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20 ABSTRACT (cont.)

(PAKT 1.) Scattering by ionized and neutral impurities and acoustic and
| optical phonons has been included in the mobllity analysis.

2 PART II. Three types of metal jmpuyrities were diffused into lead-tin
telluride and their effect on the electrical and optical properties of

the host material was investigated. I{ was observed that antimony,

cadmium and a mixture of cadmium and iadium all can tum p-type lead-

tin telluried into n-type, but the phygical characteristics of the tin
telluride into n~type, but the physical characteristics of t&s dogsd
materials differ considerably.. When Cd was diffused fate 1077 em

p-jype Sngn)Te, we obtained material with free elesctron density of

107" cm ~. Comparison of the temperatuye dependence of the Hall, coefficient,
mobility and the optical energy gap revealed close similarity to results ob-
tained from measurements on pura annealed u-type (Pb,Sn)Te. Antimony dif-
fusedl§ead:§in telluried, on the other hand, has free electron concentration
of 1077 cm ~ which is the same order of magnitude as the hole density of the
as-grown crystal. In both cases, the ag-grown and the Sb diffused materials,
strong degeneracy is observed. Using Cd and Sb diffusion techniques, sensi-
tive photodiodes have been fabricated and detailed photoresponse measure-
ments were performed. From these data the fundamental absorption edge
behavior was investigated. The rvesults have been compared with data ob-
tained from transmission measurements and with theoretical calculatiouns.

In the case of the degencrate material a shift in the fundamental absorption
t edge was observed. This behavior is in agreement with our calculations
based on a model suagested by Burstein, Photoconductivity measurements on
the above materials could not be done since the free carrier concentration
was too high. However, when we diffused leag~tin telluride with a source

of ca?wium‘(ndium alloy, a vesistiviiv of 10~ ohm-cm and cavrier density

of 107" were measured at 77K. Photuconductivity meagsurements were carried
out on this matevial. From spectral response analysis and x-ray examina-
tion it was concluded that both the optical anergy gap and the crystal
lattice parawetaer increased as a vesult of the diffusion.

PART L1f. Crystal grovth of Hg, Cd Te by means of solid state recrvstal-
lization and slush recrystalliz ton™as been examined in this studv. For
solid state recrvatallization the paramaters were found to be the quench
rate, the anneal tamperature and the partial pressure of mercury at the
anneal temperature. For materlal with x+.20 optiral valves for these
pavameters are 50 i/min. 690°C, and 20 atm. respectively. For slush
recrvstallization the critical parameter {s the temperature gradient

fn which cryseal growth oecurs. A gradient of 10°C/cn has been used

tn this study., Crystal quality was dotermined by Berg-Barrett X-vav
topography.




FORWARD

\I Work on infrared detectors was started at Syracuse University in
February 1948 ,,u?\der -Air Force contract W33-038 AC 15160, It was continued
mder’successivewAir Force contracts wtil 1975, \The regearch has repre-
sented a continuing effort in the development and analysis of new infrared

detector materials, the construction of detectors from these materials as

well as measurement and analysis of the parameters of these detectors. The

two most important accoumplishments of the work at S);tacuae University have b,
been the development of the first liquid nitrogen cooled detector in the 3-6 pu-
range to be used in the U, S. aircraft (PbTe), and the fitst detector in the
8=14 um renge which did not require liquid helium but could be operated with
mechanical coolers (GesHg). In addition, a great deal of progress has been
made in developing test techniques, in preparing and understanding the behavior
of impurities in InSb and in Ge, Most recently, p and n type impurities in
silicon have been studied. Currently both HgCdTe and PbSnTe are being pre-
pared in our laboratory and an effort is being made to prepare better and wove
reproducible material and to understand the behavior of both materfals. \
During the tenure of the Air Force Contracts there have been more thaw
50 publications in scientific journals. Most have been results of our research,
some have been review papers. In addition, there have been muny invited talks
at scientific meotings such as the American Optical Socioty, the Symposfum on
Molecular Spectroscopy, the Natfonal Aerospace Conference and at classified

mantinps such as IRIS. Below aiu souw representative publications,
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High~Frequency Resistanc;e of Photoconducting Films
R. Broudy and H. Levinstein, Phys. Rev. 94, 290-292 (1954).
Effect of Oxygen on the Electrical Properties of Lead Telluride Films
D. E. Bode and H. Levinstein, Phys. Rev. 96, 259-265 (1954).
Infrared Properties of Gold in Gold in Germanium
L. F. Johuson ;md H, Levinstein, Phyé Rev. 117, 1191-1203 (1960).
Surface~Dependent 1/f Noise in Germanium
A. U. MacRae and H, Levinstein, Phys. Rev. 119, 62~69 (1960).
A Status Report on Infrared Detectors (Review Article)
P, Bratt, W.Engeler, A. U, MacRas, J. Pehek, H. Levinstein
Infrared Phys. 1 (1961).
Photoconductivity in P-Type Indium Antimonide with Deep Acceptorx Impurities
W. Engeler, C. R, Stannard, H, Levinstein, Journ. Phys. Chem. Sol.
22, 249-254 (1961).
Oscillatory Photoconductivity in InSh
W, Engeler, C. R, Stannard, H. Levinstein, Phys. Rev. Letters 7, (1961).
Praparation and Properties of Marcury Doped Germanium
S, Borrallo and H. Levinatein, J. Appl. Phys. 13, 2947-2950 (1962),
Extrinsic Datectors (Invited Review Article)
i, Levinstein, Appl. Optics, &, 639 (1965).
Recoubination Radiation from InSb
J. Pehek, i, Lavinstein, Phys. Rev. 140, A576-A586 (1965).

Oaciliatory Photoconductivity in TnSH

H. J. Stocker, C. R. Stannard, H. Lovinstein, Phys. Rev. 150, 163 (1965).
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Measurement of Lifetime in Photoconductors by Means of Optical Beating
C. Penchina and H, Levinatein, Ipfrared Physics 6, 173 (1966).
Photoconductivity in InSb - GaSb and InAs - GaAs alloys
J. Wrobel and H. Levinstein, Infrared Phyeic-a 1s 201 (1967).

Infrared Datectors (Review Article)

H. Levinstein, Analytical Chemistxy 41, 81A (1969).
Extended Wav;alsngth Tuning of PbSnTe Lasers
P. Norton, P. Chia, T. Braggins and H. Levinstein, Appl. Lett. 158 (-
 Thermalization Time of Hot Photcexcited Holes in p-Typs Germanium
P, Norten, and H. Levinstein, Phys. Rev, BE, 478 (1972).
Datermination of Compensation Dansity by Hall end Mobility Analysis in
Copper Doped Germanium, P, Norton and H. Levinstein, Phys Rev.
BE, 470 {(1972).
Recombination Cross Section for Holes at Singly Ionized Copper Impuritic:
in Germanium, P. Norton and H. Lavinstein, Phys. Rev. §, 489 (197"’
Recombination of Electrons at Ionized Donors in Silicon at Low Temperat .
P. Nortom, T. Braggins, H. Levinstein, Phyas. Rev. Lettars 30 (197%..
Impurity and Lattice Scattering Paramsters as Datermined from Hall and
Mobility Analya!ta in n~Type Silicon, P. Norton, T. Braggins,
H. Levinatein, Phys. Rev. B8, 5632 (1973).
Iufrared Detectors in Remote Sensing (Invited Review Papar)

H. Lovinatein and J. Mudar, Prov. IBEE 63 , 6 (1975).




A by-product of this work on detectors has been the training of a large
number of scientists on a Ph. D., M. 5. and B. 8. level who now staff many of
the infrared and semiconductor laboratories in government and industry and
univeraities. A representative list is given below
Santa Barbara Research Center

Donald Bode, Peter Bratt, Howard Davis, Frank Renda, Paul Chia,

Arthur Lockwood.
Bell Telephone Labs

Leo F. Johuson, Alfred U, MacRae, Paul Neoxton.
Texas Instruments

Werner Beyen, Seb Borello, Joseph Wrobel.
Lookheed

Wayne Rudolf, Sherman Golub.
Honeywell

Robert Broudy.
General Elactric

Channing Dichter, William Engeler.

Wostinghouse
T{mothy Braggins.
U. S. Government
Marvin Lasser (Chief Scientist U. S. Army), Decn Mitchell (NSF).
Johu Stannard (NRL), Paul LoVecchio (NVL-U. S. Army).
Univaraity

Cexl Stannard ( SUNY, Binghamton), Claude Penchina (Univ. of Mass.)
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Because of the divereity of work performed on this contract, this final
report is being issued in four parts, each with its own table of contents and
references. Part I -is “Analysis of Carrier Concentration and Mobility in Boron-
doped Silicon"., Part I1I is "Absorption Edge Shift in Heavily Doped Lead-Tin
Telluride", Part III is "Crystal Growth and Analysis of HgCdTe". Part IV,
the Appendix, ic a teprint of a paper "Impurity and Lattice Scattering Parameters
8s Determined from Hall and Mobility Analysis in “n" Type Silicon". This work
wags performed while this contract was in force. The work in Part I of this
report was pexformad by Timothy Braggins, in Part II by Moshe Lanir, and Part III
by Kevin Riley, Mr. Chin Shih Huang {8 currently working on junction characteris-
tica of PbSnTe, This work {s of preliminary nature and is not veported here.

As Project Dirvector of this and pracseding contracts beginning in 1948,

I would like to thank my studeats both past and present for their efforta.
Without thew, this work would not have been posaible. I would alao iike to
axpreas ny sppraciation to the administrators ac Wright Patterson AFB who, over
the years, have approved contracts and permitted them to continue uninterrupted
witil 1975, Above all I would like to thank Mr. Thad P{ckenpasugh who, aa project
enginesr, has helped ms when he could, has encouraged me when I needed encourage~
woent and has seen to 4t that our work has gone on smoothly and successfully.

.
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Henty Levinstein

ot

Project Director

VIL




TABLE OF CONTENTS
PART T

AFALYSIS OF CARRIER CONCENTRATION ANT MOBIL1{Y [N BORON-DOPED SILICON

CHAPTER PAGE
I. INTRODUCTION........ et i Ceeanees ol
II. 'THE SILICON VALENCE BAND,...... ereataasaanees Cheritari et 5

III. FORMULATION OF MOBILITY AND CARRIER CONCENTRATION ANALYSIS,.,......l0
IV. EXPERIMENTAL METHODS,....... NP -1
1. Sample Preparation., . ..icivsevesiecininnns s i 20
2. Measurement APPAr8BUS.......iisisssrssiiriisnrissserisacrransesll

3. Measurement TheOTY. .. .v.vvuirrreivitenansnssisiacannssasisnnee 22

V, EXPERIMENTAL RESULTS. ... iviviuinnsnistnonannacasnetneniainsaness 89
1. Carrier ConcentrRbion,  (iiiviiiiiiiiiinniiniririeiriiairiaasenitd
2. Hovlldey..... G 14

a. lattice Secattering by Acoustic Fhomens.......... ..o vee i 42

b. Lattice Scattering by Op.feal PhOonons... ....ovvvvennn soan 3k
¢, Tonized Impurity Seattering............ PO i
d. Heutral Impurity Seattering.............. R RO L 36
3. Mobility Analysir Assuming s Parabolie Band Stracture,, .. ..., 3t

L, Influence of the Split~off Band on the Mobility...............hl
Y10 COMPARISON WITH OTHER WORK. ... i i i it i i st e it e as L3
VUL OCWMMARYLLLLLociiiiae S N 46
APPENDIX CF PART

i POLYNOMIAL EXPANRIONS POR THE WI(E) ......... Letass st nennan hy

R, POLYNOMIAL FXPANSION FOR THE DENSTTY OF STATES EFFROTIVE MADS.S0

C.  HUMERITAL CALCELATTION OF THE MOBILITY........ e 51

Vit




TABLE OF CONTENTS (cont.)

CHAPTER PAGE
. REFERENCES 4.\ uivviiniininunnerinsvainonsorsinisnaeisnessensereineen 8l
= PART 11

ABSORPTION EDGE SRIFT IN HEAVILY DOPED LEAD-TIN TELLURIDE

T INTRODUCTION. .\ vuvuvarennrnsnesssescnarvassssssetssnssasssoseensss 86

B 11.  BACKGROUND AND THEORY.........eevsverssesrernsesonesssnessnsesses90
1 A, Material Properties......c.ciiviineristninnpserscessriianscnsei90
1. Band Structure, . ..iiiciiiiiiririegireciecisasrciirassarsess90
2, Phase DIGETAM. ..vveritevrnrnrsosnrererarsnessnoneeracsnes Ol
B. Charge Carrier StabISLIB. ..\ i sviirircissacrssstierrsnoressiss96

C. Diffusion and p-n Junckiona, ... iiviivisinsscionerisnsenessens 100

1. Diffusior in Semiconductors,.... i iiviistesnrvesasnaness 100

2, The p-n Junction DIode. . i iviiviiirecesasrranssosesssa 102

D.  Photoconduct{vity and the Photovoltelc Effect.......i..0000..108
11T, EXPERIMENTAL PROCEDURES. ... viviivr v ireninrnonesnssessnvrsnennsakil
A, Crystal Growth and Sample Preparation. .. .,.iviciiassiervanea il
1. drowth of Single Crystal Lead-Tin Te}lurlde..............111

2. X-Ray Evaluatlons...ii.iieiiiiiaririnesinvenisnienrneiea 129

3. Diffusion Techniqurs and Diode Fabtrication...... ceeseneaa123

B Electrical Neasuraments.,......o.eveeiinnsrnerosesnnnsssees. 125
1. Hall and Resistivity....iviviriniiriiiininessonniierenees 128

2. (Capacitance aad Resistaunce of Diodes. .. .cvvvvvvvnnen,.. 128

Co Optical MeRaUreme o, . (it tiiisi ittt ee e iaeeineres b29
1. Photoconductive Resporse. ... . viiiiieviininrronnivsaesesa 129

2. Diode Spectral Renponse ant Tezay Time......oovivviinnins 130

X




TABLE OF. CONTENTS {cont.)

CHAPTER . PACE

Iv.

II.

III.

Iv.

RESULTS AND DISCUSSIOR:sevvvsasoracntnasuraserstiesiioneresscorarieainss 133
A, Diffusion Lespendence of ‘ystal Structure......;....................133
B. Hall and Mobility Change Dus to Diffusion.cieiesieiiivivannininsvena 137

C. TElectrical Propertir.. of Diodes-.......;.....-......-...............139

-

"D, Fundamental Absorption Edge Shiff...ievsersseriiiriiicniiinieiniaei 1b2

l: Energy Gap Ticrease Due to CQ~In DALUSION ettt terorareneerass 1hi2

2. The Burstein Shift in Lead~Tin Telluride.siveeroraircrescases.ed 143
SUMMARY + 4« ¢4t unrantnnstornacessnsssietsesnsasrsnesnsscrsasonestassonsy 150
TABLES s e eveinenvretsnsrsonsassossnasssarsssstsstaesssssaossssnssiassesss 152
FIGURES ¢t vuutnisiesranaraatissestsontaseranisrsansresaransseasssssranss 155
REPERENCES «vovcvsvnnassrononnssanarosciarssessnsssssertsisarsansnassanss 205

PART IIT
PREPARATION AND ANALYSIS OF HgCdTe

INTRODUCTION ¢ v s s s venvasnnsnvstnnnsssssscnnssonstnnosastanassstonss sasnses2l0
THEORY OF CRYSTAL GROWTH..cuveevvtuervnnssnntncisviosssansassnoncsssnense . 2L0
A B0lid State Recrystallization.cvieeiieviitiieiiiainininiiisnenienaa 210
B.  Liquid Mass Transport or Slush Recrystallization.........ieieseeae, 2l
MAPERIAL PREPARATION . 4ot evennrosvsaroacerssonerasrononsssesssasaarsaeseesllld
GROWPH OF SINGLE CRYSTAL HE@CATa . eevioinrttnienvristsstnsnasersosraosnssses 220
A,  S0lid State Recrystallization.eiiieiiecuiiiieiiiiiniiranvarsnnssnaes 20
B,  Slush Recrystallization. . ieeiiiinvnrsiarssersarsonsssansosnvceense 2B

TOPOGRAPHICA: ANALYSIS .t iviventninnnnnenevssscaiananrasnnsransavasanssaaddl

i il

bl dhiduase




TR T

YETT:

R TR

LB Ok ke

TABLE OF CONTENTS (cont.)

CHAPTER

TABLES....... ..., Cevaas e e P R [T AN :

sIGUREB. .. .ovviin Chveas RN Ve S eetias et et tianetes

REFERENCES. .. ... PR TR SN TR RN R R RN R Cirete i :

PART 1¥
APPENDIX
IMPURITY AND LATTICE SCATTERING PARNMETERS
AS DETERMINED FROM HALL AND MOBILITY ANALYSIS

I¥ 6=1YPE CILICON, (Reprint of & puper).




PART 1

ANALYSIS OF CARRIER CONCENTRATION AND MOBILITY
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CBAPfER I
INTRODUCTION

The gosl of this study has been to measure and compare with
theory the temperature dependence of the hole mobility in p-type sili-
con. Under the influence of an electric field the free charge carriers '
in & semiconductor will acquire a drift velocity. This drift velocity
is the net result of the momentum gained by the carrier from the electrie
field and the momentum lost due to collisions which tend to r-nd&nize
the carrier's momentum. The mobility is defined as the magnitude of
the drift velocity per unit electric field. The different types of
collisions vhich the carriers undergo will determine the drift velocity
and thus the mobility. Por temperatures above absclute zero the in-
herent thermal motion of the crystal lattice will provide an upper limit
to the mobility. Also, impurities, which disrupt the periodicity of the
lattice, c;n cause scattering of the carriers. At low temperatures
scattering by ionited and neutrsl impurities vill predominate, vhile at
higher temperatures scattering by lattioce vibrations(acoustic and optical
phonons) will predominste. Thus, in calculating the mobility over sub-
stantial temperature intervals one must asccount for all of the above
scattering mechanisms.

The Hall effect has been used to measure the carrier concentration
and mobility as a function of teaperature for a series of boron~doped
silicon samples. Boron-doped silicon was chosan since boron is the
shallowest acceptor in silicon and this material is videly availadle.
Boron is & Oroup III substitutional acceptor in silicon. The four valence

electrons of the Group IV silicon atom form covalent bonds with its four




nearest neighbors of the diamond-type crystal lattice. When a boron
atem rei)la.ces one of the silicon atoms., there will be only three elec-
trons avallable for the covalent bonds &cd congequently one bond will be
incomplete. Boron is therefore termed an acceptor because it can
"accept" an additional electron to complete the covalent bond. In
realistic material there also will be Group V impurities which can
"donate" their extra electron noct required for bonding with the silicon
atomg. When there are xﬁore acceptora than donors the material will be
p-~type. The extra electrons from the donors can complete the bond
missing due to the boron atoms. This process is call compensation. The
missing electron from an uncompensated boron acceptor can be conaidered
as a positively charged hole., At low temperatures the hole will be
bound to the boron impurity atom by the coulomb potential. However, at
high temperatures the hole will have enough thermal energy to be ex-
cited from the bound state and move freely throughout the crystal. Thus,
88 the temperature changes, the density of thermally excited carriers
can change by many orders of magnitude. From an analysis of the data
for carcier concentration as & function of temperature, the density of
acceptors and compensating donors may be obtained.

The mobility at low temperatures is sensitive to the density of
compensativg donors due to ionized impurity scattering. A comparison
of the calculated mobility with the measured mobility will also aliow
us to determine the density of compensating donors. Agreement in deter-
nining the donor density by the two wethods is one means of evaluating
the validity of the mobility theory. The mobility theory is also evalu-

ated Ly a detailed comparison between the temperature dependence of the
2=




calculated and measured mobility.

The different scattering mechanisms which contribute to the mobility
have different temperature snd energy dependences, and the computational
taska involved in these calculations can become quite f&rmidable. For
this reason we have used digital computers utilizing‘numerical methods -
and curve fitting techniques in analyzing our data.

Transport properties such as mobility are related to the crystal's
band structure through the particular energy versus wave vector relation-
ship. For the silicon valence band the coﬁstant energy surfaces are
warped rather than spherical and at higher energies away from the band
edge the valence band becomes non~parabolic. This non-parabolicity has
s marked effect on the tempersture dependence of the mobility and plays a
key role in the explanation of our experimental results. The valence band
structure is considered in detail in Chapter II. The approximations we
have used in describing the valence band and the effect of the valeace
band structure on the effective mass of the carriers is discussed. The
energy level of the boron acceptor state and its excited state spectrum
are also given,

In Chapter III we present the thecry by which ve have calculated the
mobility. The relaxation times for the different types of scattering as
modifi{ed by a non-parsbolic band structure are given. The adjustable para-
meters used to compare the theory with the experimental results are ex-
plained. Also presented are the details of the analysis of carrier con~
centration as a function of temperature.

The experimental techniques and apparatus we have uased in measuring

the Hall effect are described in Chapter IV. The constraints of theory
-3~




and their effect on our measurements are discussed.

Our experimental results, namely carrier concentration and mobility
as a function of temperature, are given in Chapter V. The mobility theory
formulated in Chapter III is compared with cur experimental results and
the determination of the parameters used in the mobility analysis is
discussed. Good agreement is found for the density of compensating
donors when the mobility analysis is compared with the analysis of the
carrier concentration d;ta.

Our results are examined in the light of the published work of other
authors in Chapter VI.’

We present a summary of our results snd the conclusions drewn from

them in Chapter VII.
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CHAPTER II

THE SILICON VALENCE BAND

A. Valence Band Structure

The valence band structure of silicon has been calc#lated from
theory by Ka.ne.l It consists of three bands which are termed the light"
hole band, the heavy hole band and the split~off band. The light snd
heavy hole bands are degenerate at the Brillouin zoune center (i = Q)
while the third band is displaced downward in energy (split off) at ; =0
by the spin-orbit coupling. The constant energy surfaces of the light
and heavy hole bands are warped rather than spherical. They can be
described for asmall ; by the familiar energy versus wave vector relation-

ship

B = a2+ P08 ky+§xi+k 2t (1)
wvhere k = |§| , ¥ corresponds to the heavy and light hole bands respec~
tively, and A, B, and C are the inverse mass band parameters. Although
varped, the bands are parabolic (E ¢ ke) as deseribed by equation (1).
However, for larger values of : avay from the band edge the bands dbecome
non-parabolic. Indeed for certain directions in i—apace. the light
hole band becomes almost as heavy as the heavy hole hand.l

Kane has determined the valence energy band structure of silicon
from the general secular equation vhich can be written in a convenient
form2 vhere i can easily be represented ia polar coordinates X, 6, 4.
In the following ve have slightly modified the notation of Asche and

Borzeazkovuki.3

“5a
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The gecular equation is

ad t ot vl s a=0 R (2)
with
a=(A+28){A - )% -3¢%u(A - B) + (N - 38°)(2N + 38) q ,
v =37 -8 - uchiE -G

¢ = 3AE(E - §A) ’

=% (B -a),

[=3
§

R
= sin“e(ain29c032¢sin2¢ + coaae) s

=

qQ = sinh0e0920c032¢sin2¢ N

where E is the hole energy counted positively from the band edge (as will
be done 8o throughout this work), 4 is the spin-orbit splitting energy,
A, B, and C are the inverse mass band parameters, and N is a cyclotron
resonance constant related to B and C by “2 = 3C2 + 9B2. The solutions
of equation (2) are complicated functions of energy and direction and
only approximate analyticsl solutions have been obtaincd.h It the inter-
action between the light and heavy hole bands and the split-off band

is ignored, the resulting general secular equation will factor iuto a
part quadratic in k2 snd a part linear in k2. The E verasus k2 relation-
ship given by equation (1) is an exact solution of the quadratic factor

5

while the linear factor describes the split-off band. In this limit

(E << 4), all three bands become parabolic. We shall consider this limit
G




ST

in choosing the form of our solution of equation (2).

For the mobility calculation we.have simplified the band structure
by isotropically averaging over the different directions of i. The
spherically aver;ged values of the angular dependent quantities u
and q together with the other constants required in equation (2) are
listed in Table I. Taking the energy, E, as a parameter, we have
solved for the roots of equation (2) using the Newton-Raphson method.
The spherically symmetric solutions, ¥ = F(E), for the three bands are
shown in Figure 1. For a parabolic band & graph of E versus k2 would
yield a straight line, The departure from linearity, thus demonstrating
the non-parabolicity of the bands, is evident from figure 1. For a
non-parabolic band the effective mass is no longer s constant but de-
pends on energy. The appropriate euergy dependent effective mass for s

spherical non-parabolic energy band is given \),\,'6"r

n (B) = (1/8%K)ae/2k. (3)

As mentioned above the bands become parabolic as the energy approaches

zero. With this limit in mind we define the solutiona of the secular

equation to be of the form
2, " 2 :
x{ = (2m /%)y, (B) , (4)

“
where i is an index for the band considered, ny is the effective mass
in a region close to the band edge, and yi(E) i{s a function of the ensrgy
such that ;iz Yi(E) = E, With the dispersion relation in a form as given

in equation {U4) , ve obtain for the energy dependent effective mass
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wy () = m; v{(B) , : (5)

where YE(E) = ayi(E)/aE. In the limit of low energies the dispersion
relastion (4) reduces to that of & spherical parabolic band with an effec-
tive mass m; . The band non-parabolicity can be characterized by the
change in slope of the B versus ke curve of Figure 1 aé the energy
increases. This change in slope, (akflaE)/(Zm;/aﬁa) = Y{(E), is
plotted as a function of energy in Figure 2. The parabolic limit
reached at low energies is clearly evident.

For the band structure as given in Figure 1, we have obtained for
the band-edge average effective mass of the light holes, m: = ,153 me .
and of the heavy holes, m; = .503 LI where n, is the free slectron
mass. With these effective masses and the ke versus E values from
Figure 1, we have fit k2 to & polynomial in powers of E. These poly~
nomial expansions for the Yi(E) are given in Appendix I, As the split-off
band is separated in energy at i = 0 from the light and heavy hole
bands, it is of conslderably less importance in transport calculations.

For this reason we have assumed a parabolic dispersion relation
. .
K = (2uy/ #%)(E - ) (6)

[
with an effective mass m3 = 234 L Thus, in the notation used for

the dispersion relation in equation (L) , ve have YB(E) =B - A,

B. Impurity states

Impurity states in silicon and germanium have been of consideradle
theoretical and experimental interest. The ground state and excited

state binding energles and the degeneraciea of these states have been
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calculated for neutral hydrogenic acceptors in silicon by Schechter8

9

and Mendelson and Shultz.” Both autﬁors have used a variational approach

to find the energy eigenvalues of the impurity state in the effective
mass approximation. Some recent work has emphasized the difference
between terms in the effective mass Hamiltonian with cubic symmeiry and s

10, 11

those with cubic as well as spherical symmetry. Other work has

involved the use of pseudopotential theory to describe the potential of
the impurity atom.12

The spacing between the ground state and some of the excited states
and the degeneraclies of the states has been determined experimentally ;
by an analysis of infrared absorption spectra.ls\’lh’l5 These spacings
are shown in Figure 3 for the boron impurity in silicon. The energy
differences between the ground state and several of the excited states
have been used in our analysis of the carrier concen®ration as a func-

tion of temperature. The formulation of the carrier concentration and

wobility analysis are given in the following chapter.




CHAPTER III

FORMULATION OF MOBILITY AND CARRIER CONCENTRATION ANALYSIS

A calculation of the hole mobility in silicon is quite complex.

The peculiarities of a degenerate, warped and non—parabélic valence band
require a theory which has not yet been formulated in complete general-
ity. GCcattering by acoustic and optical phonons, and ionized and
neutrai impurities must all be accounted for to describve the mobility
over wide tempevelure ranges. In addition, intervand as well as intra-
band scattering must be considered. As each scattering mechanism has
its own dependence on carrier energy, a simple closed form expression for
the total mobility as a function of temperature cannot be obtained. We
shall first discuss each of the four scattering mechan}sms and then take
up the task of cosbin® g thenm (o ~omputs the mrb . lity.  ootdly, we

shall consider a methed for the anairais of the zarvier concentration

as a function of temperature.

Using the spherically aversged valence band structure given in
Chepter TI, we have been able to remove the warped nature of the valence
band from the mobility calculation. Using a spherical rather than a
warped bund has been considered by Costato et 31.16 to be a reasonsble
approximation since the ohmic mobility is, by symmetry for cubic crystals, i

1 has shown that the warped nature

a scalar quantity. Also, Lawaetz
of the valence bund will not alter the temperature dependence of tne
acoustic mobility but only its magnitude. As the magnitude of the acous-
tic phonon ¢.ntridution to the mobility is s parameter which will be

determined W fitting the mobility “heory to the experimental data, such

effects widl be contained in this constant.

|




The non~parabolicity the valence band also introduces an addi-
tional complexity. Acgustic phonon scattering in non;parabolic bands has
been considered by liffe.18 Optical phonon and ionized impurity
scattering have be?considered by Barrie.6 The procedure used by
these authors to include the band non-parabolicity consisted of modi-

-

fying the relaxation time for a given scattering process by replacing

the energy independent effective mass of the parabolic band by the

energy dependent effective mass of the non-parabolic band. Of course, the
appropriate dispersion relation for the non-parabolic band, equation (%),
also must be used in calculating the relaxation time in order to odbtain

the proper energy dependence. Zawadski and Szyinauskal9

have pointed

out that this is not the only correction which should be made. The
relaxation time for elastic scattering can be written aa

1/7(E) « p(E)W(E), where p(E) is the density of states per unit energy
and W(E) i{s the scattering probability. Radcliffe sud Barrie have
correctly modified the density of states. lowever, the scattering
probability must also be modifizd by using proper carrier vnverunctioné
for a non-parabolic band. Zawadski and Szymnnska have celculated the
relaxation times for seversl scattering processes for electrons in

InSb taking these considerations into asccount. Hovever, this has not
been done for holes in non-parabolic, degencrste valence bands. In our
calculation of the mobility ve have used relaxstion times appropriate to
degenerate, parabolic valence bands and modified them according to the
vrescription of Barrie6 and of Rndcliffe.la

The relaxatfon time for a given scattering process is denoted by

¢ wvhere a is the scattering process under consideration and the

i)
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subcripts 1 and J indicate the initial and final band respectively of
the scattered carrier. Thus, i # j for interband scattering and i = J
for intraband scattering where i,J = 1,2,3 for the three bands con~
sidered. Interband scattering has been considered only Setween the 1light
and heavy hole bands and only for the acoustic phonon scattering process, #

We shall now discuss each of the four scattering mechanisms and define

their relaxation times.

We have based our treatment of the acoustic phonon scattering
mechanism on the theory of Bir, Normantus and Pikus.eo ‘'hia theory
differs from simpler trestments of mobility in degenerate valence bards

in that different relaxation times are found for the light and heavy

holes. Also, interband as vell as intraband scattering is included. )
Using the procedure outlined by Bir et al., we have evalunted the relaxa- 4
tion times for scattering Ly scoustic phonons.21 The relaxation times E

can be expressed in terms of a single constant, to , which controls the 3
overall magnitude of acoustic pnonon scattering. We have included non-

parabolicity in 8 manner similar to Radcliffe‘le We thus obtain:

1 1.6y /e, . o, 3/2

;T;'E ==y ) yl(x) T (1a)
11

1 .959 1/2 . 3/2

w Y, {x) Ya(x) T (7v)
22

1. =.22b 172 . 3/2 (Te)
ac T 1 (x) Yl(x) T

12




#
m,(E)
L B LR o R (1a)

tg; Yo ml(E) 2
A1, _b.1/2 32, (7e)
ac T (x -q) " T

33

where x = E/KT, Yi(X) is given by Yi(E) = kTYi(x), and v!(x) =3Yi(x)/3x.

The relaxation time for scattering by non-polar optical phonons
has been given by Convell.22 Barrie6 has discussed the modifications
required for a non-parabtolic band structurs. The intrsband relaxation

time so obtained ia:

SRR SV 12, .0y .. .0 2, By .. B
oF T T weln vy (x ¥ = 11(x + T) + ) vl --Eé Yi(x "i)]
i{

1=1,2,3 (8)
vhere 0 = 730 K is the zone-center optical phonon energy for uilicon.23
% is the constant vhich determines the magnitude of the acoustic phonon
scattering, W is the relative coupling strength of the holes to the
optical phonon mode compared to the acoustic phonon mode, and n = (ee/T-l)"l
{s the number of optical phonons. The first term {in the brackets in
equation (8) corresponds to opticel phomon absnrrbtion while the second
term in the brackets corresponds to optical phooon emission and is in~
cluded only vhen this is energetically possible (x > 6/T}).

Scattering by ionized impurities with a screened coulomb potential
has been considered using the theory of Brooks.Qh Herring, and Dinglo.25
Relaxation times Yor several diffe: Lnt impurity potentials have been
calculated by Sclur26 vho has considered the approximations involved and

the range of validity for the differeat theories. Barr1e6 hao considered
' -13-




the modifications required due to the non-parabolic band structure.

The relaxation time is:

L et yplo Gy, ) w
Ton © N (a(py +1) -5l 1=1,23 (9)
1 x° (2m,) 1
11 i
1.'{619(10'2 N y“3/2(x) vi(x) T'3/2 v
- S tICa [a(, 1) =57 »
(m, /a2 ) 1
€
» 2 »
where ) 2, (k1)° v, (x) ) 5.01hx101" my ,
bi = 33 = = "m'_'T Yi(x) » (10)
THhqp’ P e
prEp+ (p e NI - (p e NI/ (12)
and “I s 2Nd + p. Na and Nd are the acceptor and donor concentrati:. a3z

respectively, p is the hole density, q is the magnitude of the electronic
charge, and x is the dielectric conastant of silicon which ve have taken
a5 11.7 in evaluating the above expressions.

Scattéring by neutral lmpurities in semiconductors has been considered
by Erginaoy27 vho analyzed the analogous problem of electron scattering

by hydrogen atoms. Using a acaled Bolr radius he obtsined

1, il 204y
* [)
Y om q2 o N, (12)

vhere HH a Nﬂ - “d - p is the density of neutral impurities. Brooks28
has suggested the uae of the geometric mean mass for evaluating the
scaled Bohr radius term while an effective mass appropriate to tas
mobility cvaluation should be used for the other effective mass in the

above equation. in cvaluating the scaled Bolr radius, we have uped the

_111_




density of states effective mass (here taken as .59lme) and for the
mobility mass we have used the appropriate energy dependent effective
mess. Since acceptors in silicon are not strictly hydrogenic, we have
also included an adjustable parameter, A, in the relaxagion time for
neutral scattering. This adjustable parameter has previously been

found necessary in analyzing the mobility of deep impurities (copper)

9 and also for n-type impurities in silicon.3° We thus have:

-6
X 2,423 10 NN

— =

T?i A(mI/me) vi(x)

R 2
in germanium

1=1,2,3. (13)

Having obtained relaxation times for the various scattering pro-
cesses here considered, we must combine them appropriately to obtain .
the mobility. Approximate methods such as computing the mobility for
each scattering process and inversely adding the partial mobilities can

31 We have {nversely added the relaxation

cause considerable error.
times for the different scattering processes to obtain a couwbined relaxa=

tion time
7.0 1=l
Yy ® [31/1131 ' (14)

where o denotes the different scattering processes. The mobility is
calculated separately for each band and then summed after being
weighted by the hole density in & given band. Thus,

3 3

ve Ip, u/tp
g M ge (15)

where yp is the total mobility and ui i8 the mobLility in band i. The
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hole density in band i is given by

/° ¢ (E) d3k $=1,2,3 . (16)

o

P
g = \2“)3

where fo(E) is the equilibrium Boltzmann distribution. Performing the
angular integration in equation (16) and using the dispersion relation,’
equation (4) , to change from an integral over all k to an integral over

the energy (in dimensionless notation), we obtain for the mobility

3

w32 *3/2
¢ o= Ly, / Iwr 1=1,2,3 (in
i=l i M im1 y 4 1Sy >
where ©
9 =£ e"xyilg(x)vi(x)dx i=1,2, (18a)
/2 apgr (18p)
and I3 a e * '

With the inclusion of interband scattering as given by Bir et al .§° ve

have vritten the mobility of the individual bands as:

E)T
TERT 3¢ +—-————-U-) w0 18y, t=12, (9
(E)t (E)
1
by = qiy (19%)
.
3
.,%
vhere §21 -—tl—lt—e-e— , (20)
1221

and <A(x)>1 , the average over the Boltzmann distribution, is

given by7'32

S wEAL A e

3
K

3/2

Ax)>, = ! A(x)Yi/Q(x)e—xdx /f Y (x)e™Xax 1=1,2 (12a)
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For the perabolic split~off band we have the familiar result

L 3/2 -z
<A(z)>3 = ;;i7§ g A(z)z> “e" 4z (21b)

where 2z = X~ B/KT. We have explicitly denoted the energy dependence

of the effective mass by mZ(E) (= m: wi(x)) in the mobility ex-
pressions for the light and heavy holes. In the cases where there are
ratios of effective masses (the parenthesized term in equation (19a) and
in equation (74)), we have also considered the energy dependent m:(E).
However, we have found that neglecting the energy dependence of the
ratios of effective messes in these terms resulted in a negligible
difference (a meximum of 0.3% at 300 K) in the lattice scattering
limited mobility.

