson e al.* and those of
Maggs.*

In Fig. 2 we present our results for the tempera-
ture dependence of (ac/af) for a hole concentra-
tion of 2x 10" cm™. We choose this value for the
hole density since experimental measurements ex-
ist and the change in the conductivity was observed
to change sign over the temperature range that
was reported.’ We note that the change in the con-
ducitivity is negative for temperatures greater
than about 100 K and becomes positive for lower
temperatures. In the higher-temperature regime,
hole-phonon scattering plays a greater role in de-
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FIG. 2. Calculated values of the normalized change
in the conductivity of p ~Ge versus temperature for lLight
at 10.6 um, a hole concentration of 2.0 x10*¢ cm =3, and
jow-intensity excitation. The experimental data are
taken from: &, Ref. 5 and @. Ref. 3. Error bars are
only reported in Ref. 5.

termining the momentum relaxation than hole-im-
purity scattering, and thus the conductivity de-
creases upon illumination. In the lower-tempera-
ture regime hole-ionized-impurity scattering
dominates the momentum relaxation and the con-
ducitivity increases upon illumination. The tem-
perature at which Ao changes sign depends on

the doping level. At lower doping levels, the sign
change in Ao occurs at lower temperatures. This
effect has been observed experimentally.® In addi-
tion, we note that the magnitude of |Ac/0/{ de-
creases as the temperature increases from about
150K. This decrease is due to an increase in the
rate of phonon scattering at the higher tempera-
tures. As a result of the increased scattering
rate, the hole distribution is less strongly modi-
fied by a given light ip ensity at the higher tempera-
tures. The experimental results of Refs. 3 and §
are included in Fig. 2. The data show the same
qualitative features as the calculated results.

The calculation gives somewhat larger values for
|ao/cl| than were observed in Ref. 5. From Fig.
1 we note that the room-temperature results re-
ported in Ref. 5 are systematicallly smaller than
those of Refs. 4 and §.

Because of interest in the performance of pho-
ton-drag detectors at high laser intensities,?°
we also examine the photoconductive response
of p~Ge at intensities for which saturation effects
are important. In Fig. 3 we present the results
of our calculation of (-Ao0/0l) as a function of N,
for different light intensities. The curve for
0.05 MW/cm? is in the linear repime. At the
higher intensities, (- Ao/0) increases with in-
creasing intensity at a rate which is slower than
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FIG. 3. Values of {— Ac/al) versus the hole concen~
tration in p -Ge for A =10.6 ym and 7 ~300K. The solid
curves are our calculated values for intensities of 0.05
(linear regime), 1, 5, and 10 MW/cm?.

linear. The nonlinear behavior is due to satura-
tion of the intervalence-band transitions. The
shapes of the curves at any given intensity are
similar. We are not aware of any direct mea-
surements of (40/0l) at these high intensities;
however, both saturable absorption!®*° and non-
linear photon-drag voltages®:® have been seen ex-
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perimentally. It is possible that this saturation
effect could account for some of the variation in
the experimental results shown in Fig. 1.

V. SUMMARY AND CONCLUSIONS

We have presented a theory of the photoconduc-
tive response of p-Ge for light with a wavelength
of 10.6 um. Values of (a0/0/) are calculated as a
function of doping level in the fow-intensity re~
gime at room temperature. We have also re-
ported the temperature dependence of (ac. o/) at
a fixed hole concentration in the low-intensity
regime. The effect of saturation at high lLight in-
tensities was investigated. The theory presented
can be applied to other p-type semiconductors with
a valence-band structure similar to that of Ge.
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We present a theory describing the laser-induced change in the rea! part of the complex dielectric constant in p-Ge
that results from saturstion of the intervalence-band transitions. Calculations are performed for room temperature
and for light with & waveleagth of 10.6 um. The real part of the dielectric constant is found to increase
monotonically with incresaing intensity. The magnitude of the increase is directly proportional to the density of free
boles. The intervalence-band contribution to the first-order modification of the real part of the dielectric constant
equals the intrinsic contribution at a doping level of about 3 10'* cm ™.

1. INTRODUCTION

There is considerable theoretical and experi-
mental interest in nonlinear optical phenomena in
semiconductors, particularly with those effects
which are connected with the dependence of the
complex dielectric constant on the intensity of
the light, For example, the saturable absorption
properties of p-type Ge have been used to achieve
interstage isolation of high-power CO, laser amp-
lifiers' and to passively mode-lock CO, lasers.?™
Saturable absorption is described by the intensity
dependence of the imaginary part of the dielectric
constant (¢,). There is in addition an intensity
dependence in the real part of the dielectric con-
stant (¢,). These laser-induced changes in the
real part of the dielectric constant alter the dis-
persive properties of the media and thus modify
the spatial and temporal behavior of the laser
pulse. Since the laser-pulse shape is important
in many applications of CO, laser systems, one
needs to understand the changes in the dispersive
properties induced by the high-intensity beam. An
intensity dependence of the real part aof the dielec~
tric constant can be exploited for phase conjuga-
tion. Phase conjugation in the CO, laser frequency
regime using Ge as the nonlinear medium is of
current interest.®

For light with a wavelength near 10 um, the
dominant absorption mechanism in p~Ge is due
to direct free-hole transitions between the heavy-
and light-hole bands. These resonant transitions
also contribute to the real part of the dielectric
constant (¢,). At high intensities, the absorption
due to these transitions saturates!+** owing to a
modification of the free-hole distribution function.
This intensity -dependent modification of the dis-
tribution function also changes the contribution
of the free-hole transitions to ¢,.* In addition to
the intensity dependence of ¢, from the resonant
intervalence-band transftions, there is an intrin-
sic contribution due to a field modification of the
virtual electron-hole pair creation processes.'®

B

The magnitude of the resonant intervalence-band
contribution depends on the doping level. Both
contributions lead to an increase in ¢, with in-
creasing intensity. In this paper we present a
theory of the resonant intervalence-band contri-
bution to the intensity dependence of ¢, in p-Ge
for light with a2 wavelength of 10.6 um. We find
that the magnitude of the resonant intervalence-
band contribution to the first-order modification
of ¢, equals measured values!! of the intrinsic
contribution at a doping level of about 3x10** cm™,
The paper is organized in the following way: in
Sec. Il we present our theoretical approach, in
Sec, III we give the results for p-Ge, and in Sec.
IV we summarize our conclusions.

Il. THEORETICAL APPROACH

In p~Ge, light with a wavelength in the CO, laser
spectrum induces hole transitions between the
heavy- and light-hole bands. The rate of transi-
tions is proportional to the population of free holes
in the heavy-hole band which can participate in
the absorption process. For even lightly doped p-
Ge samples (N,210" cm"), these direct inter-
valence-band transitions dominate the absorptive
loss for wavelengths near 10 ym,!2!3

Since both energy and wave vector are conserved
in the direct heavy- to light-hole band transitions,
only holes in a narrow region of k space directly
participate in the absorption. At low intensities,
the population of the heavy-hole states involved
in the optical transitions is maintained close to
the equilibrium value by the various scattering
mechanisms., However, at sufficiently large inten-
sities, the population of the pertinent heavy-hole
states is depleted. This modification of the free-
hole distribution is responsible for laser-induced
changes in the complex dielectric constant,

The qualitative dependence of the free-hole con-
tribution to €, on the excitation intensity can easi-
ly be anticipated. Holes in states whose resonant
optical transition energy [¢,() - ¢, (k)] is greater
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than the photon energy (fw) lead to positive con-
tributions to ¢,, whereas holes in states whose
resonant energy is less than the photon energy
lead to negative contributions to ¢,.'* As the in-
tensity of the light beam is increased, the holes.
are excited to higher energy states (on the aver-
age) which have larger resonant transition ener-
gies. Thus the positive contribution to ¢, from
holes with [e,(K) - ¢, (k)] > ¥w is increased, while
the magnitude of the negative contribution to ¢,
from holes with [¢,(k) ~ ¢, (k)] <#w is decreased
which leads to a monotonic increase of ¢, with
increasing intensity. At large intensities, the
population of the heavy-hole states whose transi-~
tion energy is resonant with the photon energy
becomes depleted so that heating of the hole dis-
tribution saturates at large intensities. Thus ¢,
increases with intensity, but the rate of increase
saturates at high intensities.

The current density owing to the intervalence-
band transitions is given by'*®

- Z[f.m-f, ®)
IB.B.+X BB

*..2,2.. o=/l

where K labels the wave vector, the subscripts

h () designate the heavy- (light-) hole band, N,

is the density of free holes, Xw is the photon ener-~
gy, m is the free-electron mass, f,(ﬁ) is the
probability that a hole state with wave vector k

is occupied in band i, Q(K) is the angular frequen-
cy associated with the energy difference f¢,(k)
-¢,(¥)], where ¢, (k) is the energy of a hole with
wave vector k in band i, and B, (k) is the momen-
tum matrix element between the Bloch states in
the bands b and ¢. Here, T,(k) is defined as

72;—) = 2; R cP +R3-R), @

where R...p is the rate at which a hole in band a2
with wave vector k is scattered into a state in band
b with wave vector K.

Using Eq. (1), we write the susceptibility as a
second-rank tensor given by

xlw,1) = gE 21,01, (B

3.5 +B.P
xn-;m (K)-u~i/Ty(k)" ®

The imaginary part of x describes the changes in
the absorptive properties of the semiconductor,
whereas the real part of x describes the changes
in the dispersive properties, We define

K"' + ‘l’ N (‘)

where x' and x” are assumed to be real. Thus,
we find

o ;[f.(i)-f.(i)]

x 2 (’-bpu + E‘E,)

kel

k) -~w

X

(5)

Here, the intensity dependence is contained in
the distribution functions f,(k) and f, (k). At low
light intensities, y is a scalar because of the cubic
symmetry of Ge. For high-intensity polarized
light, the cubic symmetry is reduced and .4 is
described by a second-rank tensor.

In order to determine the intensity dependence
of x', we must calculate the distribution function
for free holes in the heavy- and light-hole bands.
In Ge, the scattering rate for free holes occurs
on a subpicosecond time scale. But for typical
experimental situations, laser beams of nano-
second pulse widths are used. Thus, transient
effects are damped out. Using the resuits of Ref.
16, the steady-state difference in the occupation
probabilities which appear in the expression for
x'{w, I) is given by

_ *(k) ~ (k)
18 =100 T, (0]
: T,(E)F(i) T,gt)cgi) ®)
T 1480 T (%) + T, (k)

where we have introduced the auxiliary functions

1 -
m = ; Ryfacl (Ta)
1 -
m = § R;f-.cf') (7b)
F(k)= ); Rp_glf.(B)-f2K)), (7c)
G(k)= ; Rpoap [ (E) —ra(®))], (1d)

and £¢(K) is the equilibrium value for the distribu-
tion in band ¢ with wave vector k. The function
B(K) is defined as

2'2 e_’! -
B0~ Tromior R yuznd? TP
1/[akT, (k)
@) - 5%[1/7,&)]' '
®

where 7 is the light intensity, i is the polarization
of the light, and ¢, is the intrinsic material dielec-

(k)= 1/ (00} -

e T
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tric constant. The definition of B(K) in Eq. (8)
differs slightly from that of Ref. 16 because we
have not averaged over polarizations. As a result
the distribution function which we calculate here
depends on the polarization of the light and does
not have cubic symmetry. The calculational ap-
proach however is the same as that of Ref. 16,
Some of the results we present here are for un-
polarized light. In this case we average Eq. (8)
over polarizations.'’

I CALCULATION AND RESULTS

We calculate the intensity dependence of the
real part of the susceptibility due to resonant
intervalence-band transitions. The results quoted
in this section for An(/) or Ag,(I) refer to only
this contribution. There is an additional intrinsic
contribution which is to be added to our results.
There may also be heating effects in any particu-
lar experiment. One can determine the contribu-
tion from thermal effects using measured values
of dn/dT. The thermal effects can be eliminated
by using short laser pulses.

In order to caiculate the occupation probability
that a hole state is occupied, it is necessary to
know the {ree-hole scattering rates. For the hole
concentrations and temperatures at which most
saturable absorption experiments have been per-
formed, phonon scattering is the dominant scat-
tering mechanism. The phonon scattering rates
were treated in the manner of Ref. 15. The one-
hole energies and momentum matrix elements
are determined by degenerate k- P perturbation
theory.!® The cyclotron resonance parameters
of Henzel and Suzuki!’ were used. Using the
steady -state solution for the difference in the
occupation probabilities, we integrate Eq. (5)
to determine the laser-induced changes in the
real part of the susceptibility,

The real part of the susceptibility is calculated
mmerically for A=10.6 um and 7=300 K. Using
Eq. (5) we can calculate ' (/) for any polarization
of the light. Explicit values of y' (/) are calculated
for the case of unpolarized light and for the polari-
zation along the [100] and [110] directions.

For unpolarized light the second-rank tensor y’
becomes a scalar, since any orientational depen-
dence has been averaged out when we averaged
over the directions of the vector potential.!’” The
values of x'{7) increase monotonically with in-
creasing intensity due to changes in the distribu-
tion of free holes. Room -temperature values of
x'U)/x’' U =0) are given in Fig. 1 for intensities
between 0 and 60 MW/cm?. At low intensities
[x' (7 =0)/N,] is equal to 1.4x 10" em? [y’ (7 = 0)
is proportional to N,}.
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FIG. 1. Calculsted values of x’ (I)/y’ (I =0) as a func-
tion of intemsity for unpolarized light in p-Ge. The
calculation was done for light with a wavelength of 10.6
um and s temperature of 300 K.
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FIG. 2. The top panel gives the calculated values of
the change in the real part of the dielectric constant
(divided by the density of free holes) as 2 function of In-
tensity for p-Ge at A =10.6 ym, T =300 K, and for un-
polarized light. The corresponding values for the change
fn the index of refraction are given in the lower panel.
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Laser-induced changes in y’(w) can be measured
by observing changes in the real part of the di-
electric constant, which determine the dispersive
properties of the medium. The real part of the
complex dielectric constant ¢, is given by

€, =€a+ 4y’ (9

Values for the change in ¢, can be measured by
studying threshold values for self-focusing (for
de,/dI positive), In Fig. 2 we show the calculated
results for A¢, and the corresponding results for
the change in the index of refraction, An, for
unpolarized light with a wavelength of 10.6 um

at 300 K. The changes in ¢, and in » are directly
proportional to the free-hole density, We tind
that ¢, and n are increasing functions of intensity.

The intrinsic contribution to dw/dI in Ge has
recently been measured to be about 1x10™ cm?/
MW.!} The resonant intervalence-band contribu-
tion to dn/dI is intensgity dependent. In the lower-
intensity region the change in n is linear in /. For
hole densities greater than about 3x 10'* cm™, the
resonant intervalence-band contribution is larger
than the intrinsic contribution at the lower inten-
sities.

In Fig. 3 we show the calculated results for the
diagonal components of (A¢,/N,) as a function of
intensity for light polarized in the [100] and (110]
directions. For the case of {100] polarization the
coordinate axes are chosen to be the crystal axis
of the sample. In this coordinate system, the
off-diagonal components of ¢; vanish as at low
intensities. There is a small difference in the
values of (c,),, and (¢,),, [(,),, = (¢,),, in this case]
due to the polarization dependence of 8(K) in de-
termining the distribution of holes in the heavy-
and light-hole bands. For the case of {110] polari-
zation, the x axis is taken in the [110] direction,
the y axis in the [170] direction, and the z axis
in the [001] direction. In this coordinate system
€, is diagonal. There is a sniall difference in the
values of the three diagonal components. Overall,
from Fig. 3 we see that the effects of polarization
on Ag, are rather small.

The change in ¢, with intensity is due to the
change in the distribution of hole states. The
diagonal components of ¢; increase monotonically
with increasing intensity. From Eq. (5), we see
that values of k for which (E)> w lead to a posi-
tive contribution to x' and thus to ¢,, whereas
values of k for which (k) <w lead to & negative
contribution to y’. Under optical excitation, the
holes occupy higher-energy states than in equili-
brium, Thus for the higher-energy states with
o(E)>w, the difference in occupation probabilities
[£,(B) =£,(B)] is on the average enhanced com-
pared to the equilibrium value, whereas for states
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FIG. 3. Calculated values of the diagonal elements of
Agy (divided by the fee-hole density) as a function of in-

tensity on p-Ge at 300 K for light with a wavelength of
10.6 um. In the top panel the result for {100] polariza-
tion 1s shown., The coordinate system is chosen to be
the crystal axis; ¢, is diagonal in this coordinate sys-
tem. In the lower panel the result for {110} polarization
is shown. For this panel, the x axis is in the [110) di-
rection, the y axis is in the [110) direction, and the 2
axis is in the (001] direction. In this coordinate system
€, is diagonal.

with (k)< w the difference in occupation probabil-
ities is decreased compared to the equilibrium
value. Hence the positive contributions to ¢, from
terms with ((K)> w is increased by illumination,
and the magnitude of the negative contribution to
¢, from terms with (K)<w is decreased by il-
lumination. Consequently, ¢, monotonically in-
creases with increasing intensity. As the intensity
increases, the increase in ¢, is slower than linear
due to saturation of the intervalence-band tran-
sitions. That is, de¢,/d7 decreases with intensity
(but it is always positive) because the population
of the heavy-hole states in the resonant region
of the heavy-hole band becomes depleted at high
intensities and thus he heating of the hole distri-
bution saturates with intensity.

From the results for A¢, (), together with the
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intrinsic contribution, one can determine the effect
of self-focusing actions in nonlinear optics exper-
iments using p-Ge. The importance of self-focus-
ing in any given experimental situation must be
independently analyzed since it depends on the
doping level, the intensity range, the sample thick-
ness, and the beam profile.

For two laser beams incident on a Ge sample,
as in a pump-probe experiment, the light intensity
is modulated in space and time due to the inter-
ference of the two beams. Since the index of re-
fraction is a function of intensity, it is modulated
by the oscillating intensity. The periodic varia-
tion of the index of refraction leads to a coupling
.1 the two beams. This coupling can influence
the transmission of the beams which may be im-
portant in the analysis of a pump-probe experi-
ment.

Many semiconductors have a valence-band struc-
ture which is similar to that of Ge and an intensity
dependence in x’ should be present in these mater-
ials. The theory presented here should apply for
these materials as well as for Ge.

IV. SUMMARY AND CONCLUSIONS

We have presented a theory describing the inten-
sity dependence of the real part of the dielectric

constant in p-Ge due to modifications of the free-
hole distribution function by the high-intensity
CO, laser light. We find that the high-intensity
light alters the optical isotropy, and the suscepti-
bility becomes a second-rank tensor with elements
which depend on both the intensity and the polari-
zation of the saturating beam. These changes in
the susceptibility are directly proportional to the
concentration of free holes in the sample. The
diagonal components of the susceptibility increase
monotonically with increasing intensity. At high
light intensities, the increase in y’ is slower than
linear due to saturation of the intervalence-band
transitions. The magnitude of the resonant inter-
valence~band contribution to the first-order mod-
ification of n equals measured values of the in-
tringic contribution at a doping level of about
3x10'* em™?
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We report the observation in Hg, _ ,Cd, Te of band-to-band, band-to-acceptor, and donor-
acceptor luminescence for material of x = 0.32 and 0.5, and bound exciton recombination
luminescence, for material of x = 0.5. The band-to-band lineshape and variation in intensity with
pump power are appropriate to an electron-hole plasma with recombination proceeding without
wave vector conservation. Differences between the spectra among the four 0.5 samples studied are
attributed to variations in the Hg vacancy concentration. Shifts in luminescence energy acfoss one
of the x = 0.32 samples imply a change in composition across the surface of the sample of 0.03
em™"'. The absence of bound exciton luminescence in the x = 0.32 samples is consistent with
theoretical calculations by Osbourn and Smith showing a radiative efficiency of 209 for bound
excitons in material of this composition and 90% for x = 0.48 material. From line shape
separations, we estimate acceptor binding energies of 14.0 + 1.0and 15.5 + 2.0 meVinx =0.32
and 0.48 materials, respectively, and donor binding energies of 1.0 + 1.0 and 4.5 + 2.0 meV,
respectively.