Several parameters iu the relaxation times for the different types
of scattering remsin to be determined. These parameters will be ob-
tained from a mobility analysis by fitting the mobility theory to the
experimental data. The numerical fitting process is discussed in the
following chapter and the determination of the parameters from the
experimental data is discussed in Chapter V.

Having obtained suitable expressions for an analysis of the mobility,
we now turn to an analysis of the carrier concentration data as a
function of temperature. Obtaining an accurate and velid determination
of the carrier concentration from the measured Hall coefficient requires
careful experimental technique. We shall defer a digscussion of these

points tu the following chapter and here briefly present our method for
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analyzing the carrier concentration data.

For the range of temperatures ﬁeasured in these experiments the
carrier concentration is determined by the impurities present in the
silicon samples. The concentration of thermally excited holes, p, can

be expressed in terms of the acceptor density, Na’ the donor density, N
33

4’

ard the density of states in the valence band, Nv’ as

plp + “a) N, exp(_-E&/kT)
= ’
IN& - Nd -p) g+ fgiexp(-Ei/QES

(22)

where Ea is the acceptor's activation energy, g is the ground state

degeneracy, and g, and E, are respectively the degeneracles and separ-
i

i
ation in energy from the ground state of the excited states. We have
included the first three excited states and taken their cenergies, as
shown in Figure 3, to be 30.42 mev, 34,52 meV, and 38.39 meV above the
ground state.13 We have used a degeneracy of U for the ground state

and the three excited shutes.lh'ls

Although for completeness we have
included the effects of the excited states, this will have a very minor
influence on the carrier concentration due to the large separation

between the ground state and the oxcited states.3h

By fitting equation
(22) to the experimental data {p as & function of T), the parameters
Na, Nd' Nv’ and Ea can be determined.,

The density of states in the valence band requires additional com-

ment. The density of states is given by

2)3/2

N, = 2(2ﬁm;kT/h . (23)
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»
where m, is the density of states effective mass. In certain cases we

a
have taken Nv = 2.19X1015 T3/2

corresponding to a density of states
effective mass of .591 me. However, the non-parabolic band structure
and the corresponding energy dependent effective masses imply that the
density of states in the valence band will have an additional temper~ -

B has calculated the temperature dependence

ature dependence., Barber
of the density of states effective mass using a simplified model of the
valence band structure. We have obtained results similar to those of
Barber using the valence band structure described herein. The resulting
temperature dependence of the effective mass is shown in Figure b,

These values have been fitted to a polynomial in the temperalure to ob-.
tain m;(T) for which the explicit bolynomial expansion is given in
Appendix II. This additional temperature dependence has been included

for comparison in the density of states of the valence band in some

of our analyses of the carrier concentration as a function of temperature.
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CHAPTER IV

EXPERIMENTAL METHODE

A. Sample Preparation

The boron-doped silicon used in this study was commercially grown
material part of which was obiained through the courtesy of P. Norton
(Bell Laboratories}), J.Staunard (Naval Research Laboratories), and
A. Honig (Syracuse University). Most crystals were grown by the
float-zone technique with the growth direction along the <111> crystallo-
graphic axis, The crystal orientation was determined by Laue back-~
reflection x-ray photography. OSample slices were cut from the crystal
perpendicular to the di: tion of growth. Bridge shaped samples suitable
for Hall measurements were cut from the slices. The samples were
oriented for the Hall measurements such that the magnetic field was
in the growth direction, <111> , and the electric field was along the
<110> axis. Sample Si:B-8 was oviented such that the magnetic and
electric fields were parallel to the <001l> and the <100> directions,
respectively.

Contacts were made to the etched samples by aluminum spot welds.3"7
These areas were then rhodium plated and leads were attached to the
rhodium plating with indium solder. Contacts made in this manner, al=-

though somewhat mechanically fragile, were electrically suitable for the

currents and voltages employed in the Hall effect measurement. The samples

were mounted vith General Electric No. 7031 varnish on a sapphire plate

which was soldered to the cold finger of a heliwn research dewar,




B. Measurement Apparatus

Hall measurements were performed by standard potentiometric methods
when the sample impedance was low. For sample impedances greater than

> ohms, a Keithley Model 610B electrometer with an input impedance of

10
101h ohms was used. An accuracy of 1% was obtained for the electro-
meter measurement by using a Keithley Model 160 digital voltmeter to
display the unity gain output of the electrometer. Using a Honeywell
Model 2784 potentiometer with & Leeds and Northrup Model 983% electronie
null detector, voltages could be resolved to better than one microvolt
in the low sample impedance region. The wofking voltage for the poten—~
tiometer was provided by a Honeywell Model 2890 guarded D.C. power
supply. The matchbox and all connections were carefully guarded and
isolated from ground to reduce electrical pickup. This arrangement is
shown in Figure 5. The sample isolation from ground was better than
2 x1012 ohms. Measurements were limited to sample impedances of leas
than 10lo ohms due to the prohibitively long RC risetime of the measured
voltages at higher impedances.

The magnetic field for the Hall measurements was provided by a VYarian
(VLook) U inch electromsgnet with a current regulator (V2301A) and
& magnet power supply {V2300A). Magnetic fields as high as 20 kilo- -
gauss could be obtained with a one-half inch pole separation. The
magnetic field strength was monitored by a sawsor Model 820 rotsting
coil fluxmeter with a stated accuracy of 0.1¥% when used with an external
galvanometer.

The temperature was measured by calibrated platinum resistance

and carbon resistance thermometers. The carbon resistor was an Allen~
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Bradley 100 ohm, 1/i0 watt model TR which was calibrated between

2 K and 100 X with a Cryocal 1000-1,5-100 germanium resistance ther-
mometer mounted in place of the sample. A Rosemount Engineering

Model 118LX platinum resistance thermometer was purchased with a factory
calibration. This calibration agreed with the germanium resistance
thermometer where a comparison between the two was possidle (up to

100 K). The carbon resistance thermometer was used to measure the
temperature below 30 K, while above 30 K the platinum resistance ther-

mometer was used.,

C. Measurement Theory
Galvanomagnetic effects in semiconductors have been discussed in

detail by Beer.3( Putley38 has discussed the Hall effect primarily
emphasizing the experimental aspects. The Hall coefficient, R, is
defined in terms of the measured quantitiea as:

R = Vy b 108/ {8 cw coulomb™ (2h)
where V" is the Hall voltage, t is the sample thickness in centimeters,
i is the current, and B is the magnetic flux density iv gauss. The
geometry is such that the current is along the length of the snmple
and perpendicular to the magnetic field. The wagnetic field is
parallel to the sample thickness. The current carriers are deflected in
the magnetic rield due toithe Lorentz force giving rise to the trans-

verse Hall voltage. The [lall mobility i{s defined as the ratio of the

Hall coefficient and the resistivity p, where p is in olm-cm. Thus,
= Rfy cm”/Volt (25)
vy p com /Volt sec.

As a Hall measurement requires the use of both electric and magne-
tic fields, the effects of these fields upon the measurement must be

-
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considered. Due to the charge carriers' random motions while in

thermal equilibrium with the crystal lattice, the carriers will hﬁve
a distribution in energy characteristic of the thermal equilibrium
conditions. In this equilibrium distrivution the carriers will have
an average thermal energy on the order of kT. When an electric field

is applied to the sample, the carriers will acquire a drift velocity

and thus gain enérgy from the electric field. For the carriers'
energy distribution to remain unchanged, the energy gained from the

electric field must be small compared to the average thermal energy.

*
This requires that (uE)zm /2<<kT. For p-type silicon this require-
ment must be satisfied for both the light and heavy holes. As the
mobility of the light holes is larger than that of the heavy holes,

the 1light holes will provide the more restrictive requirement on the

electric field. For an electric field of one volt per ceatimeter and

teuperatures of 10 and 100 K, the light hole mobility must be leas
6 7

than 4.4x10° and 1.4x10 cm2/V sec, respectively., As the mobility de-

pends on the density of impurities, the allowable electric field

&l

strength will vary from sample to sample. Pure samples at low tempera-
tures will provide the most stringent limitation. Our Hall measurements
have in general been made at electric fields of less then 0.1 volts/cm
which should have a negligible effect on the carriers' energy distri-
bution. Several samples have been checked over a range of electric
field strengths to be certain that the electric field was not largs
enough to influence the measurement.

The magnetic field dependance of the Hall coefficient has received

considerable experimental and theoretical attention. An excellent review
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of this subject has been given by Reer in Gelvanc
37

Semiconductors.
and silicon, a successful theory must take into acc
coupled bands, the anisotropic nature of the bands, aad the inclusisr of
interband scattering. For p~type silicon the non-parabolicity of the bands
should also play an important role. Several detailed trectments of gal-

39

vanomegnetic effects have been given, notably those oi Bir and Pikus

Lo
and Lawaetz. However, the numerical calculations of Lawaeiz still do

not agree with the experimental value of the Hall facioe. 1, at
p-type germaniumhl. The Hall factor is defined by r = K, :}/Ri{»’ wheva
R(0) and R(=) are the values of the Hall coefficient as the wagnetic Tield

approaches zero and infinity, respectively.

For sufficiently high magnetic fields several : Lirications oceure

irn the magnetic field dependence of the Hall ceerficient. Thiy regine is

known as the high-field limit and is reuched when tne produ-t pf bees

2 k2 s .
preater than 108 cu“gauss/Voit sec. Tn the high-field - 0% v ald

. . Wy
coefficient is wimply related to the carrier councentration ly 2
Rom =, L20)

We have been able to satisfy the high-field limit feor several of our
samples between b K and 120 K. It should be noted that in the low field
limit the Hall coefficient is not simply related Lo the owreier concen~
tration because the Hall factor, r, must be taken ifute acoount.  The

conductivity, ¢, is glven by the expression
0 = pqu (*1)

This mwobility, defined in terms of the conductivity, har eern tormed




the conductivity or drift mobility. By a comparison between this
expression for the drift mobility and the previously given expression
for the Hall mobility, we see that when the Hall coefficient is measured

in the high field limit, and thus simply related to the carrier con-

centration, the drift mobility and the Hall mobility are equal. As ’ i
the mobility calculated from the expressions given in Chapter III is

the drift mobility, the use of the high-field limit in the Hall coeffi-
cient measurement will enable us to compare the experimental and cal-
culated mobilities.

Although the high~field limit considerably simplifies the deter-
mination of the carrier concentration, excessively high magnetic fields
can cause problems due to the quantization of the hole orbits in a
magnetic field. A review of high magnetic field effects has been given
by Adams and Keyes.bh The quantization of the particle motion in a
magnetic tield will create landau levels within the band. The Landau
levels will modify the density of states in the valence band which
could affect the i{nterpretation of experimental dnta.hs Neglecting
coupling between the bands, for p-type silicon there will be two sets
of levels correiponding to the light and heavy hole bands. The spacing
between Landau levels is given by ﬁui where wy {8 the cyclotron fre~
quency of the band under consideration. For quantum effects to be
negligible the thermal encrgy must be large compared to the separation
between Landau levels, or kT>>hwi. As the separation betwveen levels is
larger for the light hole band than the heavy hole band, the light holes

will provide the more restrictive condition. A field of 10 kilogauss

will correspond to a temperature of 9.1 K for the light hole band. Also

o




important at high magnetic fields is another effect which has been
termed "magnétic freeze out". Yafet, Keyes and Adamshs predicted this
effect from the theory of hydrogen atoms in strong magnetic fields., The
effect occurs because in a strong magnetic field the bound state wave-
functions are more strongly localized than at zero magnetic field. Due
to the more localized charge distribution, the coulomdb binding energy
of the impurity state is increased. Thus, at a fixed temperature the
concentration of thermally excited cherge carriers will be smaller and
the Hall coefficient will be effectively increased. This of courae
gives rise to the terminology "magnetic rreeze out". Experimentally we
have not observed any variations in the Hall coefficient which could
be attridbuted to magnetic quantizaﬁion.

The expressions for carrier concentration and mobility given in
Chepter III have baen used to determins the impurity parameters for
our material. The carrier concentration expression, equation (22},

can be solved for p to obtain:

p = LB - VNGB )M -8, V2 (28)

vhere EkENvexp(-EQ/kT)/(g+£giexp(-Ei/kT)). We have fit the carrier con-
centration as & function of temperature data to the sclution for p given

¢

above. The four parsmeters NQ. Hd' E_, and Hv wvere permitzted to vary

X
such that the least squares differences betwean the calculated and

experimental values of p were minimized. As the carrier concentration

varied by several orders of magnitude over the temperature interval

gtudied, the differences in the logarithms of p werec compared. Initial B
valuss of the parameters, required as input data for the fitting . 3
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program,hT were obtained from a graphical analysis of the Hall data. §
The program then tries to improve the fit in successive iterations by
using the partial derivatives with respect to each parameter to ad-
Just the four parameters optimally. After the program has converged
on a set of parameters, statistics are calculated to evaluate the re-
sults,

As the carrier concertration freezes out exponentially with tem-

perature, accurate thermometry is very important for an accurate deter-
mination of the impurity parameters from the carrier concentration as

a functior of temperature data. However, for mobility with its power
law cather than exponential dependence on temperature, the thermometry
will not be as crucial for an accurate determination of the parameters.
Thus, mobility analysis can provide an important cross check for the
carrier concentration analysis. As with the carrier concentration
data, the caleulated asd experimental values of the mobility were com-
parﬁd by the fitting program and the parameters were adjusted te give
the)beat lenst squares r{t. Uaeveral parameters, in different combina-~
tions, have been allowed to vury in our unalysis of the mobility.

These include the constant S which controls the magnitude of the
acoustic phonon scattaring contribution to the wmobility, the coupling

constant W, the donor density N , the scale factor multipiyiig the

q°

Erginsoy wquation A, and anciher scaie factor, G, to account for any
error in measuring the sample dimensions. The dimensional factor G will
be A number close to unity multip'ying the calculated mobility. Although

the sampie thickness cculd be mensured quite well, the sample vidth

and distance between resistivity arms vas only known to within about

=




five percent. For pure samples the contribution of ionized impurity
scattering can be comparable to the geometrical measurement errors. For
this reason we have included this adjustable paremeter G. The deter—
mination of these parameters from the experimental daté will be dis~
cussed in Chapter V.

One final comment conerning the mobility analysis is necessary.
The fitting program uses the partial derivatives of the mobility with
respect to the variable parameters as a guide in adjusting the para-
meters to obtain an optimum fit. However, the complexity of the mobil-
1ty expression given in Chapter III does not readily allow one to
differentiate it with respect to the parameters. For the purpose of ob-

taining derivatives we have used the approximate expression:
b (/) 1 (29) .

[ a
where a denotes the different scattering processes. Although this is

inaccurate for the calculation of the modbility, it is sufficient for

the purpose of providing partial derivatives for the fitting program.

L




R

Tl P S

CHAPTER V

EXPERIMENTAL RESULTS

A, Carrier Concentration

The samples measurelin this study have covered a range of impurity

-3 17

densities between 1013 cm ~ and 10 cm_3. The carrier concentration

as & function of reciprocal temperature, for four representative sam-

-3 b -3

ples with acceptor densities of approximately 1013 cm T, 107 em 7,

0% cm’3, and 1016 en™3 , is shown in Fig. 6. The experimental data
are given by the coded points while the solid line is the result ob-
tained by fitting the data for carrier concentration as a function of

temperature to equation (22). The parameters determined from the fit

to equation (22) for these samples as well as the other samples measured

in this work are given in Table II. The psrameters Na’ “d’ and Ea
have been allowed to vary in fitting the experimental data while the
density of states in the valeuce bend, Nv. has been either fixed or
also alloved to vary. As N ic given by h.83x1015(m;/me)3/2T3/2 cm’3,
ve have listed in Tablc 11 the value of m; correasponding to a given
value of the density of states. For samples in vhich the exhaustion
region vas reached at relatively low temperatures, guch as Si:B-1k, ve
have found very little change iu the value of m; vhen the density of
states was allowed to vary. For samples wvhere the exhaustion region
could not be reached, such as 51:B-T7, this vas not necessarily the caae.
Semples Si:B-3 and S{:B-6 exhibited a reglon at low temperatures
vhere impurity-hopping conduction dominated the conduction due to free

carriers in the valence band. Data trom this region has not been used
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in the carrier concentraticn analysis. Several other samples were
measured, particularly ones with hiéh room temperature resistivities
(3,000 to 10,000 n-cﬁ), vhich showed large inhomogeneities in impurity
density from one end of the Hall bridge to the other. We have not used
these samples for further analysis, and they afe not included in Table II.
As discussed in Chapter III, the density of states of the valence
band has an additional temperature dependence due to the temperature
dependence of the density of states effective mass as shown in Fig. 4.

_ We have slso fit to equation (22) the carrier concentration as a
function temperature data taking into account this additional tempera-
ture dependence. These results are presented in Table III., The para-
meters thus obtained are very similar to those obtained using & tempera-
ture independent effective mass. Rowever, the trend, except for the
closely compensated samples Si:B~2 and S1:B-lk, is to lower values of

by a few percent. For the closely compensated samples,

d

Na and N& increase by a few percent vhen analyzed using a temperatura

dependent effective mass. This behavior can be qualitatively under-

N and N
[y

stood using approxi#ate expregsiona for the carrier concentration for
the cases of uncampensated and closely compensated aumples.he When the
density of compensating donors is very much leas than the carrier con-
centration, the carrier concentration is approximately given by

-E_/2xT
p = (n&vv/a)”2 e, (30)

vhere g i8 the ground state degeneracy and ve have neglected the influ-
ence of the excited states. For an analysis using the temperature depen~
dent effective mass, the density of states of the valence band at a
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given temperature will be larger than for an analysis using a tempera-
ture independent effective mass. In order to calculate from equation
(30) the same carrier concentration for a larger density of states
the value of N& must be correspondingly reduced which agrees with a
comparison of Tables IT and III for the relatively uncoﬁpensated sam-
ples. For very closely compensated samples the carrier concentration
is now approximately given by

(8- )
l)eﬂa/kT

P = (31)
l+(Nd/Nvg

In the exhaustion region p will be determined by the difference Na— “d' -

Nd will be determined ss the carrier concentration begins to freeze out
and the denominator in equation (31) becomes larger than one. Here,
for a larger value of Nv we must have a correspondingly larger value
of Nd to obtain a given carrier concentration. Thus Nu and Nd wvill in-
crease for the closely compensated samples when the temperature depen-
dent effective mass is used {n the carrier concentration analysis,

Also shown in Tables IT and TII is the standard devialiun of the
fit to the carrier concentration data. In most, but not all, samples
the standard deviation is slightly improved vhen analyzed with the
temperaturce dependent effective mass. Hovever, as the differences be-
tween the parameters N0 and Rd for the two cagses are at most ten
percent, we have concluded that the additional temperature dependence of
the density of states i{n the valcnce band due to the temperature depen-
dence of the effective mass does not appreciably alter the determination

of these parameters from the temperature dependence of the caryier
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concentration.
B. Mobillty L

The mobility for four representative samples is shown in Figs. 7
and 8. The experimental data are shown by coded points and the solid
lines are fits to this data using the mobility theory formulated in
Chapter III. The mobility theory has been fit to the experimental data
by adjusting severai parameters., These parameters are: 10, the mag-

nitude of the relaxation time for scattering by acoustic phonons;

Nd’ the density of compensating donors; W, the coupling constant of the
holes to the optical phonon mode relative to the acoustic phonon mode;
A, the factor wultiplying the magnitude of the relaxation time for neu-~

tral impurity scattering; and G, a scale factor used to account for

i
3
3
i

measurement errors in the sample dimenslons. We felt the acceptor den-

sity, Na’ was known with enough precision from the carrier concentration

analysis so that its velue was not permitted to vary in the analysis

of the moﬁility. The determination of the above parameters from sn é
analysis of the temperature dependence of the mobility will be dis-~ é
cussed in the following subsections. ;

(1} Lattice Scattering by Acoustic Phonons

In pure semples vhere impurity scattering is relatively unimpor-
tant, scattering by acoustic and optical phomons will dominate the 3
mobility. We have determined the lattice scattering constant, T by
ritting the mobility theory to our three purest samples over & tempera-
ture range of approximately 25 K to B0 K. We have not used data sbove
80 K so that any contribution to the mobility due to optical phonon

scattering could be neglected. This has allowed us to fix the parameter
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controlling the contribution of nptical phonon scattering, W, and ignore
it in fitting the mobility over this restricted temperature interval.

As relatively pure samples have been used, the neutral impurity scatter-
ing factor, A, has also been fixed. The geometrical scale factor, G,
has been fixed at 1.0 for these fits, thus assuming perfect geometry for
these three samples. The remaining parameters, To and Nd’ were allowed
to vary to obtain the best least squares fit to the mobility data. The
results of these fits are given in Table IV. The values for the magui-
tude of the acoustic phonon scattering relaxation time, To’ agree quite
well with one another. From these fits we have chosen the value,

9

T = 5,25x10°

° sec as most representative and taken its value as fixed

when fitting less pure samples.

The diffevences of a few percent between the values of 10 as seen in
Table IV could easily be due to differences in the geometrical ervor
for the three samples., To check this we have ixed the value of T at
5.25110—9 sec and refit samples Si:B-l and Si:B-lb over the same tempera-
ture range with Nd and G variable. These results are given in Table V.
The resulting values of G agree quite closely with the corresponding
differences in 10. For 81:B-1k , G decreased by 1 percent corresponding
to the 1.5 percent decreanse in L between $1:B-0 and SL:B-2h | while for
$1:B-1 , G increased by 3 percent corresponding to the 2.7 percent in-
crease in To between Si:B-8 and Si:B-l. Thus, the differences in Yo cen
be roadily accounted for by the geometrical measurement differences be-
tveen the samples, Since the dimensional measuremeat errors for these
sanples are only & few percent, the determination of LN for these sam-~

ples is correspondingly accurate.
- 33~




(2} Lattice Scattering by Optical Phonons

To deter@ige the parameter W, the relative coupling stredgth

of the holes to the optical phonon mode compared to the acoustic phonon
mode, requires mobility data at higher temperatures whére optical pho-
non scattering contributes signi}iéanbly to the mobility. However, at-
higher temperatures the high-field limit, uB >> 108 cm2 Gauss/Volt sec,
required for a rigorous interpretation of the Hall effect measurement
could not be satisfied with our available nagnetic field strengths.
This complicates the analysis of the mobility in that the Hall factor,
which may no longer be equal to unity, must be taken into account.
Rather than attempt to calculate the Hall factor, which varies with
temperature and the predominate type of scattering, we have obtained
the drift mobility in the following manner, The parameters deter-
mined from the carrier concentration analysis have been used to cal-
culate the carrier concentration by means of equation (22) for tempera-
tures above the high-field limit. As these parameters were determined
from data measured in & region where the high-field limit was valid,
when used in equation (22) the carrier concentration should be accurate-
ly computed at higher temperatures. Thus, at higher temperatures, we
have measwred the resistivity, p, and obtained the drift mobility
frem u = 1/pgo, vhere p is the cslculated carrier concentration.

Mobility data has been obtained in this manner for semples Si:B-8
and S1:B-1L vhere the resistivity has been measured for temperatures
up to 400 K and 300 K, respectively. Above 300 K for Si:B-8 corrections
have been made to take account of the change in resistivity due to

by

intrinsic conduction, This data has been fit with the parameters Rd.
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W, and G variable. The data for these samples over:tﬁe entire tempera-
ture range isrshown by the coded points in Figs. gfand 10 vhere the
solid line is the fit to the mobility theory. ?ﬁe parameters determined
from these fits are given in Table VI. We hagé:obtained values for W of
2.00 and 1.78 for Si:B-8 and Si:B-1h, respec?évely.

(3) Ionized Impurity Scattering

A S,

At low temperatures scattering by ionized and neutral impur-
ities can control the mobility. As the njmber of ionized impurities is

i
directly related to the density of compensating donors (N, = 2Nd+ p), one

I
can determine Nd from the contribution of ionized impurity scattering

to the mobility. As-Nd has also been determined from the carrier concen-
tration analysis, a comparison of tﬁe values obtained provides evidence
as to the validity of the mobility analysis. This comparison is given

in Table VII for several of the samples studied. For some of the samples

listed in Table VII the parameters N_, A, and G were varied in the mobility

3
fit. However, for other samples with marginal amounts of neutral im-
purity scattering, it was found that A, the parameter modifying the
neutral impurity scattering strength, would become unreasonably large

or small when allowed to vary. This is because the mobility in these
samples was not particularly sensitive to the awount of neutral impurity
scattering and the computer apparently allowed A to vary considerably in
order to account for small differences between the calculated and experi-
mental mobilities. Counsequently, for these samples we have varied Nd

and G and fixed A at seversal different values in order to observe the
effect of A on the value of “d obtained from the mobility analysis.

As can be seen from Table VII, the values of Hd obtained from the
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carrier concentration analysis and the mobility arnalysis are in good
agreement. For the purer samples (Si:B-8 and Si:B-1L), the choice of
different values of A has a negligible effect on the determination of

Nd since neutral impurity scattering is very weak in these samples. The
fits to the moderately doped samples {Si:B-b and $i:B-5) are more strong-
1y affected by the choice of A. For these samples a choice of A near &
gives the best agreement for the values of Nd determined from the mobll-
ity and carrier concentration analyses. The three remaining samples are
more heavily doped and deserve additional comment. As the mobility was
quite low in these samples, the high-field limit could not be reached
over most of the temperature interval studied. In addition, Si:B-3 and
Si:B-6 exhibited impurity-hopping conduction at low temperatures. For
these samples data below 35 K has been excluded from the mobility analysis.
Since the high-field limit could not be reached, the Hall factor will
affect the tewperature dependence of the mobility. As neutral impurity
scattering is quite strong in these samples, any temperature dependence
of neutral impurity scatiering not accounted for in the Erginsoy formula-
tion could also affect the mobility analysis. For these reasons, the
analysis of these samples cannot be considered as reliable as the analysis
of the purer samples, However, even with these limitations, the values
of Nd obtained from the carrier concentration analysis and the mobility
analysis are in reasonable sgreement.

(4) Neutral Impurity Scattering

Throughout this work we have found it necessary to include the

adjustable parameter A to modify the scattering time Ly neutral impuri- .
16 :

ties, For the samples doped on the order of 10 cm“3 , ve see from
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Table VII that the fitted values of A are between 2 and 3. For the
samples with about 1015 cm‘3 acceptors, a value of A near 4 gives the
best agreement with the value of Nd determined from the carrier concen-

tration analysis. As mentioned in the previous section,-the interpre-~

tation of the experimental data for the more heavily doped samples is

complicated by the need to take into account the Hall factor. Also, the
different values of A obtained for the different samples lead us to feel
that the value of A determined from the mobility analysis for a given
sample cannot be considered particularly reliable.

In order tu demonstrate the influence of A on the mobility, we
have calculated the mobility with A = 2 and A = 6 using the parameters of i
Si:B-5 with Nd fixed at 2.05XI012 <:m_3 . The calculated mobilities along :
with the experimental data of Si:B-5 are presented in Fig. 11. The
experimental data points below 20 K have been obtained from photo-Hall y
measurements using 300 K background radiation to photo-excite the carriers.
The validity of a comparison with theory for this low temperature data
requires that two conditions be satisfied. The Born approximation used
in calculating the ionized impurity scattering contribution to the
mobility- requires that Iﬁal >> 1 where k is the carrfer vavevector and
& is the scattering length.26 For silicon |ka| = 1.hx107T(m'/mep')1/2,
where p” is given by equation (11). Taking the density of photo-excited
3

carriers as 109 cun ” and Na and “d from the Hall fit for 81:B-5, we
obtain for the more stringent case of the light holes: |ia| = 3.8T.
Thus, the above requirement is satisfied for the experimental data shown
in Fig. 10. A second requirement is that the thermalization time of the

photo-excited carriers be much less than the carrier lifetime. If, on the
-37-




contrary, the thermaliZQtion time is longer than the carrier lifetime,
the carrier distribution will be "hot%, corresponding to the energy
distribution of the incident radiation used to photo-excite the carriers
in the photo-Hall measurement. A mobility measurement under such condi-
tions cannot be compared to the calculated mobility which assumes a ther-
mal cerrier distribution. From the energy loss rate due to acoustic
phonon emission,so we can estimate the thermalization time for the more

51
restrictive case of the heavy holes to be 3.5x10 10 T—l/2 sec. The

carrier lifetime may be determined from the recombination cross section

2 vy ¥ = (N“<v>0)'l, where N~ is the

for holes at ionized boron impurities
density of negatively ionized boron impurities, <v> is the average thermal
velocity, and v is the recombination cross section. At 10 K we obtain

a carrier lifetime for Si:B-5 of approximately 3X10‘8 sec and & thermali-
zation time of 10_9 sec. Thus, the experimental photo-Hlall data for
51:B-5 satisfy both of the above restrictions. The experimental poiuts
shown in Fig.ll lie between the curves corresponding to A = 2 and A = 6.

This is consistant with the results given for this sample in Table VII.

C. Mobillty Analysis Assuming a Parabolicv Band Structure

The results presented {n the previous sections of this chapter have
been based upon an analysis of the mobility using the formulation given
in Chapter IIT which took account of the non-parabolicity of the silicon
valence band. For the parameters determined from the mobility analysis,
good agreement between the experimental and calculated mobilities has
been obtained. However, one could ask if similarily good agreement,
perhaps with a different set of parameters, could be ootained by a mobili-

ty analysis which ignores the valence band non-parabvolicity and assumes

)
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parabolic valence bands. The following section will demonstrate that
indeed this ié not the case.

The mobility formulation described in Chapter III is easily reduced
to the parabolic case by the replacement of Y(E) by E and Y“(E) by 1.

We have reanalyzed the experimental mobility data of samples Si:3-8 and
5i:B~1k assuming & parabolic band structure. The experimental data

shown by the coded points along with the parabolic mobility fit to this
data shown by the solid line is presented in Figs. 12 and 13 for samples
Si:B-8 and Si:B-14, respectively. The parsmeters as determined from
these fits are given in Table VIII. To facilitate a comparison between
the parabolic and non-parabolic mobility fits, we have plotted the percen-
tage error between the calculated and experimental mobilities for the

two cases for Si:B-8 and S1:B-1b in Figs. 1b and 15, respectively. For
bLoth samples the error for the parabolic mobility fits is consideradly
larger than for the non-parabolic mobility fits. This is strong evidence
as to the importance of the valence band non-parabolicity in determining
the temperature dependence of the mobility.

Further evidence as to the importance of the non-parabolic descrip-
tion coizes from an examination of the parameters as determined from the
different mobility fits. For Si:B-1h the value of Nd obtained from the
parabolic mobility fit vas 2.2*1012 cm_3 while the non-parabolic mobility
it gave 1.39!1013 cm—3. As seen in Table VII, the value of Nd determined
from the carrier concentration analysis agrees very closely with the
value determined from the non-parabolic mobility fit. Thus, not oaly
i{s the fit to the experimental dava better for the non-parabolic case,
but also a considerably more realistic valuc of the parameter Nd is

-39~

o S T R T




obtained by the non-parabolic mobility analysis. Similar considerations
hold for Si:B-8.

In order to observe more closely the differences hetween the para-
bolic and ncn-parabolic models, we have plotted in Fig. 16 the lattice
scattering limited mobility for the two cases with To = S;25x10~9 sec
and W = 2.0. As expected for the parabolic case, we observe a T-3/2
temperature dependence for the mobility up to approximately 100 K where
optical phonon scattering begins to contribute to the mobility. Siuce
in the non-parabolic case the effective mass increeses with temperature
and the acoustic phenon scattering time becomes shorter than in the para-
bolic case, we observe a more rapid decrease in the mobility than a
T—3/2 temperature dependence.

We are nov in a position to understand better the differencaes in
the parameters as determined from the parabolic and non-parabolic mobile
ity fits. As exemplified by Si:B-lh, the calculated mobility near 100 K
for the parabolic case is considorsbly larger than the cxperimental
mobility even though the experimental mobility is primarily dominated

in this temperature reglon by lattice scattering. Thus, for the parabolic
case the parameter L. wust be lovered relative to the non-parabolic
value of L tc obtaln agreement with the experimental mobility as to the
magnitude of lattice scattering limited mobility. Such a change in to
{8 observed by comwparing Tables VI and VIII. At higher temperatures the
parameter W must be increased considersbly for the parabolic csse to in-
creagse the relative ccutribution of optical phonon scattering and thus
lower the mobility to obtain agreement vith the experimental noblility
near room temperature. The value of W was determined toO be near 2.0 for
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the non-parabolic case while a value of 6.0 was found for the parabolic
case, Since the value of T, was reduced for the parabolic case, at low
temperatures the lattice scattering contribution to the mobility wiil

be large and cons' juently the calculated mobility will be too small. Thus,
the amount of ionized impurity scattering must be decreased for the para-
bolic crge to raise the mobility to near the experimental value at low
temperatures. This results in a value of Nd vwhich is much smaller fox the
parabolic mobility fits than for the non-parabolic mcbility fits as can

be seen from Tables VI and VIII,

With the above differences in the parameters as determined from the

" parabolic and non-parabolic mobility fits and the poor agreement in

determining the temperature dependence of the mobility for the parabolic
case as seen in Figs. 14 and 15, we must conclude that the inclusion of
the non~parabolicity of the valence band is necessary for an accurate

deseription of the tempersture depeuderce of the mobility.

D, Influence of the Split-off Band on the Mobility

1n the formulation of the mobility theory in Chapter 1II we included
the contribution to the mobility of the split-off band. It is clear
trom equations (17) and (18b) that at low temperatures this band cannot
play a major role in determining the mobility due to the exponeniis)

-&/kT multiplying the spplit-off bend's contribution to the mobil-

factor e
f{ty. We have calculated the lattice scattering limited mobility for a
tvo-tand model and compared it with the mobility calculated including the
third spiit-off band. The lattice scattering limited mobility for the

three-band model has been plotted already {for the non-parabolic case)

in F{g. 16. The caleulated two-band mobility is lower than the three~band
~hi-




mobility by 12.8% at 300 K, by 5.4% at 200 K, and by 2.1% at 150 K. At
lower temperatures the difference rapidly becomes negligidle. However,
near room temperature the split-off band's contribution to the mobility
is significant.

It is of interest to consider what effect a mobility analysis using
two bands would have on the determination of the parameter W. As the
contribution of the split-off band becomes noticeable only at high tempera-
tures, the other parameters which are primarily determined from low
temperature data would be unaffected by an anslysis neglecting the split-
off band., However, as W in part controls the magnitude of the mobility
above 100 X, its determination will be affected by the nuaber of btands
included in the zobility analysis. For the parametevs TO = 5.25x10_9 gec
and W = 2.0 (determined from fitting the three-band mobility theory to
the experimental data of §i:B-8), we lmve obtained a lattice scattering
limited mobility (see Fig. 16} of 473 cm2/Volt sec at 300 K. For a
two~band mobility calculation a coupling constant of W = 1.% vwas required
to give a 300 K mobility of W(9 chIVolt soc. Thus, W is lovered for a
wwo~band mobility calculation relative to o three-band medbility culcula-

tion {n order vo obtain agreement with the room temperature wobility.