PACS numbers: 78.55.Hx, 71.35. + x, 71.55.D¢p

. INTRODUCTION tribute the line at the lowest energy to donor-acceptor re-
combination below ~ 10 K, and to free electron-to-bound
hole recombination at higher temperatures where a substan-
tia] fraction of the donors are ionized. The line at the inter-
mediate energy has the characteristics of bound exciton re-
combination luminescence.

The shift of the line peaks with temperature provides
much of the information necessary to identify the mecha-
nisms responsible for the luminescence. Figure 2 summa-
rizes the peak positions for the sample of Fig. 1 for a vanety
of temperatures and pump powers. The points for a given

Photoluminescence spectra have been widely used as a meth-
od for studying the properties of II-VI semiconductors.'
However, the photoluminescence spectra for Hg, _ ,Cd, Te
has not been explored extensively.>* Recently we have initi-
ated a study of the photoluminescence spectra of HgCdTe
with x values less than 0.5.°

In this manuscript we summarize a series of luminescence
experiments that we have carried out on HgCdTe. Spectra
were taken on bulk-grown samples of x = 0.32 and x = 0.48,
and on an epitaxial sample with x = 0.51.

Il. EXPERIMENTAL TECHNIQUE

Spectra were taken over the temperature range of 5 to 30 Pl o NG SCENCE SPECTRE OF mg_. Cc, 47 '
K for a wide range of pump-laser power densities. A me- 87 veF _JSPISTONS ONSAMELE
chanically chopped Ar™* ion laser was used to create excited f-v‘-r;p_ CW &7 LASER, 13w em?
electrons and holes in the samples. The samples were mount- z | '
ed in a cryogenic dewar. The light emitted by the sample was g <~
focused onto the slits of a grating spectrometer and was de- z 9 F. -
tected with a solid-state detector. The slit width used for i 2 -"
most of the spectra gave an energy resolution of ~ 1 meV. B - -
An InAs detector was used for the x = 0.48 and 0.51 materi- >
al, and an InSb detector was used for the x = 0.32 material. &
The detector output was fed into a lock-in amplifier, witha & \
signal from the mechanical chopper used as a reference F4 WV
signal.

* 1]

L. RESULTS S N T —— Y3 x

Figure 1 is a spectrum showing luminescence intensity as ENERGY (ev)

a function of emitted photon energy for Sample 1 which has . ) . .

a composition of x = 0.48. This sample is n type, with FiG 1. Spectrum of Hg, ., Cd, . Te showing photoluminescence ntensity

Np — N, = 10" cm=> This spectrum shows 2}l of the dif ~ YsPhoton energy with the sample at 13.9 K. The hugh energ: pea. 1 due to
A o .

. . . R band-to-band recombination. The low energy peak is due to a combination
fmnf lummescgnce lines we !nve observed in the material. 4 0 L o ot and band-to-aceeptor luminescence. The intermediate
The line at the highest energy in the figure has the character- energy hine is due 10 bound exciton | The le was a-type,

—— istics of band-to-band recombination luminescence. We at- with ¥y, — N, ~ 10" cm™>. .
g ENTY c".’*'."" & ti- IR R ‘v?r\\'w
.——T-‘. N o ) » : ’ SH. :\'.\‘ ‘Q \ i\ ) B
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band at one pump power are connected together as an aid to
the eye. The band-to-band peak shifts toward higher energy
at a rate equal to 3 k,, where k, is Boltzmann's constant.
The bound exciton, on the other hand, does not shift at all
within the uncertainty of the measurement. Tne low energy
impurity related line shifis very littie below 10 K, especially
at the two lowest pump powers. Then it shifts rapidly above
I0K.

Th~ ~eak shift of the band-to-band line is consistent with
an elc  >n-hole plasma recombining without wave vector
conservation. This mechanism predicts a line peak which
shifts, in the nondegenerate limit, at a rate equal to 2 k,,
While this is not quite enough to match the shift observed, it
is 8 better match than could be obtained with other mecha-
nisms. For example, an electron-hole plasma in which the
wave vector is conserved during recombination would shift
at a rate of only | k,. A shift of the band gap with tempera-
ture may explain some of the additional shift. Another piece
of evidence for recombination without wave vector conser-
vation is that the predicted lineshape fits the data reasonably
well at 30 K. The carrier density was the only parameter
varied which affected the shape and width of the fit, and the
value of the carrier density needed to fit the observed width
of the line was consistent with that estimated from the
pump-laser power density.

The factors that identify the intermediate energy line as
bound exciton luminescence are the Jack of shift as tempera-
ture is varied and a rapid decrease in intensity as tempera-
ture is raised. Since the peak does not shift with temperature,
the electron and hole involved in the recombination must be
bound. However, the rapid decrease in intensity with respect
to the other lines indicate that the binding energy is small.
Both of these properties are characteristic of bound exciton
recombination luminescence.

The lack of shift of the low energy peak at low tempera-
tures again indicates that bound particles are involved in the
recombination. However, the luminescence is deeper than
for the bound exciton line, and the line width is much great-
er, pointing to donor-acceptor pair recombination. The rap-
id shift in energy of the line peak above 10 K comes about

1 1
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Fic. 2. Summary of luminescence band pesk energies vs temperature of
Hg, 1, Cdy o, Teat three different pump powers for the sample of Fig 1. The
line between data points sre drawn as a visual aid. and connect points mes.
sured a1 different temperatures for one type of luminescence band at one
pump power Error ban are given where significant; the uncertainty is due
to overlap between bands.

because the weakly bound donors become thermally ionized.
The widths of the donor-acceptor luminescence and the
free-electron 10 bound-hole luminescence lines are too broad
compared to the donor binding energy to resolve cachasa
separate line.

Three other samples of x = 0.5 material were studied. The
results of the lJuminescence experiments are similar for these
samples as for the sample described sbove, but there are &
few differences in some of the samples. Sample 2 was p type
with N, — Np~ 10" cm™>, Sample 3 was p type with
N, — Np~10" cm™>, and Sample 4 was an epitaxial sam-
ple grown on a CdTe substrate.® The bound exciton was ob-
served in samples 2 and 4 but was'not observed in sample 3.
The other luminescence lines were observed in all the
samples.

Sample 3, in addition to showing no bound exciton lumi-
nescence, also had a very weak band-to-band line in com-
parison t(@mple 1, under similar pump-laser power densi-
ties and temperatures. This difference could be explained by
a higher defect density in sample 3 than in sample 1. The
added defects could directly cause the difference by being the
acceptor responsible for the luminescence, or indirectly by
reducing the free carrier lifetime by promoting nonradiative
recombination. Hg vacancies are a likely candidate for the
defect. Evidence for this explanation is provided by the eo-
Jution of the spectrum from sample 2. Originally, the sample
showed a strong bound exciton line at low temperature. Pn-
or to many of the luminescence experiments on the sample,
its surface was etched briefly in a weak bromine-methanol
solution, since this procedure was found to enhance the lu-
minescence signal. After a period of several months, and
several etchings, the bound exciton signal was no longer ob-
served, and the luminescence signal resembled that observed
from sample 3. All of the bulk grown samples were annealed
in a Hg atmosphere after growth, which reduced the carner
concentration in a thin surface layer,* presumably by reduc-
ing the Hg vacancy concentration. Therefore, it is likely that
'the interior of sample 2 {and all of the other bulk-grown
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samples) had a much higher Hg vacancy concentration, than
the region near the surface. Therefore, the etchings gradual-
ly exposed material with a higher vacancy concentration,
which changed the luminescence signal. The similarity be-
tween the spectra in sample 3 and the spectra in sample 2
after etching indicates that sample 3 had a higher vacancy
concentration to begin with, which was responsible for the
dominance of the defect related band.

The spectra observed from sample 4, the epitaxial sample,
were similar to those observed from sampie | and from sam-
ple 2 before etching. However, the band-to-band line was
much more intense at comparable pump power densities
than in the other two bulk-grown samplies. This may indicate
a much lower overall defect density for the epitaxial sample.

The data for the x = 0.32 material is shown in Fig. 3. The
band-to-band and electron-to-bound hole lines are observed
in this material. This figure shows luminescence spectra
from a p-typex = 0.32 sample, with ¥, — N, ~ 10" em =25
The three spectra shown in this figure were all taken at the
same pump power and temperature. The only thing varied
between the spectra was the position of the pump beam on
the surface of the HgCdTe wafer. Using measured relation-
ship between composition and band gap,® the composition
gradient is estimated to be 0.03 cm ™' for this sample.

The major difference between the x = 0.5 samplies and the
x = 0.32 samples is that the bound exciton luminescence line
was not seen in either of the two x = 0.32 samples studied.
One possible explanation for this absence is provided by a
calculation of the radiative efficiency of bound exciton lumi-
nescence.” This calculation shows that the radiative efficien-
cy in x = 0.32 material is 20%, much smaller than the 90%
radiative efficiency for bound exciton luminescence in
x = 0.48 material.

The energy differences between the lines allow estimates
of the donor and acceptor binding energy. From the separa-
tion between the band-to-band line and the band-to-bound-
hole line, we estimate 14.0 + 1.0 and 15.5 4 2.0 meV in
x =032 snd 0.48 matenial, recpectively, for the acceptor

binding energies. Values of 1.0 + 1.0and 4.5 + 2.0, respec-

. tively, were obtained for the donor binding energies from the

energy difference between the donor—acceptor and band-to-
bound hole line positions.

iv. CONCLUSIONS

In summary, we have observed luminescence from band-
to-band transitions, donor-acceptor transitions, and free
electron-to-bound-hole transitions in x = 0.32 and x = 0.5
Hg, _ . Cd, Te. We have observed bound exciton recombina-
tion luminescence in x = 0.5 material. The variation in com-
position across the surface of a sample was measured using
photoluminescence. Finally, donor and acceptor binding en-
ergies were estimated from the data. A more extensive report

of this work is contained in Ref &/ & , <G
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PHOTOIONIZATION OF SHALLOW ACCEPTORS IN Ge
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(Received 13 August 1980 by A. A. Maradudir)

We compute the cross section for the transition, induced by the absorption
of light, of acceptor bound holes to states in the split-off velence band

in Ge.
absorption date.

At low temperature in p-type Ge, holes are
bound to shallow acceptors. Transitions from
the bound acceptor levels to states in the split-
off valence band determine the opticel sabsorption
in the spectral region from about 30C to L0O meV.
The absorption due to this process has been ob-
served in boron dgped Ge at 4.2°K by Pokrovskii
and Svistunova However, these authors
interpreted their results in terms of a free hole
picture. There was substantial discrepancy
betveen the free hole calculation and the experi-
mental data; the calculation predicted a much
narrover absorption band than was observed.

In the free hole picture, the initiel and
final states are Bloch functions irn the heavy snéd
split-off hole bands, respectively. The transi-
tion conserves wavevector and hence only one final
state is possible for a given initial state. At
lov temperature, only those levels very close to
the zone center are populated, restricting transi-
tions to a small region of the split-off band.

The absorption spectrum i1s consequently predicted

to be sharply peaked at the spin ort t splitting
energy. By contrast, when the hr . initially
bound it no longer has & unique .. ‘:vector.

Rather, there is an amplitude, given by an envelope
function, to occupy a range of Bloch states near the
valence band edge. For a bound initial state there
is a set of final states possiblg which span a range
in energy. Thus, the spread in k space of the
envelope function is reflected in an irreducible
energy width for the absorption spectrum (2,3).

In this communication we present a calculation
of the cross section for photoionizing acceptor
bound holes to states in the split-off band.

The absorption cross section per hole is given
by

8(Ep~Epfw) (1)

2 ~
olw) = b e I|<F|ne 3|1>]
nugm ¢ F

wvhere I &and F represent the initial and final
state wvevefunctions with energies E_ and
respectively; n is the index of ref;nction,

fi is the photon polarization vector and the other
symbols have their usual meaning.

The evaluation of the acceptor eigenfunctions
is complicated by the degenerate structure of the
valence band in Ge. In the limit of large spin-
orbit splitting only the four states at the top of
the band need be considered to describe the dound

761

We find good agreement with the available low temperature optical

hole.

We take as basis functions at the zone cen-

ter those multiplets which arise froo djagonalizing

the spin-orbit interaction among the T states

25
and denote by ¢ {c) this fourfold set degenerate
at the band edg®. Moving out into the Brillouirn
zone "pseudo-Bloch functions” (5,6) are defined
as

Xy (%) = kT 8, (k) (2a)

with

b T]ue><u£|ktp5¢,(o)>

¢J(k) =¢J(o) —Ez 5, (2v)

where Iu > is a Bloch function at the zone center
in band i with energy ¢, relative to the valence

band edge. The hole vave function in this repre-
sentation can be written as
1% = ¢ & (x) x (k) (3)
kg J J

wvhere n is a label for the hole guantum numbers.
The fourier transform of the expansion coeffi-
cients

Fi(r) = 1 P(x) I¥'T (ba)
J k 3
satisfies
3 e n n
-5 - — Vo= My
I HiJ( iRv) - éij FJ(YJ E Fi..)
J o
{Lp)
with H , the lxk effective mass Hamiltonian for

the vniénce band and e /: r the screened impurity
potential.

To approximate the solutions of Eq. {4b) we
use the spherical model of Baldereschi and
Lipari . The effective mass hamiltonian is
split into a component with full rotational sym-
metry plus a small term invariant under the cubic
point group. Only the sphericelly symmetric part
is retained. The spectrum of eigenvaltv. s is such

e
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that the first excited level lies a significant
fraction of the binding energy above the ground
state. For kBT << Eg (E_ is the binding energy)
only the ground state will be occupied with non-
negligible probability. With appropriate phases
for the X,'k). the ground state envelope function

is given by

F
z
Fo(r) = fo(r) Y00(9’°)

v

»”

<l=0, M=0, J=3/2, j|L=0, J=3/2, F=3/2, Fz>

+ :o(r) ; YZM(6,¢)

x <l=2, M, J=3/2, j[L=2, J=3/2, F=3/2, F >

(5)

The orbital angular momentum, L, is coupled
with the "spin 3/2", J, of ¢,.(o] (§=J ) to form the
total angular momentum F = LJ+ J, andz<LMJJ}LJFF >
is a Clebsch-Gordon coefficient. The acceptor
ground state nas four degenerate solutions each
with a definite value of F_ . The radial functions,
f and g , sgtisfy a set of coupled differential
esuationg (7 wvhich must be solved variationally.
Since we are interested only in the ground state
we adopt as trial functions Slater orbitals (in
contrast to Baldereschi and Lipari who use
gaussians) possessing the correct asymptotic depen-
dence st the origin and infinity:

10 -air 10 -a.r
f{fy=C a,e and g (r) =r L Be 1

S i (<] S §

i=1 i=i

The ¢, are a {é*ed set of exponents chosen to cover
a vide range and the coefficients A,, and B
are variationally determined. The energy eigen=
value obtained by this procedure is 9.72 meV (com-
pared to 9.73 meV quoted in Ref. T) and the ex-
perimental value for boron in Ge is 10.5 mev (9),
The {inal state pseudo~Bloch functions are
givern by

£ () = Ty (k) (7a)

fu,><u IkTpIW (o0)>
b (k) = y_(0) -'2 i LI s (To)

A+€l

L)
where A is the r25 spin-orbit splitting (295 meV),

s labels the two-fold degeneracy of the split-off
band and the final state wave function is expanded
as in Eq. (3). The fouriers tramnsform, 6 (r),

of the expansion coefficients satisfies a Bela-~
tion identical tc Eq. (Lb) except that H is re-
placed by the appropriate effective mass hamiltonian.
(The equations for the two bands decouple). The
problem is identical to that of an electron in an
attractive coulomd field (scaled by an effective
Bohr radius) and the solution has bound es well as
continuum levels. Focusing momentarily on the final

Vol. 36, No. 9

state continuum, the solutions for G (r) with
boundary conditions for photoionizatfon are the
well-known coulomb wave functions. Neglecting
the acceptor-hole interaction, G _{r) reduces to
a plane weve. s

The optical matrix element for a transition
from the escceptor ground state to the split-off
band continuum is

F F
+ 2, _ 1.5,Q z
<F_inepl1 %> = 2 M <Gs(r)|pa|FJ (r)>
J’a
(Ba)
where the constants Mé's’u are defined by
t
»S,Q z b {8k
hI M% ko ¥ < (k)InTple (k)> . (8K

a

The overleap of nTp between the periodic parts of
the pseudo-Bloch functions is given by

<ws(k)|n7p|¢3(k)> =

: <Ws(o)lntplul><uilktploj(c)>
£ €

Bz

3

<v_(0) [K*pluy><u, Inplo, (0)>

&

+

o A ) <ws(o)[k'p|u1><ul|n-pleio)>

A+e£ € (9)

3

The matrix elements appearing in Eq. (9) are
evaluated in terms of the valence band effective
mass parameters as determined by cyclotron

resonance(lo’ll). The first two terms combined
are symmetric in the components n_ k, and the ad-
ditional contribution proportiona& tg A may be re-
written as the sum of symmetric and antisymmetric
parts. It arises because we take the states at
the zone center to be approximated by the correct
zero’'th order linear combination of simple group
spinor basis functions which diagonalizes the
spin-orbit interaction. We adopt this procedure
because, owing to the weak acceptor binding and
strong spin~orbit coupling in Ge, we are pripari-
ly interested in the small k region where the
k¥p perturbation is less than the spin-orbit
perturbation. or consistency, the splitting
of the Ty intermediate states is explicitly
taken inté account in the first two terms of Eq.
(9).

We follow the usual procedure of restricting
the sum in Eq. (9) to the nearest intermediate
state of a given symmetry. The contribution pro-
portional to (__Q_) is then calciiable for the

Ave

Tl and Tl intermediate states vhose energie
rglntive éo the valence band are well knowr
Quantities second order in the spin orbit inter-
action are ignored, as is the small effect of the
more remote ri2 and r25 bands .

i
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The diapersion reiution for the final state
energies obtained in the same order of approxima-
tion 1is

2.2, *
€0 " -(A +1°k /an'o) (10a)

with
L] ]
l/l'o =Y, * Fy + 20y {10p)

vhere F and 111 are the Dregselhaus-Kip-Kittel k‘:p
parameters, y' = A/3(r.1..¢A)1° and ,v'-A/B(r.r +4),
2 15

It is evident from Eq. (8a) that, in direct
analogy vith atomic processes, perity and angular
mowentum selection rules sre getem:lned by the
transformation properties of p and the envelope
functions. The initial state is a coherent sum
of 8 and 4 vaves; the final state contains all
partial vaves. Thus only transitions from s to
p vave and d to p or f wave are alloved. The
radial integrals which u-hﬁt’countered can be
evaluated in closed form .