CHAPTER VI

COMPARISON WITH OTHER WORK

The activaiion energy of the boron acceptor in silicon as deter-
mined from the carrier concentration analysis is in good agreement with

other electrical optical measurements.%’sh’55

For cur purer samples,
the small changes in the density of states of the valence band when this
parameter was allowed to vary indicates that our use of four for the
ground state degeneracy is correct. If the ground state degeneracy were
different from four, the density of states would change accordingly when
this parameter was fit to the carrier concentration data. A ground state
degeneracy of four is in agreement with the splitting of the ground state
under uniaxial stress as determined by optical nbsorption.l5
There has been very litile vork done in the analysis of mobility

incorporuting all the relevant types of scattering over wide ranges of

remperaturves and lmpurity densities. Several pure samples (I-i!1 = lO13 cm-3)
56 .
whe obtained an acoustic-phonon-

pi5) cm?!Volc see.

nave been medsared by Lo Blutner
timited mobilivy for temperituren below 0 K of l.hxlOT
foove S0 K a steeper temprranure sceenlance wus observed. This s in
resgonable agreement with ous valae for the lattice mebility of

1,51 bed ) -
.54 em”/Volt uec corresponding to 10 = 5.25%410 2 gec which

l.6x10{ T
bhas been obtalned Crom Lhe ity to o experimental data with T, 88 an
ud)ustadle parameter as given in Table IV.
The drift wobitity at 330 K has been weasured by several experi-
N 51 \ . 58 , 59 .
menters. Prince, ladwiyg and Walters, and Crommeyer”” have obtained

mobilitics of h9%, W%, und 40k cme/Volh sec, respectively. By fitting

the mobility theory to our oxperimental data for samples $§:B-8 und

.
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Si:B-1h, we have obtained lattice-scattering-limited mobilities at

X
3 300 X of 475 and 505 cm2/Volt gec corresponding to optical phonon

J coupling constants of 2.00 and 1.78 respectively. R T
A relative coupling constant of the holes to the optical phonon

mode compared to the acoustic phonorgmode of 2.00 and 1.78 has been

RRGI

obtained by us from the mobility analyses of Si:B-8 and Si:B-1h,

Asche and Borzeszkowski3 obtained reasonable agreement with

i respectively.

; the data of Elstuer56 in calculating the mobility for a non-~parabolic band
é structure using & relative coupling constant of 2.5. However, their

: calculated 300 K mobility {from Fig. 7 of Ref. 3 ) was approximately

: 420 cm2/Volt sec vhich is somewhat lower than our room temperature
f mobilities as given in the preceeding paragraph for the above coupling
i constants., Thir indicates that a smaller coupling constant would allow

Asche and Borzcazkovuki3 to abtain better agreement with room tempera-
ture drift mobilities.
Wiley and DiDomenlcoGo have computed the mobility for paradelic

bands. Thelr piocedure vas to fix the reiative coupling constant at

2 and adjust the magoitude of the acoustic phonon scattering time to
obtein egreement with a mobility at 300 K'of 350 cmaiVolt sec. Although
a coupling constent of 2 agrees with ow value for the uon-parabolic
mebility analysis, it is in disagreement with our results vhen ve at-
tempted to fit a parabolic model to our mobliity data. For our para-

bolic analysis ve required a coupling constant near 6 to obtain agree-

L

The reason for this differcuce be-

o

ment with ouwr high temperature data.

P ST

comon clear if we louk at the acoustic mobility obtained by Wiley and

DiDomenico. Their mobility for scattering by acoustic phonons (from

k-
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Eq. 11 and Table I of Ref. 60) is h.2x106 T'l‘5 cme/Volt sec which is
considerably lower than our result and the acoustic mobility obtained by
Elstuer.56 If Wiley and DiDomenico's acoustic mobility were raised to
obtain sgreement with the experimental mobility at low temperatures, &
larger coupling constant would be required by them to obtain agreement
with the room temperature mobility. This should yield results closer to
ours obtained for a parabolic band structure. Mobility in parabolic
bands has recently been considered by Costato et.al.l who have ob~
tained results similar to those of Wiley and DiDomenico.60 Both

Costato et. al.l6 and Hiley61 have pointed out the necessity of considering

the valence band non-parabolicity wheu interpreting the hole mobility

in silicon.
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CHAPTER VII

SUMMARY

The analysis of the carrier concentration and mobility as a function
of temperature has been shown to be a useful tool for the characterizaticn
of impurity parameters in p-type silicon. Good agreement for the density
of compensating donors has been obtained from the two analyses. This
must be largely due to the accuracy of the Brooks, Herring, and Dingle
formulation of ionized impurity scattering as well as the correctness
of the non-parabolic approach to the anulysis of hole mobility in sili-
con. The donor and acceptor densities as determined from the carrier
concentration analysis have exhibited a systematic although minor
variation due to the additional temperature dependence of the valence
band density of states with the inclusion of temperature dependent etfec~
tvive nasses,

The temperature dependenve of the wobility has been substantially
accounted for by including the valence band non~parsbelicity and the
relevant types of scattering in the mebiiity aualysis.  The parameters
a3 determined from the mobility anslysis, pariicularly the amount ol
fonized impurity scattering und the relative conteibution of uptical
phonon seattering, have been found to chiange considerably wvhetw analyzed
agsuming & parabolic rather than o non-parsbolic valence dand structure.
The agrecment with the tesperature dependence of the sxperimental
mobility dauta and the sgrecment with the earvier concentruticn analysis
for the donor deny ity has been sfgniticantly improved by the nou-pera-

bolie rather than parabolfc mobility analysis.
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Appendix I

POLYNCMIAL EXPANSIONS FOR THE Yi(E)

Using the spherically averaged valence band structure as given

in Fig. 1, we have fit k2 to a polynomial in powers of the energy E.

Thus,
m
o (1.1)

k? * nko%in
Although & constant term (ao) has been included in the polynomial ex-
pansions, numerically this has not altered their limiting behavior over
the energy range here considered. The values of k2 are caleculated to an

accuracy of better than 0.1% in all cases. From the dispersicn relation,

equation (L), we have
M

2 _2n .
K = st (E) . (1.2)
Thus,
n n
v(E) = Eal B, (1.3)
wvhere
2
)
M . ,l
*in 2m: “in- (1.4)

We have divided the onergy range considered {nto tour fntervals. For the

2 -
energy in eV and k" in cm 2‘ the coefliclients “in are:

o Sy o e b

3 i

ZESRETr e

. .
SR aanl




Light Hole Band (i=1)

10‘65 E 510‘3 eV
ag = 8.3986018384 x
a, = L.01140884TY x
o, = 2.1706358117 x
oy = ~4,2108560228 x

a, = 3.1328296107 x

2 x 10°¢<E 510‘l eV

o, = -6.5562268877 x

a = 55307508141 x
a, = ~1.0579054256 x
ay = 5.0976268797 x

a, = -T1.8252633691 x

) A )
a, = LRtV

o = ~1.hh 18985467 x

T 10

10

lolh

10%

10t

l020

11

lolh

1016

17

1018

10

19

10%0

~afl-

10”7

3 Eg2x10

-1.5217785981
4.0124984119
1.9808272516
3.388400455%
L. 4890798898

1

10 < Egl eV

]

[

"

i

i

-1.5655203163
9.01L4k277063
-3.9222961582
4.,3293879689
-1.7284317h52

-2 eV

X

X

X

X

x

108

lolh

15

1016

ol

10

13

10t

10

l013

1013

10%3

B




Heavy Hole Band (i=2)

10"6< E 510“3 eV
ap = 1.01729W4856 x107
al = 1.3195281939 Xlols
a, = 1.6680196336 xlo16
ey = -1.4896L11036 xlo19
o, = B.6749409378 x10%%

2 x1072< E s w0t v
gy = 2.hL65k50859 x1ott
a = 1.2208752957 x10+?
u2 = 1.7976342350 x1016
ay = -1.4155380985 x10%7
17

q = 4, 3741658465 x10

_119_

107

]

U

10~

i

]

s

i)

3 2

<E $2x10 " eV
8 8
-8,0235703300 x 10

1.3212303419 x 107

9.270T769617 X 1015

17

~3.1297707692 x 1018

1.5232384239 x 10

e E 31 eV

-2.7105936976 x 10->

2.3038823189 x 10%°

1.1462382301 » 10

lolh

x

-1.2268956892

L, Th34L74345 x 1003
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Appendix II

POLYNOMIAL EXPANSION FOR THE DENSITY OF STATES EFFECTIVE MASS

64

The density of states in the valence band is given by

N, = p/F (n) ,

1/2
where Fl/2(n) is the Fermi-Dirac integral of order 1/2,n is the

3
reduced Fermi level, and p = iélpi where the pi have been given by

equation (16). The density of states has been given in equation (23)

as
= oton X mn2y3/2
N, = 2(eumdkr/h )

*
Solving for m, and evaluating the integrals, we obtain

d
LI B T
4 "1/2 i1 i i
where the Ii have been given by cquations (18a) and {18b). The integrals
*
Ii have been solved numericully and md has been graphed in Fig. 4.
*
We have fit ny to a polynomial in the temperature such that
" n’ A
Mg © ngl uu'l '
*
where for T in Kelvins and LY in units of the electran mass, the “n are
. - . =l -
8y = 5.5709558588x10 1 vap® 8.1556310156x107" , a, = L, 43322217H9x10 6 ,
og = -3.80183601h1x10’8, a, = 1.hh18910956x1o'1°, dg = -3.1693785hllx10-13.
=} 5 -
ag = 3.8394932962x10 *°, and a, = -1.9715702h58x10 19




APPENDIX III

NUMERICAL CALCULATION OF THE MOBILITY

The mobility is calculated following the formulation given in
Chapter III. The numerical integrations have been performed using
Simpson's rule. The techniques used in and the accuracy of these
numerical calculayions has been discussed previously.3o’hl Subroutines
BANDX and BANDT evaluate theyi(x) at a given energy and temperature

to use as required in computing the mobility in subroutine FUN. These

subroutines are listed below.
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Table I. Constants used in evaluation of

secular equation (Eg. (2) of text).

Quantity Value Units
n 1/5 &
q 1/105 ®
a® .OhY eV
AC <h.27 ’ﬁ2/2me
B¢ -0.63 /om
N € -8.75 ﬁalame
8 gpherically bRef. (64) ®Ref. (65)
averaged

value




Table IT. Results of carrier concentration analysis

with temperature independent effective mass.

% Stand. Dev.
Sample Ny Ny E, md/me of Fit
(en™>) (en™) (meV) (1072
$1:B-1 1.32 x10t* 830 x10™2 W2 .59% 1.0
135 <ot 832 x20™F A3.9 .53 0.5
51:B-2 5,40 x10%3 .67 31013 43,2 .59% 2.2
8i:B-3 5.82 x10°6 2.5 x10"? L1 .59° 0.9
1.60 10 227 x107 A7 0.7
5{:B=k Lok x10t%  7.48 x10%? 45.0 ,59% 1.4
L1s <10t 7.57 %0t w52 .66 1.2
S51:De5 L8 <20t 2.k 0¥ Wb .59° 1.
Lig x10'® 2,08 x0*?  ks.0 .62 1.4
5i18-6 336 00T 2038 0™ W3 .59% 3.5
$1:B=T 176 «ot® 1o xotd ks .59° 2.8
130 <106 7.69 x10'% 19,0 1.16 2.0
51:8-8 Lsh o« h.go x10*? Us.3 .59% 1.8
Lag a0t 5.3 a0t? 458 o 0.1
sepolh 2.ab a0t 126 motd uug .59% 0.5
a10 x1083 1.2z a0t W7 .61 0.5
8yulue fixed
59~




Table ITI. Results of carrier concentration analysis

for temperature dependent effective mass.

Stand, Dev.

*
Sample N N, E md(T)/me of Fit
(en™3) o) (meV) (107%)
$1:B-1 1.30 x10™  7.86 x0*2 W3 .56° 1.5
1.3k xlolk 1.97 x10%2 I 48 0.6
Si3B~2 5,86 x10°3  s.07 x10*3 k2.9 562 2.1
Si:B-h 1.8 %10 7.1 x10% k5.0 .56° 1.2
1.1 %10t 1.2 x0? b5.1 .61 1.1
| 51185 1.39 x10Y% 2,05 x10" .8 .56 1.3
1.37 «20Y%  2.00 x107 Mg .59 1.3
$1:B-T Lt x0 188 aotd usa 568 1.6
Lot 10t 8.8 10 ug.2 .96 1.3
l
51:0-8 L5 <0t s x1ot? 45.3 56" 1.4
t
ey | Lt oM hgn xot? 15.6 .6k 0.8
) siielh 2.7 08 1o 0 s .56% 0.5
{
\ 200 x10%3 Loz a0t ks .52 0.5

“value Cixed




Table IV. Results of mobility fits used to determine

the lattice scattering parameter To.

a a a Stand.
Sample 10 Nd W A G Dev. of Temperature
(sec) (cmi%) Fit - Range
(10°%) (™) (k)
; 12
5i:B-8 5.25 h.k5 x10 2.0 2.0 1.0 1.2 25-80
Si:B-1h  5.17 1.39 x10l3 2.0 2.0 1.0 1.6 25-80
51:B-1 5.39 3.17 xlole 2,0 2.0 1.0 1.0 25-80
%value fixed
Table V. Mobility fits used to investigate influence
of G on the determination of A
o a a a Stand.
siample To Nd 3 ¥ A G Dev. of Temperature
(soe) (e ) Fit Range
(107 (1078 (x)
«.—_‘
ciiBelh 5028 1.40 x1013 2,0 2.0 0.9 0.5 25-80
GiiR-) 5.2% k.01 x10]'2 2.0 2.0 1.03 1.6 25-80

“value fixed

~Gla




Table VI. Results of mobility fits used to

determine W,

a a Stand.
Sample o Nd W A G Dev. of Temperature
(sec) Fit Range
(109) (e 0% ()
5i:B-8 5.25 4.09 *1012 2,00 2,0 0.99 1.3 25-400
SiiB-1b 5.25  1.3% x10% 1.78 2.0 0.98 1.1 25-300

avulue fixed




Table VII. Comparison of compensation density as

O

determined from mobility and carrier concentration

analysis.
Sample N N N A G  Stand.
& 1‘rog I‘rog Dev, of :
carrier mobility Fit 4
concentratic_)g analyigs 2
analysis(cem ) (em™) (107°)
6.11 x10'% 2.0 0.98 0.8
z Pl
i siip-h 1.8 x1087 716 x10"2 .05 x10%° 4.0® 0.98 0.8
: 7.31 x10'% 6,0 0.98 0.8
3 1.5 0t 2.0 0.95 1.2
SiiBeS  1.39 x10%7  2.05 <16 2.19 «10*®  4.0® o0.9h 0.9

2.3 <107 6.0 0.9k 0.8

f sised Lo a0t hen 0 har w0 2.0% 0.99 1.3
; 3 a0t o 0,99 1.3
§ spemart 2.7 000 Lo et 130« 2.0 0,09 1k
| 139 a0t ne® 09 1.b

; siaies 5,86 00 o 0 L 0t 33 08 LS

?; E stone6 3,36 21007 2o a0t w5t 0™ 2.0 008 3.

16 2.60 x108 2.2 osh 2.1

“yalue fixed




Table VIII. Results of mobility fits assuming a parabolic

band model.

Sample % N d W A G Stand.
(sec) Dev. of
9 -3 Fit
(1077} (em™) (1072)
9 & b b
Si:B-8 3.09  b.7x10 5.98 2.0 1.0 2.1

51:B-14  2.95 2.3510  5.99  2.0° 1.0° 5.8

aparameter did not converge to required confidence level

| bvalue fixed
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PART 1I

ABSORPTLON EDGE SHIFT IN HEAVILY DOPED

LEAD~TIN TFLLURLDE




CHAPTER I
INTRODUCTION

The lead-tin telluride ((Pb,Sn)Te, zlloy system has been studied

extensively by many investigators in the past ten years. A summary of

L2 gnich

the important results is given in two excellent review articles

also discuss the possible applications of this material. (Pb,Sn)Te is &

3

b . naxrow gap semiconductor and is éensitive tc the infrared spectrum of ths

electromagnetic radiation. Since the enargy gap depends on the composition
and temperature, both diode lasers and photon detectors with maximum sensi-~
tivity at any desired wavelength between S and 30 micrometers can be fabri-

cated.

This study is coucerned with fuwpurity diffusion {n (Pb,Sn)Te aund

the offect of these diffused impurities on {ts optical and electrical

properties. By using light sensitive diffused lead-tin telluride detec~

I

tors, we wera able to examine tha behavior of the fundamental absorption

edge as a function of impurity concentration, the content fractional
awount of Snla in the crystal, and the tewperature. Our vesults indicate

three differeat behaviors corvesponding to three types of impuricies:

caduiua, antimony, and a mixture of cadwiup and indium. Cadmium diffu-

sion may vesult in a material with carrier concentration as low ag 1017

8

per cms. Por (Pb,Sn)Te with carrier density below 10l per cm3 there

ig sssentially no change in the encrgy gap. 10, however, as a reg.lv of

the diffusion the carrier concentration is higher, such as iu the case

of auntimony diffuslon, thero is a considerable shift tn the fundamental

- Bb-




absorption edge. Then the material is no longer semsitive to lower 3
energy radiation. We compared the two cases by measuring the spectral
! response of two types of photodiodes: one was made by diffusing Sb and
the other by diffusing Cd into (Pb,Sn)Te.. A similar displacement of

the asbsorption edge had been observed in datae obtained from transmission

RPNy

A measurements.3 These transmission results, which had been parformed

earlier in our laboratory, revealed that in undiffused, unannealed

(Pb,Sn)Te, wheve excess of tellurium is a source of high carrier density,

there {8 an obvious shift in the absorption edge. 4 model proposed by

i Butstein“ was used to explain this anomalous behavior. It is suggested
that for small gap materials with a small effective mass and high carrier .
concentration, the Fermi energy, Ef, moves to elther the conduction or the

i valence band, depending whether it 1s n-type or p-type semiconductor.

Since we are dealing with a direct gap semiconductor, the photon energy,

hv, required to excite electron hole pair in such & degencrate waterial }

i greater than the energy gap Eg. Nere h 1is Planck's constant and v is

the photon {requency. For (Ph,Sn)Te it is given by

hy = Eg + 2(1'.f - ykn1) (1.1)
jf'f vheve y depends only on the absorption coefficient, kn is Boltzmann's
A . cometant, and T {8 the absolute temperature. We used Kane's nonpavabolic

band modul5 in catculating the Ferwmi level and showed that this model s

in agreement with the experimental results. The experimental values of
hv for two samples have been fit to the calculared ones using a digital

*
computer, and values for y and the effective wass, m , were obrained.




A different type of diffused (Pb,Sn)Te proéucad'an even more
pronounced change in its absorption spectra. In this case the dif-
fusion of caduium~indium alloy produced material with higher resistivity,
lower carrier demsity, and larger energy gap than ever reported before.
This is probably due to some change in the compound itaeif rather than
Just in its doping level. It was observed that although the crystalline
structure remains essentially the same, the unit cell expauds as & result
of the diffusioﬁ. X-ray examinatiou and microprobing indicate microscopic
centers of impurity. The effact is more pronounced as the diffusion tem~
parature is increased. The temperature dependence of the Hsll coefficient
and mobility of various Cd-In diffused samples wexe qtudied in an effort
to characterize the pheunomenon.

In the next chapter we present background information on lead-tin
telluride. We discuss its energy band structure and its phase diagram
since these are important for the understanding of our study. The phase
diagraw explaing why the physical properties of the material depend to a
large degree on the tachnique and condition of 4ts preparation. This
critical dependency is our reason for choosing to devote a significant
part of the study to cryatal growth. The last two sections of chapter 2
contain the basic theory of fmpurity diffusion in semiconductors and of
p-n junctions.

Chaptor I describes the experimental techniques which were used
in this study. Crystal growth methods and evaluations by x-ray are
described in detail, followed by diffusion and diede fabrication pro-
cedureg. The electrical and optical setups which we used, as well as the

meaguvemeut technlques, are alsv discussed in that chapter. Our experi-

-88-
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mental results and calculations are presented and compared in chapter IV

Chapter V summarizes the results of our measurements and dis-

cusses the conclusions we have dravn from them.
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CHAPTER II
BACKGROUND AND THEORY

A, Material Properties §

Lead-tin telluride 18 an alloy system comnosed of two 1V-V1
compounds, PbTe and SnTe.l’6 In gencral this mixed alloy has similar
properties to lead salt compounds, and is yvsferred to as a psaudobinary
alloy system, The lead salts which include sulfur, selenfum, or tellurlum
are called lead chalcogenides and their chewical bonds are mixtures of
jonic ané covalent bonds.7 Both PbTa and SnTe have a face centat cuble
crystal structure and their lattice constante differ by ouly two par-
cent.a’g The ordering of the atoms along any principal axis in: metal,
Te, wetal, Te... When PbTe and $nTe are mixad and rescted properly, the
pseudobinary Pbl-xs"xTe alloy ie¢ obtained. Thaese alloys exhiblt complete
solid soludbility for any compoaitxon.1 The resulting compound also hus a
NaCl crystal structure but the wetal atums are elther lead ov tin depand-
ing on the f{ractional content of Snle,x, in the auoy.2 It was found that
when varying the slloy fraction, x, the melting poiut of the system changes

10,11 The lattice constant snd the density of

£,Y

as ahow in figuve 1.

b _MSnxTa are found to be an almest linear funciivn of x.

1

1. DBand Structure

3 The minimum enevgy gup of this system ocrure at the L{111) point

1
- of tha Brillouin zone face.‘2 Within the first zona there are eight
equivalant half ellipsoidal conatant cnexgy sxxfaces with mujor axes in
tha <111 diveationa. The onergy gap of the lead salts increases with

tompctntura,lz In wost othey semiconducting waterials, fncluding SaTe

-0




the band gap decreases with temperature.13 The energy gap of the
-(Pb,Sn)Te mixed system varies strongly with both the alloy frac-
tion and- the temperature as éhown in figure 2. These energy gap or
compgsition curves are deduced from experimental results of many
investigators.lz However, althoigh many indépendent experiments

support these curves, they were all done on Pb SnxTa samples with

1-x%
fractional SnTe constant, x, amallar than 0.35 or on pure SnTe. For

alloy compositisn with corresponding 0.35 < x < 1 the homogeneity
range is shifted far into the metal deficient region (as discussed

later) and it is impossible to obtain material with hole concentra-

tion of laas than 1019 per cms. Due. to the high free carrier con-

centration, meaningful opticel measuremants cannot be performed. Tor

material with SnTe coatent less than 35 percent, the energy gap was

2,14-18

detexminad by optical absorption measurements, detector re-

19,20 12,21,22

sponss cutoff and laser emission, Tunneling experiments

were ugad for the deterufnation of Snfe enorgy 3np.13

The unusual behavior of the enorgy gap as a quction of the
alloy composition was explained by Dimmock, Melngailis and Strauselz'as
(DMS). Their band structure model suggests a band inversion at some
intermediate alloy composition. Por PbTe the Lz enorgy state ia the
valence band edge while the L; 18 the conduction band. Whan alloying
with SnTe, the two ftetoa approach each other as shown schematically
in figure 3. As the peréentnge of SnTe {s increased in the alloy, the
scparation between the two bands, Eg. dacreases and bocomes zero at

some {ntermediate composition. On further incveasing the SnTe content,

-91-
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the Lz state becomes higher than the L; and the two banis interchange

+ -
their rolls: the L6 state is now the conduction baud aud the L, is
il
the valence band.
Looking again at figure 2 we see that the tempcrabure coef-

ficlent of the energy gap, dEg/dT, changes sign at ths ‘=0 oion waint.

All experimental results, performed on Pbl_‘SnxTe with x « 3% and oa

S EMORLS,

SnTe, for direct determination of the energy gap by opticai s
are in full agreement with the DMS band inversion modei. An mentioned
earlier, due to its prohibitive high hole density, wo d:icit measure-
wents could verify this model on material with composition in the
crossovar vegion. The only experimental support for tlis compasitlon
reglion comes from measurements of the electrical vesistiviry . a
function of temperature. These measurements, which were done firse by
Dixon and Bis,23 show that at a compositvion near the eap i vronuevey,

the tewperature vaviation of thi resistivity shows a disn. int v.eal

an otherwise almost linear dependency. This break tovvepeaiia so io
change in sign of tho tewperature coefficlent of the . o o, 6F Fdvy
at the iuversion poiut. We lave made similav measuversss -« ol

crystal with x = .44 and obtained similay results wheich re oo od in
figure 4. Tha changes in the slopas, or the breaks iun thr » .civitve-
teuperature curves, take place at diffaeront temporature: i :.o las .y
the composition of the sumple as expected from the I

Theoretical calculation of the energy states nhow * w0t ug
emply lattico model of the 1V-V1 compounds one would —npcvr o ZO Slate

.

to bo of higher encrgy than the L6 Although this 1. 5 o Uil e

-
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for some compounds, just the 6pposite occurs in the lead chalcogenides.
The reason i8 due to the importance of the relativistic correction on
the Ll level.za The L: staté originates from the Ll level when energy
splitting due to‘spin-orbi:'interaction is takeén into account. The L1
state has an S-type symmetry around the lead atom. This heavy atom is
the source for the significance of the relativistic correction to the

1 and the Lé levels. As
the fraction of the lead atoms decreases and is replaced by much lighter

extant of inverting the normal order of the L

tin atous, the relativistic correction becomes less juportant.

A chenical approach was used by wemp1925 for explaining the enorgy
gap variatioun and the band inverxsion in lead-tin telluride. He proposed
that the possible basis for the energy variation at the L point is the
varjation with composition of the electronegativity difference, C, of
two neighboring atoms. In fact, he showed that with soms approximations
C is proportional torthe difference bhetween the number of valenca elec~
trons of the two atows, In this case, since we are dealing with a mixture
of {onic and covalent bonds, C depends on the charge distribution around
the two atoms. When the content of SnTe in tho alloy {ncreases, the charge
distribution changes in such a way that the cations and anions tend to
change their vole in & manner eimilar to the valence and conduction bands.
At the crossover point (x & 0.65 at 300K) tha eloctronegativity diffovence
and hence the fonicity fall to sero and the material shows metallic physf-
cal properties.

Hany detailed calculations of the towperature dopendence of 28

based on theoretical determination of the band structuro26 and the




2,11 have been reported. Within the tewy i

experimental results
range of 50«300K,dE8/dT 13 almost constant with reported valu -

(3.8 +.5) x 0™ eV/K. Tauber et al.}” observed that the ven,

coefficient approaches zero at te :ratures close to 400k
gested the existence of a second valencé band. This secu . .
not move with temperature and .t temperatures lower than ™. H
thanrthe first valence band and therefore its contributic. : :
absorption process is not evident. Upon increasing the tow
first valence band moves below the second one and the obsev.
tions n;e between the latter and the conduction band.

Lockwood3 used transmission measurements and diods v,
to plot the optical gap variation with temperatuve. His Jdv:
nents at low temperature (2-80K) show consistent decriasc
pared to the Jiseax region. In a few samples he observod : o

temperature coufficieut at tomperatures below 25K,

2, Phasc Diagram

The physfcal properties of lead chalcogenides are s
large degree by their respective phase dlugfﬂmBZ) (turperat
composition relations). Even when startiang with pure (.-
both, the unature of conduction and the cavvier concentint:

the vondition of crystal prepavation. According to the ph.

]
the temperature and the pressuve which exiat during the .
the material effect the proportioun of {ls compounents .. . i
27,28 -
degree of deviatfon from stoichliomevry.” ' The tvpe o 3
of charge carviers, then, are detevmined by the crvgntai - $
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Also, 1f the phase diagram 18 known, the carrier concentration may be
adjusted or even invertel by excess metal (or excess Te) saturation
under controlled teﬁperature and pressure.lo This process is called
annealing and will be discussed in the next chapter.

The upper portion of figure 5 shows the temperature-composition
projection for a PbTe gystem. The compound exhibits very small devi-
ation from stoichiometry, and on this scale it is represented by a
gsingle line at 50 atomic percent Te. A detailed examination of the
deviation from stiochometry can be obtained from the lower part of

figure 5. The phase diagram of PbTe and Pb Te in the vicinity
e

0.875%.13
of 50 artomic percent Te is presented on an expanded scale. . It is im-
portant to osbserve that the homogeneity ranges for both compounds

include the stoichiometxric composition only at temperatures below the
maximun (respective) melting points. At this temperature the compound

iz always Tewrich: As x increaser, the meliirg tewpervature of pbl-xsnxT“
along with the homogeneity vange shift towavd the Te-rich side of the
diagram as saen, also, from the experimental vesults in figure 6. The
crosgover temperature from p-type to n-type decresses too. In fact,

for x larger than about 0.33 it is practically impossible to obtain n-
type material by self anncaling. The farther the crystal {s from
stoichiometric composition, the greater is the wetal deficiency. This

{s a source for wore lattice point defcct327 which are always fonfzed

and contribute free charge carriers to the electrical conduction
wechanisw.

10,28,29

The anncaling technique inuvolves an equilibrfum con-

dition between the sample and wmotal rich powder of the same composition

§5-




at a desired temperature. This is done in an evacuated quartz ampoule.
The sample and thg éowder are in quasi equilibrium iwth the vapor phase.
Since there is only one degree of freedoﬁ in this closed system, fixing
the temperature would fix the equilibrated composition of each phasa.
The phase dlagram, then, can tell us at what temperaturs we should
anneal in ovder to obtain the desived carrie+~ “-nsity for.a giien com-

5

position., Carrier concentrations as low as 101 per cm3 have been te-

potted27 using this method. Our experience shows no difficulties in an-

nealing waterial to a carrier density of the order of 1016 per cna.

B. Charge Carxiers Statistics

In an intrinsic semiconductor the conduction ﬁechanicu is
dominated by electrons which are thermally excited from the velence
band to tha counduction band.3° The density of tha conduction band
alectron, n, and the valence band holes, p, in such a waterial, depend
ot the nature of these bands, their aseparation (for forbidded gap) and
the tamperature. We wish to find oxprossions of the electron density
as a function of the band parameters and tha temperature. We will cou~
sidor two casest the firet is the most coumon and simple eftuation of
parubolically spaced constant-energy-sutrface in k-space, and then the
nonparabolic energy wave vector dispersion rclation. The secoud case
18 common in narrow gap semicomductors such as load-tin telluride and
therafore 18 of epecial interest for ua. The holo Qensity can be cal-
culated in a similor way.

In general the numbor of free ulectrons present pax unit volume

BTN




is given by3o

o

na I f(E)g(E)dE 2.1)
E
c
where g(E)dE is the number of states available in an energy range dE,
and f(E) is the probability of occupancy for a state of energy E. We
uge of course Fermi-Dirac statistics and £(E) is the well known Fermi-
Dirac distiivution function

1

£(E) = Trexpl (E-E) fipi] |

(2.2)

The integral (2.1) is evaluated from the bottom of the condﬁction band.,
It is simple to show30 that the number of states per unit volume within

an infinitesimal range of energy or wave-vector, k, is
" k,2
g(E)+dE = g(k)+dk = (;) dk (2.3)

Uging equations (2.2) and (2.3) in equation (2,1) we get

{5 ’2
- ——12- j k dk . (2.4)
n

Thexp[ (B-E )k TT
B
0
This integral can be used to evaluate the clectron density {f the
encrgy-wave vector dispevsion relation is known.
For a ephcerical constant-energy-surf{ace the parabolic E-k rela-

tion is
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where E 1s measured from the bottom of the conduction band and

* k% % 1/3
m o= (mx Y mz) is the density-of-states (scalar) effective mass.

From equation (2.5) we get

2 %
ik = L (8n m )3/2 /24 (2.6)
2 2
h
which is substituted in equation (2.4) to give
Lk i 1/2
B 2m 3/2 E™'"dE
w = 4n (5 [ Trexp[ (B-E) /i T] @.n

1t is ccuvenient to use dimensionless notations, x = E/kBTAand n= Ef/kBT,

and then equation (2.7) becomes

*
2m kT g 1/2
B_\3/2 X Tk
n o= 41l(~—h—2-—-) I TFenp (a1 (2.8)
* Nc Fl/Z(n)
where X
2um kgt 3/2
N = 2¢( )] (2.9)
c 2
h
and
e 1/2
: ~1/2 x - fax
"1/2(11) 2\1 r 'lm;;(;:a-)* . (2.10)

In a similar manner we can show that the hole density is

p = Nv Fllz(-c, -n) 2.11)




where Nv is the same expression as Nc of equation (2.9) but here the
hole effective mass, rather than the electron effective mass, is used.
€= Eg/kBT is the dimensionless energy gup.

For an intrinsic semiconductor, where n is negative, the Fermi-
Dirac integrals can be replaced by their limited forms so that the
intrinsic carrier concentration is obtained

2
u

guop Nch exp(e) (2,12)

or in conventional energy units

32 :
n = (Nchv) exp(»Lg/ZkBT) . {2.13)

Next we proceed to calculate the electron density for the non-
parabolic band structure. ‘The dispersion relations for small gap
semiconductors has been glven Ly Narman et u1.31 who used the Kane
band mode1.5 With add{tional restrictions that m* << m and B << EB

(small gap) the following relutionships ave cbtained:

2 % .
K (_*ilil'.‘..)<1 + r}';)‘.; (2.14)
h ‘8
Wi+
dE ' 1/2
L e o) . (2.13)
dk 2w2m*(1 4 ékﬁ
%

We use these resultz in oquation (2.4), as we did in the parabolic

case and wa get

) *
nw 64(-1%~)

h

(2.16a)

~U .

3£ A RSP S



For large band gap E + «, this expression becomes identical to the
» parabolic expression (2.7). Again we make use of the dimenrsionless

notations and rewrite equation (2.16a) as:

* w J1/2 x1/2/. . 2x
2wk, T _ '+ Ha+
N (___EE§—¢3/2][ZH 1/2 f e aey ¢l (2.160)
h

We shall use the last expression im sectdon D of chapteryrl to extract
the Fermi 1eve1 for given n, Eg ani T. The intrinsic carrier density
for lead-tin telluride was shown1 to be

372

n, = 2.9x10?5(TE8) exp - (Eg/l.7zx10‘4r) @17

G, Diffusion and p-n Junction

Impurity diffusion and isothermal annealing have been used suc-

10,19

cessfully to reduce the carrier concentration of as~grown lead-tin

telluride, and to form p-n junction.20'32

1. Diffusion in Semiconductors

Diffusion is the transport of an iuwpurity in some host material
due to thermal mocicn.33 If there exists a concentvation gradient of
the iwpurity, the diffusion process will be such that a net flow of the
impurily atoms will tend to even out this gradifent. In a one Jlmen-

sional wodel we can express the net diffusion curvent, J, as

o o AN(x,t)
Jx D 3% (2,18)

vhere D {s the diffusion coefficiout and N(x,t) is the fmpurity

[ 3
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concentration at point x and time t.
The change in concentration in any volume is equal to the net
flow into the volume. Thus, the continuity expression in one direc-

tion can be written

anee o Dx
3t 9x

or using equation (2.18) for Jx

2
AN(x, ) I N(x, b))
a - 5 . (2.19)

st 3%

Bquations (2.18) and (2.19) are known as Fick's laws.
Diffusion in solids occurs by a number of possible atomic

33 all involving a series of jumps, made by the diffusing

unechanisms
atoms, from one lattice site to another. We will discuss the three
most common mechanisms: Exchange, Vacancy, and Interstitial. In the
first possible diffusion process, the Exchange mechanism, two or more
neighboring atoms interchange their sites. 7This process requires high
activation energy and thus is uniikely to be significant for diffusion
in close packed crystals. Another process is called Vacancy mechanism.
This {nvolves propagation of atoms via defects or vacant lattice sites
which exist in all crystals. Here the energy involved is not high but
still not as low as in the third process, the Interstitial mechanisw.
Diffusion by the latter process involves impurity atoms which move

through the crystal by jumping from interstitial sites to neighboring

interstital positions.
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Fick's first law, equation (2.18), relates the diffusion current,
J, to the impurity ‘concentration gradient .and to the diffusion coef-
ficient D. The diffusion rate in solids depends also on the impurity
and crystal thermal energy, as well as on material parameters such as
structure, composition and imperfections. The temperatufe dependence of

D is generally described by
(1) = E, exp(-Q/kBT) (2.20)

where Q is the activation energy of the diffusion and Do ia.the
diffusion coefficient extrapolated to infinite temperature. This is
an Arrhenius equation. If D is determined experimentally for various
tempaeratures, than the slope of a straight line obtained by plotting ¢nu D
varsus 1/T is equal to - é%.

The solution for Fick's second diffevential equation when assuming
a case of a semi-infinite medium and diffusion from constant source is

given by33

N{x,t) = N (1 - oxf ~E—) (2.21)
0 * 2/b¢

vhere N = N(0,t}. In chapterIV section C we use our axperimental
data in the above aquation to obtain a tew values for the diffusion
coafficient D, D° and Q for our particular system can then be caleu-

lated using equation (2.20).

2, The p-n Junction Diode

1f donor impurities are intvoducod into one side and acceptors into

the other side of a single crystal of a semiconductor, a p-n junction s
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formed, Such a system is ;11ustrated in figure 7(a)rwhere two modes
of the impurity concentration profile are shown: the abrupt junction
and the linearly g;aded junction. Due to the density gradient across
the junction, holes diffuse to the n side across the junction and
electrons to the p side. The region near the junction is then depleted
of mobile charges and is called the depletion reglon or the space-
charge region. As a result of the displacement of the free charge in
the depletion vegion, an electric field appears across the junction to
counterbalance the diffusion current, since for an open circuit case
the neﬁ.flow must be zero. This is the origin of the potential barrier
or the built-in voltage, vbi‘ of figure 7(c).

When treating the atatic and dynamic characteristics of the
abrupt and the graded junction models, the following results are

24,the depletion width, d, depends ou the built-in voltage,

obtaineds
and on the impurity concentration as well as on the dielectric constant

of the semiconductor. For a two-gsided abrupt junciion we have
2¢ . :
8 (1 1 1/
d= == (N~~A + N»-D)VMI 2.22)

vhere €g is the material permittivity, e is the electron charge, and

N, and ND are the acceptor and donor impurity concentrations respectively,

A
For the one-sided abrupt junction equation (2.22) becomes

2¢ V
4= (=2 -;}1111/2 (2.23)
B

vhere NB L NA or ND.
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If the junction is linearly graded then

12¢ V,

d= [——:Z—Eill/ 3 : (2.24)

where a is the impiiity gradient. The éapacitance of the one-sided

abrupt junction is

eseNB 1/2 2
¢ = I35y LEV )] . pf/em (2.25)
bi— B
The sign depends on the direction of the applied bias voltage VB’

For the graded junction we have

€2e
& 173

8 2
o=ty gV pffen” (2.26)

1/2

We aee chat for. an abruptvjuncCion ¢ is proportional to V; and for

graded one it is proportional to Vgl/3.
The current in the diode can be shown to have two major com-
ponents.sh One is given by the Shockley equation for diffusion current

in the ideal diode
J = Js[exp(aV/kBT)-l} (2.27)

vhore JB is called saturation curreant and is equal to

R 5
2,1 n 1

J = |a|n I A .29 . (2.28)

8 i “A o ND Tp

Here D and are the carriors' diffusion coefficient and lifetime
n(p) n(p)
respectively.
The second curvent component is due to thermal generation and

recombination of electrons and holes. Fox reverse bias the dominant
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process is electron and hole emission,53or generation. For the forwaxrd
bias case recombination, or capture of electron and hole is the major
mechanism. Sah et 51.53 have ghown that for both cases, reverse and

forward bias, the current is

(2.29)

Looking at equations (2,28) and (2.29) we note that when the diffusion
current ig the dominant, the junction current is proportional to the
second power of the intrinsic carrier concentration, n. On the other
hand, the generation recombination current is linearly proportion to n,.
The results arrived in this section will be used in chapterIQA
to obtain information on the types of junction, their width and built-in
potential, and on the current mechanism which is dominant in our photo~

diodes,

D. Photoconductivity and the Photovoltaic Effect

When photons of sufficient energy reach: a semiconductor matevial
they (an be absorbed thereby generating free electrons and free l\oles.B‘7
This process produces free charge carriers in excess of those existing
in thermal equilibrium, The excess catriers can either produce a poten-
tial difference, as is the case in & photodiode, or they can dominate
the conduction mechanism of the material as in photoconductivity. These
two cases will be discussed in this sectioca. A device which is sensitive
to radiation is called a detector.

Treating only band to band (intrinsic) direct transition, we

have a process in which the absorbed photons excite electyons from the
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valance band to the conduction band, with no changa in the electrons
momentum. - The conduction band has now an excess of free electrone
while the valance band has an excess of free holes. Both types of the
photo-genarated carriers can diffuse if an electric field is present,
until they eventually recombine and return to the original stable state,
1f the number of photons incident upon a detector is invariamt
with wavelength and 1f it is assumed that in the ideal case sach inei-
dent photon excites one electron-hole pair (quantum efficient equal one),
tha spectral response of figure 8(a) is obtained. The wavelength Xy is
called the threshold and corresponds to the photon whose energy, hvl,
just equals the energy of the forbidden gap. 1t is expariﬁantally nove
couvenient, however, to plot the response which is normalizad to constant
energy. Then with increasing wavelength the number of incideunt photons
is increaged linearly, such that the energy flux vemains constant. Figure
8(b) shows such an ideal response along with a response of a real detector.
The daviation of the latter from the ideal case {8 discussed next. Figure
8 illuatrates the distribution function, the density bf etates function,
and the electron and hole populations for an intrinsic eemicomductor.
Since the probability of generating electron-hole pair depands on the
available states for the excited carriers to occupy, it can be seon that
thé likelihood of such a transition varies with the photon incident
energy: photons with frequencies emaller than the threshold frequency,
vy will uot have enough energy to excite electrons acrosa tho gap and
thereforo will not be absorbed by this process. When the photon onergy

{8 increased to hvl. transition is possible but is not very probabla.
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Tﬁe most 1ikely transition occurs when the incident photons haye enérgy
of hvz. As the photon eneigy is further incressed, the transition proba-
bility decreases since thexe are less available states. The reason that
the spectral response curve of a non-ideal detector has no absolute
cutof f (threshoid) but a rather somewhat gradual decrease in ghe photo-
signal is due to interactions oprhotons with lattice vibrations or
with impurity states which may be present in the forbidden gap but very
close to either of the bands.

We want to establish a criteria by which a reasonable value of
the thréshold energy can be determined from rel?tive response measure=

3 showed that when ‘the

uents even if there is no absolute cutoff. Moss
response has fallen to half of ite waximum value the photon energy is
equal to the energy gap of the material. VTha ragponse of the sample in

the vegion of the threshold da written as

R(E) = By [vexp(8(E,E])])™" (2.30)

vhere ¥ is the energy, Eo is the energy gap and § i8- a constant,
Assuming that the response is dependent upon the distribution of states
from which the photocarriers originate and that there are N(E)JR levels
batween E and B + dB, then for a given enargy B' the response will be

proportional to the number of states with B < R'. Hence,

8'
R(E) « I N(B)dB (2.31)
1]
or by differentiating
NG = ¢ BB (2.32)
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where C is a constant. We use equation (2,30) for R(E) in the above

equation and get

exv(B[Eo~El

N(E) = C8 ; @.33)

- [1+exp(BLE -E))]

The density of electrons which were raised to the conduction band due
to thexmal energy is given by
n - f ¢t RE) exp(~E/2kBT)dE (2.34)

vhers E is the energy measured from the bottom of the conduction band.
Substituting equation (2.33) in equation (2.34) we get
E
1 [}
0 exp(!‘(s + 7)1 expl- !
2 kBT 2E;T “

ttexp[B4]

a=C

-ttt
viiere ¢ = E-Bo.

This integral is put 4n a staadsrd form from which we obtain

e
0= &~ oxp(-E /2T (2.35)

8 L
sin (2 ZBRBT)

Comparing this with equation (2.13) wheve we have u = a, exp(-EBIZkBT)

wo get Es =« B, ‘Then equation (2.30) with B » Y% becomes

R(E) = [m;xp(e(v,-ag])'l -% (2.36)

which we wanted to show. A differont approuchso will lead us to the

sawe result: We rewrite equation (2.30) e
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R\ = [Lexp(alE -h §)17 2.37)

New, as explained earlier, the response depends on the function N(E)
vhich is zero in the gap for the ideal cage where there are no states
at all in the fofbiqden band, In reality we éxpect N(E) to be a con~
tinuvous function in E, but its value will change most rapidly at the
point where E & Eg. Therefore d¥(E)/dE is marimum at this point and
the second derivitive is equal to zero. Now, we define the absorption
edge to be the éoint corresponding to maximum. That is, when plotting
the vesponse as & functfion of ths incident wavelangth we call the point
where the vesponse changes most rapidly with A the absorption edge and

the photon anergy associated with it is hc/ks. At this point we have

2
4 D%
R
which glves exp(ﬁ[E°~h fL]) = 1,
8
Thus
1
R(A) = &
lx-x 2
g

Agailn we sco the assoclation batween the energy gap and the 50 percewnt
cutoff of tha spectral responsa,

Photoconductivity can be obsarvaed and measured when the photo-
genovated carvieva change appreciably the material reeiativity.ao The
optical gensitivity of a semiconductor depends on the vatio of the number

of excess carriars to the numter of frea carviers at dark, as well as on

{ts mobility, vecombination lifetime, and the device noise. The most
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common detector noises arz Thefmal, Generation-recombination, and .
Current noise, Thermal (or Johnson) noise is due to the random
motion of the charge carriers. CGeneration-recombination noise is due
to statistical fluctuation in the number -of charge carriers in the
semiconductor, The current {(or 1/f) noise, however, does not depend
on the free carriers at all but rather on other sources such as poor
contacts and surface or inhomogeneities of the material,

The photovoltaic effect, in which a potential difference is
produced across a junction due to the photo-excited catrigts, is dis~
cussed next. The absorption machanism is the same as described above,
but the free charge carriers which are generated'within or near the
depletion region have a good probability to be swept by the junction
alectric field before they recombine, The built-in field across the
junction (as explained in section C(2) of this chapter) is divected
such that an excess of clectrona in the p sida and an oxcess of holes
in the n side will flow toward and acrvoss the junction. This diffused
roverse currveat is called minoxity current, The total current of a
pﬁofqgigga is the eum of the (short circuit) photocurrent, Ip, and the
idcal diode curvoent as obtained from Shockley cquation (2.27) under

applied voltage V.

Tel - 1 (exp oVl 1) - 1] . (2.38)
The open circuit photovoltage Voc’ 18 obtained by sotting I = 0 fin
the above equation. Then
kT

X
IR A
voc P la (Ig +1) . (2.39)
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CHAPTER III
EXPERIMENTAL PROCEDURES

A. Crystal Growth and Sample Preparation

Oné of fhe objectives of this study was to improve crystal
growth techniques by vapor transport in a closed tube, aﬁd to deter-
mine the factors influencing the quality of the resulting crystals.

As discussed earlier, the material physical properties depend on
preparation methods. Many methods of crystal growth for this material
have been investigated. Czochralskis,11 closed tube vapor growth and
Bridgmanlo techniques were among the early successful studies reported
legs than a decade ago. A& few years ago, however, larger and better
quality crystals were grown by the solld state recrystalization
method,37 as well as by the closed tube vapor transport method with38
and withouc37 seed. We have adopted the latter method using a seed.
1n the following sect{ons the detailed procedure for crystal
growth, its x-ray evaluation, and sample preparation ave described.
Back roflaction x-vay powder photographs, as well as x-ray topographs
wary used to characterize crystal composition and structural quality,
In the last sectfon the preparation procedure of the samples which we
measured 1s discussed in detail. Both, homogenously diffused sawmples
for Hall and photoconduction measurements, and p~n junction diffused
diodes were used in our experiments and thevefore their preparation is

describad.

1, Growth of Sinple Crystal Lead-Tin Telluride

The closed tube vapor transport techmique has proven to yield
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high quality single crystals.- This process involves vaporaziation of a
solid source of lead-tin telluride and the trangport of the gas molecules
to the other end of the growﬁh ampoule where they condense on an oriented
seed. The sublimation process takes place in an evacuated closed quartz
tube placed in an almost isothermal zone of the growth furnace at tem-
perature well below the melting point. The source material is homogenous

polycrystalline Pb xSnxTe and the seed is a wafer of a single ecrystal,

1=
The growth technique will be described in detail later following & dis-

cussion of the sublimation mechanism of the (Pb,Sn)Te system.

40-44 investigated the vaporization natura of

Saveral studies
this waterial looking at the solid or at the vapor phase. It was con-
cluded that the system vaporized mostly as molecules of PbTa and SnTe
with very similar vapor pressure and effusion rate. w1nch91139 and

Sokolov42

investigated the vapor species of vaporized (Pb,Sn)Te using
maps spectrometric mathods. Both observed approximately equal amounta
of SuTe and PBTe wmolecules but the latter investigator identified also a

43,44 {nvegti-

ona-percent presence of Tez and Sn‘l‘e2 molacules, Northrop
gatad the thormogravimetrical natura of the vaporization of PbTa, SaTe

and Pby_, Sa Te each at 625°, 700° and 825°C. Mo used an automatic ra-

1-x
cording balance and was able to dotermine continuously tho waight as a
function of timc and tamperature, Matarial composition was detavmined
uaing x-ray and polarographic analyses. From his data he calculated the

specific effusion rates which axe given below in units of g/cm2 gac.
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PbTe - 5.80 x 10~
-4

5,905,097 ©5.36 x 10
-4

Pby 7259, 28T 5.97 x 10
)

. by oS0, ot 6.01 x 10
SaTe 6.81 x 107

In addition he calculated the apparent total vapor pressure
which is preéented in figure 10. These results show a striking
similarity in the sublimation nature of the leaa~tin telluride com~
ponents. This feature helps to explain the good results of crystal
growth obtained by the closed tube vapor traunsport method. Similar
results were reported earlier by Bates andeeinstein7 who investigated
the sublimation rates of pressed and sintered PbTe and PbO.SSRO.STe
commercial thermoclements, Their matexial, which contained 6% MnTe
sublimes in armanner simllar to the pure and well reacted source
material,. Northrop, however, observed that the vaporization of
(Pb,Sn)Te 1s noncongruent, Due to prefevential loss of SnTe, there is a
continuous decrease of the SnTe/PbTe vatio. For example, ona effusion
run starts with 28% SnTe and when 2/3 of the souvce was effused, the
regidue contained only 18% SnTe, It is also auggestcdg that although
PbTe vaporizes congruently, SnTe vaporizas noncongruently, A two-phase
Sn-SnTe assomblage is first produced due to a loss of excess Te, and a
small amount of pure Sn is forwed as a final phase. It i8 ilmportant to
vemember, however, that all the above affusion studies deal only with
one half of the process used for crystal growth {.c. the evaporation of

the source. The condensation mechanism {s not known to have been
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investigated, and therefore will not be discussed here. Next we describe

. our procedure for growing (Pb,Sn)Te single crystals.

" Material Preparation. High purity polycrystalline Pb xSnxTe,

1~

with 0 < X < ,45, was prepared as source material for the growth of
single crystals. All three elements, 99.9999/ purity materials, were
obtained from Cominco American (Spokane, Washington). Te, éhich was
received in bar form, is doubly zone refined. Pb and Sn were obtained
in both shot and bar forms. Mass spectrographic analysis on these ele~
ments as_ they are received is given in Table 1.

The desired quantities of lead, tin and tellurium were weighed
to an accuracy of 0,1 mg, and then placed in a previously cleaned
13 x 15 wm quartz veaction tube. Quartz tubing with 1 mm wall thickness
used in this study was obtained from Amersil Quartz Bivision (Hillside,
New Jergey). Prior to use, the quartz was cleaned by immersing it in
concentrated electronic grade, HF:HN03 (1:3 by volume), followed by
ringing with deiouized water and electronic grade methanol.

The veaction ampoule wes then evacuated to a pressure of less

than 1 x 1072

wn Hg with an oll diffusion pump, then backfilled with
purified hydrogen gas to a pressure of about one half atmosphere and
sealad,

The chemical veaction took place at a temperarure of 1000°-1050°C
for about five hours, During the veaction, the oven was rocked to ensure
proper mising of the three elements. The capsule containing the wolten
(Pb,Sn)Te was then water quenched to voduce gegregation of FbTe and SuTe

on cocling. It was observed that better results are achieved when the

stavting material {u slightly (12) moetal vich.
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Crystal Growth Apparatus. Single crystals with.15 mm diameter

and 30 mr length were grown by the closed tube vapor trapsport tecknigue.
Using the polycrystalline charge as source material, the evacuated growth
ampoule was placeﬁ in a temperature gradient furnace and deposition took

place on an oriented single crystal seed at the lower temperature end of

the tube,

Most cryatals were grown in home made furnaces, although some
were grown in a commercial (B.T.U. Engineering Co., Waltham, Mass.)
three zone horizontal oven. This 39" long by 2 1/2" bore furnace,
equipped with a powevr supply and temperature contreller, was found to
be suitable for crystal growing and other high temperature processes,
However, home made ovens aid not produce f{nferior results and a descrip-
tion of their construction is given below. The core was an Alundum
furnace core (RA 4098, 85.5% Alzoa, Norton Co., Worcester, Mass.) wilh
a 1 1/2" bore and 6 to 9 windings per inch. Kanthal (Stamford, Conn.)
A-1 gauge 16 wire was used as a resfstance heater. The wound core was
covaved with Sauvevelsen (Pittsburgh, Pa.) sealing cement, and then
wrapped with asbostos sheets, followed by an aluminum sheet. The
furnaces weve bullt with three temperature zones which can be adjusted,
by uaiup external varviahle resintonee, to obtain the desived temperature
proftic,  Figure i1{a) shows the rdvine diaecram ol such # oven.  The
furnaces were comected etfther to a voltage vepulator vi o L v
ture controller. In the {lrst case, tempevature stability within 5°C
wan tclueved while fn the latter case the temperatuve did oot vaiy moie

than one degree frow the setting point. Cervamle fire-brick plugs were
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used to close the oven endé and stainless steel liner helped to centef
the capsules nside the oven. Crystals were grown in both vertical and
horizontal furnaces, but no_conclusion could be drawn in regard to
preferable oven orientation.

The growth capsule is conéttucted from 17 x 19 wm and 15 x 17 mm
quartz tubing. A schematic diagram of the chamber 1s given in figure 12,
An eight mm diameter quartz rod served as a heat sink, It is cut and
five polished at both ends, The seed rests on one end of the rod. It
iB impoitant to make sure that the adjacent surfaces are flat and are
in full contact. Otherwise, the heat flow through the quar£z cane may
be poor and the seed itself way "transport" into a different shape. The
seed 18 cut from a good crystal with the same or lower SnTe composition.
Higher content material has lower malting temperature and therefore is not
recommended to be used for seed. A Model 716 string saw (South Bay Tech-
nology Group, Sherman Oaks, California) with 0.005” wire string is used
to cut the sead. The slurry consists of 600 mesh SiC, glycerine and
water in a ratio of 7 gwil0 me:2 m&. The seed is cut in the (111)
orientation and is lapped with a slurry of 600 mesh S4C and soapy water
to yremove saw marks and reduce sead thickness to about 1 wm. Just bafore
being used, the seed i etched for 5~7 minutes with HBr: 3X Brz to re-
move about 0.2 mm of the surface which is damaged due to lapping. Addi-
tional thermal etch {s believed to occur when the loaded growth ampoule
18 placed {n the hot furnace. It should be mentioned that seeds which

wate cleaved from Equ were also used successfully,
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After the oven is preheated to the desired temperature, the growth
ampoulé is -placed in {t. At the énd of the growth pertfod, the ovén tem~
perature 18 lowered to rogm temperature over 8-15 hours, to prevent a

thermal shock.

‘Growth Runs, More than forty crystals of Pb SnxTe have been

1-x
grown in SnTe content ranging from zero to 45%. The following conclusions

based upon the results of these runs could be drawn:

Source Preparation: Figure 13 shows three ways of source preparations.

We were.unable to conclude that one method is preferred over the othére.

It was found, however, that breaking of the charge boule into several
pleces before insertion into transport tube results in a faster crystal
growth rate and better crystal quality. It is believed that the surface
of the charge is inhomogeneous and therefore it ig important to expose the
inside surface. Some charges were transported completely., Ir such a case,
the last-to-grow end of the crystal did not have any facets and fts compo-
sition was not stoicliometric, Although most of the boule was good quality

single crystal, the end section could not be used.

Inner Growth Tube: Good quality quartz tubing was used for the inner
chauber of the growth ampoule. Rough inside surface, in the section next
to the seed, is a source of defects which propag.ite and give poor crystals.
The exact shape of the section near the seed was not found to be signifi-
cant, provided that {ts diameter increases gradually starting from the
seed, The size of the hole in the inner tube determines the arvea of the
scad on which deposition occurs. Larger holes would provide better heat

flow. loles with up to 8 mm in diameter have been tried, but 4 to 6 me
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diamesax was found to give better and more consistent resulta,

Seed: High qualitj seeds are essential for growing good crystals, In
some cases defects in the peed were observed to propagate through the -
crystal even as far as the last-to-grow end. A few seeds were cut iun
the (100) orientation, but better crystals were obtained when grown in
the (111) direction. The seed was never thinner than 0.8 mm when ready
to be used, for the following reason: It i8 believed that initiélly the
sead temperature is higher than that of the charge since its thermal
inertia is much smaller. Therefore, some thermal etch of the seed takes
place until thermal equilibrium prevails, If the seed is too thin, it

would vaporize.

Growth Temperature: Good crystals were obtained when grown in any
temperature batween 830 to 855°C. The charge temperature did not approach
too clogsely the melting point. As can be seen from the phase diagram in
figure 1, the lowar the content of SuTe in the charge the higher is the
allowed growch temperature. The temperature difference between the charge
and the seed, AT, could have a significant effect on the vapor transport
process. A large temperatu;é difference would produce a very fast growth
rate which would cause an increase in crystalliue imperfections, while

for AT too small the growth time would be excessively long. It was ob~
served that a tempergture difference of 2 to 6°C between the charge and
the seed would pive good results., The temperature stabilicy is not be-
lievad to be very critical as long as it does not reach values outside

che tange mentioned in the begloning of this section. In our rums,

however, most crystals were grown at a constant temperature. In one case,
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the oven was connected directly to the power line and the temperature

varied within 15°C during the run. The result was still acceptable.

ind

‘2, ' X-ray Evaldation

The as-grown crystal boules were examined in three ways, in
addition to electrical and optical characterization. Basic information

ig obtained from the appearance of the boule. A good crystal has three

to five large (20-50 mmz) facets and since the material has a rock salt
structure and a known growth direction one knows by visual inspection
whethervor not it is single, X-ray Laue photographs were taken to .
verify the above observation (see figures 14 and 15). An additional
criterion for judging crystal quality is the appearance of their sur-

face. Good crystals always have a very shiny appearance.

Determination of Alloy Composition: The percentage of SnTe in the
PblwanxTe single crystals was determined by measurements of the
lattice coustantg. These measurements were made by the back reflection

focusing method['5 using X-ray powder photographs. 7The lattice constant

of (Pb,Sn)Te is found to vary linearly with composition ranging from
6.327&, the lattice conastant of SnTe, to 6.660&, the lattice constant of
PbTag. An error analysis established that the precfsion of this tech~
niqueAis 0.2%.

Our radiation eource was a General Electriec X-ray Diffraction
unit with a copper target. The back reflection camcra was equipped with
a nickel filter which removes the Kﬁ radiation while it transmitted the

K“ doublat. 7The X-rvay radiation used then, cousists of Ku (= 1.540503)
1
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and Ka (A = 1.544363)., Both lines were used in calculations and the
2
results were averaged,
The lattice constant, a8 i8 linearly proportional to the spacing

of any adjacent (hkf) planes and is given by

- 2 2, 212 X
ao dhkk(h + k7 + x ) . (3-1)
Now'when Bragg's law is satisfied for a given A\ we can write
- A 2 2 2,1/2
a = 5T ™ + k" +27) (3.2)

where 6 in the Bragg's angle which can be determined experimentally.
Differentiating the above equation in respact to 0 wa get the frac-

tional error as

Aao
e A6 cot 6 . {3.3)
0
[
An analysis of the experimentul source of ervror yields‘5 an extrapo-
lation function
ba
-;2 o @ tan ¢ (3.16)
[
where ¢ 18 (90-6). It is clear that the arror approaches zeto ar ¢
approacheg zero. The extrapolation was done on a digital computer
using a least-squares technique. Bis and Dixon9 have shown that when

daviations from stiochiometry are taken into account the lattice

constant of Pbl_xSnxTe is given by
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a B = 6.460 - 0.133 x - 1.7 x 10723 (3.5)

where p 1ls the carrier density measured at 77K. Our material did not
exceed a carrief conceantration of 5 x 1019 cm-'3 and thus the simple
linear relationship of Vegard's law was used in calculating the com-

position,

Many crystals were examined by this method apd it was always

observed that the percentage of SnTe was less by 0.5 to 1X than what
was originally weighed. In addition, there are indications that the-
part of the source which did not tramsport contained a few tenths of
a percent less SnTe than the part of the crystal that was transported.
These results are in agreement with those obtained by the effusion

44 but to a much lesser degree.

experimeuts
Two crystals were examined to determine composition variation

along the growth and radial directione. The results are presented in

figure 16. It 18 futevesting to‘note that in the run were the vhole

source material trvansported, the crystal content of SuTe decreased

continuously along the direction of growth with deviation of about 3%

betwean the fivst and the ifast-to-prow ends, In the run where the source
wag only partially tvanspovted, which fs usually the case, such a ten-
dency is not observed and the cryatal {s much more homogenvvua. Similar
regulls have been veported by Johason and Parkur“’ who ugsed electrun
microprobe analysis tecliniques to determine the Sn content in their

crystals.

Crystal and Suriace Defects: X-ray topography is a very powerful
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technique for revealing structural imperfections in single crystals
and was used in this study to evaluate crystal growth and handling
methods., Figure i? ghows the arrangement of our Berg—Barrett[‘s’&9
back reflection. X-ray topograph camera used in this evalustion., The
crystal is get to reflect the characteristic radiation from the line
focus, satisfying the Bragg condition. By placing the film close to
the sample, geometric resolution of approximately one micron can be

obtained.

Using this technique, it was observed that some crystals,

-although they looked good by visual ingpection, had low angle grain

boundaries as shown in figure 18, Efforts were made to understand
and to eliminate the cause for these lower quality crystals. It is
found that these grains arc either inherited from poor sceds or are
caused by thermal shock during the quenching of the crystal from
growth to room temperature. Thus, good seads and a slow cooling rate
agsure cryatals free of low angle grains.

The topographs also reveal that as-grown crystals usually have
sowe gcratches and holes on their surface which can be eliminated by
chemical atching. (See figure 19).

It wag interesting to datermine the Jepth and extent of damage
ic the ;nfer after cutting and lapping, Figurce 20 shows a set of
topograph pictures which were taken {mmediately after lapping and then
following successive chemical etches to vemove layexs of damaged sur-

face. It is seen that the marks extend about 90 um deep.
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J, Diffusion Technique dnd Diodeé Fahrication

lgothermai munealivry and imeurity 41€fusion ware carried out
on the as—grown lead-tin telluride in order to reduca cartier concer.
tratioun, when desired, or to form p-n junctions, As discupsed earlier,
due to meal deficiency, the as-prown crvetale are alwaye p-type with
u carrier density of about 1019 per cc, By diffusing bacic enough metal
atoms we ran f1ll the vacancies and control tha carrier density of the
material.zy When the metal sour:e is just metal rich lead-tin telluride,
the process 1s called annealing or self diffusion. Other metals which
beliuve 2~ Jonors in lead-tin telluride rould be nsed as diffuston sources
Instead of the metal rich (Pb,Sn)Te.

In this study we have concentrated on mecal diffusion using
efther cadmiuwm, sntimony or a mixturs of cadwium and fndium as zource

wats i “he dlitusion process was carried out 88 7olicows. ihe

ctystal was cut to about ) wm thick slices along the growth direction
{0 g maoner similar to that desmcrived In the section on seed prepa-

ratton (section A), ‘the waferd were than cur fnto 2-% mm wide styips
wd afrer removing ubout 100 wm of surface material by etching, they

wWote 1t L the attiagion renaatea aleng with the destred sourge

metal Yaoatn Rource matarial was aluays used so that the amount and
depth of the diffucion would he contvolied onlv by the temperature and
the dmation of rthe diftusion process. The gource was kept piysteails
sepavated from the sample so that only metal atoms in the vapor phase
voula pe 1 Loatact with the sample gurtace. Figure 21 shows the con-

figuratfons of two diffusion capsules which were used most frequently.




Before loading the quartz ampoules they were cleaned by etching in the-
manner described in the crystal growth ampoule gsection. The loaded
ampoulé was then co?nected te an oil diffusion pump which was later
cold trapped. It was sealed off when the pressure was reduced to

about 1 x IOAS

um Hg.

The diffusion furmaces, ull home made, are similar to those
used for crystal growth and were described in section A of this chapter.
The diffusion ampouie was placed in the uniform temperature zone of the
preheated ;ven. Diffusions took place at a temperature range of 350~
800°C ngd the duration varied from 20 minutes to 20 hours depending on
the particular case. At the end of the diffusion period the capsule
was removed from the oven by holding it with-a wet agbestos. This was
done so that the metal vapor would condense on the quartz wall rather
than on the sample. Nevertheless, some surface alloylug was not un-

common and was vemoved by etching with HNO Diffusion depth was

3
determined using vequantial etch and thermoclectric microprobe tech-
nique. (The surface of the diffused semple i{s n-type and by atching
away this layer, the p-type material 1s exposed. The thermoalectric
wmicroprobe tachnique enabled us to determine the type of the surface
aftar esach etceh so we can measure the depth of the n-layer.)

Samples which were prepared for ilall and resistivity weasuve-
nents or for photoconduction measurements were diffused long enough to
engure uniformity of fmpurity distribution {n the host semiconductor,

In each tun an extra slice of (Pb,Sn)Te was diffused and used for veri-

fying that a complete n-type conversion had occurred.

-124-




Photodiodes were fabricated in the following way: The desired
(Pb,Sn)Te sample was prepared for diffusion as described dbove. Cadmium
was diffused at 400;450°c while autimony at 700°C. Junction depthi were
10-20 um but back etching was used for tio purposes, removing the alloy-
ing layeriand making the junccion shallower than 5 um. The geometfy of
the dtﬁﬁg is shown in figure 22. The top part of the devicéd 4s called
mesa and is the sensitive part of it. A few drops of glycol phthalate
(wax) were placed on the diffused samples to confine the masa areas,
Additichal back etehing was used to ramove the n-layér completely except
undar th; wax spotd. The atch does not attack this type of wax. whén
etching was completed, the wax was removed with aceétone. The samples
were then cut into sections so that each contained a mesa, Using a
lead-tin autectic and Divco type K flux, each sample was mounted on &
transistor base (T0-3 header was selected) as shown in figure 22, Con-
tacts to the n-type surface were then mada by soldering with {ndium and
the same flux. Both elactrica) contacts were shown to be ohmic and of
low resistance. A typical mesa area was 0.4 mmz. Two typical I-V

curves ara shown in figure 23.

B, BElectrical Meggurcments

The electrical measuremeats made during this study conaisted
of temparatute dependence of resietivity and Hall coefficient of
homogenous diffused samples, as well as vesistance and capacitance .f

dioden.

1, lall pnd Reaiativity

flall moasurements of low impedance samples were performed with

standard potentiometric methods or with digital nanovoltmeter. We used
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Leeds and Northrup Type K-3 7553 universal potentiometer with their 9834
electronic null det;ctor. The digital nanovoltmeter wag Keithley 180,

A Keithley 610B high input impedance electrometer was used to measure
samples with impedance greater than 10S 6hms. This setup provides
better than one microvolt precision for the low impedance measurements
and 3% precision when using the electrometer. The magnetic field was
produced by Varian V 4004 4" electromagnet and measured with a Rawson
820 rotating coil fluxmeter.

Hgll samples had the form of rectangular prism52 with a typical
dimengions of 1.0 x 0.2 x 0.05 cm. The samples were cut and lapped to
the approximate desired gize and shape and then etched to remove sur-
face damage, Additional etching took place after the diffusion procese
wag completed in order to remove any alloying on the sample surface. At
this point electrical contacts were made.

Three procedures ware geod for contacting to the lead-tin
telluride esamples. Indium or lead-tin eutectic with Divco type K
soldering flux were found to give good ohmic contacts as long as low
cutrent was used and the sample did not undergo wuch thermal cycling.
More elaborate contacting procedure was used when measurement required
tharnal cycling which included liquid helium temperature. A thermocom~
pression welding technique produced excellent contacts. After etching
the sample, gold wires, usually 0.002" {n diameter, were welded to {t
using a Hughes MCW/BB micro pulse thermocompression ball bonder. These
contacts had good electrical and mechanical properties while requiring

only local heating of the aampla.3 X-ray examination revealed very
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little mechanical damage near the properly made contact.

After contacting, the sample was cemented to a sapphire plate

soldered to the sample mount of a Hofman cryostat., General Electric
No. 7031 varnish was used as the bonding agent due to its good thermal
conductivity and electrical isolation. The cryostat arréngement is

shown in figure 24.

The temperature dependent measurements of elsctrical and optical

propertiess were carried betwegn 4K and 380K. To cover the large tem-
perature range of our measurements, several coolants were required.

The coolants used were:

Liquid helium . 4K - 80K
?7 Liquid nitrogen 70K - 180X
: A mixture of solid and 1iquid Preonil 160K ~ 250K

A wmixture of solid and liquid Freon 113 240K ~ 320K

Ice mixed with water ' 274K ~ 370K

Hot water 350K «~ 380K

Any temperature within the range of & given coolant could ba

obtained by adjusting the power input to a heater on the sample

mount, A calibrated Allen Bradley 0.1 watt resistor was used to

monitor towperature below 60K and a Microdot Incorporated platinum
resistance thermometer was used for temperatures above 60K. Both
sonsors were calibrated against a Cryocal germanium resistance
thexvouctar (CR100 - 1,5-100) for temperature between 2K and 100K.

The plativun thermometer was also calibratad against a copper-
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constantan thermocouple for temperatures greater than 77K.

_2, Capacitance and Resistance of the Diodes

Although the major effort of this part of the study was involved
with optical measurements on the diocdes, two yinds of electrical measure-
ments were carried out as well. Bias dependence of the diodds capacitance
and temperature dependence of the zero bias impedance can provide some
important information on the nature of the junction. (See discussion
in section C of chapter 2.)

Measurements of the capacitance of the diodes was not an easy
task. Lead-tin telluride is known to have a very high dielectric
constant and therefore the diode capacitance is high. 7This, plus the
fact that our diodes had relatively low zero bias  impedance, made it
almost impossible to perform any successful capacitaunce meagurements.
The only way to veduce the device capacitance and at the same tiue to
increase its resistance is to fabricate a diode with a very small
junction area. This can be done when photolithographic procedure is
utilized to confine the wesa area. We used the facilites of a micro-
electronic laboratory to make three mesas each with 2 x 10‘6 cm2 in
effective area. These diodes were Cd diffused pbo.BOS“O.ZOTe and were
made for the sole purpose of capacitance measurements. The wafer with
the junction was mounted on an aluminum block which was immersed in
1iquid nitvogen. Electrical contacts to both the n-type mesa and the
p-type buee ware wade by aluminum probes. The device had a 20 K9 re-

sistance and 231 pF capacitance when measured with no bias at 772K, A

Boouton Electronics Corporation Model 71A capucitance meter was used.
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This meter has a range of zero to 1000 pF and can provide an instant
direct feading.

The resistance of several diodes at zéro bias was measured at
a temperature range from 4K toAroom'temperature. This was done while
the diode wra mounted on the cryostat ané temperature adjustmént was
achieved in the same way as for the Hall measurements, The-tesistance

was weasured using an A.C. bridge.

C. Optical Measurements

The two major optical measurements were the Bpectral response
of both photoconductive and photovoltaic (Pb,Sn)Te detectora. The
umain purpose of these meeéutementa was to determine the fundamental
abgorption edge and its dependency on temperature, carrier density, and
impurity diffusion. Ia addition, time constant measurements of the
diodes were wade so junction capacitance could be obtaired by an

independént measurement technique.