When averaged over the initial four-fold
degeneracy and summed over the final states in
the split-off band, the cross section is inde-
pendent of the direction and polarization of the
incident light owing to the cubic symmetry of
the crnttl. The results are illustrated in
rig. (1) 13). For comparison, the cross section
neglecting acceptor-hole interaction in the
final state is also presented. The threshold
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Pigure 1. Calculated photoionisation cross sec-
tion ve. photon energy in Oe. Transitions ere
from bound acceptor levels to continuum states in
the split-off valence band. Comparison of the
two curves illustrates the effect of the
acceptor=-bole intersctico in tbe final state.
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value is finite vhen the impurity charge is in-
cluded in the final state as is 'ypical for a
coulomd potential. Note that the coulomdb curve
is broader and its peak lower in relation to the
plane wave curve than is the case in the analagou
results for the photo-effect in hydrogen. The
primary reasons for this are: (i) the smaller
effective mass of the split-off band as compared
to the heavy hole mass and (ii) the large value
of the spin-orbit splitting relstive to the
acceptor ionization energy.

We now consider the effect of bound levels
in the split-off band. The initial hole will
couple to all such p and f states. The lnwest
of these, the 2p, lies roughly 1.3 meV below the
continuum threshold. The finite hole lifetime in
the split-off band introduces a Iorfnﬁiu.n broad-
ening with a FWAM of about 8.6 meV (3%}, here-
fore, any fine structure produced by transitions
to the bound levels will be washed out and only
their integrated contribution to the cross section
is of interest. A sum rule may be used to calcu-
late this quantity. Specifically, multiplying
Eq. (1) by w and integrating over all frequencies
one obtains the same result for both the complete
set of coulomb solutions and plane wave final
states. Thus,

Jmn(w) aw = prv(w) w - Imcv(w) w

(11)

where 0_(w) is the acceptor to bound, O " is the
acceptor to coulomb wave continuum and (w)

is the acceptor to plane wave cross section,
respectively. The photon energy is essentially
constant over the range of on(m). One can
therefore approximate

‘wac (w)dw
B 1 T
o.(w) = = (12a)
B £l ” r2¢m»m)2
with
a0 = A+EB - %E; (12v)

1]
Here is the binding energy of a hole in the
split-0ff band and 2T is the FWHM of the
lorentzian. The energy integral Sf cn(u)
vas found to be 10.2x10-10 meV cm®.

In Pig. (2), ve shov the total lifetime
broadened cross section. The experimental dats
is that of Pokrovskii and Svistunova for Ge at
4.2° K doped with 6.6x2016 cu=3 voron. The
theory and data are in qualitative agreement
sharing s similar broad shape. The calculated
curve peaks somevhat above the experimental
points near threshold falling slightly below
them at higher energies. One expects this kind
of behavior since the model hamiltonian somevhat
underestimates the acceptor binding energy.

No perameters vere adjusted in our calcula-
tion to improve agreement with experiment., The
absolute normalization of the data was reported
to only one significant figure and the impurity
concentration, recalling the large spatial extent
of acceptor states in Ge, was relatively high.
There may be some uncertainty in the final hole
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Figure 2. Photoionization cross section vs. photon
energy in Ge. Theory includes transition to bound
and continuum levels in the split-off valence

band. Broadening due to finite hole lifetime is
included. Experimental points are from Ref. (1).

lifetime broadening and in the precise value of features of the observed low temperature optical
the spin orbit energy which determines the absorption spectrum are well accounted for. ;
poeition of the continuum threshold. In view of !
these considerations, theory and experiment are Acknowledgement- We thank Y. C. Chang for assis- !
in reasonable quantitative agreement. tance with the variationsl calculation. We grate-

To conclude t Ye have calculated, in the fully acknowledge the support of the Air Force
spherical model of shallov impurity states, Office of Scientific Research under Grant No.
the cross section for photoionization of acceptor AFOSR-T7-3216. One of us (D.L.S.) acknowledges
bound holes in Ge and find that the dominant support from the Alfred P. Sloan Foundation. |
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THEORY OF WONLINEAR OPTICAL ABSORPTION ASSOCIATED WITH
FREE CARRIERS IN SEMICONDUCTORS

R. B. James
Solid State Division, Oak Ridge Wational Laboratory
Dak Ridge, Tennessee 37830
and
D. L. Smith*
California Institute of Technology
Pasadena, California 91125
ABSTRACT
We present calculations of the intensity dependence of the free
carrier absorption in semiconductors by high intensity light with a wave-
length near 10um. The paper is divided into two sections: the first sec-
tion examines the nonlinear absorptive and dispersive properties associated
with free-hole transitions in semiconductors, and the second section pre-
sents calculations of the nonlinear absorption associated with free-electron
intraband transitions in germanium. The dominant free hole absorption of
COp laser light for most p-type semiconductors with the diamond or zinc-
plende crystal structure is direct intervalence-band transitions where a
hole in the heavy- (or light-) hole band absorbs a photon and makes a
direct transition to another band within the valence band structure. The
absorption coefficient due to this mechanism is found to decrease with
increasing intensity in a manner closely approximated by an inhomogeneously
broadened two-level model. We present detailed results for the saturation
behavior of germanium as a function of temperature, wavelength, and doping
density. Calculated values for the intensity dependence of the index of

refraction and Tow freiuency conductivity are presented. Calculated values

*Present address: Honeywell Systems and Research Center, Mail Code:
MN17-2328, 2600 Ridgway Parkway, Minneapoiis, Minnesota 55413,




of the saturation intensity are also given for most of the other Groups IV
and I11-V semiconductors. In several n-type semiconductors, the dominant
absorption for 10um 1ight is free-electron intraband absorption where an
electron absorbs a photon and is excited to a state in the same band. The
interaction of the electron distribution with the high-intensity light
increases the average energy of the electrons and leais to an increase in
the free-carrier cross section. For sufficiently high intensities, a
significant fraction of the electron density in the interaction region can
have an energy greater than the band gap (relative to the conduction band
minimum) by successive one-photon intraband transitions. These hot elec-
trons can relax by creating an electron-hole pair by an impact ionization
process. This can lead to the formation of an optically induced plasma and
an abrupt increase in the absorption coefficient for 1ight well below the
band gap of the material. Calculated threshold values for the formation of
-a laser-induced plasma by this impact ionization process are presented for
éermanium as a function of the lattice temperature and wavelength of the

€02 laser light.




I. [INTRODUCTION
There is considerable theoretical and experimental interest in non-
1inear optical phenomena in semiconductors, particularly with those effects

which are connected with the dependence of the complex dielectric constant

on the intensity of the light. In this paper we present a theory describing

the intensity dependence of the absorptive and dispersive properties asso-
ciated with free carriers in semiconductors for light with wavelength in
the 9-11um region, which corresponds to the CO, laser spectrum.

When radiation at a given frequency interacts with a material with an
electronic transition near that frequency, a resonant interaction occurs,
and several nonlinear phenomena associated with the resonance may result.
For materials in thermal equilibrium, the radiation is absorbed as it
propagates through the medium, resulting in the attenuation of the wave.

The decay of a wave propagating in the z-direction is given by

%'-al . . ‘ (1)

Here, 1 is the 1ight intensity, and a is the absorption coefficient. At
low 1ight intensities (1inear regime), the absorption coefficient is inde-
pendent of the 1ight intensity; however, at sufficiently high intensities,
the absorption becomes a nonlinear function. We examine the intensity

dependence of the complex dielectric constant associated with free elec-

tron and free hole transitions for below bandgap radiation. Detailed

results of the calculation are presented for germanium for which nonlinear

optical data at 10.6 uym is fairly extensive.

IR




The absorption of CO2 laser light by free carriers in germanium should
be divided into two categories, the absorption associated with free hole
carriers and the absorption associated with free electron carriers, Exper-
imentally, it has been observed that the absorption of 10um light by free

holes derreases with increasing 1ntensity,1

and that the absorption of 10um
light by free electrons increases with increasing 1ntensity.2'3 Both of
these nonlinear bptica\ properties have practical uses.

The nonlinear infrared absorption exhibited by many p-type semiconduc-
tors, such as Ge, has several applications in the control of lasers to ob-
tain large peak output powers. For example, the saturation of the
intervalence-band ahsorption allows passive mode locking of a COy laser by j
inserting a slice of a suitable p~type semiconductor into the optical path '
of the cavity. The saturable absorber causes the laser to oscillate in a
pulsed fashion, since this mode of oscil'lation undergoes iess loss than one
in which the energy ic spread more uniformly. That is, the loss is a mini-

mum when the phases of the oscillating modes are locked and the energy

distribution inside the resonator corresponds to a narrow traveling pulse

with a period equal to the round trip transit time of the resonator.
Experiments have demonstrated that a COp laser with p-Ge as a saturable

absorber can be used to generate passively mode-locked pulses of sub-

4-6

nanosecond duration, where the pulse duration is limited by the gain

1tnewidth of the laser. Considerab1y’shorter pulses should be possible by
operating the laser at higher pressuves.6

The saturable absorption characteristics of p-type semiconductors have

also been used to achieve isolation of high power CO2 oscillator-amplifier

systems.7'8 which 1s important for amplifier stabilization and the suppression




of spurious oscillations. Ideally, the isolation device would prevent
spontaneous lasing in the high gain amplifiers and suppress retrodirected
signals which can arise from windows and targets as well as other pulsed
laser systems in a multiple beam irradiation experiment. Here, one would
1ike the material to attenuate low-level oscillations and reflections,
while the material would be transparent to the high intensity pulses which
are to be ampiified.

The saturable absorption property of p-Ge has also been used to tem-
porally compress laser pu'lses.9 The Tow intensity tail of a pulse sees a
higher absorption coefficient while the peak of the pulse propagates rela-
tively unattenuated, which leads to a pulse shortening effect. The long
tail, characteristic of bog TEA oscillators, can be removed by the larger
1inear absorption of the crystal. .

The nonlinear absorption observed in n-type semiconductors, such as
n-type germanium, has been used to amplify reflected COp laser 1ight via
degenerate four-wave mixing in an optically induced free carrier plasma.lo
The laser heats the free carrier distribution to a point where the higher
energy electrons can relax by creating an electron-hole pair by an impact
jonization process. This process can lead to the formation of an optically
induced plasma and to an abrupt increase in the absorption coefficient for
light well below the bandgap of the material. The increase in the absorp-
tion coefficient associated with the free carriers is believed to have an
important effect in limiting the efficiency of a spin-flip InSb laser at

high pump 1ntensit1es.11 This nonlinear phenomena also presents a funda-

mental limitation to the usefulness of n-type semiconductors {such as Ge,
2-3

Si, and GaAs) as optical grade components in the infrared.

o




The paper is presented in the fcilowing way. We first discuss the
intensity dependence of the absorption coefficient and index of refraction
associated with free hole transitions in p-Ge, as well as other p-type
semiconductors. Parts of this section will be a review of the authors’
research results which have been previously published in other shorter
papers. The second half of the paper presents new results for the nonlinear
absorption associated with free electron intraband transitions in germanium.
Both calculations require knowledge of the free carrier distribution func-
tion as a function of the light intensity; however, the excitation mecha-

nisms are different for the two types of carriers.

I11. SATURATION OF INTERVALENCE-BAND TRANSITIONS

In p-type germanium, direct free-hole transitions between the heavy-
and light-hole bands are primarily responsibie for the absorption of light
in the 6-25um region. At high l1ight intensities, absorption due to these
intervalence-band transitions has been found to saturate in p-Ge.1'7'9’12
In this section we summarize a theory of the saturation behavior of heavy-
hole band to light-hole band transitions in p-type semiconductors as a func-
tion of the 1ight intensity. Detailed numerical results are presented for
the intensity dependence of the absorption coefficient of p-Ge (the material
in which the effect has been most frequently observed experimentally).

The theory is also used to describe the laser-induced change in the
real part of the complex dielectric constant in p-Ge that results from
saturation of the intervalence-band transitions. We find that the presence
of a saturable beam alters the optical isotropy of p-Ge, where the changes

in the dispersive properties depend on the intensity and polarization of

!
¢
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the beam. A nonlinearity of this form manifests itself in a dependence of
the index of refraction on the 1ight intensity. This causes beam self-
focusing (de-focusing) in regions where a beam “sees" a higher (Jower) index
of refraction at the center of the Gaussian beam profile than at the tails,
We show explicit values for the intensity dependence of the index of refrac-
tion for light at 10.6um and room temperature conditions.

In previous work, saturable absorption in p-type semiconductors had
been described by modeling the valence bands as an ensemble of two-level
systems whose level populations approach one another at high 1ight intensi-

12-14

ties. This two-level model predicts that the dependence of the absorp-

tion coefficient as a function of intensity is given by

8, (w)
Vi+ l/Is(w)

a(l,w) =

, (2)

where ag(w) is the absorption coefficient at low intensity, and Ig(w) is
the saturation intensity. The behavior described in Eq. (2) was found to

be reasonably well satisfied experimentally, and values of Ig(w) were deter-

7-9,12 \owever, attempts to calculate Ig(w) as a function of photon

energy using the two-level model and a multistep cascade relaxationl4 gave

7

mined.
resylts that disagree with experiment.’ In section A, we review the results
of a theory of saturable absorption in p-type semiconductors which realis-
tically accounts for the anisotropic and nonparabolic band structure. Our
calculated results are in good agreement with Eq. (2), and values of I¢(w)
deduced from the calculation are in good agreement with experiment.
A. Theoretical Approach

The valence band structure for small k is determined by degenerate k-p

15

perturbation theory using a method developed by Kane ™ based on measured




values of the cyclotron resonance parameters.l6

In Figure 1 the valence
band structure of germanium is shown for small k in the {100] direction. '
There are three bands, each of which is two-fold degenerate. The six bands
correspond to states constructed from the atomic p functions of the indivi-
dual atoms times the two spin functions, spin up and spin down. The heavy-
(h) and 1ight- (1) hole bands are degenerate at k=0, and the split-off hol
band (s) is separated at k=0 from the heavy- and light-hole bands by the
spin-orbit interaction. Here, the spin-orbit interaction lowers the two

J = 1/2 bands with respect to the four j = 3/2 bands.

For a given direction in k-space, the heavy-hole band may be taken as
parabolic, the light-hole band effective mass increases with energy, and the
split-off hole band effective mass decreases with energy. These qualitative
features also hold for the valence band structures of other semiconductors
with the diamond or zincblende structure; however, the effective masses and
spin-orbit splittings are different for the various materials.

We now consider the absorption processes in p-Ge at room temperature.
At a=10.6um, the intervalence-band absorption cross section in Ge is 6.8 x
10-16 cm2.17 The intravalence-band absorption cross section, estimated from
Drude-Zener theory is about 10-17 cm@, and the absorption coefficient from
multiphonon absorption is about 0.03 cm‘l.18 Thus, for hole concentrations
greater than 1015 cm=3, intervalence-band absorption is 1 to 2 orders of
magnitude greater than the other absorption processes. Similar intervalence- i
band absorption has been observed in several other p-type semiconductors as !
nell;19'2‘ however, the range of wavelengths which correspond to the three ;

sets of intervalence-band transitions vary for the different materials.




Both energy and wavevector are conserved in the intervalence-band

optical transitions. Thus, only holes in a narrow region of the heavy-hole

band can directly participate in the absorption, and the absorption coef-
ficient is governed by the population of these hole states. The optical
transitions tend to deplete the population of the pertinent heavy-hole

states, At low intensities, the population of heavy-hole states involved

in the optical transition is maintained close to the equilibrium valme by

various scattering processes. However, as the intensity becomes large,
scattering cannot maintain the egquilibrium popu]ationiof these heavy-hole
states, and they become depieted. As a result the absorption saturates at
high intensity. To determine the saturation characteristics of the
intervalence-band transitions, it is necessary to set up rate equations for
the hole distribution function in the heavy- and light-hole bands.

For the hole concentrations and temperatures at which most saturable
absorption measurements have been performed (room temperature and Nh <
4x1035 em-3), hole-phonon scattering is the dominant relaxation mechanism.
We first consider only hole-phonon scattering. (Hole-impurity and hole-
hole scattering are later included so the theory can be applied to more
heavily doped material.) The system can then be described by the
Hamiltonian

HeH +Vev(t) , (32)
where
(3b)

Ho.Hu*th »




Y(t) = S A(t)p (3¢)

Here He, describes the free holes, H p describes the phonon system, V is the

p
hole-phonon interaction, and Y(t) describes the interaction of the holes

with the electromagnetic field. The electromagnetic field is described by
the vector potential A; in the Coulomb gauge A satisfies the wave equation

2
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, (4)
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where g is the current density induced by the intervalence-band transitions,

JeN STr[op'] . (5)

Here Np is the hole density, o is the one-hole density matrix, and P' is
the off-diagonal (inciuding only intervalence-band matrix elements) part of
the hole momentum operator.

V We consider the low-hole density 1imit and take the Hamiltonian to be

given by Eq. (3). The density matrix of the whole system p(t) satisfies

®- —:‘- [He] . (6)

We are interested in the electronic part of the problem. The lattice can
be considered as a surrounding medium and regarded as large and dissipative.
In general, to calculate the time evolution of physical observables, we
would need to know the density matrix of the whole system p(t). But since
the effects of the interaction with the incident 1ight on the free-holes
are quickly dissipated by the lattice, and since the lattice (which acts as




a heat bath) is not significantly heated over the duration of the interac-
tion, we write the density matrix p(t) as the product of an operator o(t)

describing the free-hole density matrix and an operator P_ describing the

lattice in equilibrium. Then o(t) = o(t)P . Using standard approximations,25
one finds
doy (t) 3 [Yl(t)’ °I(t)]
- (7)
1 (] ]
-5 .I. at' Tr, [Vl(t), [Vl(t )y oy(t) PL]].
[\

Here the subscript 1 signifies that an operator is in the interaction
representation, and Tr| signifies a trace over lattice modes.

From Eq. (7), one can see that o(t) is diagonal in wavevector. Prior
to laser excitation, o(t) has the equilibrium value which is diagonal in
wavevector. Taking matrix elements of Eq. (7), we see that the time deri-
vative of any matrix element of doj(t)/dt which is off-diagonal in k is
équa1 to a sum of terms, all of which are proportional to a matrix element
of op(t) which is off-diagonal in k. Thus, when the equation is integrated
in time, 211 off-diagonal in k matrix elements of a;(t) vanish. This '
result is to be expected since the electromagnetic field 1eads to tran-
sitions between states with the same wavevector.

We define
<dkjo|b'k> = g, (k) , (8)

where k labels the wavevector, and b is the band index. Taking matrix ele-

ments of Eq. (7), dropping nonresonant terms, and returning to the

Schrodinger representation give526

-
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& opplket) = - F I¥ik,t), olk, )]y,

(92)
o [Rokeck Obb(%st) = Reyropk Sclk'st)]
for the band index diagonal matrix elements of o, and
95 Oppr (kat) = = F [Hg(K) + Y(K,t), olk,t) ]y,
(9b)
- Tjgy%b-(!-ﬂ .
for the off-diagonal matrix elements. Here
2 I {9¢)

-

where Ray.b' is the rate at which a hole in band a with wavevector k is
scattered into a state in band b with wavevector k', h(2) refers to the
ﬁeavy- (14ght-) hole band, and Y(k) and Hg(k) are defined analogous to Eq.
(8).

Using the equations for the time evolution of o, the current density

owing to intervalence-band transitions is found (see Ref. 26 for details)

to be determined by

& J(k) + 72

2
:tz~ ‘“TZ_(ET t\l(k)'ﬁn(!) \_J(E)

8o

2
=N -5 £, (k - e, (k
N, . E plk) (e (k) - ey (k)) 10)

x (APpo(k) Poy(k) + Py APp(k))

— s i =




Ay

Here ep(k) is the energy of a hole in band b with wavevector k, ha(k) is
(en(k) - €y(k)), we rename the diagonal elements of the hole density matrix
fb(g), and J(k) is the part of J which includes only those terms in the
trace with wavevector k (E J(k) = J).

Eq. (10) is the basic equation describing the absorption and disper-
sion for the medium. We find that the current density acts as a harmonic
oscillator of frequency & driven by the electric field through a coupling
coefficient proportional to the population difference for a given state
with wavevector k. One important conclusion is that the ability of the
vector potential to drive the current density is decreased as the probabil-
ity of occupation of states in the heavy- and light-hole bands become more
nearly equal. This constitutes the physical basis for the observed non-
linear absorption. Another important point is that in the absence of the
applied interaction, the current density will be damped because of the
internal dephasing of the individual dipoles through the interaction with
the lattice, given by the constant Tp.

Assuming both A and g(g) oscillate in time with angular frequency w,

we have

AP, P, + AP, P
~be~¢b ~¢cb~bc
S - a(k). (11)
bc (a (k)vu ) - 4§ Zw/Tz(k)

J = T (f (k) - f,(k) T
mechk N

Due to the peaked behavior of Eq. (11), the primary contribution to the

current density is from states in the heavy- and light-hole bands with an

energy difference ﬁn(g) that does not differ greatly from the photon energy

huw; thus, we write
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Using Eq. (12), we write the susceptibility as a second-rank tensor given
by
Nye? PetPhc * PocPen
- (13)

X{w,l) = T (f (k) - f,(k .
= X S A

The imaginary part of X describes the changes in the absorptive properties
of the semiconductor, and the real part of 5 describes the changes in the
dispersive properties. We define
X=X+ ix", (14)
x X x
where zs and x" are real. "Thus, we find

2
'] - (15)

(a(k)-w)2+ (1/T, (k) )%

N e
h
"(w,]) = z(f (k) - f,(k)) (z P_.P, +c.c

and

(w,I) Nhez s(f, (k)-f (k)) (z P P, + IITZ(E) (e
" » = - C.C.)— .
2 Tl he TR e T T+ Um0

Here, the intensity dependence in the susceptibility {is contained in the

distribution functions fp(k) and fy(k).

For a plane wave vector potential,

f(Ker =ut
A =g el(lor-ut) (17)

the absorption coeffictent is given byz6

o X2 S
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(1w) 4o Nhez

| o “:-.-“?_; b (18) ,
x z(f (k) - £ (k))|P (k)|z 1/ (b= T,(k))

S (B(0)-w)? + (1/T,(k))2

where the squared momentum matrix e1ement|ghz(5)|2 is to be summed over :

the two degenerate states in both the heavy- and light-hole bands.

Eq. (18) is the usual expression for the absorption coefficient except
that a normalized Lorentzian replaces the usual energy conserving delta
function. The absorption coefficient is a function of the Tight intensity -
because the interaction of the holes with the laser radiation alters the
distribution in the heavy- and light-hole bands. We want to solve this

equation as a function of intensity to determine the saturation charac-

teristics.

In order to determine the absorption coefficient, we must calculate
the distribution functions for free holes in the heavy- and 1ight-hole
bands. In the semiconductors of interest, the scattering rate for free

holes occurs on a subpicosecond time scale. For a saturating laser oper-

__~_4-._44,~, A;_‘_A“_‘ _“

ating with nanosecond pulse widths (the typical experimental-situation).
transient effects are damped out. Thus, we are interested in the steady
state values of the distribution functions. Using Egs. (9) the steady

state distribution functions are found to solve the rate equations26’27

B(K) (fy(K) = £, () = - £, [Rakeck KD = Rerranife¥ |, (1)

(k) (Fyk) = £,(00) = £, [Repock fa(6) = Regopfel6'))s (195)




where

B(K) -——2-—2'2 £y ()2 VA BED s
¥t e TR g0 « my0f
These equations state that the rate of optical excitation out of (into) a
given state is equal to the net rate of scattering into (out of) the state
when steady state is attained. The lefthand sides of Eqs. (19a) and (19b)
give the net rate of optical excitation out of a state with wavevector 5 in
the heavy-hole band into a state with wavevector k in the 1ight-hole band.
The righthand side of £q. (19a) gives the net rate of scattering into the
state with wavevector k in the heavy-hole band, and the righthand side of
Eq. (19b) gives the net rate of scattering out of the state with wavevector
k in the light-hole band. '
To calculate the absorption coefficient as a function of intensity, we
first solve Eq. (19) for the distribution functions and then integrate Eg.
(18). In solving Eq. (19), it is convenient to introduce auxiliary func-

tions defined by

1

W’c:' Rhs‘csl . (20a)
1

T_(—y‘ 5 .c:. Rt&'.c!,. . (20b)

FIK) = £, Roamg( k') - k') ], (20c)

and
6(k) o [ Rekraag(feclk') - f2(&'D] (20d)
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where fg(g) is the equilibrium value for the distribution function. The
function F(E) is the difference in the feeding rate of free holes from the
equilibrium feeding rate for the state with wavevector k in the heavy-hole
band. The function 6(5) is analogously defined for the 1ight-hole band.

f (Scattering into the light-hole band is small because of the small density

, of light-hole states. Thus, the function G(k) is less important than F(k)).
In terms of these auxiliary functions, the distribution functions can be

written as

. B(k) T (k) (fp(k) - £5(K))
falk) = fy(k) = T5500) 100 + T, (K))

(21a)
F() T, (k) + 8(k) T,(K) T,(K) (F(k) + G(K))
¥ BELPEOERAN) ’
and 8(K) T, (k) (£2(K) - 78(K))
- - A ~
fo(k) = fg(k) + +"sl'('55 (ROER A :5
- (21b)

B(K) T, (k) + 8(K) T,(k) T,(K) (F(k) + 6(K))
* TT ¥ BTE) (T,(K) + T,(K)) :

The difference in occupation probabilities which appears in the expression

for the absorption coefficient is given by

(fp(k) - (k)
folk) = F (k) =13 BUK) (T (k) + T,(k))
(22)
. Thlk) ) - T,06) G(k)
T+ (k] (T, (k] + T, (k)] )
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The first term in £q. (22) gives the population difference that would occur
for the states at 5 if the populations of the states that feed those at k
were given by their equilibrium values. The second term in Eq. (19)
accounts for the change in the population of the states that feed those at
5. For those values of 5 which are important in the integral in Eq. (18),
the first term in Eq. (22) is found to be significantly greater than the
second.

Using Eq. (19) and the definition of the auxiliary functions, one can
write equations which determine F(E) and G(&). If there is no angular de-
pendence in the phonon scattering matrix elements which go into the scat-
tering rates, the functions F(E) and G(&) depend on zh(5) and e;(&), re-
spectively. Thus, one-dimensional (rather than three-dimensional) equations
must be solved to determine these functions. A more complete discussion of
the solution for the functions F(k) and G(k) is presented in Ref. 26.

In order to calculate the distribution of free holes as a function of
intensity, it is necessary to know the hole scattering rates. We first
consider the region of temperature and impurity densitigs for which hole-
phonon scattering is the dominant scattering mechanism. (This condition is
relaxed in 2 later section to also include the effect of hole-impurity and
hole-hole scattering). Optical phonon scattering is the dominant energy
relaxation mechanism. The optical phonon spectrum of Ge is relatively flat
for small k with an average energy of 0.037 evV. For the small k region in
which we are interested, the acoustic.phonon energy is quite small, and we
neglect it. Although acoustic phonon scattering does not contribute signi-

ficantly to energy relaxation, it can change the wavevector of the hole.
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The valence bands of Ge are rather anisotropic and an acoustic phonon scat-

tering event can take a hole from a region in which g(k) is small to one in
which it is large. Thus, although acoustic phonon scattering is less
important than optical phonon scattering in determining the distribution
functions, it is not negligible because of the anisotropy of the valence

bands. We take the scattering rates to be given by

Rakertk = 2%1"o;|2 Slea(k) - eplk’) + )
+ Bin 12 8l (k) - (k') - ty) (23)
+ 82w, |2 sley(k) - e (k")) .

Here l"o;gz is the squared matrix element for optical phonon emission,
|M°;|2 is the squared matrix element for optical phonon absorption, and
- Iﬂ,c|z is the squared acoustic phonon scattering matrix element (summed
over both absorption and emission processes).
For spherical energy surfaces and acoustic mode scattering, the shift

of the the band edge is given by

&, '.Eac (e * &y * &) = Eyed (24)

where the ey are the diagonal components of the strain tensor, their sum
being -gqual to the dilatation 4, and E5¢ is the shift of the band edge per
unit dilatation. Only longitudinal lattite waves scatter the holes. The

matrix element {s gtiven byzs
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Here, T 15 the temperature, V is the sample volume, p is the material den-
sity, and u, is the longitudinal sound velocity.

For nonpolar crystals (as Ge) and spherical energy surfaces, the hole-
optical phonon scattering can also be described by a deformation potential
approach. In this case, the optical strain is proportional to the dis-
placement of the sublattice containing one type of atom with respect to the
sublattice containing the other, where the displacement is induced by the

optical mode. Integration over the electron coordinates and lattice

oscillator coordinates give528

| +|2 52222% [ ] (262)

M = N +11¢, a
qnd

2
Bt
|Mo-'2 . 2.0 N (26d)
P ZVpuz q

where Eqp is the deformation potential for optical phonon scattering, huy
is the zone-center optical phonon energy, and Nq is the optical phonon Bose

factor defined by

1 (27)

N = .
d expi;ﬁ?)— 1
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Following Ref. 28, we have neglected angular dependence in the phonon
scattering matrix eiement and taken the scattering rates to be the same for
the heavy- and light-hole bands. The numerical value for the constants
appearing in the squared matrix elements were determined from the mobility
fits of Ref. 29, where E5c was taken to be 3.5 eV and Egp to be 6.8 eV.

The scattering times T2(k), Th(k) and Ty(k) are computed from Egs. (9c) and
(20a, b) using these scattering rates. Optical phonon scattering (primarily
emission) dominates in the results for T2(k) and Tl(&) for the states of
interest, For states in the resonant region of the heavy-hole band, opti-
cal phonon emission is typically not possible and acoustic phonon scattering

makes a significant contribution to Tp(k).

B. Calculation of the Hole Distribution !
We calculate the distribution of holes in k-space allowing the holes

to interact with the laser excitation and the phonon system. As a first

approximation for the population difference (fh(E)'fz(E))- we neglect the ,

auxiliary functions F(E) and G(E) and include only the first term in Eq.

(22). This approximation is equivalent to assuming that the rate at which f

free holes are scattered into the states involved in the optical transition

is given by the equilibrium value. For optical phonon scattering, the

energy of the initial hole state in the scattering event differs from that |

of the final hole by the optical phonon energy. As a result, hole states

that can scatter into a resonant optical transition reqion by optical pho-

non scattering are themselves, for the most part, out of the resonant

region. Thus, the population of these states is not directly depleted by

the optical transitions. The populatioq of these states is indirectly
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depleted by the optical transition because.there is a decrease in the
feeding rate of these states owing to the decrease in population of hole
states in the resonant region. However, this decreased feeding from the
resonant region is partially compensated for by an increased feeding from
the re-routing of optically excited holes. For acoustical phonon scat-
tering, the energy of the initial-hole state in the scattering event is
essentially the same as that of the final hole state. As a result, hole
states that can scatter into a resonant optical transition region by
acoustic phonon scattering are, for the most part, in the resonant region
themselves. Thus, the population of these states is directly depleted by
the optical transitions. Including only the first term in Eq. (22) there-
fore overestimates the importance of acoustic phonon scattering. At this
level of approximation it is better to ignore acoustic phonon scattering.
We find that this first approximation for (fh(E) - f,(E)) ignoring acoustic
phonon scattering produces results close to those of our more cowplete )
calculation.

Using only the first term in Eq. (22) to determine the population dif-

ference, the absorption coefficient written in Eq. (18) -becomes

2

2 N e
1 . 4y h £E(k)-F2(k))|P kZ
a (I,w) =7, 3 ;( n(k)=Fg (k) )| Py, (k)]

1/ (tw T,(k))
X R » (28)

(9(5)-@)2 + (Tj'-ﬂ-)z [I#I/l(k,_)]
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where

mle Ve m? Jf

t(k) = . (29)
T (k) + T ) To(k) 2n eflp,, (K)]2

Transforming to an integration over surfaces of constant n(g), and assuming
that the power-broadened Lorentzian is sharply peaked, Eq. {29) can be
written as

2

2 Ne 3
1 4 h 1

a (I,w) -—-——&_'2 - (Tr )

m wc \

(30)
ds |Ehz(§)|2 (fﬁfg) - fy(K))

8(k)=0 |,a(K)| A+ 1720K) '

Here, the integral is over a surface of constant 9(5). Integrating Eq.
(30) numerically, we find that the absorption coefficient satisfies Eq. (2)
;o high accuracy. Indeed, if 1(5) were independent of 5 over the region of
the surface integral, £q. (30) would reduce to Eq. {1) exactly.

The auxiliary functions F(E) and G(E) are computed numerically as
discussed in Ref. 26. The distribution functions computed from these auxil-
iary functions for k in the [111] and [100] directions together with their
equilibrium values are shown in Fig. 2. The dominant dip in the heavy-hole
distribution function and corresponding peak in the light-hole distribution
function is due to direct optical transitions. Additional dips in the
heavy-hole distribution function occur because of the discrete energy of
the optical phonons. The increase in the heavy-hole distribution compared
to the equil‘brium value at large values of k is due to scattering of the

photoexcited holes in the 1ight-hole band into the heavy-hole band.

-
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C. Intensity Dependence of the Absorption Properties of p-Ge

The absorption coefficient is calculated numerically. 1In Fig. 3 the
calculated result for A=10.6um and T=295°K is compared with the expression
in Eq. (2). The value of Ig used in Eq. (2) was determined by fitting che
calculated result for a(l,w). The numerical results could be fit to an
accuracy of about 5% for intensities less than 25 times Ig. (This is the
range of intensities which has been most frequently explored experimentally.)
If only the first term in Eq. (22) is retained, the calculated a(l,w) has
almost exactly the form of Eq. (2). The second term in Eq. (22) is smaller
than the first and leads to the small deviations seen in Fig. 3.

Measurements of the saturable absorption in p-type Ge have been inter-
preted in terms of the inhomogeneously broadened two-level model which pro-
duces Eq. (2), and the values of Ig(w) have been reported. In Fig. 4, we
compare measured values of I¢(w) at room temperature as a function of pho-
ton energy with our theoretical values. The theoretical values of Ig(w)
are determined by fitting the expression in Eq. (2) to the calculated
results for o(l,w) for intensities between zero and 100 MW/cm2. In the
range of photon energies considered, Is(uﬁ was found to increase monotoni-
cally with photon energy. There is good agreement between theory and
experiment. There are no adjustable parameters included in the theory.

The calculated results shown in Fig. 4 were attained using the higher
order approximation for (fh(g) - fy(k)). The results for the first order
approximation are qualitatively similar to those of the more complete
calculation; the numerical values of the two calculations differ by an

approximately constant factor. At A=10.6um and T=295K, the more complete
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calculation gives a value of Ig of 4.1 MN/cmz, the first order calculation
including acoustic phonon scattering gives a result of 5.8 MN/cmz, and the
first order calculation neglecting acoustic phonon scattering gives a
result of 3.5 MW/cm@. Thus, the first order calculation neglecting
acoustic phonon scattering is within about 15% of the more compliete calcu-
lation. This result is interesting because the first order calculatien is
much easier and less expensive to perform than the more complete calcula-
tion.

The increase in Ig(w) with increasing w is primarily due to the behav-
for of the scattering rates and the optical matrix elements. The relative
contribution of the scattering rates and the optical matrix elements can be
most easily seen in the first order calculation. At this level of approxi- ;
mation, I¢(w) is given by a weighted average of ‘(E) (see Eq. (28)). The |
values of £(k) are proportional to o, T271(k), (Tp(k) + T4(k)), and

_ ,Ehz(f)l°2' For wavelengths near 10um and room temperature, values for
w, T2"1(k), and|Pny(k)|2 increase with increasing photon energy and
(Th(f) + T,(E)) decreases. We find that for the wavelengths of interest,
1(5) increases monotonically with increasing photon energy.

Since the usefulness of p-Ge as a saturable absorber in CO laser
systems is determined by its saturation characteristics, it is of interest
to be able to control the saturation behavior. Since optical phonon scat-
tering is‘the dominant relaxation mechanism, and the optical phonon occupa-
tion s temperature dependent, it is clear that Ig(w) will depend on tem-
perature. In Fig. 5 we present the results of a calculation of the tem- i

perature dependence of I¢{(w) in p-Ge for light with a wavelendth of




10.6um. I¢(w) increases monotonically with temperature. This increase is

due to the increased rate of phonon scattering at higher temperatures.
Because of the rather strong dependence of Is(w) on temperature, it should
be possible to tune the saturation behavior of p-Ge with temperature.

We now consider the polarization dependence of the saturation character-
istics. The polarization dependence of the momentum matrix elements increases
the anisotropy of the hole distribution in 5-space. Since the excitation
rates depend on the direction in k-space (primarily through the nep matrix
elements), the saturation of the resonantly-coupled states by state-filling
will be much larger for some directions in k-space than for other.directions
for polarized light. Using the first-order approximation for the hole dis-
tribution, we numerically calculate (1) for light polarized along the [100],
{1101, and [111] directions. Values of Ig for the different directions of
polarization and for the case of unpolarized 1ight are given in Table 1.

The experimental results of Ref. 7 indicate no significant variation of I¢
with crystal orientation, which is consistent with our calculations in

consideration of the uncertainty in the reported data.

D. Hole-Ionized }mpurity and Hole-Hole Scattering

For those temperatures and hole densities for which hole-impurity and
hole-hole scattering is small compared to phonon scattering, the calculated
I¢ is independent of hole concentration. At room temperature, Ig has been
found experimentally to be roughly independent of hole concentration for

3,130 4o now extend the range

concentrations less than about 4x1015 cm
of doping concentrations for which the theory is valid by including the

effects of hole-impurity and hole-hole scattering. We consider uncompen-
sated samplies of p-type germanium where the acceptors are all shallow and

jonized at room temperature conditions.
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The scattering rate for a hole with energy ¢ by singly ionized impuri-

ties is given by

4 2
e 2
e [t - g ] 1
where
2 2Kkm*ky T (315)
=N ez;lz ’

1

K is the low frequency dielectric constant, m* is the free-carrier effec-

tive mass, kg is the Boltzmann constant, and N; is the total concentration

of ionized 1mpur1ties.31
Following Ref. 32, the rate of hole-hole scattering for a hole with

energy ¢ is given by

v /2 « Nhe4x (322)
hh Kz es;z /m ’ :
where
*
As]l+2 € K m 1/2 . (32b)
" [H (Zthe!)