1, _Photoconductive Respounge

Due to the low mobility ratio, high carrier concentration and
conductivity of our samples diffused with Sb and Cd, it is almost
impossible to obtuin a good photosignal when using it as a photoconductive
dotector. While working vn the effects of diffusion in (Pb,Sn)Te, we
noticed that using & mixture of cadafuw~ind{ium source, & diffusion at the
right tempevature would produce material suitable for photoconduction

measuremants.
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Sample preparation and ﬁounting were similar to the procedure
described for the Hall measurements, The same dewar was used but a
KRS-5 window was installed in its tail piece. The temperature range
of the measurements was from 4K to 120K. At higher temperature the
ratio of photosignal to noise was too poor to conduct measurements.

A Perkin Elmer Model 13 spectrometer was used in all our spectral
respopse measurements. The dewar pcgicion relative to the spectrome-

texr, gptics 18 shown in figure 25. The spectrometer is equipped with

a Nernest glower source and a thermocouple detector complete with a
13 Hz chopper, amplifier and a strip-chart recorder. The thexmocouple

detactor has a response which is independent c¢f the incident radiation !

wavelength and is therefore used for normalizing the response of the
neasured samples. To minimize noise from our sample the beam was

chopped at 208 Hz and signal output was amplified by a Princeton Applied
Regearch Model JBS lock-in amplifier with a narrow band width which was
tuned to that frequency. For ‘photoconduction measurements a Perry Model
607 preamplifier was used in conjunction with the JBS awplifier. The
awplified slgnal was recorded on the spectrometer stxrip-chart recorder.

The gample response was normalized against the thermocouple response in
order to cauncel out the wavelength dependence of the spectrometer radiation

source. The relative response was then obtained.

2, Diode Spectral Response and Time Constant t

In section A(3) of this chaptexr the photodiode fabrication pro-

cedure was described. The long leads of the T0-5 header, on which the

davice waa mountad, were cut and the package was mounted on the sapphlre H

if o ped s Bt

3,
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plate of the dewar just as for the photoconective éamples. The de~
tector'photo-signal was input to & Triod Corp, Geoformer (transformer).
From the geoformer the signal was amplified sy the two Princeton
Applied Research amplifiers. Raecording and reducing the photoresponse
wag done exactly aa-fot the photoconduction measurements.

The shape of the response aQ a function of wavelength is basically
the same as discussed in the previous section although the junction
deptﬁ and structure may effect {t. 1If the junction is deepe§ than the
diffusion length, some of the excited photocarriers will uot reach the
junction and thus will not contribute to the photosignal. In some
cases the optical gap may not be of the same width in both sides of the
junction and the photoresponse is the result of two transition proba-
bilities.

Time constant measurements were made by shining square light
pulsas from a 10.6 micron laser51 on tha detector, and obeerving the
signal decay. Rise and decay §§ye of the light pulse were lesa than
0.5 % 10-9 goconds and the measurements ware 11m1ced; tharefore, by the
response time of the ampliffer usad. The CO2 laser systan had a GaAs
electro-optic modulator, externasl to the laser cavity, vhich was mounted
{n the transmission line from a high voltage pulser to a 50R termina-
tion. The direction of polarization of the laser beam wae aligned
parallel to the applied electric field. The laser output was partially
self-polarized by an i{nternal Brewster window. An x-y recorder was
used to recovd the decay trace as shown in figure 26, The bias de-

peadence of the time constant will be discussed 4n saction C of




chapter 4. We will also discuss the meaning of these measurements when

taking the device and load resistance into consideration.
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CHAPTER IV
RESULTS AND DISCUSSION

OQur diffusion results show two types of anomalous behavior in
the doped (Pb,Sn)Te. (d-In diffusion produced & major change in the
physical properties of the host material. The lattice parameter in~

creases while the number of free charge carriem and the mobility

decrease drastically. The energy gap, which was determined by photo-

conductivity measurements, shows a big increase as the result of the

Cd-1n diXfusion. Photodiodes were not fabricated by this method since

photoconductivity measurements could be performed to determine the

. optical gap. . E
Photodiodes are the main tool for studying the effect of Cd and
Sb diffusion on the optical properties of (Pb,Sn)Te. We will also dis-

cuss the electrical properties of the two kinds of junctions. The last

gaction is devoted to discussion of the Burstein ghift in $b diffused

diodes and in degenerate bulk (Pb,Sn)Te.

A. Diffugion Dependence of Crystal Structuce

Solid wixtures of cadmium and indfum (Cd-In) were prepared by

roacting the two metals in the desired quantities. The alloy was used

as the diffusion source. It was observed during the early part of our

P

study that Cd-In diffused (Pb,Sn)Te manifests very unusual physical
properties. Hall measurements at nitrogen temperature indicate very low
free electron concentrations. In fact, as soon as the diffusion tew-

peratures exceaded 700°C, the carrier densities were equal to or lower

L SR AT TR
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than any number previously reported.

In order to characterize the phenomenon we carried out more than

two dozens diffusion experiments uider different conditiong. A repre-~’

seéntative selection of these samplas was used for more careful and com— R

plete electrical and optical measurements as a function of temperature.
The results will be shown and digenseed in the following sections. The

dependence of the physical properties of diffused (Pb,Sn)Te on diffusion

temperature, content of SnTe in the sample, and composition of the source

alloy was determined. The diftusion temperature range was 400-800°C. The

Pbl_xSnxfe samples were cut from as-grown crystals with x = 0.04, x = 0.13,
% = 0.14, and x = 0,24, ' The various diffusion sources were: pure cadmium, 3
1:1 atomic vatio Cd-Ia, 1:4 Cd-In, and pure indium. In all cases the
samples were completely convartaed into n-type as a vesult of the dif-
fusions,

The carrier concentrations, u, were calculated frow the Hall

coefficient, R, measured at 77K using the formula

o= 1/eR (4.1)

77K {8 ussumed to be a low anough tempersture to mafatain only a small
fraction of thermally generated carriers ond at the sume time high enough
to avoid a freeze out of extrinsic carriers.

Figure 27 shows the free carrier concentrvation dependance on the
diffusion tempevatuves for a few samples. 1t {8 <lesv that as the dif-

fusion temperaturs is increased, the carvrier density decreases. The

aeffect ls less proacunced in samplas with 8 low Snle coutent (x = 0.04).

In general, one would expect heavier dopiug at higher df{ffusion tem-
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serily con-

tyadict this wa

an for the following rawson: the nunber of impurity

atoms may have fncreassd with diffusion tempirature, yet most of thew
are electrically iusctive. The number of free charge carriers may
decrease i soae camfensstion takas placé‘

ia figure 28 we show the dependence of the caryier density on
the diffusion source composition., It appears that only the mixture of

cadmiwn and indium sowxce produces thé extravrdinary low carrier con-

cantration. Diffusiva with efther aatal alone i1esults in much highe;

value fof the fiee chavge densiiy. It <bould be poiunted out that

density as low as & x 1012 cm>2 has been measured for one sample at 77XK.
We have utilized our x-ray techulques, as described in section

B of chapter AL to examjue apy structural change as a result of this

type of diffuci-n.  Mut vatlection Laue pittuves revenled the gawme

NaCl symmetty, bat the reflected rediation was of 8 wmuch lower fatensity,

However, when the lattice constant  pavametaer was weggured, an obvious

and consigtent axpanslup was obgerved  Wa then laoked at the diffusion

temperatuie depeadence of this change. the rasules, which are preseanted

iv {lgure 2%, show almost linear Incrsage in the lattice coustaut as the
diffusion temperature ks lncreased. Diffusfon at B00°C caused the crystal
parnmeter to increase by half n percent. These vesults also indicate
that the amount of fepurity diffused into the crystal must Le very high.
[t probably requires ai leest a tenth of a percent ol forelgn atoms,

70 3
L.e. wore than lu atems par cin”, {n ovder to change the lattice

conataat.
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X-ray topograph pictures {figuve 30) of the Liifused (Pb,5n)Te
wers alsc vaken. Two wafers wexe oxamined after erching away about 0.2 mm

from the surface. One was diffused into the +1li) surfsze and rhe other

{nto the {i00). The x-ray patzern in the Fivst caee jndicatés symmatyic

round plt ~hwmtars The diffosed (130 nls 2yaqa¥ galtern

s suen 10 [igure 30, It looks as thouah tneve are tnin parallel chanaess
#cross the plane. We conclude that the impurity precipitated {n some
prefevred mannéc according v The crystal symmetry

Fidho s orar - aeability was used

A scannlue alecidun mirreoss ong
ag an addirionsl cool fer axgalniang Lie (haces .o 2.ysiat setructure.  The
micrograph pictures are shown 4n rigura 31. We looked at the (111) sux-
face and were able to detect some In insfde the pit and some Cd outside.

The datection was dene by looking at tha x ray speCiium emitted from the

sput hiv ou e s ol BRI This re hasgee i s aeasaiive to els
mealE o - pdaubary fwiaer thaw e foag Jiec o0 4 vey oug thug, we Lin

an addiuioaal teshuigue for ascianting the concentration of fmpuricy
d1ffused

) Ye congiwde thar xlthough fhe v Eled tae st wenins the
same L the o dn TIias)en. inegd are esome gl Gt ThaGnes

the coyptai sedn {rom Lalelce Condlant measovemenfs - ray fopopraphs,

and electran micrographs. The avowic sonrent »f rhe Viffused Limpuricy

ooty gl b R cer o st R e .- et S entrarion
PR BT ST S S T e L T [N o .\ “

Taeiaey fhe #irerrtooer And pttoAal Lroe o0e - AR PSS AATUNIR

L YT B P A T P f M

will NUHRAOSL 1

~ 136~




X-ray examination of Sb and Cd diffused (Pb,Sn)Te revealed no

change in either materlal structure or lattice constant.

B, Hall and Mobility Change Due to Diffusion ¢

Hall effect aund resistivity weasucements at 77K were made on

every diffused sample  Those samples which were selected for tempera-

ture dependnnce measurements, were mounted on the Hofman cryostat as

described in the previous chapter.

The Hall coefficfent, K, te defined as:

V.ox ¢
. 3 -
R= fﬂ;mﬁux 105 ca”  Toulomb 1 (4.2)

where VH is the measured Hall voltage, t 1s the sample thickuess parallel
to the magnetic field, I {s the current through the sample pevpendicular
to the magnetic fleld, and B is the magnetic flux density in gauss. The

gample resistivity, p, {s givan by:

ohm-um (4.3)

where VK is the measured poteatial difference betwaen two contacts a

distance & apart, and W {g the sample width. All d{measiuns are in

centimetors, ¥V and V" are in volts, and 1 {s {n smpeves. The Hall

R

coeffictent as & function of reciprocal zampervature for four selected

diffused samples (vee Table J3) {8 shown in figuves 32 and 33, Resisti~
vity of these same samples is showe in figures 34 and 35. For comparison
purpoge we {ncludued anciher undi{funed (Ph, Su)Te s:lmple.3 He obaerve
that aawple BY,which var diffured at 6407, lLas the lowest Hall constant.
Its vesfntivity and Hall coeflfcicnt ave stmilar to those of the undif-

fuged sample. ihe olher three samples were diffuned at higher temperatures.

1)




Their specific resistance and Hall constant are strongly temperature
dependent and they are larger by a few order of magnitude, chan the
undiffused material.

The Hall moviiicy is defined as:

by R/o cmzlvolt gac

and i. shown in figure 36. It is very clear that the d!ffugion caused
a major decrease in the mobility of the samples. The higher the dif-
fusion .temperature, the lower is the mobility. Again, we observe a
sliung vdliatlun Wwith temperature. Samples D 3, aw! 0% shre 1o
reasing mobility with temperature for & rahge below 100K. 7This ig the
case when the wobility mechanism 13 dominated by jonlzed fmpurity scat-
tering. At highev tewperatures the mobility levels off und then there
is @ sharp decrease wich temparacure, which {s expected when tateice
geatiering ie Lhe major mobility provess. The temperature depandence

5/2 inw 3 Sample

of the mobility of (Pb,Sn)Te was shown to obey the T

L, the undiffused maverial, shows such behavior av remperatures greatar

thaa 6UF  Tha wotility of our diffused sawmpleas approach such a glope

only at tewpevstures highst than 320K. This (ndfcates a strong, even

1€ not dominant, impurity scattering effect at lower temperature range. i
Hall and resfstivity weasurcements on cowplecely Sb oand Cd dif-

3
fused sawples show vesulty similar te unnealed and anpealed samples
respestively, and therelore are not discussed here -

-138-




C. Electrical Properties of the Diodes

We have calculated the Diffusion coefficient, D, for the dif-

fusion of cadmium impurity into a Pb Te single crystal. Our

0.79°%.21
calculations are based on eight expevrimental runs wich diffusion tem-
perature range of 4J0 to 650°C. and diffuefnon time from 42 to 120

minutes. Starting from equation (2.21) we assume that the Cd density

at the junction is much smaller than on the sample surface,{N(x,t) <<

N(0,t)), and thercfore the approximation D = let can be used. Our
calculated values for D as a function of the xeciprocal diffusion
temperature is showa in figure 37. As discussed in section C of
chapter 11, the slope of this plot is equai to the diffusion activation
enargy. For our system it is about 1.1 eV. Do of equation (2.20) is
0.02 go the diffusion coefficient for Cd diffusion in Pb0'793n0.21Te
can be written as D(T) = 0.02 exp(l‘\/kuT).

The dominsnt curvent mechanisn in the junciion can be determined

by looking at the temperature dependeace of the zevo bias resistance

of the diude. 1t la possible to determine whether the resistance is

timited by current due to minority carrier diffusion through the junction

’?;: or by gencration recombinntion processes within the depletion region.
e f .
' We can simplify equation (2.28) of chapter 2 for the saturation
e : current for the case of lead-tin telluride where y X "p and A" 3 ‘p to
i
: KT
: B op 1 1 2
. P = e V/~'~- A (R PO B (6.4)
i . [3 e ' ND hﬁ {
LY
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where tﬂe relation D= kBT u/e  was used. The éiode resistance
under zéro bias, Ro, is proportional to the inverse oé the current at
zero bias, so we conclude that for the diffusion current case Ro follows
the temperature dependence of h;Z which varies as exp(EgolkBT) where

Ego is the energy gap at the absolute temperature. Referring now to

the expressions for generation recombination eurrent, équation (2.29)

of chapter II,we note that the current has a linear dependence on ny

a

8o the temperature dependence of the zero bias vesistance i{s clearly nil.

Figure 38 shows a plot of the resistance of both Sb and Cd dif-
fuged diodes as & function of the inverse temparature. On the same
graph the calculated behav;or of nzl and nzz are plotted using equa-
tion (2.17). Mo observe that within the temperature range plottad the
donminant current mechdnism in the cadmium diffused diode 48 due to dif~
fugion while in the case of antimony diffused diode it seams that
generation recombination curvent is dominsnt. It should be stregsed
liowever, that nondegenerate gtatistics was used in developing the
current equatious and thevefore we are not asure to what degree they
are valid for the $b diffusion case.

In figure 39 the inverse square of a cadmium diffused diode
capacitance at 77K is plotted versus bias voltage. The l{near rela-
tion suggasts an abrupt junction as seen from equation (2.25). The
built-in voltage {s obtained by axtrapolating the C-V curve to gero
capacitance. In our case it is found to be 0.07 volt. The junction

width is calculated, using equation (2.23) of tha above section, ts

st
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be 0.16 um when a value of 500 was taken for the dielectric constant and
1x 1017 cm“3 for the donor density. We were unable to measure the
capacitance of $b diffused dicdes because of their very high capacitance.
Results obtainedbby M. R. Johnson55 suggest a linear graded juncgion with
grading constant of l.9x1022 cmua and built-in voltage of 0.26 volt.
The time constant measurements do not represent the real device
decay time which is believed to bz RC limited. The reason can be ex-
plained as follows: The device is connected in parallel to the time

constant systewm load resistance, K The equivalent resistance, R

L’ eq’
now should be counsidered in the equation ¢ = RC. 1In our case RL was
50Q and R, wag about an order of magnitude larger when the diode was
reverse biased. In figure 26 we show two typical time decay traces of
the same diode at different bias. The bias dependence of the time
constant 1s shown in tigure 40. We note that al very small reverse bias
the dvény becowes wlower but then faster as the bias becomas move naga-
tive. The rveason tor that §s due to a bip increase in diode vesistance
and a swall decrease in its capaciuwnce at low bias. For larger reverse
bilag, the cunstant load resistonce is Jomluant but the diode capacitance
decreases waking the decay time shorter.  Similar vesults had been obtained
uarlier.56

Using the decay tiwe volues for reverse bias lavger than 0.2
wm aap and the diodek resistance, we were ahle to calculate its capaci-
tance.  Ihe values were of the snwe ovder of magnftude as obtained by

direct capacitance neasuvenents (Figure 39),
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D. Fundamental Absorption Edge Shift

The last section deals with two types of shifté in the funda-
mental absorption edge as a result of impurity diffusion. The first
one 18 caused by the Cd-In diffusion and is probably due to some change
in the energy band structure in the material. The second is due to the
displscement of the Fermi level from the foxbidden gap into one of the

bands in degenerate material.

1. Energy Gap Increase Due to Cd-In Diffusion

Photoconductivity meysurements ware carried out on Cd-In diffused
(Pb,Sn)Te samples. As discussed earlier, (section C of chapter 3) the
optical energy gap can be detevmined from the spectral response obtained
from guch measuremants. Figure 41 shows the temperature dependenca of
the energy gap for three diffused samples, The only difference among
the three is the diffusion temperature. On the same graph we present
the variation of the gap with tempaorature cf an undiffused (Pb,Sn)Te
sample with a similar composition. Tha effect of the diffusion on the
gap is striking. At low (<50K) temperatures the optical enargy gap is
increased by 50 percent, but at temperatures above 60K there is an
extremely shaxp increase with temperature. The energy gap at 90K is
about four times larger than the gap of an undiffused lead-tin tellu-
ride,

W can summarize the effect of Cl-Tn diffusion fnto lead-in
telluride as folluws: Whon diffusing at temperature above 650°C the

lattice parameter expands by up to 0.5 percent while the crystal

3
3
B

.



symmetry remains the same. Some impurity clusters are observed. The
free carrier co?centration and the Hall mobility both decrease by a few
order of magnitudes while the optical energy gap increases. The big
increase in the gap 18 not likely to be & result of the lattice expan-
sion since a larger lattice increase, caused when the fractional con-
tent of Sule is increased, produces much smaller increase in the gap.
A possible explanation can be obtained if we assume that the impurity
clusters produce energy barriexs along the lattice. These barriers
can explain the increase in the optical gap as well as the decrease in
the mobility. They can act also s compensation centers which would
bring about a reduction in the number of free carriers.

Alternatively, one can treat the whole system as an homogeneous
material rather than (Pb,Sn)Te crystal with impurity centers. Since
the physical properties change so drastically ouly at 700°C and higher
temperatures, and since the awount of impurity Is of the order of a
tenth of a pevcent, a possible chemical veaction may be taking place
producing 8 semiconducting material with diffevent properties.

Although our measurements do chavacturise the phenomanon of
Cd-In diffusion in (Pb,Sn)Te we do not claim to understand ir. We

have tried, however, to outline two approaches for explaining it.

_2, _The Burgtein Shift in Lead-Tin Telluride

Our spectral response measurements on the photodiodes were aimed
to determine the dependence of the absorpiion ¢dge on crystal composi-
tion, temp .~urc and doping toechniques. The metrhods of detector

fabrications and measurements were described in the previous chapter.
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The antimony diffusion produced junctions with n~type layers with carrier

9 per cm3 while cadmium doping resulted in n-layers

density of 1-3 x 10%
with free electron concentration two orders of magnitude lower. The
exact carrier density varied wi;h diffusion temperature and substrate
composition. Hall measurements on completely diffused samples wers used
to determine the exact concentration in each case.

Figure 42 shows typical responses of two diodes at three tem-
peratures. One detector was diffused with antimony and the second with
cadmium, but in both casea the host materisls were from the same crystal.
It 18 readily seen that the spactral vesponse of the Cd diffused diode
shifts to shorter wavelength when operating at higher temperatures. This
is expected since the eneréy gap of lead~tin telluride increases with
temperature. However, in the case of the Sb diffused detector there is
alwmost no change in tha response when the temperature is increased. A
comparison reveals that at a low temperature the firast one {s sensitive
to 12-14 ym radiation inciddnt and the second to 6-9 um. This impiies
diffevent fundamental absovption edges at low tewmperatures. Figurea 43
and 44 give more complete ~fcture on the temperature dependence of the
spectral vesponse. Each figure shows a comparison of the responses of
the two types of detactors. It is clear, also, that in figure 44, where
the diodes are made of waterial with highor content of $uTe than those
shown in figure 43, the effect is wmore pronounced. Below some tempera-
tutre, which vavies with the composition of the eubstrate, cadmium dif-
fused diodes are sensitive to lower energy photon incldent than antimony

diffused ones.
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X-ray determination of the lattice constant before and after

diffusion shows no difference in either case. Thus, it is believed

that the difference in absorption properties are not due to the crys-

tal structure change but rather to some other fundamental property of

the material under study. We compared our data to transmission measure-

. .3
ments results obtained by Lockwood” on annealed and unannealed (degen-

TR A
ST

erate) samples. It was observed that for a given composiiion, measure-

ments on a Cd diffused detectorand transmission on an annealed sample

yield very similar values for the cunergy gup which are in agreement

with theorctical prediction.

The resuirs obtained fror the antimony diffused diodes show
basically similavr tempuraturs dependency as those obtained frow trans-
mission measurements on unannealed samples and they are in disagrec-
wment with conventional theovretical predictions.

This anamuiour dependence of the optical absovption edge for

high carrier conceatration material was observed {irst in indiuw

A
nntimonldu.57 Burstein’ proposed the following explanation: Due to

the srall band gap and small elcciron aeffective wmass in 1nSb, the

Ferml level woves into the conductfon band as the donur concentration,

N( f» fucrcased, rvesulting in a shift of the absorption edge. In

1
other words, the density of states fn the conduction band is luw enough

H
| no that wmany of the states at the botiom of this band ave alveady

filled (see figure 45) and thus unable to accept any optically excited
. clectront.  Only status of higher encrgy ave still available for occu-

pancy by the photo-generated electrons.  This effect, which was also




PR

PSR e

explained by Moss,58 has also been observed in other small gap semi-

conductors.59 We shall use the Burstein model to calculate the
displacement of the absorption edge for degenerate lead-tin telluride.

In figure 46 we show a schematic energy-wave vector band dia-

gram for a degenerate n-type material. In the following we measure all
energies from the bottom of the conduction band and consider only direct
transitions. The minimum energy required to excite an electron from

the valence band into the conduction band is

hy = E-E
o
2 2
N T ) (4.5)
2m 8 th
¢ t

where v is the incident photon frequency, E and Eo are energles (see

* *
{igure 46), aud ", and m, ave the respective elceetron and hole density
of state cffective masses. The above equation can be vewritten as

*
L]
he ek FEQ Sy (4.6)
3]

n
h

The ubsorption coetficient, a, for depencrate semiconduclors is glven

bybU

4.7)

whevae a8 the absorptivn coeflicient for the nomdeponerate case.
0
From equation (4.7) ve ohtain

"
Ev o=~k T In (-.” 1. (4.8)

f i} v

Using this expression for k, equation (w6 becoins




*
n

e
o= E [B, - vkyTI1 + ) (4.9)
™

where we define Yy £ fn C—— -~ 1). For (Pb,Sn)Ta the effective masses

of electrons and holes are almost equals, so
hu=E +2 (E - vk,T) . ' 4.10
)= B 2 (8 - v (4.10)

Equation (4.10) will be used to evaluste the required incident energy:
for a direct transition at a given temperature. Burstein has taken
y=4 and thus insured that within the range of kaT the absorption ex-
ceeds 99% of its full value at temperature T. Alternatively, y can be
taken as an independent variable the value of which can be determined by
fitting equation (4.10) to the experimental data.

Expression (4.10) can be evaluated for a given carrier density n
and tewperature T only if the Fermi level Ef is known. To calculate
Ef we use equations (2,16) of chapter I but the vighi-hand-side is
multiplied by a factor of & since we need to take into account all
eight half equivalent winima in the zene edge of lead-tin telluride,

Hence, equation (2.16b) becomes

4 312 4 2

2n m
D 3/2 -1/2 3
n o= [80-—«— 1{2n I 1+exp(x—n) dx). (2.11)
h o
2wy W 312,342

Doffning N_ % 8(—— «1.93 x 10} (Tn) , where m 18 the

h

electron mass, and denoting by F(c,n) the fntegral

w 112, x.1/2, .2.?.(.
-1/2 Gre 800 wan
R . {
F(e,n) = 2n 1+axp(x-n) *
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esgquation (4.11) can be wiitten as

noe NcF(e,n) . (4.13)

61 for

The integral F(e,n) has been evaluated by Bebb and Ratliff
0.01 < ¢ < =and -5 ¢ns 10, Using these results we can use equation
(4.13) to calculate the (reduced) Fermi level n for given n, &£ and T.
For n largetr than 10 the integral ¥(e,n) is no longer equal to
n/Nc. However, as T approaches zero, ¢ approaches infinity and F(c,n)

becomaes the familiar Fermi-Dirac integral Fllz(n). For n>>1, Fllz(n)

can be approximatedgo to within 2 percent by

54 ¢-1/2, 2 36

F1/2(n) =y (n" +1.7) . (4.14)
For this renge of T and n we cau rewrite equation 14.13) as

n o Nc % “~]/2(n2 + 1.7)3/4 (4.15)
Neglecting 1.7 compared to n2 in the above expression we solve for
n and get

u 32,0
n=1.68x10 "y /(%)T . (4.16)

Byuation (4.16) is then used to obtain the reduced Fermi levels at low
temperatures.
The expurimental values of the aosorved radiation, hv, for two

transmission samples (number 9 and number 10) have been fft to equa-
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tion (4.10) using a general least-square techaique on a digital computer,
The values for Eg were obtained from similar optical measurements on non-
degenerate material, and the carrier demsity n was obtained from Hall
measurements. The fitting program is given n, Eg,T and initial esti-
rate for y and m*. The parameters obtained by use of the fitting program
for sample nuwber 9 were y = 5.057 and m* = 3.04932m. For sample number
10 we got y = 6.77 and m* = 0.0235m. The values of the effective mas§
of (Pb,Sn)Te reported in tha literature ara of the order of 0.04m.2

In figure 47 we present the calculated Fermi level as function of
ciectron concentration for sample number § at three chosen temperatures.
Figures 48 and 49 show the experimental and the calculated absorption
adge shifts for both samples. Figure 50 presents the calculated optical
energy gap hv dependence on cavrier concentration at three given fixed
temperatures. Here we calculated hv for Pb}_xSnxTe with Eg corvesponding

%
to x = .17, w and y were taken {vom our values fcv gsampla number 9.
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CHAPTER V é

SUMMARY

We have investigated the effect of impurity diffusion fn lead-
tin telluride on its physical oroperties. Three types of metal im-
purities were studied: antimony, cadmium, and & mixture of cadmium

and indium. When Cd-In alloy was used as the diffusgion scvurce, we

observed a drastic change in the electrical and optical properties of
the hosc'(Pb,Sn)Te, a5 well as an expansion of its unit cell. We have
wmeasured the temperature depemdence of the Hall coefficient and the
resist sity of the diffused material, and observed a bip :inorease in
both physigal quantities and in their variation with tempetature.M

At 7K, for example, the Hall coefficient and the resistivity each
increased by up to & ovder of maguitude, depending on the diffugion
temperature. The optical enorgy gap of the Cd-In diffused samples was
found to fncrease by a factor of two, and the lattice counstant expande!
by half of a percent, We looked at the diffusion temperacure depe:d-
ence of this phevomenon and ubliced that diffusion below 700°C does

uot produce it, but at 700°C it fs very pronounced. Further increase .
in the vemperature (up to 800°C) has a relatively small effect. We
baelieve that the system undevgoes some kind of intrinsic change, proba-
bly due to some chemical reaction, and therefore cannot be trveated as
conventionally doped (Pb,Su)Te. Although we were able to charvacterize

the physlcal changes, further snvestigation is vequired in order to

EYEN. N

provide an explanation as to why they ocecur.

;
X
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Cadumium and antimony were used to diffuse p-n junctions on which
electrical and optical measurements were carried out. We have found that
the diffusion coeificient of Cd in Pb0‘798n0'21Te is D(T) = 0.02 exp(l.l/kg).
The p-n junction which is produced by such a diffusion is an 0.16 ym abrupt
Junction with a built~in voltage of 0.07 vbits. The shift in the spectral
regponse of Sb diffused diodes, which we observed, is believed to be the
same ag observed in transmission measurements on degenevatr (Ph,Sn)Te,
Using a wodel proposed by Burs(einq we were able to calculate the expected
shift of the aosorption edge and to show that the theoretical results ‘are
in agreement with the experimental data, A fitting procedure of the cal-
culated and the experimenta) results yields a hole effective mass of

about 0.04u,
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Table

Mass ‘Spectrographic Analysis of the Elements
(Parts per Million, Atomic)

Lead Tin Tellurium
Element
EM 3ug2 EM 3337 EM 3381 EM 3387

Bi 5 1

Ca 1 .2 1 d
Cu <.l <l 1 A
Fe . .2 .2 Y
¥g <.l <. <,) <l
84 1 Y 1 2
Ag <.l <.l <.l
Al ND Y 1
P .2 <.l
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Growth Puns .

Charge Growth Growth (Crystel
Run Composition Temperature AT Time Length
Number (%) (°c) (“c) (pays) (mm)  Remarks
3 20 86312 S 16 N.G.
N 20 84312 b 16 18e [
5 15 8L 81k 7 14 30 AT,
6 15 84318 5 6 1k G
7 15 8u2+2 5 10 N.G.
8 15 8hoz2 5 18 H.6.
89 10 8h5+8 5 18 § hillocks
9 10 84822 5 26 30 G
S10 18 8hot2 5 10 10 G
10 18 8L0Ot5 5 25 15 G
11 10 8uB+3 6 19 25 AT,
812 22 85021 3 13 10 G
12 20 83425 5 18 17 G
s13 22 83745 5 20 26 G
13 22 8515 5 21 15 G
14 22 88123 3 26 25 G
15 20 8hs511 3 30 28 G
16 20 83912 4 37 20 G
17 25 8011 3 2l 25 ¢
18 Ly 80713 6 28 20 4
819 0 87541 3 21 10 G
19 0 86521 7 28 3 G
20 20 84515 1 21 30 AT,
$21 28 8us52s 7 11 10 ¢
21 28 [
S 0 86521 5 28 1Y 3
22 0 86523 5 21 o G
23 10 G
seh 5 V]
24 5 G
LrS) 15 83613 8 22 30 a
29 15 83823 7 30 ¥ 5
§26 19 83khs3 3 30 oh 3
20 19 83012 5 21 20 it
s 2 81522 3 30 1Y n.G.
o 2 85043 5 30 AT,
528,28 23 G
529,29 3 85322 5 3
$530,530,30 23 G
§531,6831,31 22 G
540 23 84011 k 22 o 4
R 23 85021 b 2 4 3
33-39 22 .
G-tivod;  N.G.-No Good; A.T.~All Charge Transpcric:
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Table 3

Samples Diffused With Cd-In

Cd:in

Diffusion

Sampie x |Ratio | Temperature nTTK RT?K pT?K AUT?K

n A | e [sxaotT [1.zsxaot | 1.80x073 | 6.9x108
p2 Ak | 2k 0% |30t |2.08x20" | 9.16x20° | 2.1x103
D3 Ah | 2k 150°% |30t [2.00x0" | 1.00a0! | 2.0008
Db ab | 1k 800%¢  |3.6x10"|1.10m0" | 2,300 | 7.3x200
D5 2| 1 Too°c hxlolé 1.60x10% | 3.72x10% | 4.3x103
v o 6.x204 [6x200 | 73207 bxao”

* gample L is an undiffused (Pb,8n)Te vhich is included for comparigon.

It vas prepared and measured by bockuood.3

=154~




940
/ PbTe-924°C

920 SnTe- 806°C

900
L ' LIQUIDUS
~ 880}
Wi
14
i 860}
x
g 840l SOLIDUS
&
Ll
= 820}-

800}~

! J ] ] | 1. ! 1 i
7805 6.2 0.4 0.6 0.8 T.C
PbTe SaT
X

Flgure 1. Tempervature-composit lon pseudobluary phase -fiagram for )‘lxl_xSnx'l'e.?'(



3 x_ -1
"0°0 = d 31® $IDDIO WOYSIIAT} PUB] Yy -@1 g

Sd
a0y saniviadwey puw VOTITsodEod Jo TWoOIIdURI ® nw de¢3 48aavy -z 320833
ajug X B 21494
Ol 60 80 O 90 SO $0 €0 20 110 0
T ] k] U ¥ 13 1 | I
, -1€°0-
20~

1°0-

(A9) ®3

-156-




O'OBF':G

~ 004} .
b9
«
» 000
s :
@
w
| 2z
w - —

-0.04

-0.12

-0.16}-
! l ] L
0.0 0.2 0.4 0.6 0.8 .0
PbTe X SnTe

Pigure 3. Position of the emergy bands in the vicinity of

' the onurgy gap at the L point of alloy composition
in Pb, Su Ta.35
XX

1=




, s — -
501 PbggSh 4sTe g .
€
T
L
E 40 -
(o)
<
1
; o
Q
.-V >
E 10 -
t2
4 -
@
Lf :
«
) ' 2‘0 —
: I 1
0.8 100 200 280
T 0.6} -
(&)
]
E 0.4} -
©
?0 0‘2 - ]
& 0.0} 2
-0.2 ‘ L
100 200 280

TEMPERATURE (°K)

Figure 4. Resistivity as a function of temperature for Pbo 5 Sno 4(Tu.lho break
| n the alope fa due to the reversal in sign of 4B, /4T ut‘{’lm band Inversion,




1000

PbTe = 924°C

] __ 900}~ -

9

< 800}

o

= 700

s

< 600}

3 téu_

3 500/

o [$4]

F 400

4  327°C ‘ |

300 ! L :

0 20 40 60 80 100
ATOMIC PERCENT TELLURIUM
STOICHIOMETRRY _ Fole LIQUIDUS
900} ) \

- PbTs SOLIDUS Pby oSny, LT
800}~ 87002
;E 0 LIQUIDUYS
& 700}
0 .
‘ g 600} ! _
1 W ool- i Pby 47804 (5T8
iy = 0-TYPE<——r-—=p-TYPE SOLIDUS

o = 400[~  (EXCESS METAL){EXCESS Te)
.[ 300 | 1 ] __*:l\ ] | | ]

loao lola l‘o|7 '0|9 ‘Oal
COMPOSITION (EXCESS METAL OR Te)

Figure 5. Temperature-composition phase dlogram for Ph-Te binary svsten,

The lower dlagrom in an expansion fin the vicinity of the
7

2
stoichiomatric composition.




-sunT17s0LmeD

{z

. ® X- . .
ButhorTe 1  ug Hnm TBI3.9S 303 dINIL24WO3 WUTTLDUUE [BEIXGIOST O uoizounz

(g-W2) NOILVHLNIONOD 310H

0201 60} g0}

810! 610!

L B A | [t _\ LK) LR

[N LR R AL LR SR IR NRES

ONILIIN WNWIXVYN OL ONIONOJD
-S34 Y00 NQILISOdWOD 1V gI70S 40
NOILVYHINIONOD 3T0H G3LViRILS3

o1 *ug" g4

i
i —
1
: 05'0=%x ¢
1 2€0=% v
! - 020=x ©
/ ; L1'0=%x @ _
! - €10=%x ©
/ 1 00=x ®
! i —
! / |H-
/ VL3N
/ .\ J& f 31 $S30X3+1.5535X3 _
§
M Pl SOty JdAL-d<1.34A1 -0
-7 o1t : —_—— J
n‘zu\ﬁ.., e ' e
fﬂ T N A N ]
SNQINDI7 24%%us®%ag LNIOd OI¥LIWOIHDIOLS o o nOrTAldd

cg aan¥tg

(W) NOJLVHINIONOD NOM1D33

S

vl

~160-

(Xe) L/;01
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¢ diagram of (a) impurity distribution, (b) fleld
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distribution, (¢) potential, and (d) oneryy
graded p-n junctions in thermal cquilibrium.
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Figure 8. Relative spectral vesponse of a photon detector wilh
(a) constants wumber of {nci{dent photons aml (b) con-

slant enerpy fncident flux.
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Figure 4. A typical (Pb,SmdTe

crystal,
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Figure «5. Laue photograplis of (a) (111) facet and (b) (100) tavet.
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Figure 28.
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Figure *'. X-kay topograph (X10) of a diffused (Pb,Sn)Te. (a) diffusion into
(1i1) surface, and (b) diffusion into (100) surface. Diffusion

couditions ure the same as in the previous figure.
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ZERO BIAS RESISTANCE (Q)

Figure 38.
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Figura 40.
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Flgure 45. Schematic diagram of (a) -k digpersion relations and
(b) the corresponding density of states functiona at 0K,

Curve 1 represents smallevr effective mass than curve 2.
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Plgure 40, Enevpgy-wave vector diagram for degencrate n-type
(Pb,Sn)Te, Thoe Fermi level, Ef
E, is the encrgy gap and hv f8 {n the minimun photon

8
energy requived for direct transition.

, 18 fu tho conduction band,
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PART III

PREPARATION AND ANALYSIS OF HgCdTe




CHAPTER I

INTRODUCTION

HgCdTe is a semiconducting pseudobinary alloy system which has been
the subject of many investigations since 1960. Whether for device applica-
tions or for more fundamental studies of physical processes, all investiga-
tions begin with the requirement of high purity single crystals. Various

crystal growth techniques have evolved for this system including modified

1", vertical zone melting3’b, solid state recrystallization

7,8

Bridgman wmethods

5, slush recrystallization6, and a number of epitaxial techniques

tion
The goal of this study has been to understand the physieal parameters which
affect crystal growth in solid state and slush recrystallization.

Both solid state and slush recrystallization provide high quality
single crystals but each method has its own advantages. BSolid state re-
crystallization has the capability of providing e hLish yield of extremely
homogeneous material whereas alush recrystallization haz a lower yield but
wvre versatility in providing a wider range of compositions. I[n Section 1T
the mechanisms for crystal growth of the two methads arc discussed.
Material perparation, including zone purification ot the oiements, is
described in Section 1IT. Fxperimental details fer Loth methods of arystal

growth are digeussed in Section IV. In Section ¥ the quulity of single

crystals grown by the two techniques {3 examined by means of Xopay topography .

CHAPTER 11

THEORY OF CRYSTAL GROWTH

A, Solid State Reerystalizatjon

Crystal growth of lgCdTe ailoys by memnn of dolid atate recrystallizs-

tion (SSR) consists of the rapid quenching <f moiten alloys followad by o

=210~




high temperature anneal to permiit grain growthg. A rapid quench is
necessary to lock in the overall compositional uniformity of the crystal.
Figure 1 gives the T-x projection of the HgCdTe pseudobinary phase dia-

gram. In normal cooling processes the liquid to solid transférmﬂtion takes
place too rapidly for equilibrium conditions to be met (solid state diffusion

is too slow). Compositional gradients are set up in the liquid and solid due

to rejection of HgTe from the solid-liquid interface during solidification.

These gradients can be extensive due to the wide separation between the liquidus

.and solidus lines, and make growth of homogeneous alloys difficult,

Conzider a molten alloy with acomposition of x = b which has been heated
to a point above the liquidus line as shown in Figure 1. As the alloy is cooled
the temperature drops until the liquidus line is met. At TA solidification be-
gins with the freeiing out of alloy with s composition of x = &, and the liquid
at the solid-liquid intertace becomes enriched with Hgle. Since there ls no
time for homcg®nization the next solid to freeze at & slightly lower tempera-
ture is richer in Hgle than the Tirst because the liquid from which it freezes
is richer in HgTe. The average composition of solidified alloy now lies between
the initial solid compositinn and thet just deposited. This process continuesy
with the solidification of alloys richer and richer in Hgle until the average
composition of the solidiffed ulloy becomes b, the same as the initial com-
position of the molten alloy. The solidification proceeds to 8 temperature
below 'l‘B as shown in Figure 1 where a non-equilibrium solidus line has been

schematically drawn to rvepregsent this freezing process. This result is

—P11-



known as coring10 (or microsegragation) since the center of the solidified
grains consists of high melting alloys surrounded by a low melting, 1last to
solidify shell. The extent of compositional variation between the center of
the grain and its boundaries depends upon the rate of freezing and the separa-
tion beiween the solidus and liquidus lines. The more rapidly the alloy is
cooled the larger the compositionel variation within the solidified grain.
The lattice constants for HgTa and CdTe are nearly the same allowing for
large compositional variationg to be accommodated within a grain. At first
this seems conbtradictory to the statement that a fast quench locks in the
compositional uniformity of the crystal, but the answer is that with a rapid
quench the grain size is limited. Thus & rapid quench limits the spatial com~
positional variation and enables solid state diffusion to equilibrate the
system during the high temperature anneal.

" A rapid quench is also necessary to provide a fine grained matrix suit..
able for the reerystallization pr&ceas. Recrystallization and grain growth

processes have been studied in metals for many yearsla’la. but oHaly recently

have they been spplied to semiconducting alloys 5. Grain growth accurs at
temperatures greater than half of the absolute melting point where atomic
mobility is sufficient to allow sowe grains to grow at Lhe expense of others.
The driving force for grain grewth i5 the decrease in free energy associated
with the total decrease in grain boundary area. Recrystallization is the

nucleation of new equiaxed grains within a deformed matrix. Reerystalliza-

tion in metals takes place at relatively low temperatures, ususlly below half
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of the absolute melting'point. The driving force for recrystallization

is the lowering of fhe internal free energy stored in the lattice during

some prior deformation of the lattice. There are & number of experimental

laws governing recrystallization and these are given in Table VI.
Recrystallization can be used to obtain large single cryatals of an alloy.

Referring to Table VI we note that there is a certain critical deformation

necessary for the onget of recrystallization. At this eritical strain only

a few new grains are formed,and if the ingot Is then heated slowly or passed
through a steep temperature gradient one of these new grains will consume the
other before they grow to any extent. This method is known as the strain-
anneal method. Large single crystals may also be formed by a process known
as secondary recrystallization or exaggerated grain growth., Arfter primary
recrystallization has been completed grain growth occurs to minimize the grain
boundary energy associsted with a polycrystelline matrix. When sume factor
inhivits normal grain growth so that a few grains grow very large at the ex~
pense of others, exaggerated grain growth ie said to occur. The inhibition of
normal grain growth by the presence of s diupersed second phase materiaxl has
been attributed to single crystal growth of HgCdle by means of solid state
recrystallization 9. Thus single crystal growth by means of solid state re-
crystallization encompagses three distinet processes: grain Jgi.wih, strelu-

anneal, and exaggerated wrain growth.
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B Liguid Mass Transport or Slush Recryst:llization.

6
Crystal growth by means of liquid mass transport (1MT) involves the

quenching of a molten HgCdTe alloy to a position within a temperature gradient

such that the bottom portion of the alloy is frozen but the top part remains

molten. The ampoule is then left in this position and after & period of time
a high quality single crystal is found to form in the slush region. In order
to determine the mechanism for crystal growth we need to examine the schematic
T-x phase diagram for the HgCdTe system as shown in Figure 1. Consider a
HgCdTe alloy with a composition x = b which has been heated to & point above
the liquidus line. When the ingot is quenched into its crystel grewing

position the top.portion of the ingot with T>T, will contain molten alloy

A
with a composition x = b. In the bottom part of the ampoule where T<’I‘B the
alloy will freeze with an average composition x = b. Tn the slush region where
the temperature varies from the solidus (TB) to the iiquidus {TA) there is &
two phase mixture with an uvarugeAcomposition of x 2 b, In :rder to detramine
the actual composition of the phases in equilibrium at any temperature within
the slush region a tie iine (a line drown parallel to the composition axis)
is drawn to the boundaries of the two phase region aud the compositions at
the points of intersection are roead. The relative asmounty of cach phase
at a given temperature is determined by the lever rule ‘0.

At the solid-slush lntertace (T = TB) the slush is o mixture of solid
phase with x - b and liquit phase with x = b as shown by the tiv line labelest

mn in Figure 1. According to the lever rule the slunh gl Wh vonsfsts nluost
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entirely of the solid phase. At the slush-liquid interfuce (¥ = Tp) tne sluch

is a mixture of liquid phase with x = b and sclid phase with x = & us shown

by tie line op, and by the le ruie the ciash consist

¢ almost enbtirely

toe liquid phese. Hence as the temperature varieg Irom TB ko TA the compeeition

of the ligquid phase varies from ¢ to b whereas the composition of the suiiu

phase varies from b to a. Equilibrium existe when a system shows no pro-
_pensity for changs. Temperature and presswre umust Ve censtant and the com-

. position must be uniform withir =a7h of the pheses present. Introducing
the chemical potential which is relsted to the erfective concentrsiion of
a component (Hgle or CdTe) iu a given phase, equilibrium is established

when the chemical poteutlals ol each component are equal in wil phases. ince

the temperature gredlint res the econpositien o (he phagas to vary thyon e

out the siush region there will be chemical prtentis! praiicnis ciilabisg

These chemical potential eradients arve tre driving forse Tieoslush pesvputals

Jizntion.  Gach vomponent, indTe end Udle, interdittuse through the siuch

RETTEVIS

rogion Lo establish equilibeiwn,  The Cafe component dirfuses v

Liguiu interface tu the sclid=-sluch interface whereas the hgh. aomporent goes

In the orproite Jive tion, An b TG o ierh ot noe o

golid-glush interrace increuses hy, ‘deTe alloy with x»b froewcs ot ol i 7o
In this way erysta? growth aceurs and the growing intevfuce moves ap theiawh

the slush reglon unbil a vcomposition of x=a is reacheya.
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CHAPTER III1

MATERIAL PREPARATION

Preparation of high quality single crystal HaCdTe is directly related to
the initial purity of the starting material: The material currently being
14

used in this study has been purchased from Cominco™ . The tellurium and

cadmium is designated 69 grade-double zone refined and the mercury is their

standard 69 grade material. Typical impurity analysis as supplied by Cominco
is given in Table I. The mercury is used in the as-received state but the

tellurium ° and cadmium are further purified by means of zone refining.

The zone purification of tellurium has been described by many researchersls’IG.

The effective distribution coefficlents for impurities in tellurium vary depending

on the experimental arrangement, but in general seem to be such as to make zone

17,18

refining an efficient means of purification. Movlanov has found the distri-

bution coefficients for Se and Hg impurities to be 0.56 and 0.11 respectively.

19

Krapukhin found that Cv and Ag have values of 0.0095 and 0.022 respectively.

19,20 also observed an increase in the effectiveness for zone re-

Krapukhin
fining the following impurities: Cv, Ag, Pd, Mn, 8i, Fe and B! when an electric

field in the direction of growth was applied. KuJawngl has found that if many

impurities were present the one with the greatest concentration influences the
segragation of the other impurities due to the formation ot multicomponent
systems. An analysis of the cadmium-impurity phase diagrams indicates that
most impurities present will be effectively zone refined, only those elements
which ure rlose neighbors to cadmium in the periodic table cause troubleeg.
A partial listing of distribution coefficients in telluriwm and cadmium is

2

reproduced in ‘fable II 3. As can be seen there is some disngrcement with tiw

values for some impurities as given above.
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The experimental épparatus for the zone refining of tellurium and cudmium
is shown schematically in Figure 2. The basic features are: (a) hydroren
purification system, (b) multiple resistance zone heaters, (c) a mechanicsi
drive which produces motion of the zone heater assemily by means of a lead
screw, and (d) a completely enclosed system, pamitting operation at a slight
over-pressure?

The hydrogen purifiereu provides a source of dry, ul€£a—pure hydrogen
by selective diffusion through a palladium-silver alloy membrane. There re
~ a number of reasons for choosing hydrogen over some inert gas. The flov -f
hydrogen over the tellurium or cadmium provides a reducing atmosphere which
helpe remove any oxide films present. The removal of selenjum impurities
from tellwium ingots bas been enhauced in & hydrogen atmosphere perhaps duc

to the formution of hydrogen selenide?s.

The {low of hydrogen down the wuil
tube also tends to prevent volatile tmpuritles from lepositing buck on the
purifier ingot. The hydrogen purifies is capable of providiug a flow of

150 ml/min., however the apparatus Is typlcally operatel at an overapressure of
1.1 to 1.2 atmospheres to prevent vny seepage of air into the system. The
ultrapure hydrogen flows from the purifier into the quartz guide tube and
then exita into n series of filtera packed with blass wool, The Pilters on-
able any tellurium or cadmium vapor to cool uund condense. The hydropen is
ignited and burned off at the oullet side of the system.

The heater asgembly consists 0f colls of Knnthal regjstunce wire and

cah maintain molten zones with widtha of one cent fmeler, The asgently i

2

ot

S

etrere e S VS Yt
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mounted on a screw drivé permitting travel rates varying from 0.5 em/hr to
10 cm/hr. The element to be purified is loaded into quartz boats which have
a diggeter of 22 mm. Typical ingot lengths ave 3G cm giving a value of 30 fov
the ratio of ingot length to multen zone width. The solid-liquid interface
is nearly perpendicular to the direction of travel for a two centimeter wide

molten zone but as the zone is made smaller more curvature in the interface

is introduced. It was extremely difficull to maintain stable zone lengths when
cadmium was zone refined due to its higher thermal conductivity. When zone
refining tellurium three passes would be done at the rate of 3 cm/hr 10llowed
by & slow pass at 1 cm/lr. This cycle was repeuted until b0 tec 60 pasces had
been performed.

whereas the zone refining of tellurium was yrelatively easy, cadmiwm pre-
sented two problems: 1ts high affinity for oxygen and its good thermul con-
ductivity. The problem with the tpermul conductivity has already been mentioned
and presents a practical problem of programming the amount of pover delivered te
the molten zones., The first problem was much more difricule sinee ve vunt to
remove any oxide Cilms before further processing. With tellurium any uxide
film on the surface of the ingot would be reroved to the butt end «f the ingat
by the zone verining process within a ew pusses., Witk cndmium the oxide
layer was thicker and wuch more difficult to remove. The “di Iayer, unlike

Ted ould not be zone refined te the bult end of the ingot.

ar
Recently # seale for the caxygen affinity of metaly has been proposed buaed

on the negative logarithm of t1 oxygen preasure in equitilriws with the netal

K26.

and ity oxide at 1000° This scale is reproduced in Table V11,
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According te this scale of the three conztituents of HgldWe alloys, cadmi
the gréatest atfinity for oxygen. The oxide layer causes two problems, First
Ci0 wets quartz surfaces and consequently as the cadmium inget coois the

quu‘tz toats crack due to the different contructions. Sscoundiy the CdC layer
way bind up impwrities thereby posing as = source of contamination for the
purified ingot.

Two methods have been devised for the remcvai of a Cd0 layer. The first
technique is zimilar fo Jecurting in that 3t mukes use o1 the differant grnu
sities between cadmiwn and C40. The cadmiwn ingot is ligntly otched in a
solution of 20% HN03 and 80% methanol rollowed by a rinse with methancl, Care
must be taken 1n etehine the cadmiym 8o ag not to fwrther oxldize the suriace.

The ingot ls then plezed in a narvov quartz tube, evacuated, and theo
sanded o, The ampeuie 19 hegted 21lovipg the 2auniue o @it apd toe O
being Lighter Mhan the cadmium riopts 4o the top of the ampoule.  The fnsot e
eoaled and whe top porvion contelning the Cdﬂ??emuvcﬁ il A csrbirungt saw,

this procest muy be repenta) Lo remove fvnt ol the diggalvd $o,

The gecatid techilgue Cor removal o 3 Q00 jayer ws 89 radyae thye o
inog redieing atim spheco, The cadmiun wag propued Tur oo refinineg but
proar o begioning the entire ol woan melted ool alioved o gl in e

asdeagen atamoaphers, on X

mrt s he Tute roetet o o by Y i

Ar Ll ttiperg

wnewn an n functiog of dime el trmperature,

the pate af peductivi alas increages hul ganee cnlnbee Jr rpthes wvolat oo
Coeee amonnts o eadinfum §3 lont Trem the melt » o Tnbie iy ocbls

HoO apd 040 Jle fairly ciosa b ocne ahother oo the oxpdch sente dhien

that hydrogen is netl the mont officient reducing ugent a7 o Borie oadld

jy’u iy previte aomope offivient means CO Hasalving the CAS Inyer althoue.
A}

Pt mat beet T1icd dn tpe peenor et b
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CHAPTER IV

GROWTH OF SINGLE CRYSTAL HgCdTe

A. Solid State Recrystallization.

Solid state recrystallization is a two step process consisting of a com-
pounding-quench step and a high temperature anneal. To prepare for the first
step the purified elements are weiched to the nearest 0.1 mg. in the proper
proportions using a Mettler microbalance. The cadmium is cut with a carborum-
dum saw, removing all the old surfaces, so that there is no oxide on any sur-
face. Prior to weighing the cadmium is lightly etched in a 20% HNO3 and 80%
methanol solution23 and g ringsed in mcthanol. The telluriam pieces ure
cleaved from the zoue refined bar and are uscd without any chomical etching
of the surfaces. The merveury is used in the as-received state.  The ultra-

b

pure elements are hamdled with pre-cleaned teflon tweesers and Loakers and care

i8 taken to avoid any contamination from the envirumment.

The weighed-out elements are placed {n pre-cleaned and dried quantz
ampoules.  The ampoules are cleaped by a rinse with a selvent folloved by
vasliing vith a detergent selution. ‘The ampoules are thoroughly rinsed end
then etehed with white eteh, w mixture of NH03 and HF in the proportion of
4:l. A fingl rinse with delonlzed-dintillied water completes the quartz pre-
paration. The quartz usca hag been purchased from Amersil Quartz, Ine.

For rabrication (r reaction wnpoules the quartz tubing has an inner diameter

of 8 mm and o wall thicktness of 3mm.  Snndl dismeters and thick walls are
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required to contain the high mercury vepor pressure encountered at the com-
pounding iemperature. The P-T phase diagram of Fighre Y4 shows that for
HgC3Te alloys with x = 0.20 pressures in the range of 15-30 atmospheres may
be encountered. The high vapor pressure of mercury also causes mercury to
be lost from the melt as the . .poule is heated. In order to suppert the
vapor pressure of mercury and maintain a stoichiometric melt a little excess
mercury is added to the ampoule prier to sealing~off. The amount of excess
mercury to be added is calculated assuming the ideal gas law to be valid.
The volume used in the calculation is the void volume in the sealed-off
ampoule. Typically, 150 mg of mercury is added to maiutain a pressure of
20 atmospheres over the melt.

Once ifowded the ampoules ave evacuated using an 0l divrfusion pump with
a liquid nitragen cold-trap und seuled-otf with hydrogen-oxygen Loveh.
Typical reaction ingoty weigh 20 puwand wre no luager thaw ¢ em. Ampoute
Jengths are 10-1¥ cmu and hence have s void length of sboul § co.

The temperature profile for the veaction oven is pives in Figure 5
and is busienlly fsothermal. A cross-scction of the oven showing the peviticn
of the reaclion wipoulu {8 ghown b Figure 6. AL one end of the over Lheve is
a 1/ ineh diwneter gquarty tube which allows a steewn of vitropen gas Lo cntey
the oven and rupldly coul the ampoule 9. The wapoule la centered in the oven
aud postticned ubout 1-2 em from this tube. The top half of the wnpoule
{the vold spuce) is wrapped with two layers of i/i€ inch aabrstos tupe in

ordur Lo insulate ft from Lhe gur quench.  This ia lone to prevent tle tep
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half of the ampoule from cocling more rapidly than the melt during the quench.
The asbestos prevents the sudden drop in pressure over the melt which would
occur if the mercury vapor was able to condense on the ampoule walls. The
ampoule is centered in the oven by means of three pieces of thermocouple
tubing placed concentricallyabout the top half of the sampoule as shown in
Figure é. This permits the free flow of nitrogen through the oven during

the quench.

Once placed in their proper positions witnin the reaction furnace, the
ampoules are heated at a rate of 20-50° C/ar to a temperature above the
liquidyg. For compositions in 20% range this temperature has been 830° C.

The exact kinetics of the reusction forming the solid solution is not known,
but it seems that it proceeds in twe distinct steps. A heating curve for a
number of' lpCdTe reactions has beeny obtained by a thermecouple n close econ-
tact with the quartz ampoule. As the ampoules are heated the temperatures are
recorded. Figure 7 shows one poréiou of the heating curve obtyined for a
HeCaTe reuction as well ay n Hgdnle reaction, At a temperaturs of W02 ¢
there is a sharp endothermic peak folloved immediately at hil¥¢ by o shavp
exothermic peak. The endothermic peak i3 related to the formutivn ot the
Teollgle eutectic which has an eutectic temperature of h09 & 2¢ C und fornms at
2 compasition of 88% atomic percent of velluriwe® (. The Hg-Te phose diagram
showing the culectic polnt is ziven in Figgve 8. The exothermic puak re-
preseoty the reaction forming the HeCdte nlloy.  The fnwot is then heated

Vo B0 fn S0°C /e steps to insure that there are no Liquid pockets within
the xolld and for homogenization.  The wmpoule ie rocked through an angle
=52 Lo hn? with the horizontal fer u period of five heurs betare quenching

Lo reom temperature.
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Perhaps the most éritical step in the whole sequence is the quench. A
rapid quench is needed to lock in macroscopic compositional homogeneity
and provide a suitable matrix for recrystallization, however if the quench
is too fast there is extensive damage to the crystalline structure. The
damage is caused by the colummr grain structure which forme during solid-
ification. As the alloy cools grains nucleate on the ampoule walls and
then grow radially inward. The resulting contracticn of material away
from the center causes the damage and in the extreme case (water quench)A
the damage is so extensive that & large hole forms along the axis of the
crystal ("piping"). Any extensive damage acts like a barrier and prevents
grain growth. Hence the need for & rapid quench must be balanced against
the damage it does.

The nitrogen-gas quench developed at Texas Instruments9 provides a
quench slow enough 8o &8 not to damage the crystal structure bul fast
enough to ingure homogeneity. The cooling curves shown in Figure 9 were
measured by placing a thermocouple in the center of a stainless steel plug
(1.2 cm diameter, 7.0 cm in length) which i8 placed in the same position
a8 the ampoule. The cooling rates given for the flow rates of 5, 15, 30, b5
and 80 liters/min are for comparitive purposes and do  rot necessarily
veprasent the cooling rates of the HgCdTe alloys. During the quench the
mechanism of heat removal is Ly conductiou and radiation in the gaseous
flow. This type of quench is relatively slow when compared to a water
quonch where vaporization of the water removes heat quite rapidly. The

cooling rates for the gas quenched varied linearly from 1° C/s to 8° C/o




as the flow was increased from 5 £/min to 80 &/min. whereas with a water
quench a cooling rate of 70° C/s was measured.

A columnar grain structure was found in the ingots quenched with
higher flow rates. This type of structure forms because grains which nucleate
near the ampoule walls within a certain chill layer begin to grow inwards due
to heat conduction through the ampoule walls. Any new grains formed in the
liquid are consumed by the advancing interface. In Figure 10 a schematic
drawing of ; columnar ingot is presented. The average grain size depends
on the quench rate as shown by the series of Hg_SCd.QTe ingots in Figure 11.
These ingots were quenched at vates of 4, 5, 20 and 50 %/min. The ingot
quenched at 50 2/min has a columnar grain structure and the grains are
typically a few mm on a side. The {ngot quenched at U 2/min dves not have
a definite columnar siructure and the few grajns present are fuirly larpge,
Tngots quenched at higher flow rates have smaller grain dimmcters but piping
damage begine to occur. The optimal quench ranged {ram LO tAuin L. 85 min
ingot size and furnace urrangement used iu this study.

Ouce properly quunched ingots have been obtained the second stage ¢
recrystallization consisting of the graln-growth saneal {s carried a0,
The quenched ingots which should be completely free in the renctivn smapoulen
(no oxide udhering to walls) are removed in a clean room enviromi ut and ree
loaded in larger diameter quartz ampoules (10mm diameter, 3 nm wall thickness).
Agnin a small amount of excess wmercury is placed {n the wapoule o mupgat

the purtial pressure of mercury which is fr equilibrium with e gllie ailoy.
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The amount of excess me%cury added is again determined by assuming that
the mercury vapor acts like an ideal gas at pressures below the saturation
value. The amount of mercury added is a critical parameter since the
solidus line depends upon the partial pressure of mercury as shown in
Figure 4. From this phase disgram it can be seen that the solidus has
considerable curvature at partial pressures greater than 20 atm. and
‘less than 1.0 atm. Note also that there is a region at high partial
pressures whére the HgCaTe ingots have a high solubility in the vapor
phase. This dissolution line should be avoided during the processing
of the ingots. Typical partial pressures used in the recrystallization
anneal have been in the range of 20 to 25 atms.

After transferring the quenched ingots to larger ampoules and adding
excess lg the ingots are ready for recrystallization. For this auneal the
ampoules are placed in a vertical rurnace which has been pre-heated to
the anneal temperature. A copper pipce is placed within the furnace to
insure an isothermal profile, A vertical furnace facilitates the separa-
tion (a quartz spacer is used) of the ingot and the liquid mercury there-
by preventing alloying during the initial heating of the ingot. For ingots
with compositions of 21 percent the optimal snnesl temperature is 690°C t 2°C
with partial pressures in the 20 utm. range. At this tempernture and pressure
suffieient grain growlh takes place in two weeks. Figure 13 and Tudble W
represente o swmnary of most of the erystygls grown by this method {n thia
study. kach point in Figure 12 represents an inget guenched at a given
rate {see Table IV for the quench rate) and then recrystalliced for two

weeks or nore sl the temperalure and pressure shown. Circled data points are




those crystals with fewer than four grains after the anneal, the other points
may have undergone some recrystallization but in general were polycrystalline.
From Figure12 it is clear that opbimum conditions occurred in a narrow band
of temperatures and pressures. Temperatures fluctuated somewhat during the
anneal due to a lack-of precise temperature control (t 3°C) and pressure
values may be off due to inaccuracies in determining the void volume.

After the grain growth period the crystals are removed from the furnace
and allowed to cool to room temperature. In Figures 13, 1b and 15 different
recrystallized ingots with quality ranging from good to poor are shown. The
quench and recrystallization parameters for these crystals have been taken
from Table IV and are summarized in Table V. In Figure 13 two ingots,

SSR30 and S$SRS51, exhibiting good cingle crystal quality are shown. The
ingots have been cut down the center with a strine saw {some saw marks are
visible in some of the pictures) to reveal oniy large angle grain boundariec,
Both crystals in Figure 13 are ulﬁost entirely single with only small regious
of different orientation. In Figure lb the two ingots presented, $SR33 and
GSR34, again show good single regions but there now is a tacy network of

i
holes starting at the top of the ingot and running down the center of' the
ingot. ‘This damage will later be shown to extend into the regions which

appear good in the photograph and is caused by "piping". Comparing the

“ingots in Figure 13 with those in Figure 1k we see that the recrystallfzation

parameters are nearly the same, all four ingols were annesled at the Lempera-
ture of 690°C with a partial pressure of mercury of 20 atms. The difference

between thew is in the quench rate where the first set of Ingots was quenched
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at a rate of 40-50 Z/miﬂ whereas the second set was quenched at a rate of
70~75 &/min. It was found that a quench of 50 &/min was as rapld a quench as
possible without incurring some Gumage along the center line, This damage
does not impede the recrystallization of the rest of the ingoi although it
will be shown in the topograph section that damage runs the length of the
ingot.

Whereas the type of damage seen in Figure 1% is due to improper quench-
ing that seen in Figure 15 is due to improper recrystallizatior. The ingote
shown in Figure 15, SSRU3 and SSRAUL, exhibit little or no grsin growth and
the damage lies along the grain boundaries. ¥rom Table V it is evident
that the damage is not due to the quench since these ingots had the slowest
quench of all the ingots. The recrystallization temperatures are no higher
Lhan the previous ingots Lul the aercury overspressives are mich highor. “he
daenge 1s ceused by the high pressure in combination with Lhe anneal temperus
ture.  As seen in Figuwre b there is consideruble curvaturs of £he solidus
Line towards lower temperatures as vhe pressuce is jneceased.  dlnce po=
crystalilzabion depeads upon annenls al temperasupes veey cloue ta Uie
aslidug, thls lowering of the golidus ab Mgh mereurs prosswre ig e
L oproduce loealised meliing or the fngel along the grvin bowsdurias,

The localised melting would take place at the grain boundaries beenwuss
this i wheroe the lewest meitine alloy golidities during the “reasing
process (miero-segragntison or s ories ). Chus ror DSEVL and GoRhe Wity
aver-pressures of 30 ntw. amd kO uhm. the anneal Lewpersturen of bBSOC

and 610%C were Loo high wurl melting ovotrrad st the aeals Lounbaeies,
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This damage occurs before any graln growth takes place isolatine the
and preventing any fuvrther recrystallizaticn. RBest results for recrysiali-
lization were obtained when the solidus was approached but nou exceeded.

zsures of

For 20 percent alloys anneal temperatures of £90°C and over-pe

20 atm, have worked well.

B Slush Recrystallizaticn,

Slush recrystallization procecds in three steps: reaction of the

elements to form a HgCdTe alloy, a quench from the liquid phase to a puint

A

where the solid and liquid phasss are present simultaneousiy, and finall,
an anneal period to allow crystal growth to take place. Unlike solid
state recrystullization all three steps take place within the same ampoulc.
As discussed in the theovy section the initial composition of the charge is
smatler by a factor of about three from the tinal composition. Figuen 38
shows the reletionshlp between the neminal nitial tiquid comporitiop and
whe peak composition in the voovystalliaed slush repisn.

Frepavation Tor slush rearystalllcation proceets similurly to that ¢

nod fd stute reorystallizetion except for the Ufferenee jn Intting coa-

poestticons ror the sume fiunl compositfon,  dince n longituafhral compoti-

Licnul gradient is inheeent

with ag large o dlameter as possible i used 00 pm X U me)l Alse siee

e

an tapoctant conglderation tn slush recpeystal Lisation 1o thar the we

wf the sty vopdel, W

of the Llquid portion b mach darger Chan

typieal charge 1 quile Javyge, about 100 w0 tnee Jowbef the

evacunted, seuled-of and piaced (n oo vertical oven where {00 slowly hets

in thin method of erystal grownh, etz tubi -

e 1




to a point above the liquidus. After homogenization for 45 hours the
ampoulg is lowered quickly through a temperature gradient of 10°C/cm, see
Figure 17, to a position where the bottom inch of the ingot will solidify.
The temperature of th;s point as recorded by a thermocouple attached to the
outside of the ampoule is 650°C for a melt composition of 6-8 percent.
Once quenched into position the ampoule anneals in the temperature gradient
) for a period of 30 to U5 days to allow for compositional diffusion and the
resulting cfystal growth. Since the layers which freeze out of the slusﬁ
. are at the solidus temperature, subsequent recrystallization occurs.

After the anneal perlod the furnace is shut off snd the ampoule is
alloved to cool slowly. The crystal is then cut into slices, the slush
region being entirely single crystal. After the peak composition slice
is reached a pinkish core region begins to develop in the center of the
8slice. It8 origin is not known although it may be CdTe rich material.
Figure 18 shows the cowpositional profile along an ingot and Figure 19
shows the composition, as determined by density measurements, of succeed-
ing slices within the slush region. The profile of IMI 10 with an extended
range of useable watarisl was achieved by lowvering the ampoule an additional
0.5 cm every week throughout the anneal period.

Of the two methods of crystal growth slush recrystalilzation was the
eagier to use, 1ln slush recrystallization there secems to be no critical
parameters, everything works as it should. Once a temperature gradient
across a slush region has been established crystal growth occurs readily.

The euse in growing single crystal HgCdTe and its ability to produce alloys



in the range of 40-50 ﬁercent CdTe are the chief advantages of slush

recrystallization. However this method has a drawback in that only about

20% of the ingot is useable and only a few slices at any specific composi-
tion. Solid state recrystallization has many critical parameters but

once mastered produces large quantities of homogeneocus single crystals.
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CHAPTER V

TOPOGRAPHICAL ANALYSIS

X-ray diffraction topography is an extremely powerful tool for in-
vestigating lattice defects and crystalline quality in semiconducting

28, 29, 30 )
> 295 3 . Of the many different methods the Berg-Barret technique

(B~B) has been chosen for the practical advantage of its simplicityBl.

32, 33 34,35

crystals

B«B camera desiggs and experimental teehniques have been des-
cribed previousaly but the methods employed here will be described below.
The technique consists of mounting the crystal within a roughly
collimated X-ray beem at the proper Bragg angle so that a given set of
planes will diffract the characteristic radiation éf the source onto a
photographic emulsion, Figure 20. For the present experiments a standard
CA-7 diffracting tube was used with the sample placed about 25 ¢m from the
target at a take off angle of about 7 deg. Since the area of the sample
surface which will reflect a given wavelength depends directly on the
projected horizental length of the X-ray target, the front port of the
diffracting tube was used giving a horizontal length of 1 em. A Blish
topograph camera36 was purchased to provide tue goniometer needed to
adjust the Bragg angle, collimator slits for limiting unused portions
of the X-ray beam, and a (ilm cassette to hold the photographic plate.
The X-ray tube and camera are enclosed in anl/8 in lead box topped with
an equivalent thickness of leaded glass for opevator safety. Adjust-

ments are made through slits in the lead box. A fluorescent screen is

uged in place of the film to initially adjust the ¥ragg angle 8o that
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the Ko radiation is diffracted from a set of olanes. Once & suitable spot
is chosen the fluorescant screen is replaced with the photographic emulsion.
The film used in this study has been Kodak Industz‘ex37 {single coated)
which is an ultra fine grain X-ray film. This film is about 50 times

faster than high resolution places and cén provide maximum enlargements

of about 35 diameters, furzhnmoré the processing is simple and quick.

With this film exposure times of 10 min. are typical. Since the topograph
is a point-to-point wmapping of the reflectivity of the surface onto the
X-ray film the resolution depends chiefly on the sample to film distance
and should be minimized. Image coptrast is determined mainly by misorienta-
tion of low angle subgrains within the crystal and inhomogeneous lattice
strain resulting in a reduction of primary X-ray extiunction.

Crystals produced by both techniques have been examined by wmeans of
topography. Figuwres 21 and 22 are topographs taken of Lwo different crystals
grown by means of slush recrystallization. Both topographs show a radial
pattern of low angle grain bhoundaries. The difference in orientation between
adjacent graing ig _extremely smull otherwise the Brags condition would not
bve satisfied. The radial distribution may be due to the fact that in slush
recrystallization the crystal rills the ampoule. As the ampoule cools strain
may be introduced into the crystals, the radis) patlern of grain boundaries
then would be genersted to relieve the strain. A second possibility has te
do with the isotherms running through the ingot. Constant temperature is not

maintuined across the ingot, if only duc to heat conduction from the liquid
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alloy resting above the slush region. In this way if & cut was made
through the ingot at the interfac< of crystal growth, instead of a uni-
form layer of a given composition freezing out there would be a ring of
single crystal but the core would be slightly hotter and remsin as siush.
In this way a clear radial pattern of low angle grain boundaries would
drvelop. If this is true the composition should vary from the outside
edge radially inwards. However a composition profile of a slice taken
by examining the variatiou in absorption edge across the slice shows n6
radisl pattern, Figure 23.

So0lid state recrystallization ingots have been cut longitudinglly
and topographs taken of different sections. Figure 24 has a topograph
of a 8lice of 8SR-3L cut frow the middle, well below the vigible damage
seen in Flgure 1 . fThe tepogravh shows good crystalline perfection, but
the damsge due to hizh quench rates which was thought Lo M localized to
the too centimeter of the Ingot extends all the way down the erystal.
Since this slice {5 {rom the middle of the «rysta) this dwnage would
tend to disappear uz succesding slices are sut. The bands of lieght and
dark may be strain introduced {5 mounting thernlxce. Figuras 2% and 26
are topogeaphs of SRS (see Figare lkj. From Lhe»topographn ftois cloar
that there s 1ittle dwange from the quench and only the gectlon con-
taining the large-angle cirvulsr grafn has any damage. The origin of
this damage {3 net known and mny cither be duc to processing of Lhe
glice or to the erystal growth {tself. Al the other sections reprerect

nearly perfect slices of HICdTe.