The calculation of the saturation intensity Ig at different impurity con-
centrations is performed using the first-order approximation to (fp(k) -
f,(!)), where the calculation of scattering rates is modified to include
hole-impurity and hole-hole scattering in addition to carrier-phonon scat-
toring.zs The inclusion of hole scattering by ionized impurities and other
holes causes an increase in the scattering rate of the free holes and

introduces a concentration dependence in the saturation intensity. The
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result of increasing the scattering rates is that higher intensities are
required to reduce the free-hole population in the heavy-hole band at the
resonant region, since the excited holes can re-route at a faster rate.

The calculated values of Ig as a function of the doping density for

p-Ge at room temperature are shown in Fig, 6.3‘ Also shown are the measured

values for the dependence of the saturation intensity on the doping den-
sity.3°

The experimental values of I¢g at 10.6um indicate that the saturation
intensity increased monotonically with increasing hole concentration for
the Ge:Ga samples ue.studied. We note that the experimental values for Ig
vs N are in fair agreement with theory, with the experimental values con-
sistently larger than the calculated values by about 20%.

The calculated and measured values of Ig for p-Ge at 9.6um show 2
weaker fractional dependence on the hole concentration thap the values of
Ig at 10.6um. For light having a wavelength of 9.6um, the direct transi-
tion between the heavy- and light-hole bands occurs at larger values in k-
space, and thus, for larger heavy- and light-hole energies. Phonon scat-
tering was calculated on the basis of the deformation potential model,
where the scattering rates have a square root dependence on the energy of
the hole carrier.29 The scattering rates for a hole with energy € due to
jonized impurity and other hole carriers has approximately an 5'3/2 depen-
dence.31'3z Consequently, the effect of increasing the hole energies in the
resonant region in going from 10.6um to 9.6um radiation is to increase the
effect of phonon scattering and to decrease the contribution of hole-

impurity and hole-hole scattering. Since Ig is substantially independent

B
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of the hole density in the region where hole-phonon scattering is dominant,
we find 2 weaker fractional dependence of Ig on Nj at 9.6um than at 10.6um.

For lower temperature or higher doping density, the effect of scattering
by ionized impurities and other free carriers can dominate the scattering.
In this region, the theory predicts a strong dependence of the saturation
intensity on the hole density. In Fig. 7, we present the calculated values
of Ig as a function of the hole density in p-Ge for hole concentrations in
the 1014-1016 cnr3 range and T = 77 K. The two curves shown are for
A = 10.6um (solid curve) and A = 9.5um (dashed curve) laser radiation.

For those hole states in the resonant Fegion of the light-hole band,
the scattering rate is determined by hole-phonon scattering, in which the
emission of optical phonons makes the dominant contribution. The rate for
emission of optical phonons is not strongly dependent on temperature for
kgT < twg, where huwgy is the zone-center longitudinal optical phonon energy.
Consequently, the scattering rate for hole carriers in the resonant region
of the light-hole band is not very sensitive to temperature. On the other
hand, optical phonon emission is not energetically allowed for most states
in the resonant region of the heavy-hole band. For these hole energies
(<hug), the rate at which holes are scattered out of (and into) the resonant
region of the heavy-hole band is determined by the interaction of the hole
carriers with acoustical phonons, jonized impurities and other free carriers.
Thus, the scattering rates for these states depend strongly on temperature,
because of hole-acoustical phonon scattering, and strongly on the hole den-
sity, because of hole-~ionized impurity and hole-hole scattering. For tem-

peratures and hole densities in which the scattering of holes in the resonant
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region of the heavy-hole band is determined by hole-acoustical phonon

interactions, we find the saturation intensity to be independent of the
hole density, and for cases in which the scattering is dominated by hole-
impurity and hole-hole scattering, we find the saturation intensity to be
approximately linear with the hole density.

Experimental measurements of the saturable absorption at 77K35

have
been made, but the data was taken over a relatively small range of inten-
sities, and the results were interpreted in terms of a homogeneously
broadened two-level model, rather than an inhomogeneously broadened model,
which we believe to be more correct. These measured values of I¢-at 77K
show a monotonic increase with increasing hole density, in qualitative
agreement with our calculation. The experimental values for Ig at 9.5um
radiation and 77K are a 1ittle larger than the corresponding values at
10.6um for the hole concentrations investigated, which is in agreement with

our calculation.

E. Intensity Dependence of the Dispersive Properties of p-Ge

There is also an intensity dependence in the real part of the
dielectric constant associated with the saturation of the intervalence-band
transitions. These laser-induced changes in the real part of the dielectric
constant alter the dispersive properties of the media and thus can modify
the spatial and temporal behavior of the laser pulse. Since the laser
pulse shape is important in many applications of COz laser systems, one
needs to understand the changes in the dispersive properties induced by the
high-intensity beam. An intensity dependence of the real part of the diel-

ectric constant can be exploited for phase conjugation. Phase conjugation

.




in the CO2 laser frequency regime using Ge as the nonlinear medium is of
current 1nterest.36
As previously discussed, for 1ight with a wavelength near 10um, the
dominant absorption mechanism in p-Ge is due to direct free-hole transitions
between the heavy- and light-hole bands., These resonant transitions also
contribute to the index of refraction. At high 1ight intensities, the ab-
sorption due to these transitions saturates owing to a modification of the
free-hoie distribution function. This intensity dependent modification of
the distribution function also changes the contribution of the free-hole

37 In addition to the intensity

transitions to the index of refraction.
dependence of the index of refraction from the resonant intervalence-band
transitions, there is an intrinsic contribution due to a field modification
of the virtual electron-hole pair creation processes.38 The magnitude of the
resonant intervalence-band contribution depends on the doping level. Both
contributions lead to an increase in the index of refraction with increasing
intensity. We find that the magnitude of the resonant intervalence-band
contribution to the first order modification of the index of refraction
equals measured values39 of the intrinsic contribution at a doping level of
about 3x1015 cm’a. In this section we present a calculation of the resonant
intervalence-band contribution to the intensity dependence of the real part
of the dielectric constant in p-Ge for 1ight with a waveiength of 10,.6um.
Using the equation for the current density owing to the intervalence-
band transitions, the real part of the susceptibility is given by Eq. (15).
Here, the intensity dependence is contained in the distribution functions
fh(E) and fz(E)- At Tow 1ight intensities, X is a scalar because of the
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cubic symmetry of Ge. For high intensity polarized 1ight, the cubic sym-

metry is reduced and 5 is described by a second-rank tensor.

The function B(k) is defined as

. 1/ ("7, (k)) !
2% el 2 2 2=
g(k) = = I P, . (k (33 ’
W e ™ in W2 Ee T =2 (17750 >
cint ) ) '

where 1 is the 1ight intensity, n is the polarization of the light, and €_ is

¢ the intrinsic material dielectric constant. The definition of B(E) in Eq.
(33) differs slightly from that of Ea. (19c) because we have not averaged 3
over polarizations. As a result, the distribution function, which we cal- |
culate here, depends on the polarization of the Ijght and does not have
cubic symmetry. The calculational approach, however, is the same as pre-

viously discussed. Some of the results we present here are for unpolarized

light. In this case we average the vector potential over all angles.

We calculate the intensity dependence of the real part of the suscep-
fibi11ty due to resonant intervalence-band transitions. The results quoted
in this section for an(l) and ae(l) refer to only this contribution. There
is an additional intrinsic contribution which s to be added to our rgsults;
There may also be heating effects in any particular experiment. One can ;ﬁ
determine the contribution from thermal effects using measured values of '
g% . The thermal effects can be eliminated by using sufficiently short é
laser pulses. E
The real part of the susceptibility is calculated numerically for A = }

10.6um and T=300K. We consider the case of 1ightly doped samples, where

the relaxation is dominated by hole-phonon scattering. Using Eq. (15) we
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can calculate l‘(l) for any polarization of the light. Explicit values of
5‘(1) are calculated for the case of unpolarized 1ight, and for the polari-
zation along the [100] and [110] directions.

For unpolarized 1ight the second-rank ransor zf becomes a scalar,
since any orientational dependence has been averaged out when we averaged

39 We find that values of Xx'(1)

over the directions of the vector potential.
increase monotonically with increasing intensity due to changes in the
distribution of free-hoIes. Room temperature values of x'(I)/x'(1=0) are
given in Fig. 8 for intensities between 0 and 60 Mw/cmz. At low intensities
(x'(1=0) /Ny ) is equal to 1.4x10720 cm (x'(1=0) is proportional to Np).
Laser-induced changes in X'{(w) can be measured by observing changes in
the real part of the dielectric constant, which determine the dispersive
properties of the medium. The real part of the complex dielectric constant

§is given by
€=g_ ¢ 415' . (34)

Values for the change in € can be measured by studying threshold values for
self-focusing (for %% positive). In Fig. 9 we show the calculated results
for ac and the corresponding results for the chanée in the index of refrac-
tion, an, for unpolarized light with a wavelength of 10.6um at 300K. The
changes in € and in n are directly proportional to the free-hole density.
We find that € and n are increasing functions of intensity.

The intrinsic contribution to dn/dl in Ge has recently been measured
to be about 1x10-6 cmz/HH.‘o The resonant intervalence-band contribution
to dn/dl is intensity dependent. In the lower intensity region the change




-34-

in n is linear in 1. For hole densities greater than about 3x1035 cm-3,
the resonant intervalence-band contribution is larger than the intrinsic
contribution at the lower intensities. '

In Fig. 10 we show the calculated results for the diagonal components
of (a€/Np) as a function of intensity for light polarized in the [100] and
[110) directions. For the case of [100] polarization the coordinate axes
are chosen to be the crystal axis of the sample. In this coordinate
system, the off-diagonal components of € vanish as at low intensities.
There is a small difference in the values of €,

and €,y ( ezz in this

x €yy
case) due to the polarization dependence of 3(5) in determining the distri-
bution of holes in the heavy- and light-hole bands. For the case of [110]
polarization, the X axis is taken in the [110] direction, the Y axis in the
[110] direction and the Z axis in the [001] direction. In this coordinate
system € is diagonal. There is a small difference in the values of the
three diagonal components. Overall, from Fig. 10, we see that the effects
of polarization on Ag are rather small.

The change in € with 1ntehsfty {s due to the change in the distribu-
tion of hole states. We find that the diagonal components of 5' increase
monotonically with increasing intensity. From Eq. (15), we see that values
of E for which n(E) >w Tead to a positive contribution to 5' and thus to
€, whereas values of k for which n(E) < w Jead to a negative contribution
to l.' Under optical excitation, the holes occupy higher energy states
than in equilibrium. Thus, for the higher energy states with g(k) > w the
difference in occupation probabilities (fp(k)-~fe(k)) is on the average en-

hanced compared to the equilibrium value, whereas for states with n(&) < w
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the difference in occupation probabilities is decreased compared to the
equilibrium value. Hence, the positive contributions to g from terms with |
8(k) > w is increased by illumination, and the magnitude of the negative ]
contribution to § from terms with 0(5) < w is decreased by illumination.
Consequently, € increases monotonically with increasing intensity. As the
intensity increases, the increase in € is slower than linear due to satura-
tion of the intervalence-band transitions.

For two laser beams incident on a Ge sample, as in a pump-probe
experiment, the light intensity is modulated in space and time due to the |
interference of the two beams. Since the index of refraction is a function
of intensity, it is modulated by the oscillating intensity. The periodic
variation of the index of refraction leads to a coupling of the two beams.

This coupling can influence the transmission of the beams, which may be

important in the analysis of a pump-probe experiment.

F. Saturation Behavior of Other Groups IV and III-VI Semiconductors

In this section, we present the results for the saturation characteris-
tics for two different types of materials: semiconductors with a spin-orbit
splitting large compared to the photon energy of the COp laser (as is the
case for Ge), and semiconductors with a small spin-orbit splitting compared
to the photon energy (as Si). In the first case the split-off hole band is
not involved in the optical excitation process. For materials with small
spin-orbit splittings, the theory must be modified te include transitions
between the heavy- and 1ight-hole bands, the Tight- and split-off hole
bands, and the heavy- and split-off hole bands.




We first present a calculation describing the saturation behavior of

materials with spin-orbit splittings large compared to the energy of the
incident radiation. Thus, the split-off band is not involved in the opti-
cal transition and can be ignored. Some of the materials with large spin-
orbit splitting include p-type Ge, GaAs, GaSb, AISb, InAs, and AlAs.
Results for p-Ge have already been presented. In addition to Ge, saturable
absorption has been observed in p-type GaAs.1 The measurements were made
over a smaller intensity range than for Ge and the results were interpreted
in terms of a homogeneously broadened two-level model {rather than the
inhomogeneously broadened two-level model which we believe would have been
more correct). A saturation intensity of 20 MW/cm was reported. We are
not aware of any experimental measurements for p-type GaSb, Al1Sb, AlAs, or
InAs; however, due to the similarities with p-Ge and p-GaAs, we also expect
the absorption in these materials to saturate.

In order to 1imit the numerical expense involved in the calculation,
we use the first-order calculation for the distribution of hole states in
the resonant region of the heavy- and 1ight-hole bands. The first-order
calculation which neglects acou;t1ca1 phonon scattering produces results
which are within 15% of the more complete calculation of the saturation
intensity for p-Ge and p-GaAs (for which the more complete calculation was
also performed). ’

The calculated values of the s:cturation intansity at room temperature
and a photon energy of 117 meV (A=10.6um) for the materipls considered are
given in Table 11. We find that the dependence of I¢ oo temperature and
incident photon energy are qualitatively similar to that for Ge. This
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smooth behavior of Iy near room temperature and over the COp laser spectrum
allows one to characterize the saturation behavior by Ig (at Eg = 117 meV
and T, = 295°K) and the slopes (315/3EXE° and (315/3TXT°. Values of the
derivative of I with respect to photon energy and temperature are given in
Table II. For complieteness, we include the results for Ge.

From Table II, we note a large variation of the saturation intensity
for the materials. This large variation of the saturation intensity I¢ is
due to two factors: (1) the deformation potential parameters, and (2) the
valence band structures. A discussion of the systematic dependence of

I on the material parameters is presented in Ref. 41.

In the previous discussion we presented the results of a theory
describing the saturation of the intervalence-band transitions for most of
the Group IV and 1II-V semiconductors for which the spin-orbit splitting
was large compared to the energy of the incident photon. However, for
materials such as Si, where the spin-orbit splitting is less than the pho- -
ton energy, one must generalize the theory to include transitions from the
heavy-hole to light-hole band, the heavy-hole to split-off band, and the
light-hole to split-off band. We now consider the saturation properties of
Si and.InP, GaP, and A1P, which aiso have small spin-orbit splittings.

The absorption coefficient for these materials in the 9-11um region

can be written as
G'cp+ah*z+ah*s+a!_.s, (35)

where ap is the residual absorption due to phonons, °h*1(°h*s) is the
absorption coefficient due to direct heavy-hole to light-hole (split-off)




band transitions, and a is the absorption coefficient due to direct

2=+S
light-hole to split-off band transitions. The effect of lattice absorption
depends on the wavelength of the light and the temperature of the material,
Lattice absorption at 9.6um requires the cooperation of at least three
phonons to conserve energy and is therefore small. In Si two-phonon
absorption is energetically possible for a wavelength of 10.6um. The
absorption of light by the creation of phonons can be included in a
straightforward way, since this process is nonsaturable and just adds a
residual absorption term. Here, we consider the saturable absorption due
to the direct intervalence-band transitions.

In Eq. (18) we have given an expression to determine the decrease in
the absorption coefficient with increasing intensity when only the heavy-
hole and 1ight-hole bands were involved in the optical transition. Analo-
gous expressions can be written for direct transitions between the heavy-
hole and split-off bands and between the 1ight-hole and split-off bands.

In order to numerically integrate the expressions for Ohag? Shag and By
we must calculate the steady-state distribution functions in each band as a
function of intensity for each wavevector k. If we assume that the three
direct optical transitions are uncoupled, then the absorption due to each
resonant transition can be independently analyzed. That is, we can deter-
mine the satur? -ion characteristics for Ot Ohas? and %) s independently
using Eq. (18) for Oy, 2nd the analogous expression for O 20d @, ..
Here, we assume that the modification in the distribution function of free-
holes due to one particular resonant transition between two valence bands

in k-space does not strongly affect the distribution of free-noles in the
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resonant regions for the other transitions. A more complete discussion of
the calculational approach is presented in Ref. 42,

We numerically integrate the expressions for ap.y, Gp.s, and ag.g, and
find that the intensity dependence of the absorption due to each direct

transition can be fit to high accuracy by the functional form

%04

aj (1) 'm‘ , (36)

where agi is the low-intensity absorption coefficient and (Ig); is the
saturation intensity of the ith intervalence-band transition. Values of
(Is)hgs (Ig)ng» and (1g)yg at A=9.6um and T=295K are gjven in Table III for
the materials considered. For intensities low enough that the square root

in Eq. (36) can be power series expanded, one has
iy
IS Goj ISJ (37)

The values of “oj’“o for each of the three resonant transitions are listed

in Table IV. We have taken Ig to fit the result for the sum of the three
processes for intensities up to 100 MW/cm@. We find the saturation intensity
to have a smooth behavior near room temperature and A=9.6um (E,=129.8 meV).
This allows one to describe the saturation near room temperature and near

Eo by giving the values of Ig (at E¢=129.8 meV and Ty=295K) and the slopes

] o1

-li and —= . The values of Ig, 215 , an 215 are given in
o Eo a To Eo o7 To

Table I1I.




The measured values of I¢ for p-Si at 10.6um and 9.6um are shown in

Table v.30 We see that [ is considerably larger for Si than Ge, which is
primarily due to the larger hole-phonon scattering rates and the smaller
excitation rates in Si. In addition, lattice absorption is much larger in
Si than Ge for the wavelengths of interest. This larger nonsaturable
absorption must be included in the numerical analysis and creates a larger
uncertainty in the values for the saturation intensities. Absorption
saturation in p-Si has previously been observed;1 however, the range of
intensities considered was smaller and the data was interpreted in terms of
2 homogeneously broadened two-level model with I¢ R 50 MW/cm?,  We find
the data to be better approximated by an inhomogeneously broadened two-
le.ve'l model, where the deviation between the two functional forms for the
intensity dependence of the absorption coefficient becomes apparent for I R
) P

Values of the saturation intensities in the materials with small spin-
orbit splittings are generally larger than the values in materials with
larger spin-orbit splittings such as Ge and GaAs. This difference is pri-
marily due to the relatively slow splitting between the valence bands with
increasing |k|. This leads to larger scattering rates for the states in-
volved in the transitions and thus large values for the saturation intemsity.
The deformation potentials and the values of the optical matrix elements
also play an important role in determining the value of the saturation

intensity.