Table I

Impurity Anelysis of Cominco Material

Impurity* Al Ag  Bi Ca Co  FPe Po Mg O 3 Se  €i
Te ST 4 B | .2 .1 a1 € Gy e 30 €0 o2
He <.001 €.001 ¢.001 €001 €001 L4001 002 L003
Ca LSO} a0 o a1 < ) .1

*all in ppm

Table 11

Distributior Cosificients of Impuritics in Te and 0623

(a) Tollurium

[
-5

17 Cu, Ag, Sy

A=k . . .

10 AR, S0, Mg, S
-3

0 1 B, Ge, Ca, T1, Xi
-2 ) )

10 Db, In, Fe, 1
-3 )
W ey Sy Cry

2 o G

{v) Cadmtum

~3

1977 1y, sn
19°1 :6n, Ia, S, Y, Lb, Bu, Cu, G, 0t
0.4 T AU

Q.5 Douh, He

P




Table III

Oxygen ATFinity of MetalsZC

Oxide p0 Oxlde PO Oxide p0o
HgoO -645 K10 16.2 Vo 34.5
Au O -5, CaG 16.6 30 R
%273 5.3 ¢ o 23 3
Ag203 -2.3 Geo, 18,4 10, 3€.3
Pt0 -1.3 Rb, G 19.0 Ti0 hh,2
Pdo -1.1 Snl,, 19.7 ReQ 46,3
IrGy 0.9 - RO 20.1 Mg b7.2
Ru0, 2.8 Mol 20,1 Zriy w2
RhEO b2 FeO 23.6 Heo,, k8,1
A
0.0, 5.0 (&N ) e 1,0 48,5
120, 7.2 W 21,2 0 48,6
T1,0 8,1 R0 23,2 uc?ux 50,3
Cuy0 9.6 Innb3 M ) e 31,2
BiO 114 Zn0 2.8 et 52.0
oG 12.7 (‘.ngc,i 2.2 Mk, 50,
c0,, 13.6 REWY 2.y YH<3 e
R 13.6 i G 0G5 RE 5%,
l002 3.6 A 3ol (hL)gc3 54,3
Au203 .9 Crzc3 3.1 TG Y9.5
snao3 15.3 MrO 32,6 i 559
Cs 0 19.3 sty 337 fe.y 564
2 : 23
Co0 16.2 Ruu 13.7

*p0= -log no for wxygen in equilibrius
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Table VI

N

laws of Frimary Recrysisilisation
& minimum deformation in meeessary %0 fniticte seervetellization,

The smallerthe degrec of deformation, tie hichew i the 2
ature required to initinte reerystalliestion.

Increasing the annealing time decreasce the teuperature requir:d
for recrystallization.

The finsl grain size depends chielly on the degrae of dnformation
and to a lesser degree upon the anneniing tempesnture normtlly
being smallier the greater the gegree of deforwation an¢ the lower
the annealing temperature.

The lerger the original grain rize, the zrenter the ameunt of
deforoation required to give egnivale it peerusial in Ul G vare
ature and time.

New grains do ndt grev lotn defarwed mrafna of ldentisel or
slightly deviating orientation,

me amount of deformatlon regquirad to v (R

hurdening incrcases with increnging temneest o
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Table V

Growth Parameters for Crystals Appemring in Pigures 13, i, and 15

Pig. Crystal Quench{1/min)  ‘fnneal Temp.(°C) Pressure(atm.)

13 SSR 30 50 690 20
SSR 51 40 588 19
14 SSR 33 5 69k 21
SEk 34 70 695 23
15 SSR 43 30 635 31
SSR wh 30 670 LOo(saturated)

-2




HgTe 0.2 0.4 0.6 0.8 CdTe
T 1 i 1
™ 00
LIQUID
- 1000
~ 4900
T(°C)
T Of - 800
e
To, - | coMPOSI1TION] 00
! ! | ON COOLING
I | |
- ' H600
] | |
I ! |
.l L 1 '} !
xs¢ xsb x=Q
HgTe X CdTe
sur Litug nnd I pernlae ot ¥ ~x;‘ t\




cxroamamdds FuiLied T TS R

S¥3LT14 TO0OM SSVI9 JHNSS3IY¥d AOVE

> 3GIAOHd Ol ¥3dvl

QOOH 01
PO HO o.J 2
1v08 Z.1¥vnoy JJ 38N4 30iIN9 Z1¥VYNO :
\\E\:w\t::::\:r ] /Rl
== = _\ :
(JA1HA MIHOS NO QI LNNOW) ;
ATENISSY HILV3H i
INOZ OM1 H NIOONAAH
¥314180d n\.//
N39O0Y¥QAH N .

e’
AOTTIY ANIGYIIVd  JVIQYINANGD

sl A




o N

% REACTED CdO

sol-

40

30

20

Te410°C .

T=382°C

tedov e g v b e b el

Fiaure 3.

) 10 15 20
TIME (hrs)

Rate of reduction of cadmiuwr oxide in & hydrogen

38
atimosphere as & tunction of time and temperature.

22lde .




E
b
-7
}
g

: T (°C)
800 700 600550 BOD 450 400 360 i
100 Py Pioe—=y==3 T 1 Y ]

- Liduibus B
L- -
i SOLID BISSOLVED
IN Hg
- i
b L 50LIDUS . _VAPOR -
2 -> - S PRESSURE]
: E SN Hg T
K vk
s 1
T -
Q.
(.0-;
" 3
. .
- .
b -4
}_ 4
' 0.l \ 3 L | T S
0.3 1.0 LI 2 L3 14 [ 1.6
Yok
Figure 4. Fartisl pressuce of mercury tnu ceuliioriu, <l

g ch ?fe as 8 fureilen ¢ fhverse Lemperatu=e,




‘usA0 UCTsSesd IO aTtizoexd axrgesisdmsy 4 saMETS

(W) NIAQ 40 NO1.L08 WOHD IONVLSIA

O ¢ 2 82 2 (14 9i 2] 8 b O
.,.\ ﬂ T m | .a 4 _ kR - ¥ ~ 14 M K3 — 1 m ] ” T
: 1816
Fol =529
M -
wd 24 §L9 5
” S
el
o —-1624 j
o :
o 6.4 “,
o \,
o
o o .
o L9] Q o 2 ©

Ge8




304 3CINO ZIYVNO N3AO
3anl
TNOdNY— Nwmomw
oNignNl o1 . Y3INIT &
/ 733Ls
oNIgnL N SSIINIVLS S
ONiddVHM o
TIvM zm>o,/ 394VYHD wkvomm mquOJOSmth w0»mmmm< \ \\ E
o} m%u:m._u_ ; : - ;
131 i /s VA [ - - B X
N \\\\A\\\ \M w\\\ \\\\W\\ S
. V2 A W : .
7/ \ /, \\ \ M;W“ \ .M M.W
— pos = 1
A} " RS E




R R RS

440 - ' .
Hg ¢Cd ,Té »
| HgeCd A
420} o W
53 = -
~ o ¢ é
400}-

LY 10] SR

440)- Hg gqZn g0

420} ? \

T{°C)
.
.
¢
o
3
e
.
A Y

400} L

380} g

1 } i L ]
30 40 50 60 70 80
TIME {min)

Flgure 7. Heating curves for a ﬂg_a(,d‘el‘e and n “K.Sh“".ml"
reaction showing sharp endothermic peaks fullowed by

aexothermie peaks at the same temperature.




700

600

500

400

T(°C)

300

200

{00

Hg

| ]. | 1 | ! | L
10 20 30 40 B0 60 70 80 90
ATOMIC PER CENT Te

ipare 4. Phase dingram of Hgle showing the Te-ligle eutectic

at hlovce, :

100
Te




800
| “~
00\ \ \\ & 9/ min
©
0 -
[
600+ \.
i N8 4/ min
i \ b
30 H/m_in
\
S00[-1,0 80 £/min V45 £/ min
1 ol b 1 A
0 30 60 30 120 150
TIME (sec)




EQUIAXED
N GRAINS

- > -~ COLUMNAR
PR N _ = GRAINS

S
p<~CHILL
’ GRAINS
T
Filgure 10, Sehematic repressotatlon of Lhe grain #tructure

resulting when an ifigat fa socied by heat condietlen
through the mapostle wulls.  In quenched Pptdie ingols

only the culumnar praisng are apparent.




cer ogenched fpnets oot Uy H\J Jie Tor suench rates

v fminute.

G s, AU, andt 80



Pug (atm)

70

60

50

30

20

Hg VAPOR

DISSOLUTION
A \\\ LINE

SOLIDUS

1 | ) } [ L | ol L

|
.00 1.02 .04 1.06 {.08 t10 112

-1
1037 (°k)
sy D oerystain grown by o tae sabdlostate

entaldbant fon method uperioponel o on

porting of She Payogeinse abbotemn. daeloopo At
vy n rocrye cd otk
Lemboeralyre ress ] 1



Figure i Recrystallized fgnots of Hg

Cd 2'l‘e showing large

8
stngle cvvstal repions,




Te showing large

Figure i Recrystallized ignots of ilg B(Zd

2

single crvatal vepfons and damage down center line

due to high quench rates.




X . E’. e
¢ ANMED B %
oy S

vrvatalbiaed dpnats ot hig t“-d JUe shaoving poot
o -

erazn erovth oand adissgee dlony prain boundaries

due G Bl fereury over spresasote,




0.7

0.6~

AT Co Hzau-uw.n6

0.3}

QK. Riley

PEAK SINGLE CRYSTAL COMPOSITION

1 | |
0 [0} | 0.2 0.3
INITIAL LIQUID COMPOSITION

are ib. Relutiouship between the fnttial composition of the
wlloy amd the poeuk compositicn fn the single arystal
vaglon Cor crystals grown by the slush recrystallization

facsLhend,

w25l




(o,
[o
O
bl

1 1

[e) (o}
Lol 12909

o]

SR
gl
B
£
3 A
§ , 750<?O
i -
& i
i i
.
g -
k 700}
. = i
6501
}.-
600}~
B
550

32

Figure

P

I L l
40 48 56 64 72 80 88
DISTANCE ALONG OVEN (cm)

Tempurature profile ot the slush recrystallization

avel

=855~ .




- L STNGLE,
[CRYSTAL

w .20 60

© o]
3 ?
) 5 o
™ o)
o
rr-
(&) A5 (o}
o
n
o 8
o
=
O
NI &
o
0 o o 0
08} ° 4

YIRS [T YOS VIS OO FOUNS YOO AU VU CONE YOO SN VRO VO T O

0 i 2 3 4 5 6 71 8
DISTANCE ALONG CRYSTAL (cm)

cure P Compy ot b profEle of o ersatal growa Ly the




T I N B
9 1011 12 13
m

Flgupre 19, ot wattdon prafiles of the erystnls vrown WY

sounh cecrystaltization. ALl silces are cub from

Lhe single eryatal region.

~257~




PHOTOGRAPHIC
NEGATIVE

T::::::U E- |

-

X-RAY SOURCE

GRAIN BOUNDARY

oA = 2d sin@

A = X-RAY WAVELENGTH

n = (NTEGER

d = DISTANCE BETWEEN PLANES
8, ¥ 8; FOR BICRYSTAL

Figure 20. Berg-Burrett X-ray camera geometry.

.17 W



Bere-Barrett topepraph o 1%7T-3, Note the radial

catiern o tow anple erain boundaries,




Fipure JQ Ferp-tarret U topopravh of LM




{.Ocm

/

/

@ | @

197

/

/

@

slive £new

"

b lun was

o




an







v T Bttt top

L the top half of SGR-%1.




References

1. T. C. Harman, Physics and Chemistry of II-VI Compounds, M. Aven and J. S. Prener,
editors (North Hollaﬁd Publishing Co.; Amsterday, 1967):

2. B. E. Bartlett, J. Deans, and P. C. Ellen; J. Mater. Sei. L, 266 (1969).

3. E. 2. Dziaba, J. Electro. Chem. Soc: 116, 104 (1960):

L. R. Ueda, O. Ohtsuki, K., Shinohare, and Y. Ueds, J. Cryst. Growth 13/1k,

668 (1972).
E, 5. L. N, Swink and M. J. Braw, Met. Trans. 1, 629 (1970):
; 6. T. C. Harman, J. Electroun. Mater. 1, 230 (1972).
%t 7. G. Cohen-Solal, Y. Margaing, ¥ Bailey, and M. Rodot, Compt. Rend. gé;,
: 3 (1965).

3 8. 0. N. Tufte and E. L. Stelzer, J. Appl: Pny. 40, 4559 (1969).
L 9. M. J. Brau, M. J. Williems, end J. P. Smith, Technical Beport APML-
TR-73-88 (1973).

10. G. A. Chadwick, Metallogrephy of Phase Transformations; (Crane, Russak

and Co., Inc., New York 1972).
1. J. C. Yoolley and B. Ray, J. Phys. Chem, Solids 13, 151 (1960).
12. K. T. Aust, The Art and Science of Growipg Cyrstels, J. J. Gilwman,

editor (John Wiley and Sons, New York, 1963).

HER R. W. Cahn, Physical Metallurgy, R. W. Cahn, editor {John Wiley and
Sons, Inc. New York 1965).

th, Cominco  American, Spokane, Washington.

15.  W. G. Prann, Zope Meltipg, 2nd ed.; (Wiley, New York, 1966).

16. M. Zeif and W. R. Wilcox, Fractional Solidiflcation v.1, {(Dekker,

Nev York, 1967).

-265-




17. Sh. Movlanov and A. A. Kuliev lzv. Akxad, Nauk Azerb. SSR, Ser. Fiz.-Mat.

i Tekhn, Nauk 1, Wo. 3, 55 (1961).
18. Sh. Movlanov and A. A. Kullev, Tr. 1lnst. Fiz., Akad, Naul Azerb.
SSR 11, 35 (1963).
19. V. V. Krapukhin, I. 8. Tsokov, and Yu. 0. Mamsev, lzv. Aked. Nauk SSR,

Neorgan. Materialy 2(7), 1180 (1966):

20. Krepukhin, V. V.; Mamaev, Yu.; Tsalev, D. L. lzv, Akad Nauk SSSR,
Neorg. Mater., 6(8), 1401 (1970).

21. Roland V. Kujava, 2. Physik. Chem. 232 (5-6), 425 (1966).

22,  Vigdorovic, V. N.; Selin, A. A. lzv. Akad. Nauk SSSR, Metal. (2)
82 {1971).

23, B. Schaub, C. Potard, Proceedings of the International Symposium on CdTe

a Material for Gamma-Ray Detectors, Strausbourg, France, 29-30 June 1971.

b, tdodel XHA-A Serfass Hydrogen Purifiec, Milton-Roy Co., 8t. Petersburg,
Florida,
29. Ao A Kuliev and 8. Moviapov, Tzv Akad, Nauk S38R, Met Toplivo,

No. 1, 76 (1962).

26. T, B. Reed, S011d Stale Rewewrch/Linceln ltaboratory, Wo, b, 17 {1968).

PT. M. Hansen, Constitution of Rinary Alloys, und ed., BWO (Mctiraw-Hill,

iev York, 1958).
28, Y. K. Bonse, M. Hart, and .. B, Newklrk, Advan. X-Ray Ansl. 10, ) (1966).

29, W. W, Webb, Direct Observativn of inperfections in Crystals, .. B, Newkirk

and 1. M. Wernfck, editors [Intepscisnce, Haw York, 1962).

30, S, Welsansnnn and 7. . Kalmann, Techniques of Metals Reseaych 2 pt 2,

B, F. Bunshah ed., (Interastens, Bew York, 1969).




31.

32.

33.

J. B. Newkirk, Trans. AIME 215, 483 (1959),

S. J. Lang and D. P. Pope, Rev: Sci. Inst. bk, 956 (1973).

G. M. Arnstein, M. 1. Shapiro, and A. C. Raghuram, Rev. Sci. Inst.

43, 68k (1972).

§. B. pusterman and J. B. Newkirk, Advan. X-Ray Anal. 10, 134 (1966).

A. P, L. Turner, T. Vreeland, and D. P. Pope, Acta Cryst. A2k, u52 (1968).
Blake Industries, Springfield, N. J.

Kodak Publication FI-3, 12/72.

D. M, Chizhikov, cndmjum , (Pevkpmon bress,liY.,.0606).

J.L. Schuidt and . J. Specvachneider, Intored Phy. 3, 247 (1963).




PART IV

APPENDIX




APPENDIX A

PHYSICAL REVIEW B

YOLUME 8, NUMBER 12

15 DECEMBER 1873

Impurity and Lattice Scattering Paramaters as Determined from Hall and Mobility
Anslysis in 7 -Type Silicon®

P. Nortoa,! T. Braggins, and H. Levinstein
Department of Physics, Syescuse University, Syracuse, New York 13210
(Raceived 4 June 1973)
The carricr concentration snd mobility, as determined from the Hall effect, have beca analyzad using
2 computer for a scries of »-type silicon sampies doped with 95, P, and As. Mobility calculations,
petformed numerically, were based on the pencral treatment given by Herring and Vogt.
Tonized-impurity scaltoring was calculated from two theorks and compared with experiment.

Lattice-soatieting parametens for intervalley and

ic modes were & ined from & ison of
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{. INTRODUCTION

The Hall effect has been studied and analyzed in
detatl for a series of n-type silicon samplea dopad
with antimony, phosphorus, and arsenic. Mea-
surements were made on samples with doping den-
sitios ranging from 4% 10" to 8x10% cm™, gen-
erally between 20 and 160 K, but over a wider tem-
perature range in some cases. Almost all the
data were taken in the high-magnetic-field jimit
80 that Hall-faclor corrections were not neded to
determine the carrier concentration and drift mo-
bility, We have analyzed both the carrier concen-
tration and the mobtlity as a tunction of tempera-
ture, For the moblifty analysis, the model of
Herring and Vogt’ wag adopted to approximate the
anigotroplc nature of the conduction band, By using
the results of both carrier-concentration and mo-
bility analysea, we have been able to determine
independently the denally of componsating acceplors
in these samplea. Thorefore, a quantitative com-
parison could be made betwean two models of
tonleed-Ampurity scattering, alnce thia mechanism
ts coupled divectly to the compenaation density al
low temperatures. In particular, we have comi-
pered the formulation of Brooks, * Herring, and
Dingle® given fur wotrople scaltering, to the theory
given by Samollovich el al., 4 calculated express-
1y tor the case of apheriodal anisotropic banda.

Reconk controversy over the intervalley lattice
scattering process in silicon has been examined,
and Inttice acattering parameteras have been tit lo
our data using a number of proposed models, ur
two purest gamples were used for this purpose.
The resulls of this test are In good agreement w'th
similar results of Long, ' but do not support pa-
rameters determined {rom the analysis of photo-

tvity and r bination-radiation experi-
maents. In past, a reinterpretatlon of some optical
agpariments (s suggesisd lo clarify the present

disagreement between optical and transport mea-
sursments,

We have found that neutral-impurity scattering
12 not well deacribed by present theory. Eiperi-
mental data for the mobllity dug to neuvtral-impuri-
ty scattering are shown to hawe & substantial ters-
parature d i , not ed for by the
Erginsoy® {ormuhuon of this problem. Part ol
this discrepancy is qualitatively resolved in terms
of resonant scattering involving a posaible bound
state for the scattered electron as described by
Sclar.® Al higher temperatures, however, inelas-
tic scattering may axplain the tempersture depen-
dence. A much weaker noutral-impurity scatter-
Ing interaction is apparent for arsenio-doped alli-
con than for antimony- or phosphorus-dopsd st -
ples, No explanation could be found tor this dif-
{erence.

§1. RALLEFFECT MEASUREMENTS AND CARRIER:
CONCENTRATION ANALYSIS

The experiraental apparatus for measuring the
Hall effect has been descridbed previously. ' I
the case of sllicon, bridge-type samples were con-
tactod with welded gold wires contsining 0.8-a1. %
§b. Orlentation of the magnetic {ield wan In tha (111)
direction. The electric {leld was agplisd along the
{110} or (211) axis,

Anaiysis of the Hall effect in sillcon bas been
complicated by the Hall factor ¥ which depends cn
the strengtd of the varloua scaltering mechanlams,
and the details of the band structure.! Long and
Mycre* used an iteralive procedure to calculate
the Hall factor in their analynls of carrier con-
contration and mobility as & function of tempera-
ture. Inthe limit of bigh magnatic tields, the Hall
tactor becomes unity and canbe lgnored. Since very
Hitle dets have been published oa the variation of
the Hall coefficient with magnostlc fisld, we ran s
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FIG. 1. Hall coefflclont (arbitrary units) as & function
of maguetio fleld, as measured for 8¢: As 1 {spe Table
1. The deoresse in the Hall coeffiotent at high flelds at
the toweat temperatures is probably fiotitlous, due lo the
{leld dependance of the carrier IWetime.

seriea of magnetic field sweeps on an arsenic-
doped lightly compensated sample. Figure | shows
the Hall coefficlent a3 a function of magnetic (leld
strength for a nwuber of temperatures in the

range 5~300 K. Tho data below about 20 K were
obtained by magnetic {ield sweeps of the photo- Hall
coefficiont, 300-K background illumination, {il-
tered by cold InSb, restricted the radiation to A

>6 um, The slight decrease in the photo- Hall co-
efficient at the highest magnetic {lelds, as scen in
Fig. 1, la probably due to the Hall voltage approuch-
ing the reglon where carrler lifetime beconies de-
pendent on the electric field. The ratio of the low-
to high-tield coefficient ia shown in Fig. 2asa
tunction of temperature. For comparison, we

have calculated the Hall factor v using the expres-
ston given by Herring and Vogt, ' and in agreement
with Long™:

y o SUED/mEt 2 r,r ) /mme) W
[ mtie gl

where 1, It refer to the transverae and longitudinal
directions of the eilipsoidal bands and t and m*
are the relaxation times and maases of the elec-
trons. These will be fully explained tn Sec. [11.

1t should be mentioned that a somewhat leas exact
expresalon was used for calculating » by Long and
Myers, since laotropic scattering was assumed. "
As can be goen, there s lair agreement belween
the values deduced (rom the field sweep data and
thoae calculated from Eq. (1), Disagreement at the
lowest temperaturen may be due, in part, toa
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TCMPERATURE (X}

FIG. 2. Ratlo of low-fleld to high-fisld Hall coaffiolent,
as shown In Fig. 1 for Si: As 1, compared o the osloulat-
od Hall factor r. The Hall factor 1s oaloulated from Eq.
(1), using the parameters determined for this sample
liated in Table V1 and mobility parametars for lattice
soattering listed {o Table IV,

tonised -impurity scattering in this region, and also
{rom the lack of an adequate theory to correctly
deacribe neutral-lmpurity scattaring which was
quite strong in this sample. For our purposes,

we have u3ed data taken from the high-tield Hmit
and sot the Hall factor equal to unity. This approx-
imation la good for temperatures below about 100
K, depencing on the strength of impurity soattering.
We have used data up to about 160 X In some cases
without correction. This ahould introduce very
little error, even though the high-field iimit can-
not quite be reached at 20000 G, the Hall factor
approaches unity in this temperature reglon. Fig-
ures und 4 whow the measured mobilities for
phosphorus -doped ples (excopt 85: P 8); and

HOBILITY (cm?/ v sec)

TEMPERATURLE (X)

FIG. 3. Mobilittes 83 measured for four phoaphorus-
doped silicon samples. Sample properties are ilsted {n
Teble 1. Open dats polnts ere measured with tharemal
carrier gensration. Solid dals polets are takes with the
sample IHuminated with 300-K backgroued tadiation
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FIG. 4. Mabtiities aa measured for three arsenic-
doped ard oue ~doped siiloon 3!

for arsenic- and antimony-doped samples. A
rough satimate of the high-field iimit reglon is
found {rom the condition on the mobility-ficld prod-
uct B > 1X10* Gem?/ v sec. Section 11l doals di-
rectly with the mobility analysis of these samples.
We now present the theory and results of the anaty-
sla of carrier councentration as a function of tem-
peralure,

The twelvelold {including apin) 1S state of group-v
donars' ' in sillcon g split 'nto & twolold-degen-
erate ground state, 1S (A,), and two groups of
higher atatos, 18 (7)) and 1S (£). In addition, ox-
cited atates of these tinpurities lie cloger to the
band edge.  Kohn'* has calculated the excited- state
enorgy levols and degeneracien, while the 15-state
splittings have been measured by Aggarwal. “

NORTON, BRAGGINS,

AND LEVINSTEIN 8
These energy states are related to the carrier con-
centration s, donor and acceptor densities N, and
N,, and the density of states in the conduction band
N, asi™®

n(n+Ny)
N-No-n
N ekt
eI TR LIS +e 0N e N
(2)

where E, i8 the energy of the ground state [1S(4,}},
D and d are the 1S-state splittings,'* and E,
and g; refer to the energy and degeneracy of the
oxcited atates, We have included three groups of
excited atates, near 10, 6, and $ meV. Thus

E g(e"/"-—- 24 >ORIAT g 000 ar u,unnnr_
t
®

Equation (2) was used to determine Ny, N, and

B, by fitting the measured temperature dependance
of the carrier concentration In a manner described
elsewhere. ® N, was taken to be 5, 20x10'¥/¢
em™d, as calculated for a density-of-etates effec-
tive mags of 0. 3.

The rosults of fitting the carrtar concentration
a5 3 functlon of temperature to Eq. (2) for the
various samiples are presented in Table . With
two exceptions, we have fixed the value of N, and
only varted N, ¥,, and £,. Inthe case of our
two purest sampleg, 81: P Sand §i: P 6, we have
algo it them with N, variable, and both results are
shown in Table I, As can be scen, there is very
little change in any of the parameters whea N, is
permitiod to vary, Thia waa not necessarlly the
cage in the less pure samples, for which the ex-
haustion reglon (w ~Ny - N,) was not reached be-

TABLE 1. Carrler-concentration-analysis results lor samples {it to ¥g. (2),

Buand

Rasiativity  dev.

kA N, 5, Ny T st 300 K of fit

Sample tem™) tem™ eVt & o™ 1™ mtim, @ em aeh
B P1 9.8x107  4ux1017 486 [T 0.3219¢ .84 11
8 P3 25x10%  2.3x20"  ae 8, 2 0.3218°¢ 1.1 0.6%
8P4 $.6«10"  zoos10' 4239 5.29% 0.3218% 4.7 .02
st ps  dawio"  geqiolt s 520 0.3218" 13.8 0.68
340" sexi0 0.3 5.18 0.3178 13.¢ 0.57

H-Pe CIaxio? vt e [ 0.3218¢ 123, 0.61
3 st s .82 0.301 2, 0.48

At Lawi0"  gox10" 3364 5. 20% 0.328* 0.43 .18
st As2 19w awaol s2.s¢ 5. 29 0.3218° 0.48 1.8
8 oAsd  T.A%10" pa<io sas: 8. 29 0.3218"° 0.13 5.38
St 1 Tacio®  s3xet 2. 529 [T 0.68 2.5

“Valus fixed.
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low 180 K.

In several of the more impure samples having
donor concentrations of about 10'® em™ or more,
we have also tried fits with one or more data
points taken at 300 K. In this case the value of 2
at 800 K was calculated by several methods, First,
the measured resistivity was used to give a value
of N, from the graph published by Irvin. ¥ Using
the appropriate activation energy, we calculated
n/Ng at 300 K and obtained a value of » by multi-
plying this ratio by N¥,. The second method used
the Hall coefficiont measured in the low-field
limit at 300 K, and corrected by the Hall factor
calculated trom Eq. (1), to give a value of n. The
third method used the measured Hall coefficient
and the Hall mobllity at 300 K, Instead of calculat-
ing the Hall factor from Eq. (1), the drift mobility
was calculated and the ratlo of Hall to drift mobili-
ty was uged a8 the Hall {actor to correct the Hall
coefficlent. All three methods gave similar re-
sults, aithough the {irst and third rely on good
geomelry” for an accurate measure of the resis-
tivity. Adding a data point at 300 K had ondy a
slight effect on the {it, for exampte, Si: As |
showed at most a ¥b decrease in Ngand an 8% in-
crease In N, from the valuos obtained without &
data point above 160 K. This check provides rea-
somable confidence tn extrapolating {he fitting
procedure to samples [or which the exhauslivn re-
glon could not be meagured 1n the high-{ield Hmi.

{il. MOBILITY ANALYSIS

A. Genenal Funulativn

We have anaiyzed the mobllily tn thege same
satples in order 1o delarmine the density of com-
pensating acceplors N, and the values of various
other parantelers associated with the scallering
mechantsms. N, cah be deduced from the strength
of lonized -impurity sealtering, espectally at low
temperatures where n ++ N, and lattice scaltering
is rolatively weak. To do this, however, onenceds
to have an accurate desceiption nol only of tonizeds
tmpurity scattering in a many-valley band atruc-
ture, but also lattice and neutral-unpurity scatter-
ing. The ansotropy of the effective mass tn CHIS
con produces different scallering rates for the
transverse and lungitudinal directions in the elitp-
soidal valley. Since each scaltering prucess has
a dUifferent dopendence on the effective mass of the

i

carriers, it i8 not possible to select an average
effective mass suitable for all three types of scat-
tering. We have separated the scattering time
averages into two parts, as generally prescribed
by Herring and Vogt, ! and as done by Brooks® in
treating lattice scattering for ellipsoidal bands.
This type of treatment i8 valid when the scattering
is either energy conserving or momentum ran-
domlzing. The mobility in this case can be written

p=te((ra)/me + 2, )/mdl, 4

where ! and | refer to the longitudinal and trans-
verse directions, respectively. Bach average of
the scattering time is computed numerically by
approximating

()= (4/3V7) _(“ e*xMrix)dx (5)

with Stmpson’s rule, where x=¢/kT, In using
Stmpson’s rule we have taken the integral from 0
to 25kT, and used 75 Intervals; or used two re-
gions, from O to 64T with 24 intervals and 8 to
25k T with 19 Intervals, The accuracy of the nu-
merical integration using these choices was com-
pared with taking the integral from O to 28kT in 800
tntervals. Over the temperature range from 8 to
500 K, the maxtroum error was 1.75% (at 500 K,
Ne- 1X10% cm™, N~ 1X10% cm™) tn the firet case
with one roglon; and 1. 13% (at 300 K, N = 1% 10
em™, N, : 1x10% em™) {n the second case with two
regiona. For these comparisons we used hypo-
thotical samples with 2 range of donor concentra-
ttona from 10 to 10™ em™, having only a small
amount of compemaation. Stnce the error was al-
most always less with the two reglon ttegration,
we used (L preleronce to the single region. This
was alao constderably faster,

The lattice acattering mechaniam in n-type aili-
con hag been the subject of much recent diacussion.
Electron acaltering mochanisms by laltice modes
are of two types: intravalley scaltering by acous-
tic pivnons, and Intervalley scatlering lo etther
parallel valleys (@ type) or perpendicular valleys
{/ type).  The aliowed intervalley mudes have re-
cently been agreed upon, at least theorelically,
although certain experimental evidence suggesting
possible seattering by forbidden intervalley modes
remalng to e explasned,  We will discuae this
later Sec. [VC  In general, the transverse lallice
scattering Ume can be written

i "'1-41!,'17:(!"\?2 for e, Dot 8 To) 0 e U= 7'-»”'1)) . )

Ta Yo

where 8; 1§ the temperature of the tth mtervalley
phonon, Hy+ fexp(¥,/ T - 1}, and 18 the relative
coupling strength of the eloctrons to the ith nter
valley mode comjured to the transverse acoustic

mode  lang and Myera' determined the ratio of the
acoustic mode scaltering strength n the longitudinal
direction to be § that of the transverse direction
This has been condirmed by Neuringer and Little®
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also using mag istance ts, and
by recent experiments involving cyclotron reso-
nance of hot electrons as measured by Kazanskii
and Koshelev. ¥ Intervalley scattering is assumed
to be tsotropic. Therefore, the scattering time in
the longitudimal directlion is

Lo —en @
Ty | 2rgTT%xT :

Tee

Neutral-tmpurity scattering has been calculated
from Krginsoy’s® expression derived from the
study of low-energy elastic scattering of electrons
from hydrogen. In the zero-order phage-ghift
anproximation, this type of scatlering is indepen-
dent of carrter energy. However, it hag been
shown that for large concentrations of neutral im-
purities, cohereal scattering can take place, '*3#
80 that the scattering time may not depend directly
on the inverse neutral donor concentration. Also,
group-V donors in silicon are not strictly hydro-
genic. Therefore, we have scaled the neuvtral-im-
purity scattertng time with an adjustable constant
A to be determined from the analysis of the data,
With thig provision, the neutral-impurily scatter-
ing lime ig

oo (ZJ’,.’E) Ny, &
e Ampef\mE) A"

wheee ¥y Ng= N, =~ i the density of neulral do-
nors, m¢ {8 the effective mass uf the conduction
eloctron bnd or m?), and m2p 15 Whe geometric
mean mass which tor silicon e Q. 32y,

lonized- impurity scaltering has beon caleulated
by Brooks, ! Hervtug. and Dingle.’ Thus fornula
has bean quie successlul i deseribing tonized -
tmpurity scattering in both stlicon™ and germani-
um. ' The lunized- impurity-scattering time w

{ .\"ﬂl"
A T [ S T SN TSR
P AR PR R [tntr e th=b . 1]

1.68 <107 ¥ :
L L m;)'gfg"ug {ind o U=bb 1}, (9
?

where
ZendUTYy 5 17310 g mg T
HRE ' S [RLV]
and
wonem s N - m o N .\"] . il

Np s the total denstly of onized impuriies, iy,

N, R

A somewhat Tess Known treatmeat of 1womzed me.
purity scattering given by Samolovich of Al hax
also been evalwated.  Thetheary, similarto varber
work by Ham, ® specihically treats anisotropic
tonised -impurity scattering in a prolate sphersirad
band. Newrriger and Long®’ have interpeeted ma

oo

netoresistance data with respect to the relative
ratio of longitudinal to transverse scattering time
predicted from the theory, but we do not know of
any reference dealing with the absolute magnitudes
of the scattering times asg predicted by Samotlovich
el al. The expressions given here have been eval-
uated specifically for n-type silicon, and the
reader i8 referred to the original papers for a com-
plete deacription. With b, evaluated as in Eq. (10),
(m2=m¥), we find

1 4.28xX10W

1'; = mj [Inlb.)- 2. 34+ 7.88/8,), (12)

1 1.18x10°%N
e m (In(,) - 1.75+ 4. 84/0,), (13)

where go and g, have been given graphicai repre-
sentation in Ref. 4. We have approximated these
by the following expressions:

Ky - 0.192-0.087{5/l0g,0l04)] , (14)
£, = 0.03{log g1} . (15)

Since these {unctions are small corrections, wo
have evaluated ¥q and &, oulstde the tntegral, calcu-
luting &, in this case {rom Eq. (10) using x: 3.