G. Intensity Dependence of the Conductivity

Since the absorption of 1ight modifies the distribution of free holes,
one expects a change in the sample conductivity upon illumination. Because
the density of states in the heavy-hole band is much greater than that in
the light-hole band, the photoexcited holes primarily scatter into high
energy states in the heavy-hole band. Thus, the dominant change in the
distribution function is an increase in the average energy of occupied
states in this band. For temperatures and doping levels for which phonon
scattering dominates the momentum relaxation, the conductivity decreases
upon illumination because the rate of phonon scattering increases with
increasing hole energy. For lower temperatures or higher doping levels
wheré jonized impurity scattering dominates the momentum relaxation, the
tonductivity increases with il1lumination because ionized impurity scat-
tering decreases with increasing hole energy. These photoconductive

43-47 and have been shown to

effects have been observed experimentally
influence the performance of p-Ge photon drag detectors.48'5° In this sec-
tion we present the results of a calculation of the photoconductive response
of p-Ge upon illumination by 10.6um 1ight as a function of doping level,
temperature and intensity.

Previous calculations of this photoconductive response have been based on
jidealized models in which the Ge valence bands have been replaced by a set
of discrete energy levels, each characterized by an effective mob111ty.45'47

In addition, the effects of saturation of the intervalence-band transitions

-
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were not included, so that the results could only be applied for low inten-
sities. Using the calculated hole distribution, we determine the photocon-
ductive response in both the linear and nonlinear regimes. We find reason-
able agreement with experimental results.

The intensity dependence of the conductivity is given by the following

expression51 for an electric field in the z-direction 52
0
r f /akz
1+ 31‘4—‘”
Bfg/akz

. |
3 3 2
o = 2(}) ﬁ'"h_[" k (k) 3%, lL"h Yhz T80, + 1)
(38)

afp/ak

1+ g, |——2*1
A 1'% 3k Ty Vo2 T+ 81, *+1,)

Here, Nj is the hole density, fg(g) is the distribution function in the
heavy-hole band subject to the laser light but with no external electric
field, vpz is the group velocity of the carrier in band b for k in the z-
direction, Tp(k) [T4(k)] s the momentum relaxation time due to scattering
of holes with wavevector 5 in the heavy- [1ight-] hole band by phonons and
jonized 1mpur1t1es.53 and s(E) is defined by Eq. (19c) and describes the
excitation of the hole carrier by the high-intensity light.

In Fig. 11 we show the calculated results for (-&0/0c1) vs Nj in the

low intensity regime where &0 is proportional to 1. The calculation was
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done for room temperature Ge illuminated by A=10.6um light. The conduc-
tivity has decreased upon illumination. The primary effect of illumination
on the hole distribution is to increase the population of high energy holes
in the heavy-hole band. At room temperature and for the doping levels con-
sidered here, hole-phonon scattering limits the conductivity. Since hole-
phonon scattering rates increase with increasing hole energy, the conduc-
tivity decreases with illumination. For hole densities between about 1014-
4x1015 cm‘3, (-Aa/ol) is essentially independent of Np. In this region
hole-impurity scattering makes a negligible contribution to the scattering
rates. For hole densities greater than about 4x1015 ecm=3, (-ac/ol)
decreases with increasing Np. In this regime, hole-impurity scattering
begins to play a role in limiting the mobility. Hole-impurity scattefing
rates decrease with increasing hole energy. As 2 result the fractional
increase in the total scattering rate (hole-phonon plus hole-impurity) does
not increase as much with increasing hole energy in the more heavily doped
samples. In addition, the hole distribution is not as strongly modified by
11lumination of a given 1ntens1§y in the more heavily doped samples due to
the increase in hole-ionized impurity and hole-hole scattering which tends
to maintain the equilibrium distribution. For hole densities less than
about 1014 car3, (-a0/0l) decreases with decreasing hole density. This
decrease is due to the increased contribution to the conductivity of free
electrons whose distribution is not strongly modified by illumination. (In
Ge at 300K, the intrinsic density is about 2x1013 car3). Also shown in
Fig. 11 are the available experimental results. There is considerable

variation in the results reported by the various authors. Our calculated

d




values are in fairly good agreement with the data of Gibson et 1.44 and

those of Maggs.48

In Fig. 12 we present our results for the temperature dependence of
(ac/ol) for a hole concentration of 2x1016 cm=3. We choose this value for
the hole density since measurements exist and the change in the conduc-
tivity was observed to change sign over the temperature range that was

reported.45

We note that the change in the conductivity is negative for
temceratures qreater than about 100K and becomes positive for lower tem-
peratures. In the higher tumperature regime, hole-phonon scattering plays
a greater role in determining the momentum relaxation than hole-impurity
scattering and thus the conductivity decreases upon illumination. In the
lower temperature regime, hole-ionized impurity scattering dominates the
momentum relaxation and the conductivity increases upon illumination. The
temperature at which Ac changes sign depends on the doping level. At lower
doping levels, the sign change in Ac occurs at lower temperatures. This

45 In addition, we note that the

effect has been observed experimentally.
magnitude of |a0/01| decreases as the temperature increases from about
150K, This'decrease is due to a decrease in the rate of phonon scattering
at the lower temperatures. As a result of the decreased scattering rate,
the hole distribution is more strongly modified by a given light intensity
at the lower temperatures., The experimental results of Refs. 43 and 45 are
included in Fig., 12. The data show the same qualitative features as the
calculated results. The calculation gives somewhat larger values for
|ac/ol| than were observed in Ref. 45. From Fig. 11 we note that the room

temperature results reported in Ref. 15 are systematically smaller than

those of Refs. 44 and 48.




Because of interest in the performance of photon-drag detectors at

high laser intensities,8-0

we also examine the photoconductive response
of p-Ge at intensities for which saturation effects start to become impor-
tant. In Fig. 13 we present the results of our calculation of (-ac/cl) as

a function of Ny for different light intensities. The curve for 0.05 MW/cm
js in the lirear regime. At the higher intensities, (-Ao/c) increases with
increasing intensity at a rate which is slower than linear. The nonlinear
behavior is due to saturation of the 1nter§a1ence-band transitions. The
shape of the curves at any given intensity are similar. We are not aware
of any direct measurements of (ac/ol) at these high intensities; however,

both saturable absorption1'7'9 48,50 pave

and nonlinear photon-drag voltages
been seen experimentally. It is possible that this saturation effect could
account for some of the variation in the experimental results shown in Fig.

11.

J11. NONLINEAR ABSORPTION IN n-TYPE GERMANIUM
In this section we present a quantitative investigation of the for-

mation of a laser-induced plasma in n-type or intrinsic germanium by
absorption of 10um light. For this spectral region the material is rela-
tively transparent at low intensity and is often used as a window material
for CO2 lasers. Germanium has also been used as phase-conjugate mirrors at
10.6um via degenerate four-wave m‘lxing.36 Recently, amplified reflection
at 10.6um has been observed via degenerate four-wave mixing in an optically
induced free-carrier plasma in germanium.lo

Experimentally, 1t is observed that n-germanium exhibits an increase

in the absorption coefficient with increasing intensity.z's'9 This
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laser-induced "opacity" has a decay time of about 100usec, which is on tne
order of the electron-hole recombination time in germanium. The increase
in the absorption coefficient at high intensities has been shown through

2-3 45 result from the formation of electron-

photoconductivity measurements
hole pairs and subsequent free carrier absorption. Two mechanisms have been
proposed to describe the generation of the electron-hole pairs by the below
gap light. In one mode1,3 multiphoton absorption is invoked. For absi.p-
tion at the direct gap at least seven photons must be involved, absorption
at the indirect gap requires six photons (and one phonon) at 10.6um or five
photons (and one phonon) at 9.6um. In the second model, the excess
electron-hole pairs are generated by impact ionization. That is, the high
intensity 1ight increases the average energy of the conduction electrons
initially present (n-type material). When an electron (or hole) has an
energy relative to its band minimum in excess of the band gap energy, the
hot carrier is able to lose energy by creating an electron-hole pair., Here
we consider the second model (which we believe to be the more likely). To
describe the process, we set up and solve rate equations to determine the
hot-electron distribution as a function of laser intensity. We then find
the rate at which electron-hole pairs are generated. The absorption pro-
duced by the excess carriers is then found. We compare our results with
the experimental results of Ref. 10 and of Refs. 2 and 3. The experimental
results reported by these two groups are in disagreement. Our

results are in good agreement with the results reported in Ref. 10 but

cannot account for the much lower threshold intensities for electron-hole
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pair generation which are reported in Refs. 2 and 3. There are no fitting
parameters in our calculation. If the threshold intensities reported in
Ref. 10 prove to be correct, our calculation strongly suggests that impact
ionization is indeed the mechanism responsible for the observed generation
of excess electron-hole pairs by high intensity CO; radiation in Ge. On
the other hand, if the much lower threshold intensities reported in Refs. 2
and 3 prove to be correct, our calculation strongly suggests that impact
jonization cannot be invoked to explain the electron-hole pair generation.
We consider n-type and intrinsic Ge. Thus, the initial electron den-
sity is gréater than or equal to the initial hole density. We assume that
impact ionization is larger for electrons than for holes and only include
electron-hole pair generation via electron impact ifonization in our calcu-
lations. There are two reasons for this assumption: the hole-optical pho-
non coupling is somewhat stronger than the electron-optical phonon coupling
(thus the energy relaxation for the holes is somewhat stronger than for
éIectrons) and the intravalence-band optical absorption cross sections are
somewhat smaller than the intraconduction-band cross sections (thus the
electrons are more easily optically excited). Note that the intervalence-
band cross sections for free holes are large, but to excite a hole to an
energy for which impact ionization is possible would require that many pho-
tons be absorbed. Direct intervalence-band absorption can only contribute
at the low energy part of the hole distribution where the heavy and light
hole bands are in resonance (that is, only the “first" photon will be
absorbed via an intervalence-band process and the "other" photons must be

absorbed via the intravalence-band process). If the hole impact tonization
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were comparable to electron impact ionization our results would be only
slightly modified, even for undoped material, because the impact ionization
rates are a very strong function of intensity. Thus, if the electron-hole
pair generation rates as a function of intensity were (say) doubled, the
intensity required to produce a fixed generation rate would be only
slightly modified. Of course, for n-type material there are initially few
holes and the hole impact ionization process would have to significantly
exceed the electron process to invalidate our procedure. In p-type
material, impact ionization by holes may dominate (at least initially)
because there are very few electrons present. Thus, we expect that the
threshold intensity for electron-hole pair formation in p-type material

should be somewhat larger than in n-type material.

A. Calculational Approach
Simplified rate-equation models have previously been presented in
which the conduction band is divided into a discrete set of energy levels

11 or the longitudinal opti-

with an energy separation of the photon energy
cal phonon energy.54 These calculations have been applied to studying
carrier multiplication in InSb, Hg 77Cdg,23Te and InAs by 10.6um 1ight
pulses. For these materials the relaxation of the energetic electrons is
largely determined by polar optical phonon scattering, while for germanium,
nonpolar optical phonon scattering dominates the energy relaxation of the
energetic carriers. The rate equations to be solved for the distribution

of free electrons have the following form
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delrg ter b))
where fcg is the one-electron occupation probability for a state with wave-
vector k in band c, fcg is the thermal equilibrium value for the distribu-
tion fcg» and RCE‘C'E' is the rate at which an electron with wavevector k
in band ¢ is scattering into a state with wavevector 5' in band c'.
Recombination and impact ionization are slow compared to the electron-
phonon scattering rates and these processes are not included in Eq. (39).
Thus, Eq. (39) is used to determine the electron energy distribution for a
fixed number of electrons. This energy distribution is then used to find
the impact ionization generation rate. This generation rate is used to find
the density of carriers as a function of time for a given optical pulse
shape. The recombination rates are very slow (1ifetimes on the order of
100 usec, while the laser pulse we consider is a few tens of nsec or less)
and can be ignored. For intensities near the threshold for plasma genera-
tion, the intraband scattering rates for the highest energy electron states
which are occupied with reasonable probability are fast compared with the
impact ionization rates. Thus, our procedure should be reasonable for
these intensities. At very high electron energies (€qq 2 1.6 ev), the
impact ionization rates become comparable to the intraband scattering rates

we consider and our approach breaks down, However, these very high energy
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states are only reached with reasonable probability for intensities con-
siderably larger than the threshold intensity.

For 10um light the dominant absorption mechanism in n-type germanium
is free carrier absorption, where an electron absorbs a photon and is
excited to a state in the same band. The cross section for this process is
smaller than that for intervalence-band free hole transitions, since in the
case of free electron absorption the conservation of energy and crystal
momentun cannot both be satisfied without the interaction of a third par-
ticle such as a phonon or impurity. In a free-electron approximation, one
can derive expressions for the cross section by perturbation methods.55
The results of these calculations indicate that impurity density plays an
important role in determining the cross section.

At low light intensity (linear regime), the free electrons occupy
states near the conduction band mimima where the bands can be described by
effective mass theory. However, in this problem we are interested in exci-
tation rates for electrons which are highly energetic with energies as high
as 2-3 times the bandgap. We assume that the excitation rates depend only
on the density of final states to which the electrons can be excited by the
absorption of a photon. Thus, the excitation rates depend on thé energy of
the carrier and increase as the density of final states increases. The
constant of proportionality in the excitation rates is determined by
requiring that at low 1ight intensities, the calculated value for the cross
section agree with the experimental measurements. Thus, the term in Eq.
(39), which describes the rate of change of the distribution due to absorp-
tion, connects a state with energy c to the energy surfaces ¢ + hu, where

hw is the photon energy.
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The state with energy ¢ is depleted by one-photon transitions which
excite the electron to energy ¢ + hw, and the state is fed by one-photon
transitions from states with energy € - fw. Only one-photon transitions
are included in the analysis. Thus, in the calculation, the hot electrons
which can undergo impact ionization pair-producing events are generated by
successive one-photon transitions,

In order to calculate the occupation probabilities, we must also know
the free-electron scattering rates. We consider the region of temperature
and impurity density for which the scattering is dominated by lattice scat-
tering. The optical phonon dispersion curve is relatively flat, and we
take the optical phonon energy to be discrete with an energy of 37 meV. We
consider the scattering of electrons from acoustical phonons to be an
elastic process. This ﬁpproximation is valid for the scattering of
electrons from acoustical phonons with small g, but does not account for
the energy relaxation of energetic electrons associated with large q
electron-acoustical phonon interactions. For electron energies less than
the band gap, the rate of energy loss is dominated by optical mode scat-
tering; however, for larger energies, this approximation somewhat under-
estimates the rate of energy relaxation of the hot electrons by the
emission of phonons., Making these assumptions regarding lattice scattering
events, the states with energy € in Eq. (39) directly couple to only the
surfaces in k-space with energy € and € ¢ hu, by lattice scattering events,
where hu, is the optical phonon enerqv. We describe the scattering due to
the combined longitudinal and transverse nonpolar optical phonons by an

energy-dependent relaxation times6
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fiwg _ fuw 1/2
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Here, 1/Tpc is the scattering rate due to the combined longitudinal and

traverse acoustical phonons given by57

L
RD (_ , (fm) 7 T 1
Ut == (= - (41)
v AT 1o, 2
—_—2 —_—2 —_— —— —_— a2
where = |= 0.75 = J[1.31 +1.61 = / = ,+1.00 (= /= )°). (42)

In Eq. (41) my (mg) is the transverse (longitudinal) effective mass, p is
the crystal density, Uy is the longitudinal sound velocity, and :E:uand
=, are the deformation potential constants as defined by Herring.>® The
quantity Tac (Typg) is the mean free time for a carrier to be scattered out
of a state e(k) by interaction with an acoustical (optical) phonon. Since
the matrix elements are independent of the directions of k and 5' (= k+ g),
Tac and Typp are also equal to the relaxation time for this type of scat-
tering given a perturbation which creates a small disturbance from
equilibrium. The numerical value for the constants appearing in the scat-
tering rates are shown in Table VI. The value of (—_——_h’/z , )2 was
chosen to be 0.459 so the experimentally observed temperature dependence of

the mobility could be duplicated without invoking additional scattering
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mechanisms. Following Conwel we determine — | using the measured

1
values of the inter.ction constant D for nonpolar optical modes and the

relation
p2u %/ = % wt = 0.4 . (43)

The interaction constant D can be determined from high field transport
measurements. From the magnitude of the saturation drift ve1oc1ty6° one
obtains 5x108 ev/cm and from the temperature dependence of the saturation

61 one obtains 7x108 eV/cm. We take an average of these two

drift velocity
results D=6x108 cm/sec, which gives =, =9%lev.

Both the phonon scattering and photon absorption processes tend to
randomize the crystal momentum of the final state, although energy conser-
vation still holds in the interactions. As a result, a detailed calcula-
tion of E(E) is not necessary since one only needs information about the
electronic density of states p(€). The density of states is taken from the
nonlocal pseudopotential calculations of Chelikowsky and Cohen.62

The rates for the inelastic scattering of‘e1ectrons by the production
of electron-hole pairs are computed by first-order perturbation theory by a
method developed by Kane.63 Because there are three occupied final states,
the cross section for impact ionization is a strongly varying function of
the hot electron energy near threshold &ue to density of states considera-
tions. In the impact ionization event, an energetic electron with energy
greater than Eg interacts with an electron in the valence band producing a

63

free electron-hole pair. Following Kane, ~ we write the impact fonization

rate for an electron with energy € as
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wie) = Af o (e2)p(e3)p(eq) 6 (€ - €p - €3 - €4) depde3dey, (44a)

where

A= 2_;; { |Ma|2 +|Mb|2 - (M:Mb + Ma";)/?] /(8N¢). (84b)

Here, p is the density of electron states and N. is the number of unit

cells. My and My are the direct and exchange screened Coulomb matrix ele-

ments defined as

My = 41e2 ch (EJ’KJ) Fcc (Eg;Egl (45a)
€V YA -2
|k - k|©+ by

and
My * axe? Fec (Eligngch (kpoky) ‘ '
3 PRI . (45b)
~2 =l D
where
' * . ) '
Fon' (k') = [ 00 () Ur (! ) aBr, (45¢)
unit
cell

Here, V is the volume, Up is the periodic part of the Bloch function, and Lp
is the Debye Length. In Egs. (45), k2 is the wavevector of the initial hot
electron in the conduction band, k] is the wavevector of the additional
electron in the conduction band produced by the impact ionization event, gi
is the wavevector of additional hole in the valence band produced by the
impact ionization event, and gé is the wavevector of the free electron in ' :
the conductfon band after the impact ionization., Following Haug and Ekardt,64
the direct Coulomb term is screened by the dielectric constant, but not the

exchange term. Although there are some questions with regard to the validity
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of this assumption, this treatment of the exchange terms gives better
agreement with the measured Auger recombination rates in Ge and Si.65'67
The overlap integrals in Eqs. (45) are estimated to be
[Foal2 =1, (462)
and

|Fn.n|2 = 0.1 . (46b)

Here, the value for |Fpp|2 follows from k « p perturbation theory and the
value for |Fn'n|2 corresponds to values approximated by Huldt.58

Since germanium is indirect with a conduction band m{nima in the [111]
direction at the zone edge, near threshold |k; - gil N k2 - kylx Kipy/2,
where K111 is the minimum non-zero reciprocal lattice vector fn the [111]
direction. This approximation to the matrix elements is less valid for hot
electrons far above the pair-producing threshold. In silicon the variation
of the squared matrix element is about 30% for primary electron energies

between 5 and 8 ev.63

B. Results and Discussion

Using the densities of states of Réf. 62 in Eq. (44a), we calculate
the impact fonization rates as shown in Fig. 14. We see that the scat-
tering rates are a strong function of the primary hot electron energy,
especially near threshold. The scattering rate for electrons by pair-
producing collisfons is equal to the scattering rate for elactron-phonon
interactions for free carriers with an energy of about three times the

bandgap.
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In the absence of the inelastic pair-producing collisions, the high-
intensity 1ight increases the average energy of the free electrons and a
steady-state distribution is attained on the time scale of a few pico-
seconds. Since the laser pulses used in the experiments are much larger
than a psec, any transient effects not associated with pair generation
would be damped out. We first solve for steady-state solutions of Eq. (39).
The occupation probability for a state with energy ¢ is coupled to the
energy surfaces at € z tw and ¢ & twy. In the numerical calculations, we
divide the energy space into a grid with intervals of 1 meV for energies in
the range of 0 to 2.50 eV. The equation for f(e) is represented by a set
of linear algebraic equations as a consequence of the discreteness of the
photon and optical phonon energy. For example, for a state with energy
greater than the phonon energy tw, and less than the photon energy fiw, the
occupation probability is coupled to the energy surface ¢ + fhw by photon
absorption and to the energy surfaces € : hwy by optical phonon interac-

tions. The steady state equation can be written as

B(I) Tph [f4(k) = feamu(1)] Ton F(e)
M g, W T TR T T <47

Here, we have defined the auxiliary functions

1
m lc.:!' ch._. c‘tl » (48‘)
e
Fle) = T [ Rorkr v ek (ferir - fc'k')]’ (48b)
ch -~ -~ - d

g8(1) is the transition rate by photon absorption out of a state with wave-

vector k and fe-(l) is the probability that a state on the energy surface

g e e e oo
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¢' is occupied by an electron. The excitation rate 8(l) can be written as

U(E.m)l
B(1,E) » —g— (49)
where o(c,w) determines the free electron absorption cross section for a
photon with energy hw through the relationship
olw) = T ole(k),w)f(elk)). (50)
k -~ -~

-~

We assume that o(e,w) is proportional to the density of electron states at
€ + hw, where the constant of proportionality is determined using Eq. (50)
and requiring that at low light intensities (linear regime), the calculated
value for the cross section o(w) agree with the experimental results. In
solving for the distribution and the constant of proportionality in o(e,w),
we assume that nondegenerate statistics can be used. We use a cross sec-
tion of 4.8x10-17 cm? at 10.6um and room temperature determined from the
measurements of Ref. 55. The excitation rates are directly proportional to
the product of the free-electron cross section, the light intensity, and
the density of final states, so that a different free-electron cross sec-
tion could be used by scaling the Tight intensity. A1l calculations are
performe& assuming no increase in the lattice temperature, that is, for
laser pulses of sufficiently short duration that thermal effects can be
ignored. We solve the equations by an iterative method to determine the
distribution of free electrons with energies greater than Eg as a function
of the laser intensity. We first substitute the thermal equilibrium values
for the occupation probabilities on the right hand sides of the set of
algebraic equations similar to Eq. (47). Then we continue to iterate the

set of equations until convergence. We find that for sufficiently high
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intensities, a significant fraction of the total electron density is
excited to states with energies greater than the bandgap. For example, the
calculated electron density with energy greater than Eg is 0.0017%, 0.070%,
and 2.4% of the total electron density for light with a wavelength of
10.6um, room temperature conditions, and intensities of 20, 50, and 100
MW/cme, respectively. We see that for light intensities of about 100
MW/cm2, a significant fraction of the total electron density are energeti-
cally capable of pair-producing inelastic collisions.

In our calculation of the excitation rates, the energy dependence
enters through the density of final states, which increases with increasing
electron energy up to an energy of about 2 eV.62 Thus, as the average
energy of the electron system is increased by the high intensity light, the

'average excitation rate by indirect intraband absorption is increased,
since there is a larger density of final states to which the electrons can
be excited. Using the calculated steady-state values for the intensity
&ependence of the distribution, we calculate an intensity dependence in the

" free-electron cross section. The results for Gg(1), normalized to 0g(I=0),

are shown in Fig. 15 for room temperature conditions and 1ight having a

wavelength of 10.6um and 9.6um. We find that the free-electron cross sec-
tion increases approximately linearly with increasing light intensity.

Thus, the absorption coefficient would increase with increasing intensity

even in the absence of the pair-production processes.
We now calculate the buildup rate of free electron-hole pairs by the
impact ionization events. Using the values for the electron scattering

rates by pair production and the calculated values for the steady-state




occupation probabilities for states with enerqy greater than Eg, we calcu-

late

dN
'3% = ;’. ni 4 (gj) cNe, (51)

51>Eg
where Ng is the total free electron density and ny is the free electron
density in the ith energy interval. Eq. (51) defines an exponential growth
rate ¢. In the numerical calculations, energy intervals of 1 meV were used
in the sum over i in Eq. (51). 1In Fig. 16, we show the calculated values
for the exponential buildup rate for intensities in the range of 0 to 240
MW/cm2. The calculation was performed for room temperature conditions with
the solid line showing the results at 10.6um, and the dashed line showing
the results at 9.6um. In the calculated values at 9.6um, a small-signal
free electron absorption cross section of 4x10-17 cm? was used, estimated
from the infrared absorption measurements of Ref., 55. We find that the
plasma formation thresholds for light at 10.6um and 9.6um are approximately
the same. For a given light intensity, the exponential buildup factor is
slightly larger at 10.6um primarily due to the larger free-electron cross
section, which produces larger excitation rates in Eq. (39).

In Fig. 17, we show the calculated values for the exponential growth
rate as a function of the 1ight intensity and temperature for 10.6um
radiation., The curves are for sample temperatures of 200, 300, and 450K
for intensities in the range of 0 to 240 MW/cm?. In the calculation, we
use a free electron cross section of 3x10-17 ¢m@ for T=200k, and 7x10-17 cm?
for Ts450Kk. These values were estimated from the absorption data of Ref.
55. The temperature dependence of the bandgap was taken to be dEg/dT =

69

~0.45 meV/K in the calculation, We find that the exponential growth rate
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for a fixed intensity is larger at higher temperatures, and, therefore, the
threshold for the formation of the electron-hole plasma becomes lower as
the temperature is increased. This is primarily due to the increase in
free electron cross section at the larger temperatures. The temperature
dependence of the relaxation rates are also important in the analysis. The
relaxation rates by electron-phonon interactions increase with increasing
temperature so that they in part cancel the effect of the increasing cross
sections.

In Fig. 18, we show the fractional change in the free electron density
for light with a wavelength of 10.6um in n-type germanium at room tem-
perature. Since the absorption is time dependent due to the pair produc-
tion events, the figure sﬁows the fractional change in the free-electron
density after passage of én optical pulse with constant power density and
pulse durations of 0.5, 2, 10 and 100 nsec. We see that the change in con-
centration has a large intensity and pulse length dependence. Thus, a
direct comparison to experiment requires detailed information about the
instantaneous intensities of the input pulse.

We now examine the intensity dependence o% the absorption coefficient,
including the effect of indirect free electron absorption, indirect free-
hole absorption, direct intervalence-band hole absorption, multiphonon
absorption, and plasma formation. In Fig. 19, we show values for the
absorption coefficient normalized to the small signal absorption for a
wavelength of 10.6um and for intrinsic and optical grade germanium. The
values are shown for the absorption coefficient at the end of an optical

pulse of constant power density, and a pulse duration of 2 nsec and 2 pulse

with a duration of 40 nsec. The multiphonon absorption coefficient is
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taken to be 0.03 cm'l,18 the free hole cross section is taken to be

1x10-17 cm2, estimated by Drude-Zener theory, the free-electron cross sec-
tion is taken to be 4.9x10-17 cm?, and the direct intervalence-band cross
section is taken to be 6.8x10-16 cm2.” We use the calculated results in
Fig. 15 for the intensity dependence of the free-electron cross section and
assume the same intensity dependence for the indirect free-hole cross sec-
tion. This is not a critical assumption since for intrinsic or n-type
materials the indirect free-hole cross section is always much smaller than
the other absorption processes. For the intensity dependence of the direct

free-hole absorption coefficient aD(I), we write

uD(I:O) 52
an (1) /T=E=?7T:_ , (52)

and use Ig = 4 MW/cm@. The increase in free electron-hole pairs is calcu- .

lated using the values for the exponential growth rate as a function of
intensity. In Fig. 19a, we show the calculated values of a(l)/a(1=0) for
intrinsic germanium (Ng = Np = 2.4x1013 cmr3) at the end of a 2 nsec pulse
and a 40 nsec optical puise. In each case, the absorption coefficient ini-
tially decreases due to the saturation of the intervalence-band absorption
as discussed earlier in this paper. The rapidly rising increase in the
absorption is the threshold for the electron-hole plasma formation. In
Fig. 19b the calculated values for the absorption coefficient are shown for
optical grade germanium (Ne = 1.5x1034 cm=3). In this case we do not
expect to observe absorption saturation since the free hole density is much
less than the free electron density in thermal equilibrium, and the satura-

tion of the intervalence-band absorption is approximately cancelled by the
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increase in the indirect free electron absorption. Values for the thresh-
old for plasma formation are also shown. From Fig. 19 one sees that the
threshold occurs at somewhat higher intensities in intrinsic germanium than
in the n-type optical grade germanium. There are two reasons for the
higher threshold intensity in the intrinsic case: first, the low intensity
absorption coefficient is larger in the intrinsic case owing to the larger
density of holes and the large intervalence-band cross section for the
holes (thus, a higher density of electron-hole pairs must be generated for
the same fractional increase of the absorption coefficient in intrinsic
germanium compared with optical grade germanium), and second, there is a
smaller density of electrons, which are assumed to be primarily responsible
for initiating the impact ionization process, in intrinsic germanium com-
pared with optical grade germanium. However, since the carrier generation
rates are very rapidiy increasing functions of intensity, the difference in
the thresholds for the two cases is rather small,

Experimentally, the transmission as a function of intensity in intrin-

2-3,10 In

sic and optical grade germanium has been reported by two groups.
the work reported in Ref. 10, the laser pulses were approximately Gaussian
in time with a FWHM of about 2 nsec. The transmission data was interpreted
in terms of electron-hole pair formation. For intrinsic germanium the peak
free carrier density as a function of peak laser intensity was reported.
The reported free carrier density was weakly dependent on the light inten-
sity for peak intensities less than about 200 MW/cm?, at which point the
free carrier density began to increase rapidly with intensity. These
experimental results are in reasonably good agreement with our calculated

results. We find a threshold of about 140 MW/cm? for a constant intensity
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pulse of 2 nsec. (This threshold is taken from Fig. 18 and setting the
threshold as the intensity for which aNg/Ne = 1.) For intensities greater
than the threshold, we also find a very rapid increase in carrier density
with intensity. Considering the various uncertainties in the calculation
and the difficulties in direct comparison with the experimental data owing
to the pulse shapes, we find this level of agreement satisfactory.

The results in Refs. 2 and 3 are quite different than those of Ref. 10.
In this work optical grade Ge was used. The muitimode laser pulses used had
2 spiky structure and the laser intensities quoted were averaged values ob-
tained by assuming a clean pulse with a FWHM of 80 to 90 nsec. Under these
conditions, thresholds for electron-hole pair formation of about 12 MW/ cmé
were reported. This is over an order of magnitude smaller than the thresh-
olds reported in Ref. 10. The longer pulse lengths and the use of optical
grade rather than intrinsic material do tend to push the thresholds lower.
We calculate that for a constant intensity 80 nsec pulse the threshold should
be about 80 MW/cmé. Nonetheless, there is a large discrepancy between the
experimental resuits of these two groups, Our theoretical results, based
on the impact ionization model, are consistent with the experimental results
of Ref. 10 and they are not consistent with the much Tower threshold
energies reported in Refs. 2 and 3. If the threshold intensities of Ref.
10 prove correct our calculations support the impact ionization model for
the e]ec;ron-hole pair formation. 1f the threshold intensities of Refs. 2
and 3 prove correct, our calculation suggest that the electron-hole pair

formation cannot be explained by the impact ionization model.

»
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SUMMARY AND CONCLUSIONS

We have presented calculations of the intensity dependence of the
absorption by free carriers in p-type and n-type semiconductors. The
analysis was divided into two sections, one discussing the absorption of CO;
laser light by free holes, and the other discussing the absorption by free
electrons. In the first section we reviewed a theory of the saturation of
heavy- to light-hole band transitions in p-type semiconductors with the
diamond or zinc-blend crystal structure. We found that the intensity
dependence of the absorpti..n coefficient is closely approximated by an
inhomogeneously broadened two-level model, and values of the saturation
intensity were presented for most Groups IV and [II-V semiconductors for
1ight in the 9-11um region. For the temperature and concentration range
where hole-phonon scattering dominates hole-impurity and hole-hole scat-
tering, Ig is found to be independent of hole density. For larger hole
densities where hole impurity and hole-hole scattering are important, the
saturation intensity increases monotonically with increasing hole concen-
tration. This behavior is consistent with experimental results. The
dependence of the saturation intensity on photon energy has been computed
and compared with available experimental results. Good agreement between
theory and experiment was found. He.have predicted the dependence of the
saturation intensity on temperature.

We have also used the theory to describe the intensity dependence of
the real part of the dielectric constant in p-Ge due to modifications of
the free-hole distribution function by the high intensity laser. We find
that the diagonal components of the susceptibility increase monotonically
with increasing intensity, and that the increases in the susceptibility are

directly proportional to the concentration of free holes in the sample.

e




We investigated the intensity dependence of the absorption associated
with indirect free-electron transitions in germanium. We find that the
cross section increases with increasing intensity as the electrons are
pumped higher into the conduction band by the absorption of 1ight. As the
intensity is further incresed, 2 significant fraction of the electrons have
energy greater than the bandgap. These electrons can relax by inelastic
pair-production processes creating an additicnal electron-hole pair. This
leads to a rather abrupt increase in the absorption coefficient with
increasing intensity. Once the threshold for plasma formation is attained,
the. absorption coefficient is a strong function of both the intensity and
duration of the laser pulse. Values for the exponential growth are calcu-
lated as a function of wavelength, temperature, and the light intensity.
Comparison with experiment is required to determine whether impact ioniza-
tion is indeed responsible for the plasma formation and the resulting
increase in absorption. At present, experimental resuits are in
&isagreement.

Although calculations for the plasma formation were performed for n-
type and intrinsic Ge, a similar process can occur in p-type material.
There are two possibilities in p-type material: the impact ionization may
be initiated by a hot hole distribution or the small number of electrons
initially present may initiate the impact ionization process. For reasons
previously discussed, we expect the hole impact ifonization process to be
somewhat less effective than the electron impact ionization process and,
thus, we expect somewhat larger threshold intensities in p-type material

than in n-type. However, even if hole impact jonization was completely




ineffective, the threshold intensity of moderately doped p-type e would

exceed that of n-type Ge by less than about a factor of two (at room
temperature) owing to the very strong dependence of the excess electron
density on intensity shown in Fig. 18. Thus, p-type material is expected
to show saturable absorption for intensities less than the threshold inten-
sity for plasma formation, but strongly increasing absorption (with
intensity) for intensities greater than this threshold and the threshold
intensity in p-type material should somewhat exceed (less than a factor of

two) that in n-type material.

ACKNOWLEDGMENTS

The authors thank T. C. McGill and Edgard Schweig for many useful dis-
cussions. We are especially grateful to C. R. Phipps, Jr., for communicating
his experimental results prior to publication. We would also like to thank
L. S. Darken, M, E. Mostoller, and J. T. Luck for assistance in the prepa-
ration of this manuscript. We acknowledge the support of the U. S.
Department of Energy under contract W-7405-eng-26 operated by Union Carbide
Corporation and the Air Force of Scientific Research under grant No.
AFOSR-77-3216. One of us (R.B.J.) wants to gratefully thank the Director
of the Qak Ridge National Laboratory for financial support through the
Eugene P. Wigner Fellowship fund, and one of us (D.L.S.) acknowledges sup-

port from the Alfred P. Sloan Foundation,




10.

11.

12.

-67-

REFERENCES

A. F, Gibson, C. A. Rosito, C. A. Raffo, and M. F. Kimmitt, "Absorp-
tion saturation in germanium, silicon, and gallium arsenide at
10.6um," Appl. Phys. Lett., vol. 21, pp. 356-357, 1972.

S. Y. Yuen, R, L. Aggarwal, N. Lee, and B. Lax, "Nonlinear absorption
of CO; laser radiation by nonequilibrium carriers in germanium,” Opt.
Commun., vol. 28, pp. 237-240, 1979,

S. Y. Yuen, R. L. Aggarwal, and B. Lax, “Saturation of transmitted CO;

laser pulses in germanium," J. Appl. Phys., vol. 51, pp. 1146-1151,
1980.

B. J. Feldman and J. F. Figueria, "Generation of subnanosecond COp
laser pulses at 10.6um by pulse compression techniques," Appl. Phys.
Lett., vol. 25, pp. 301-303, 1974,

A. F. Gibson, M. F, Kimmitt, and B. Norris, “Generation of bandwidth-
limited pulses from a TEA CO; laser using p-type germanium,” Appl.
Phys. Lett., vol. 24, pp. 306-307, 1974.

A. J. Alcock and A. C. Walker, "Generation and detection of 150-psec
mode-locked pulses from a multi-atmosphere CO, laser," Appl. Phys.
Lett., vol. 25, pp. 299-301, 1974.

C. R. Phipps, Jr., and S. J. Thomas, "Saturation behavior of p-type
germanium at CO, laser wavelengths," Opt. Lett., vol. 1, pp. 93-95,
1977.

R. L. Carlson, M. D. Montgomery, J. S. Ladish, and C. M, Lockhart,
"Simultaneous multiline saturation of gallium doped germanium and
SFg on the 10.6um band," IEEE J. Quantum Electron., vol. 13, p. 35D,
1977,

C. R. Phipps, Jr., S. J. Thomas, J. Ladish, S. J. Czuchlewski, and J.
F. Figuerira, “"Saturation behavior of p-type germanium over the COp
laser spectrum,” IEEE J. Quantum Electron., vol. 13, p. 36D, 1977,

D. E. Watkins, C. R. Phipps, Jr., and S. J. Thomas, "Observation of
amplified reflection through degenerate four-wave mixing at COz laser
wavelengths in germanium,”" Opt. Lett., vol. 6, pp. 76-78, 1981, For
review of DFWM in semiconductors, see R, K. Jain and M. B. Klein,

Optical Phase Conjugation, (R. A. Fisher, ed.), chapter 10, Academic
ress, .

T. W. Nee, C. D. Cantrell, J. F. Scott, and M, 0. Scully, "Nonlinear
optical properties of InSb: Hot-electron effects," Phys. Rev. B, vol.
17, pp. 3936-3945, 1978,

F. Keilmann, "Infrared saturation spectroscopy in p-type germanium,"”
1EEE J. Quantum Electron., vol. 12, pp. 592-297, 1976.




13.

14,

15.

16.

17.

18.

19,

20.

21.

22.

23.

24,

25.

26.

27.

28.

M. Kawai and T. Miyakawa, “"Temporal and spectral behavior of absorp-
tion saturation in p-Ge around 10.6um," Jap. J. of Appl. Phys., vol.
20, pp. 369-373, 1981.

M. Sargent I1I, “Relaxation of hot holes in p-Ge," Opt. Commun., vol.
20, pp. 298-302, 1977.

E. 0. Kane, "Energy band structure in p-type germanium and silicon,"
J. Phys. Chem. Solids, vol. 1, pp. 82-89, 1956.

J. C. Hensel and K. Suzuki, “Quantum resonances in the valence bands
of germanium. II. Cyclotron resonances in uniaxially stressed
crystals,” Phys. Rev. B, vol. 9, pp. 4219-4257, 1974,

A. H. Kahn, "Theory of the infrared absorption of carriers in ger-
manium and silicon," Phys. Rev., vol., 97, pp. 1647-1652, 1955,

S. J. Fray, F. A. Johnson, J. E. Quarrington, and N. Williams,
“Lattice bands in germanium," vol. 85, pp. 153-158, 1965.

R. Braunstein and E. 0. Kane, "The valence band structure of the 111-V
compounds,” J. Phys. Chem. Solids, vol. 23, pp. 1423-1431, 1962.

J. W. Hodby, "Infrared absorption in gallium phosphide-gallium arse-
nide alloys. Il. Absorption in p-type material,” Proc. Phys. Soc.
(London), vol. 82, pp. 324-326, 1963.

G. W. Gobeli and H. Y. Fan, "Infrared absorption and valence band in
indium antimonide,” Phys. Rev., vol. 119, pp. 613-620, 1960.

R. Braunstein, "Intervalence band transitions in gallium arsenide,” J.
Phys. Chem. Solids, vol. 8, pp. 280-282, 1959,

W. M, Becker, A. K. Ramdas, and H. Y. Fan, "Energy band structure of
gallium antimonide," J. Appl. Phys., vol. 32, pp. 2094-2102, 1961.

F. Matossi and F. Stern, “Temperature dependence of optical absorption
in p-type indium arsenide," Phys. Rev., vol. 111, pp. 472-475, 1958,

See, for example, A. Abragam, The Principles of Nuclear Magnetism,
(Oxford: Clarendon Press, 1961), pp. 272ff.
R. B. James and D. L. Smith, "Saturation of intervalence-band tran-

sitions in p-type semiconductors," Phys. Rev. B, vol. 21, pp.
3502-3512, 1980.

R. B. James and D. L. Smith, "Theory of nonlinear infrared absorption
in p-type germanium,” Phys. Rev. Lett., vol. 42, pp. 1495-1498, 1979.

£. Conwell, "Lattice mobility of hot carriers,”" J. Phys. Chem. Solids,
vol. 8, pp. 234-239, 1959,

.

areda

s . S




29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

D. M. Brown and R. Bray, "Analysis of lattice and ionized impurity
scattering in p-type germanium," Phys. Rev., vol. 127, pp. 1593-1602,
1962.

R. B. James, Edgard Schweig, D. L. Smith, and T. C. McGill,
“Experimental investigation of the infrared absorption saturation in
p-type germanium and silicon,” Appl. Phys. Lett., vol. 40, pp.
231-233, 1982.

H. Brooks, Advances in Electronics and Electron Physics (L. Marton,
ed.), vol. 7, p. 85, Academic Press, New York, 1955,

1. N. Yassievich and 1. D. Yaroshetskii, "Energy relaxation and
carrier heating and cooling processes in the intraband absorption of

Tight in semiconductors,” Fiz. Tekh. Poluprovodn., vol. 9, pp.
857-866, 1975 [Sov. Phys. Semicond., vol. 9, pp. 565-570, 1975].

We use the first-order approximation to the distribution as previously
discussed. This approximation was shown to produce results for
1g within 15% of the more complete calculation.

R. B. James and D. L. Smith, “Dependence of the saturation intensity
of p-type germanium on impurity concentration and residual absorption
at 10.59um," Solid State Commun., vol. 33, pp. 395-393, 1980.

E. V. Beregulin, P, M, Valov, and 1. D. Yaroshetskii, "Experimental
investigation of the bleaching of a semiconductor in the case of opti-
cal heating and cooling of electrons involving intraband transitions,"
Fiz. Tekh. Poulprovodn., vol. 12, pp. 239-244, 1978 [Sov. Phys.
Semicond., vol. 12, pp. 138-140, 1978].

See, for example, E. Bergmann, ]. Bigio, B, Feldman, and R. Fisher,
“High~efficiency pulsed 10.6um phase-conjugate reflection via degen-
erate four-wave mixing," Opt. Lett., vol. 3, pp. 82-84, 1978,

R. B. James and D. L. Smith, “Laser induced changes in the dispersive
properties of p-Ge due to intervalence-band transitions," Phys. Rev.
B, vol. 23, pp. 4044-4048, 1981,

J. Wynne, “Optical third-order mixing in GaAs, Ge, Si, and InAs,"
Phys. Rev., vol. 178, pp. 1295-1303, 1969.

D. E. Watkins, C. R. Phipps, Jr., and S. J. Thomas, "Determination of
the third-order nonlinear optical coefficients of germanium through
ellipse rotation,” Opt. Lett., vol. 5, pp. 248-249, 1980,

We average the vector potential over all angles.
R. B. James and D. L. Smith, "Saturation characteristics of p-type

semiconductors over the COz laser spectrum,” J. of Appl. Phys., vol.
51, pp. 2836-2839, 1980. !




42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

R. B. James and D. L. Smith, "Absorption of high intensity CO» laser
light in p-type sem1conductors with small spin-orbit splittings, J. of
Appl. Phys., vol. 52, pp. 4238-4240, 1981.

P. M. Valov, 1. D. Yaroshetskii, and I. N. Yassievich, "Effect of
cooling of carriers in semiconductors by light," ZhETF Pis. Red., vol.
20, pp. 448-452, 1974 [JETP Lett., vol. 20, pp. 204-206, 1974].

A. F. Gibson and P, N. D. Maggs, "Intraband photoconductivity in p-
type germanium at 10.6um," J. Phys. D: Appl. Phys., vol. 7, pp.
292-297, 1974.

V. G. Agafonov, P, M, Valov, B. S. Ryvkin, and 1. D. Yaroshetskii,
“Experimental investigation of the energy relaxation process in p-type
Ge under intraband optical excitation conditions," Fiz. Tekh. Polu-
provodn., vol. 9, pp. 867-871, 1975 [Sov. Phys. Semicond., vol. 9, pp.
571-573, 1975].

H. Hattori, 0. Fujitani, and M. Umeno, "Photoconductivity due to
inter-valence band transition in p-type germanium,' J. Phys. Soc.
Japan, vol. 36, pp. 485-490, 1974,

T. Grave and F. Keiimann, "Relaxation Dynamics and Photoconductivity
in p-type germanium," Z. Physik B, vol. 32, pp. 347-354, 1979,

P. J. Bishop, A. F. Gibson, and M, F. Kimmitt, "The performance of

photon-drag detectors at high laser intensities," IEEE J. of Quantum .
Electron., vol. QE-9, pp. 1007-1011, 1973. Values of 4 / I quoted

were measured by P. Maggs.

A. F. Gibson, M. F. Kimmitt, P. N. D. Maggs, and B, Norris, “A wide
bandwidth detection and d1sp1ay system for use with TEA CO; lasers,"”
J. of Appl. Phys., vol, 46, pp. 1413-1414, 1975.

T. Kamibayashi, S. Yonemochi, and T. Miyakawa, “Superlinear dependence
of photon drag voltage on incident power density," Appl. Phys. Lett.,
vol. 22, pp. 119-120, 1973.

R. B. James and D. L. Smith, "Theoretical description of the
intervalence-band photoconductivity of p-Ge at 10, Gum,“ Phys. Rev.,
vol. 23, pp. 4049-4053, 1981.

We have assumed that there exists no impact ionization processes in

which a hole is sufficiently energetic to relax by an electron-hole

pair production. This energy relaxation mechanism is important at very

high intensities; however, the experiments of Ref. 6 indicate that . {
this process is small over the range of intensities we consider.

Hole-hole scattering is included in the calculation of the distribu-

tion £O, but it is not included in the momentum relaxation rates. For
hole-hole scattering, the total momentum is not changed; thus, it has )
1ittle influence on the mobility. ’




54.

5.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

-71-

S. A. Jamison and A, V. Nurmikko, "Avalanche formation and high-
intensity infrared transmission limit in InAs, InSb, and Hgy._,Cd,Te,"
Phys. Rev, B, vol, 19, pp. 5185-5193, 1979.

H. Y. Fan, W. Spitzer, and R. J. Collins, “Infrared absorption in n-
type germanium,” Phys. Rev., vol. 101, pp. 566-572, 1956.

E. M. Conwell, High Field Transport in Semiconductors. Academic
Press, New York, 1967, pp. 149-153.

E. M. Conwell, High Field Transport in Semiconductors, Academic Press,
New York, 1967, pp. 112-153.

C. Herring, "Transport properties of a many-valley semiconductor,"”
Bell System Tech. J., vol. 34, pp. 237-290, 1955,

E. M. Conwell, High Field Transport in Semiconductors, Academic Press,
New York, 1967, pp. 16/-170.

H. G. Reik and H. Risken, “Drift velocity and anisotropy of hot
electrons in n-germanium," Phys, Rev., vol. 126, pp. 1737-1746, 1962.

M. H. Jorgensen, N. . Meyer, and K. J. Schmidt-T{iedemann,
"Hot-electron effects in silicon and germanium,* Proc. 7th Intern.
Conf. on Phys. of Semicond., pp. 457-466, 1964,

J. R. Chelikowsky and M. L. Cohen, “Nonlocal pseudopotential calcula-
tions for the electronic structure of eleven diamond and zinc-blende
semiconductors,” Phys. Rev. B, vol. 14, pp. 556-582, 1976.

E. 0. Kane, "Electron scattering by pair production in silicon," Phys.
Rev., vol, 159, pp. 624-631, 1967,

A. Haug and W. Ekardt, "The influence of screening effects on the
Auger recombination in semiconductors,” Solid State Commun., vol. 17,
PP. 267"268. 19750

N. G, Nilsson and K. G. Svanteson, "The spectrum and decay of the
recombination radiation from strongly excited silicon,” Solid State
Commun., vol. 11, pp. 155-159, 1972,

R. Conradt and J. Aegenheister, "Minority carrier lifetime in highly
doped Ge," Solid State Commun., vol. 10, pp. 321-323, 1972.

J. D. Beck and R. Conradt, “"Auger-recombination in Si,* Solid State
Commun., vol. 13, pp. 93-95, 1973,

L. Huldt, "Band-to-band Auger recombination in indirect gap semicon-
ductors,” Phys. Status Solidi (a), vol. 8, pp. 173-187, 1971.

W. C. Dash and R. Newman, "Intrinsic optical absorption in single-
crystal germanium and silicon at 77°K and 300°K," Phys. Rev., vol. 99,
pp. 1151-1155, 1955,




Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure 5.

FIGURE CAPTIONS

Valence band structure of germanium for small k in the [100]
direction. Here, an increase in hole energy corresponds to
going vertically downward.

Calculated hole distribution functions in p-Ge as a function of
k2 for k in the [111] and [100] directions. The calculations
were performed for A = 10.6um, T = 300°k and I = 30 MW/cme, The
equilibrium distribution functions are shown for comparison. N¢
is the effective density of states.

Calculated absorption coefficient normalized to its low inten-
sity value as a function of intensity for p-Ge. The calculations
were performed for A = 10.6um and T = 295°K. The inhomoge-
neously broadened two-level model result with Ig = 4.1 MW/cm is
also shown.

Calculated saturation intensity as a function of photon energy
for p-Ge at 295°K. The experimental results are from Refs. 7,

8, 12, and 30. Error bars are only given in Ref. 7.

Calculated saturation intensity as a function of temperature for

p-Ge and 1ight with a wavelength of 10.6um.




Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
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Experimental and calculated values of the saturation intensity
Ig vs the hole concentration for p-Ge. The circles (triangles)
show the experimental values of Ig for light having a wavelength
of 10.6um (9.6um). The solid line in the figure shows a calcu-
lation of Ig vs Ny taken from Ref. 34 for 10.6um radiation, and
the dashed line shows the calculation of Ig vs Nj for 9.6um
radiation.

Values of the saturation intensity vs hole concentration in p-Ge
at 78 K. The solid (dashed) curve shows the calculated values

of Ig at 10.6um (9.5um).

Calculated values of X'(1)/X'(I=0) as a function of intensity
for unpolarized 1ight in p-Ge. The calculation was done for

Tight with a wavelength of 10.6um and a temperature of 300K.

The top panel gives the calculated values of the change in the
real part of the dielectric constant (divided by the density of
free holes) as a function of intensity for p-Ge at A = 10.6um, T
= 300K, and for unpolarized 1ight. The corresponding values for
the change in the index of refraction are given in the lower
panel,

Calculated values of the diagona) elements of A¢ (divided by the
free-hole density) as a fun;tion of intensity in p-Ge at 300K
for 1ight with a wavelength of 10.6um. In the top panel the

result for [100] polarization is shown. The coordinate system




Figure 11.

Figure 12.

Figure 13.

Figure 14,
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is chosen to be the crystal axis; € is diagonal in this coor-
dinate system. In the lower panel the result for [110] polari-
zation is shown. For this panel, the X axis is in the [110]
direction, the Y axis is in the [110] direction, and the Z axis
is in the [001] direction. In this coordinate system ¢ is
diagonal,

Values of (éﬁ5 vs the hole concentration in p-Ge for C02 laser
excitation at 10.6um, room temperature and low light inten-
sities. The calculated values of (-Ag/cl) are shown by the
solid curve. The experimental data are taken from: x, Ref. 44;
4, Ref, 45; B, Ref. 46; @, Ref. 47; and O, Ref, 48. Error bars
are reported only in Refs. 45 and 47.

Calculated values of the normalized change in the conductivity
of p-Ge vs temperature for 1ight at 10.6um, a hole concentration
of 2.0x1016 cm=3 and low intensity excitation. The experimental
data are taken from: A, Ref. 45 and @, Ref. 43. Error bars are
only reported in Ref, 45.

Values of (-ao/cl) vs the hole concentration in p-Ge for A =
10.6um and T = 300K. The solid curves are our calculated values
for intensities of 0.05 (1inear regime), 1, 5, and 10 MW/cme.
Impact jonization rates for germanium at room temperature. w(E)
is the scattering rate for pair production for a state with
energy E. The zero of the elec}ron energy is taken to be the

valence band maximum.




Figure 15.

Figure 16.

Figure 17,

Figure 18,

Figure 19.

Calculated values for the fractiona) change in the free electron
cross section vs intensity for germanium at room temperature.
The solid (dashed) curve is for light with a wavelength of 9.6
(10.6) um,

Values for the exponential growth rate of the free electron den-
sity vs intensity for germanium at T = 300K. The solid (dashed)
curve is for light with a wavelength of 10.6 (9.6) um.
Calculated values for the exponential growth rate of the free
electron density vs intensity for germanium and l1ight having a
wavelength of 10.6um. The three curves shown are for lattice
temperatures of 200, 300, and 450K.

Normalized change in the'free electron density vs intensity for
germanium at room temperature and 1ight having a wavelength of
10.6um. The four curves show the change in the free electron
density vs intensity immediately after passage of a light pulse
with constant power density in the interaction region and dura-
tions of 0.5, 2, 10, and 100 nsec.

Calculated values for the intensity dependence of the absorption
coefficient (normalized to its small-signal value) vs intensity
for germanium at T = 300K and 1ight with a2 wavelength of 10.6um,
In the upper and lower figures, the solid (dashed) curve illus-
trates the normalized change in the absorption coefficient vs
intensfty at the end of a pulse with constant power density in
the interaction region and a pulse duration of 40 (2) nsec. The
top figure is for intrinsic germanium (Ng(I=0) = Nj(1=0) =
2.4x1013 em=3), and the Yower figure is for optical grade ger-
manfum (Ne(1=0) = 1.5x1014 cm3).
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TABLE 1. Values of the saturation intensity for the laser excitation v

polarized in the [100], [110] and [111] directions. Also shown is the
value of I¢ for the case of unpolarized light. A1l values are for lightly
doped p-Ge (doping concentration less than about 3x1015 cm=3) and room tem-

perature conditions.

{ Direction of Light Ig(MW/cm?) 1
Polarization i

[100] 3.2

{110] 3.4

(111] 3.3
unpolarized 3.5 1
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TABLE 1. Saturation intensity and the first derivative of saturation
intensity with respect to photon energy and temperature. Values of Ig are

given for T, = 295°K and E, = 117 meV.

 ——
Material  Ig [MW/cm?] | [ﬂ 1 } I [ﬁ! 1_}
3 |g, | cm meY T [ em K
_ Ge 3.5 0.1 0.03
GaAs 18. 0.5 0.2
Gasb 1.8 0.03 0.02
AlAs 400 9 4
A1Sb 24, 0.4 ° 0.2
InAs 5.1 0.1 0.05
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TABLE 111. Parameters describing the saturation characteristics for heavy-
hole to light-hole band transitions, heavy-hole to split-off band transi-
tions, and light-hole to split-off band transitions for To ; 295K and Eq =
129.8 meV. Values of the saturation intensity are given due to the cumula-
tive effect of all three direct intervalence-band transitions. Also in-
cluded are the first derivatives of the saturation intensity with respect

to photon energy and temperature. Al) intensities are given in units of

MW/ cm?,
Material  (Ig)pe (Iglns (Iglgs 15 3l W _i_] Y l;l
e, (o ™V (T lem
3 301 127 161 175 3.3 1.7
InP? 745 - 97 159 8 1.0
GaP 1900 161 332 229 0.9 2.3 .
AP 104 190 215 122 3.1 1.0

a) The h+s transitior in InP is not energetically allowed for this photon energy.




TABLE IV. Values of uoj/aofor transitions between the heavy- and light-
hole bands, the heavy- and split-off bands, and the light- and split-off
bands. A1l values are given for a photon energy of 129.8 meV (A = 9.6um)

and room temperature conditions.

' (a0 g (ao)nes (o) g~s
Materijal
% % %
Si 0.37 0.3¢9 0.24
Inp8 0.39 —— 0.61
Gap 0.14 0.58 0.28
AP 0.71 0.19 0.10

2) The h+s transition in InP is not energetically
allowed for this photon energy.
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TABLE V, Measured saturation intensities for uncompensated crystalline
p-Si samples. Ny is the concentration of free holes and A is the wave-
length of the light, The silicon sampies with doping densities of 7x1015
and 3x1016 em~3 are doped with boron, and the sample with a doping density

of 2x1016 cm=3 is doped with aluminum.

Np (cmr3) A(um) Ig(MW/cme)
7 x 1083 10.6 55
3 x 106 10.6 n
7 x 10%° 9.6 43
2 x 108 9.6 36
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TABLE VI. Constants of n-Ge used for calculations. Values of constants

taken from Ref. 56.

Quantity Value
ny /mg 0.082
mg /Mg 1.6
[ 5.32 gm/cm3
u, 2 5.4x10% cm/sec
g 0.037 eV

2 This represents an average over dif-
ferent crystallographic directions.
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