The total sealtering time to be averaged in kg,
(5) 1& delined

[N AW
S| (” b ) , (18)

T L1

where the transverse and longiudiral avorages are
computed as reguired i Bq. (4D,

Befure going ahead to the resulls of the amlysis,
g amportant to nute that none of the several scat-
teruy mechanisma can be totally solated in realis-
tse material. Therefore, the resulls presented i
Secx. HIB=-H1D dealiog with 4 particalae scatters
g mechantam witl have interacted with esch
other durtng the several monhe taken to complete
thig work,  These tateractiong wers always pres-
ent, and although we canpnol describe them tolally,
11K hoped that thin remark will explain why minor
modidications appear, {or example, tn the choice
af A, duting the development ol vur treatment of
Latttce scaltering

B Latine Scaltenng Results

Having presented the fsrmulation of the mobility
catculabon, we must evaludte the lattice acatlering
mrameters tqand the 1’5 given in Eqs. (6) and
TV We untially used the model proposed by Rode, ®
model 5%t only e ntervalley phonon (8, - 340
K+ Therelore, the rameters calealated by Loag
could ot be adupled, since g model agsumed two
witervalicy phopunis with teiperatures 630 and 190
K Alne, the motnhity due to pure laittice scattering
i not cleaely extabhished in the hiterature. Mea-
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gured mobilities range from 18 000 to 24 000 cm?/
Vsec at 77 K, 2 with additional uncertainties arising
when the Hall factor and tmpurity scattering must
be taken into account. We decided initially to de-
termine 7o from the data taken on our two purest
samples, by fitting 7928 a prrameter using data
{rom 20 to 77K.*® Both of these samples, S1: P §
and 8i: P 8, were cut with bridge shapes favora-
ble to an accurate determiration of the distance
and width between reaistivily arms, so that geo-
metrical errors should be small. ® For this fit,
w, was fixed at 1,6 {w,., were {ixed at zero) and
since intervalley scattering lowers the mobility by
less than 3% for this modet at 77 K, this choice
wag unimportant. We found good agreement for
both samples, using several trials with parameters
N,and A both {ixed and varlable. Using the tem-
perature range {rom 77 K down, we found 14 to be
3.56%107" sec, within 1. 75, In additton, we ran
a second series of {ita with data {rom a more re-
stricted tomperature range, 20-41 K. The average
values of vo were 2. %% and 1. 1%, higher for sam-
ples St: P 5and 81 P 6, respectively, when unly
data from below 41 K was used. With v, chogen to
be 3.86X10°" aec, wo then ran a serios of caleu-
jated mobilities xt 300 K, varylng wy. From s
sories, we selected wy to agree with the measuved
drift mobility at 300 K. Deift-mobility experi-
ments?* give mobilities botweon 1350 and 1500
em?/V see at room temperature.  Wo chose to use
wy= 1,48, giving a mobility of sbout 1450 at 300 K,
consistent with our own measurements which will
be described later,

The two temperature ranges used above to deter-
mim 1 were chosen deliberately to sev o there
wag a stgniftcant amount of intervalley seatiering
by lower temperature phumns {LA 2 type vv TA
/ type} as auggented by svveral aulhors, but fors
bidden by the calculated selection rules. i lower
temperature phonons wese contributing signthcantiy,
we would expect the Hitted values of roto ba higher
uating data from the temperature range bebow §t
K. Also, the it would be skewed when the temper-
alure range up to 77 K waw uged, stace the adjunt-
ment of T4 atune could not compensate for a luw-
temperature inteevalley mode.  Althuugh theee 18
only 3 6light tncrease 1n the average value of tg
using only data Lefow 41 K, the {1t over the 20- 77-
K range rematned shygitly skewed even whea N,
and A wore permitied W vary. Also, fuled values
of N, were lower when (he fuil range of 20-7% R
was used, sndicating an adjusiment of N, owmatlemg
to raise the mobthiy at fow temperalures wath re-
upeet to ligher lemperatures.  This dinerepaney,
althousd ot prominent, indicateda pussible weak con-
tribution{rom alow -temperature intervaliey phonan.

AUEMB puint th our work 1t became apjurent that
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be necessary to characterize the intervalley scat-
tering process. We therefore extended the range
of measurements on our purest sample, St: P §,
to room temperature, measuring the Hall constant
at both 600 and 20000 G, along with the resiativity.
Since the analysis of carrier concentration could
be carried out with data taken below 100 K for this
sample, the carrier concentration above 100 K
could be aceurately calculated from the values of
Ny, N,, and E, ag given in Table 1. From this,
we deduced the Hall factor and mobility up to room
temperature, without relying on Eq. (1) which
assumes an accurate knowledge of the scattering
times. Data taken between 77 and 315 K were then
compared to model i, which we will now call
mode! 1{z). Deviations between the data and model
1(a) were skewed by 5 to 6. Two modifications
were then attempted on model I, First, we tried
using a phonon temperature of 670 K rather than
540 K [modet (b)]. For this chuice a coupling
constant of 2.0 was needed to give agreement to
drift mobility at 300 K, Comparison with our

data avove 77 K again gave doviations on the order
of @h. Noxt, we used a combination of both theae
intervalley phonons, 0, +8$40 K and 8, =670 K
{model lic}). By computer adjustment of o, and
twy, the maxtmun aerur was reduced to about ¥
ovar the temperature range above 17 K,

Havigg exhausted the possibilities of model 1,
wo retuened to the luw-lemperature region below
TR see o 3 low-lemperature phonon would
appreciably unprove the (it ta this roglon. A sec-
ond maedel, modet (I, was calculated uatng a low-
energy phunon curresponding to f-type scatlering
by @ TA photon, inaddition to the allowed higher
temperature phonons.  For this eries we {ixed
4 indn, at 0.8 and 1. 2, respectively, as deter-
mited from woedel [(e) (0 above 17 K. Using data
{rom 20 to 77 K, and With 8, chusen to be 100 K, "
we Lot bath rgand iy, with N, both fixed and varl-
able.  Goud agreement was again obtained belweon
samples St P 3and 81 P 6, and the regully of
s betow 17 K are given tn Table 1), together with
the slambird deviations, The marked unpprove-
ment in the slandard deviztion when the forbwdden
intervaliey phonon was inciuded v good evidence
of s unportance, even though it g weakly coupled,
Figores S and € tllustrate the relative eevor be-
tween mreasured and caleulated mobilitien {or these
two gampes, with aed without the additton of a
low-iemperatdre iptervatley phwonon.

Witk the imjortance of a low-energy phonon
vilabliglad, we again went to the lemperature ro-
£ Ateeve 77 K and Ot model 1 with vy, u,, and
up vartale  With tas Leeedom, agreement was
abtained ta beter than 28, with the coupling con-
slant of 1, [itted 1o essentially zero Qg < 0.001),

and i G tu abont 1.9 Suwe 1y was {ixed at 0.1%
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TABLE Ii. Mobility latitice parameters fit below 77 K.

Ty \ N, Stand. dev

(sec”!) fem™) of mobility fit Temperature
Modet Sample aoh wy™? wy™® wy? A 10%) 10Y range (K)
1 S:P5 3.57 1.5 ° o* 5.9 9.2 5.37 20-77
1 Si:P§ 3.57 1.5 [ ot 5.3 8.6° 4,02 20~77
H St:P5 3.62 1.5 ° o* 2.0t 6.0 1.04 20-77
1 Si:p6 3.54 1.5 0 [ 4.2 6.2 2,35 20-17
1 S1:P6 3.55 1.5 0 ot 30.5 7.1 5.23 20-77
1 8t:P8 3.53 1.5 0 o* 2.0t 5.3 1.43 20-77
1 St:P 6 3.62 1.5 0 o 4.8 8.6* 4.47 2041
1 Si:P5 3.69 1.5 0 [ 2.0% 6.5 0.32 20—41
1 8i:P6 3.60 1.5 0 ot 25.5 7.7 6.44 2041
1 S1:p8 3.80 1.5 0 o 2.0 5.8 0.25 2041
i Si:P5 3.99 0.6 1.2 0.17 2.0* 8.6* 1.2t 20-77
a St:P5 3.79 0.6 1.2 0.08 2.0* 7.0 0.48 20-77
I St:p6 3.92 0.8 1.2 0.19 2,0t 7.7 1,33 20-77
a S1:P6 3.73 0.6 1,2 0.10 2.0% 8.3 0.73 20-77
*Value flxed.

*Coupling constants for intorvalley phonons; 9, =540 K, 8,670 K, 8,190 K.

during thig {it, the result is identical to that deter-
mined by long, ! except for a slight difference in
the vaiue of 8y,. Very little change was observed
whon alt four varlables (vy, wy, wy, andwy) were
permitted to vary, and data between 20 and 315
K was uged, Results tn the higher-temperature
rogion are sumarized wn Table 1L

Al this time 1t had become evident not only from
these samples, but also from maere heavily doped
ones, that lomzed-unpurity scattoring as calentuted
{rom the expredston given by Brooks, Herving,
and Mngle [Bgs. (9)-(11)] was overestimating the
tonized-tmpurily-scattering strength and that con-
sequently whenever N, was permitted to vary, vals
ues considerably smallor than thuse determined
w Sec. 1 were obtatned. Therefore, the tenized-
unpurity-seattering formulas given by Samutlovich
et al. were substituted [Eqs. (12)-(18)] aftee
wasg clear that they yave 3 substantlal improve-
ment.  We algo decided to include the possibiidy
of a fourth ntervalley phonon with a characteristic
temperature of 307 K, (thig would be LA g-type,
bul not quile at 0. 34X a8 expecled) ax inferred
{rom optical measurements. ' These changes de-
fued what we shall catl model HEL With N, 1,
and four 1 '8 variable, we (it the data onSi: P B
between 20 and 315 K. Only #, and wy {8, < 670 K,
8, + 160 K) were found to be important, bul now N,
{il very cloge to the value determined in See. 1L
We algo (it 81: P 3 between 20 and 77 K, varying
Nyo 1o, tty, andrwg. Again, b wag found to be
unimportant and ¥, it very close to the result for
thig sample found in Sec. 1l Model- 11l resulls
are summatized in Teble 1V for *hede twe samples,

and the relative errorg are shown in Figs, 7Tand 8.
As an additiona] check on our results, we cal-
culated the Hall {actor for 8i: P 8 using Eq. (1)
and with mrameters deterinined from soveral
madels.  These are compared to our data taken
at 600 and 20000 G between 77 and 315 K, as shown
in Fig. 9. Noae of the models glves complotely
satisfactory agreemont, with model {I giving the
best results below 100 K, and model Ha) giving the
beat agreement from 100 to about 250 K, It ahould
be noled that the dala taken at 20000 G will not be
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FIG. 5. Relative error ln porcent between calculated
and meagured mobiiy for 8- P 6 with and without the
{nclusion of a luw-tempoerature fntervalley phonon 18y
» 190 Kb ‘the relative crror 1o defined as Ervore [y,
= R/, 1 ¥ 100, where K, (8 the measured mobtlily, and
#, I8 the calcutated mobility. The opon triangles ahow
the result without the Inclusion of ;. The golid circles
show the tmproved it wiih 8, inoluded. Valdes of param-
otors are the followlng- fixed, Ng»3.28x104, Au2.0,
Gul 0 wy20.6, vy 1 2 (L, open (riangles, N,#5.9
K107, 7,0 3.62% 10 {wy e 0, 0 {ixed); (1, solid cleeles,
NooT.0x10%, 12 3.79%10°, wyc 0,08,
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FIG, 6, Relative error as in ¥ig. 5, for sample 51: P
6. Values of the parameters are tho followlng: fixed,
Ng=4.29%108, 4=2,0, G=1.0, wy=0.6, wy=1.2; fit,
open triangles, N,=5.3x10", 74=3,53x107 (wy=0.0
fixed); fit, solld circles, N,=6.3x10", 7,=3.73x10%,
wy=0.10.

in the low-field limit below 150 K.

In conclusion, we show w» Fig 10 the experi-
mental data on Si: P 6, including photo-Hall dasa
omitted from the fitting procedure, together with
the calculated mobility curve based on model iit.

C. lonized-lmpurity-Scattering Results

lonized- impurity scattoring hag been trealed
using the expreasion riven by Brooks, Herring,
and Dingle in most of the recent exportmental'™ '
and theoretical® work on this subject. However,
ag has been mentioned In See. 1118, the agreement
in [itling ¥, was less than satislactory {or our
purest samples 8i: P 5 and 8i: P 6 when the ex-
pregelon given by these authors wag used. I was
also tried on geveral more hoavily doped samples,
having stronger contribulions due to soiized- un-
purily seattering.  The values of ¥, wich were ful
from this formuly were about 30E lowes 1 all
caseg than those determined (rom the carrier-
concentration wmalysis given tn Table 1. Conge-
quently, we also ran {its ustng the tontzes’ ~catter-
tag formula given by Samotlovich ot al, ang the

18,51
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results were much better. A comparison of the
two results is given in Table V. The most sensi-
tive samples for this comparison are Si: P 3 and
Si: P 4, which have the largest contributions due
to ionized impurities, and relatively weak contri-
butions due to neutral scattering. Severd? values
of the neutral scattering parameter A were tried,
to verify that the fitted value of N, did not depend
upon this choice. As a counterexample, the choice
of A is more important for St: As 2, which has a
fairly strong contribution due to neutral-impurity
scattering. Inall cases, however, the formuias
given by Samoilovich ef al. gave better agreement
in determining values of compensation closge to
those determired from carrier-concentrationanaly-
sia.

D. Neutral-fmpu.ity-Scattering Results

Having established a rexsonably good modet to
describe the lattice and ionized- impurity-scatter-
ing effects, we then went on to {"t the remalning
gamples which were lightly compensated, and
hence had substantial contributions due tc neutral-
impurity soattering, The results were disappoint-
ing. Inall cases the {its between 20 and 77 K wore
skewed, with the calculatod mobtlity higher at the
extremes and lower than the measured mobility
between about 26 and 60 K. In these samples, N,
was fixed and A and G *° wore pormitted to vary.
For compleieness, the resulis of those {its are
given i Table VI

i order o underatand the cause of the poor
fitting, we have extracted the neutral scattering
contributions from eich of these samples lor
compurisan with the Erginsoy model. To do this
we calculated the mobility for each of these same-
ples, tncluding oaty the contribultons duo to lattice
and tomzed- tmpurity-scatlesing effects, with ¢
agsumed to by wiity,  We then eslinuted the neu-
Gal-scatlerving mobilily as

TP | EYTTRRRRS PTPUPII W 0%,

TANLE HI. Mubdsity lattles pavamelors fit abave 77 K.

Stand, dev

T
tgeeh of mobihity Bt Temporature
Model  Sample QU ow b et Tayt noh range (R
([ 7L I S WA DS PR 1\ ot cae 17315
U W P 0 o o ot et 77-315
Wed  S-PE s wds 1y o 1.2 714
] Sps o aeet cow e 008t [ICH 77-315
i LT L R T S T C U U T R EAd 102 177315
n SPGB0 e 1eT 15 1L 20-315

“Coupling constants for tntervatley phonons,

Walue fixed.
“Not computer T,

1+ 546 K, 6y~ 670 K, #ye 190 K,
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TABLE IV. Mobility lattice parameters fit with model .

Ty . N, Stand. dev.
(sec™) (em™}  of mobility fit  Temperature
Sample (107 wit wt wyt ol aoh range {K)
8:P6 3.63 0.0002 1.84 0.080 0,0004 7.56 0.90 20~315
St:P§ 3.77 0.0® 1.83° 0.16 0.06067 8,40 0.47 2017

*Coupling constants for intorvalley phonons; 6;=540 K, 8,=870 K, 6;=180 K, 8,=307 K.

bvalue fixed.

For comparison, the mobilities calculated in this
manner were multiplied by the total concentration
of neutral impurities at each temperature. In
addition, we repeated the same procedure, re-
placing the measured mobility by the mobility cal-
culated with the inclusion of neutral scattering
from Erginsoy's formula. For this calculation a
value of A was used, as indicated [yom our results
given In Table V1, and three cholces of G were
assumed: 0,95, 1.0, and 1,05, correspording

to hypothetical errors inthe sample geometry. Since
Erginsoy predicts a temperature-independent mo-
bility, our calculated mobility tncluding neutrat
scaltoring was used to check if the above procedure
recovered this temperatere- indepondent behavior
out of the involved averaging of scatloring times.
By also varying G, we could estimate the reliabilt-
ty of the procedure in view of probable errors in
grometry, and obgerve the consequences of such
errory.

We have tncluded in this procedurs buth Hall and
photo- Hall data, the latter being taken al tempera-
tureg behween 1.5 and 20 K with 300- X hackyground
radiation, Lowerilomperaturebounds (or the valid-
ity of thin duta arige in two ways, First, the con~
ditlon of the Born approxination used n caleylating
e tontzed- tmpurity -scattering contribution modng
that we must have (&1 (> 1, * where & ta the carri-
er wave humber and a 18 the seatlering longth,  For
stlicon, this becumes Rt = 1, 28% 10'T (m o/n* )%,
with n’ given by Bq. (1), The second requirement
for these dala 1o be viltd i that the thermaliration
tune of the photoexciled cirriers musl be much
shorter tan the carrier lifotime,  Carvier Nifes
times were deteemined (or most of these samples
{rom the decay of the photoresponse 1o a pulsed
COy tager, The regulls of these meazuvements
have been pubtished. ® We can estimate the ther-
malization Bme for electrons 1n u-type sificon from
the energy loss rate due {o acoustic phonon emis-
ston. ¥ In all cases, the greatest lower bound in
tomperature {8 deterinined by considering the grob-
Jem of thermalization ime tn comparigon o ife-
Ume,  Data were uged only {or temperatures above
27!, where 77 tg the temperature at which the hife-
tinie and thermalization imes are equal, as doter-
mined {or each sample.

Figure 11 shows the reauits found for 8i: P 1.
As can be seen, the strength of neutrai scattering
decreases slightly from around 5 to §0 K, and then
increases rather sharply above 50 K, causing the
mobility (per scattering center) to decrease, For
comparison, the calculated results found from the
same procedure using the expression for neutral
gcattering given by Erginsoy are also shown. As
expected, very littlo temporature dependence is
evident in the calculated curves, except at the
highast temperatures {or those cages with hypothet-
ical errors in sample geometry. It shouid be
noted that In no cage will a {ixed geometrital error
yield a tomperature dependence similar to our ex-
perimental regulta, I i3 also clear why the com-
puter {ita betwoen 20 and 77 K were high at the
oxtrentes and low batween about 25 and 60 K, as
wo have statod.

Figuros 12~ 18 give the same informatton for
samplos Si: P 5 (marginal amounts of neutral scal-
tortng), St: As 1, Si: As 2, Si: As 3, and $t: Sb 1.

Two conciusions can be drawn by comparing
these figures, First, a general pattorn of incroas-
ing mobility up to about 50 K 1 seen, {oliowed by
a decrease from 50 to 100 K. Second, the average
mobtlity for the arsentc-doped samples was sub-
stantially larger than that of oither phosphorus-
or antimony-doped samples,  Thege conclusions
will be discussed in Sec, IVE.

V. COMPARISON WITH THEORY AND OTHER
EXPERIMENTS
A Cacrier Concentration Analyds

The principal advantage ol our work over the
carlier amdysig of Long and Myers® ia that heve
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FiG, 7. Relatdve orror for 51- P 6, with model i,
Values of the paramolors are listed in Table (V.
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FIG. 8. Relative error for 8i: P 6, with model 111,
Values of the parameters are lsted tn Tuble IV,

no iterative procedure was necessary to determine
Hall-{actor corrections, since our data were taken
tn the high-field lunit. This independence of the
carrler-concentration analysis with respect to the
mo. iy analysis haa allowed the two methods to
be compared, rather than seeking a sel{-consistent
fusion of the anaiysis as done by Long and Myers,
All of the samples were amalyzed with an actlva-
tion energy which was agsumed to be independent
of doping concentration and temperature. This ap-
proximatlon is valid at low temperatures for lightly
dopcw gamples without a large number of compen-
aaling acceplors,  For more heavily doped samples,
approaching the exhaustion regton will appreciably
lower the activation energy, although it should he
noted that the dependence of carrier concentratiun
on activation energy 10 Lhis regilon t8 ot strong.
Early measurements by Pearson axad frdeen'! and
more recently by Penin el al. ¥ have hoen Malyzed,

i
«
-4 1k
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]
" el 1
60 %0 W00
TEMPTRAYURL (K)
FIG. 9. Hall faclor, as measured al 800 and 2000 ¢

far 519 6. Data taken with 20000 G were wt i the
tow=tield Hmit below about 156 K. ¢ aiculated cures of
the Hall factor are madel 1a) ghown as daahed Bine, mofel
1() shawn ax daah-dot line, model 1N ghown an soltd

Wine. Paramolers uacd for the caleulution are given tn

Tables UL and i\
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FIG, 10, Experimeontal data points and calculated
mobiitty curve for §1: P §, Exporiraental data Include
photo-Hall moasurements taolid circles) balow 20 K which
wore nol Included Ln the fitting procedures. Doviation
botwoen the dats and caleulation betow 10 K occurs be-
cause the photoexclted carriors are no longer able to
completely thorinalize 8t the lowest temperatures. Pa-
rameters from Table 1l are used for the caleulation.
Figure & shows the details of the differonce batweou oal=
culation uad data above 20 K,

following Debye and Coawell* with the activation
vaergy agswned W be related to the tola) tonized
tmpurily concentration Ny» 28,01 a8

Er B0 -aN}?, (18)

where @ was determined by Peninef al. to be 3.6
X107 eV em, @iving an activation energy of zero
for phospharus tmpurities wl a coucentration of
2<10% em™. If we use tis value of a to compute
the Jowering vt the activation enargy {n the {reete-
out region for our purest samples, 8t: P § and

K12 PO, with about 8% 10% ey acceplors, we find
a caleulated shift of wearly 1| meV. If we add this
to the values of K, determined tn Table 1 {or thege
samples, we Hind £,10) W be about 46. 3 meV.
Stnce s 1s larger than the optical activation en-
erglen found by Aggarwal and Ramdas* tn accor-
dance with the recent theory of Faulkner® (46, 83
meVi, there s sume doubt as to the validily of

Eq. (18} al these low concentrations, Penin ¢l al,
Al5u give an expression for the variation of B, with
the principal dopant density, and thla gives nagli-
kible reduction In activation energy for thege
lightly doped samples, since it involves a term
propartiond © r"i"', where 1, ts the average
sucly between donors, mely, 7, (3/4a,)'/%,
and a* iu the cllective Bohr radius,  Another ap-
proach, aken by Reumark, * bastcally involves
the eifect of sereening by unpurities on the activa-

Horenerygy  Flas depeads ondy on the tontzed-
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TABLE V. Comparison of the compensation densitles fit from two different
formulas for lonlzed-lmpurity scattering, as givea by Brooks, Herring, and

Dingle (BHD) and by Samoilovich et al. (SKDI),

N, from Stand,
N, from mobility dev.
carrier-conc. analysis of fit
Sample analysis {cm™) em™) Theory A G 1ed
Si:P3 2,.3x108 1.49x108  BHD 1.6* 1,12 1.5
1.53x10"%  BHD 2.0 112 L5
1.85%10°  BHD 2.4 112 1.5
2.04x10"%  SKDI L6 1,12 1.1 3
St: P4 2.0x10M 1.43x10%  BHD 1.6* 112 0.5
1.4sx104  BHD 2.0t 112 0.5 :
1.49x10%  BHD 2.4 112 0.5
1.93x10%  SKDI 1.6* 113 0.7
Si:P5 8.8x19" 6.97x10"  BHD 2.0°  1.00° 0.5
8.40x10"  SKD{ 1.6* 100 0.5
S1:P6 7.7%x10% 6.32x10"*  BHD 2.0 1.00* 0.7 !
7.56x10%  SKDI 1.6 100 6.9
S1:As 2 4.3x10" 2,52x10"  BHD 5,38 104 1.2
3.02x10"  SKDI 5.3 1,01 1.9
5.20x10%  SKDI a1 0.95 1.0
Walue fixed.

tmpurlty concentrations, to fivat order, and gives
a roduction In tho activation enevgy of approxi-
mately 0.3 meV at 30 K (or phosphorus impurities
with sample concontrations representattve of

St: P 5and §i: P 6. Even thls mudest decrease
in activation enerygy 18 sufficient to imply a vilue
of Bi0) greater than the optical resulls, although
the discrepancy 18 certainly small, In sptie of
the uncertain nature of theso caleulations, we ¢om-
fare in Table VI the value of £,(0) calevlated
from Eq. (18) and from the ¢xprossion given by
Neumatk, ‘7 namely,

where we have aggumed that n « ¥, over the tem-
perature range {or which the computer {it of E,

ig established most critically, and that the tm-
purity fong arve not mobile; Le., T,-= in Eq.
(13) of Ref. 46. Equation (18) was ovaluated at
30 K, a temperature charactertstle of the expo-
nential frovze-oul reglon meagured. As can be
seen from the comparison of the two resulls, both
glve teasomably consistent values amoug the sev-
eral samplos of phospharus - and arsenic -doped
crystals, although the two theories disagree by
ahouat 0. 5 meV. inall cases, the theory of Neue
mark gives resuity closer to the optical activation

l"‘ qaet\ VY N, N, v
7 .00-1.81a*{ -~ X (1 - )J chergy. We are npceggartly reluctant to conclude
¥, s 1,00~ 1.814 ( b ) [1 o energy (L 10 ¥ ant to cone

o
’ 0‘810"( e

ik (19)

)3 (-3 -

much moere than thie, stnce 2 meaningful {est of
thig problem would require more heavily doped and
somie heavily compensated samples, which we have
nol moasuted.

TABLE Vi, Results of fltting the mobility for gamples having significant

amounts for aculvat-lmpurity seatiering

uatng the Krginaoy formula [Bg. 1),

Stand. dov,

N, al fit Componsation
Hample o™t A G neth ratlo NN
Sep IRl 1.6 1.00 5.1 0, 00044
S Al g.us 108 5.9 1.a¢ 3 G, 00043
St Ae? . 3ero? .t 0.0 1.1 0.0065
S As3 1.8 <ja¥ 6.2 0 2.9 0, 00024
R 5.8 10" 1.4 1.4 5.4 0,00072
“alues fixed. ¥, and N, trom Table 1. ;
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FIG. 11. Temperature dependonice of the neutral-lm-
purity scattering mobllity for St: P 1 {normalized to unil
density of neutral impurities) showr. aa golld elrcles,
as ealculated from Egq. (1), Solld curve shown for the
same procedure, but with the measurod mobility repluced
by the mobtlity calculated with Evgingoy's formaia,
with A<1.6 and G=1.0, Other values of G are t1go shown
aa dashed linos,

In the two casos th which we allowed N to vary
Infitting St: P Sand 8i: P4, the results agruee
very weil with the calculated values,  This 18 not
unexpocted, but 18 a satis{ying chock on our pro-
cedure.

€ Mobility Analyuy Genersl

With the excoption of aeutrad -dmpurity scatier -
g i n-type silicon sgamples, we have shown that
the goneral procedure vutlined by Heering and
Vogt! can be made to give vory accurate rexuits
With a more suttable expregsion {ur nevtral-im-
purity scattering, 1t ts expected that the mublity
can be caleulated (o within a fow precent botween
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FIG. 11, Same a8 Flg. 11, for S{: As }, with caleulai-
ot curves for A=5.0,

20 and 300 K for doping levels less than 10'1- 101
em™.  (naddition, the Hall factor can also be cal-
culated to about this same level of accuracy, Cone
verstly, the accuracy of the mobility lormulation
permus us to determine the componsation density
tf the strength of the tontzed~ impurity scattering
13 at {east comymrable to that produced by neutral
impurittes,  This may ho espectally useful if une
compensated impurities of two types are present;
Sk Nancu " Mowige YNo  Where the assump-
tion of an equation of the form of Eq. {2) would
give ambiguous resulty,  The ugefulness of such
analtermite approach bhag boon demonstrated by

an aalyiis ol impurities tn p-type germanium, &6

€ lattice Scastering

I 18 uf wterest to fiest review the present une
deratanding af this subject, as regards the various
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r . .
2 \\ .su:’,'
R .
€ aftfio I T
s 0L - «
o £ -
g 8E |os.-~ R
> s %
2 e
LIS
4
b
20
W NSRRI |
! ¢ 34 6810 20 3040 6030100
TEMPERATURE {K)

i, 14, Same as Fig. M1, for S1- Aw 2, with crlculal-
od curver fol A Sou,
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FIG. 15, Same as Fig. 11, for 81: As 3, with calculat-
od curves for A=5.0.

types of intervalley scattering, and the bazis upon
which several views have been adopted, Informa-
tion un this subject has been sought In a number of
ways; by theory, calculating the allowed intervalley
transitions, and ln principle, the matrix clements
for those transitions; from expertmental obgerva-
tions, including optical phenomena such as pholo-
conductivity apectrum, hot electron effocts in
which intervalley trangitions are important in
valancing enorgy gaived {rom the electric fteld,
and, as inour presest case, from Ohmic amubility
oy other transport phenoment.

The allowed transitions {or ttorvalley seatler-
ing have recently hren agreed upon by the priney-
ml authors who have concerned themaclves with
these calcutations.  As summarized by Stregwolf,*
and agreed upon by Lax and Birnun, M the allowed
electron one-phonon seteclton rules permit LO &~
type transitions {at 0. 34X), amd LA TO/-type
transitions {at S on the phonen Brillouln zune {ace).
The characteristic temperatures and energies of
these phonons are 1O (T20 K, 62 meV), LAISGOK,
48 meV), and TO (880 K, 50 meVi. It is to be
noted tiat In this respoet, no low-euergy pronons
are possible.  An varlier misunderstanding von-
cerntng the selection rules had indicated that £ -ty
LA phonons would be atlowed, such phonons having
energy 21 meV (240 K).  Also specifcally {orbid-
don are f-lype TA phonon transtlions,  In view of
recent work tn InSv™ and Ge, " however, Wt is
tmportant to keep in mind that aithough TAf-type
and LA x-type transitions aee lorbidden whea con-
sidering a one-phonon collisiun, such vestrictions
may not apply when other processes are considered.
ftecent evidenco of two-phonon Waman spectral
lines in siicon, ** involving TO and TA phonons,
has shown thal multiphonon processes are praobably

very important. The experimental data onSi: P 8
are presently being reanalyzed with two-phonon
terms included.

The experimental analysis of intervalley scatter-
ing began in 1960 and immediately established two
opposing schools of thought. Dumke, *! analyzing
the radiative recombination data of Haynes ef al.,*
found contributions {rom 23-meV phonons (pre-
sumed to be g-type at 0.38X) and 46-meV pho-
nons { f-type LA at $) which he assumed were
due to intervalley scattering. Evaluating the matrix
elements he found g-type scattering to dominate
over f type by a factor of 2. 5to 1 at room tempera-
ture. The opposite conciusion was simultaneously
reached by Long” from hisanalysis of mobility. Long
found the higher-temperature phonon, inthiscase 54
meV (an average of TO, LO, and LA f type), tobe
domimant in the scattering of electrons, compared
to a representative low-temperature phonon of
16 meV. Inthis case, with long’s coupling con-
stanta, /-type scatlering (high-temperature pho-
nons) dominates £ type at room temperature by 2
ratio of more than 5 to 1, although the contribution
due to acoustic mode intravalley scattering Is as-
sumed to he more tmportant in Long’s analysis
than in Dumke's. ¥ This interesting controveray
was thon taken up by Avbrey el al.'* using plezore-
sigtance and piezo-Hall offeet data, Thelr work
supported Long, in that the room-temporature
ratio of zero to saturmion resistivity could be cal-
culated more accurately with the couplng constants
determined by Long.

Asche et al. ¥ introduced a new lwist into this
situation on the basis of hot electron experiments,
From their data they clain to have shown that 4~
type seattering by dominant over / type, but assume
that g-lype seattering can oveur with both high-
and low -temperature phonons.  Thus, using a high-
temperalure phonon of 62 meV, they (L thelr data

-t

Hou My 17 saccm)

TEMPERATURE (K)

FIG, 16, Same as Fig. 11, for 81- b 1, with cxlculat-
o) curves for A= 1.3,
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TABLE VII. Comparison of calculated activation enesgies, in the limit
of vanishing impurily concentration, for two theories, Penin et al. (Ref. 42)

and Neumark iRef. 47).

Neumark
E,4(0) from Optical value
Eq, (19} (meV)  of £,(0} tmeV)

E{ from Pentn e! al.
expt. E4(0) from
Sample (meV) Eq. (18) (meV)
S1:P1 45.64 46.37
S1:P3 45,14 46,43
Si:P4 43.39 46.04
St: PS5 45.38 46,31
8:P5 45.42 46,32
St:As 1 53.64 2%.46
St:As 2 52.54 §4.13
Si:As3 §2.52 $3.71
Si:8 1 42.59 41.38

45.90
456.72
44.95% 45.53*
45.75
45.74

54,01
53.51 53.73*
53.14

42.56 42.73%

“Value taken from Aggarwal and Ramdaa (kef. 44), but with corrected
value of the activation energy of the 3P, atate as calcalated by Faulkner (Ref,

45}

with a coupling constant for this phonon of 3,0,

ang chose the low-temperature phonon coupling
constant an order of magnitude smaller. This re-
sult {s not particularly inconsistent with Long, in
that mobility data cannot dirtinguish an 7-type {ram
a g~type process, but is eontrary 1o Dumke, swce
the high~temperature phonon was found ta donunale
over the low-temperalure one,

A reanalysis of radiative vecombination duta as
measured by Dean of af . * was made by Foltand.?
His initlnd vesult reported in 1968 gave turther sup -
part Lo the contention of Long that the highe r-tem -
perature intervalley phonon procerses were domt-
nant,  In thig case, Folland found coupling con
stant values for three modes; 0044 tor 4 23 omeV
phonon, 0,08 for a 48-meV phonon, and 1.4 (ara
82-meV phonon. A more refined rescly glven in
1970 by Follund, ¥ gave slightly larger cantribu-
tions of the low -lemperature phonon, now estimated
1o be 25 meV, Use of these relimd coupbiig con .
stants made it possible o reproduce the mubiiity
data to an avcuraey of about 84 betwern 100 and
300 K. An uaportant congideration m attemptiow
to understand this work 1s that Folland ased selee.
tion rules permitting x-type LA phunans 125
al 0.40X).  This was bused on the varlier v
of Lax and anﬂ«‘l(l.“ and shown o b ncorrect
by Streftwol(. ¥ However, furthes evidence (ar o
transition lnvolving phonons of aboul thig samwe
energy was Peported by Onton® in 1069,

The experinionts of Onton were based on g pre -
dictton by Stocker® (hat intervidley sealtering
transitions would be ¢viden: i the gpectral n
aponse of extrinale photocomductivity.  Stucker
predicted dlps in the photocureent, correspxnding
o intervalley transitions from states high it
conduction band of one valley thy the battom of the

band in another valley. Since the carrier lifetime
16 much shorter for carriers near the bottom of
the band, such transitions should reduce the photo-
current.  Onlon found such dips corresponding to
energy transitions of 27 and 47 meV as analyzed
by Stocker's uodel,  The magnitude of the dip was
assumed 10 be ndicative of the phonon coupling
steensth, and roughly equal amounts of g-type (27
me V) and £aype (47 meV) seattering were pre-
dicted Trom the daty

Cotnputations of hot electron effects were made
by numicrous authors around this same time, In
certan cases, the coupling constants of Long were
adupted WJurgeanen and Meyer, b KRawamura, ¥
dergensen, “* Busu and Nag, * Holm -Kennedy and
Champlin, * Glushikov and Markin™), while in other
canes the coupling constant of Dumke and Onton
were used (Costate and Scavo, ™ Costato and Rog -
wiant, 7 Contale, Fontanesi, and Reggtani™), As
atready mentioned, the conclusions of Asche ef al ¥
and wlse hose of Hetnrieh and Kelechbaum, ™ did
not partticuarly support either view. We are not
prepared W evaluate the valldity of any of these
cateulationy, which have at times concluded that
A-lype seatteriog was dominant while other workers
found 7 type seattertng more tmportant. Since the
experimental weasuranent of hot eleetron effects
van peefsrentially heat or cool certaln valleys by
the chotee of electrie Deld ortentation and therefore
provide mfarmation which ought to distinguish g-
type and f-lype seattering modes, lhe disagreement
st the tterpretalion of this data is probably due
W the extremely difficult sature of the calculations,
i which varuus approxunations vegarding the
carrter disteibution function are typically involved.
This subject has beew reviewed recently by Con-
wolt "
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TABLE VIil, Analysis of the photoconductivitly data taken by Unton [Ref, 35)
based on a proposed model in which a photon of energy ar 8 absorbed at an
impurity site, leaving the impurity In an excited state, accompanied by the emis~
sion of an intervalley phonon of energy %w. The impurity is assumed to be ori-

ginally fn the 1S (4) ground state.

.

dip 4 1S(T) 1S(E) dipB 2P, dip € 2p,

1 1% fiw Ko ke Fw Ry Ky
Sample  (meV) {meV) (meV) (meV) (meV) (meV) tmeV)
Sb 69.4 59.9 57.3 89.86 58,3 .7 68.5
P 7.5 59,9 58.6 92.0 $7.9 9.5 58.4
As 80,1 59.0 57.6 100.9 58.6 106.5 $9.1

Impurity transition energies
15 4y w: 1847 15 B 2p, 2P,

$b 9.55" 12,14 a1, 26° 36.20°
P 1162 12.95% 3912 39.14°
As 21,09 22,50 42.26° 47,304

*Refurenco 44, Table 1V,
*Roforonce 44, Figs, 3 and 4.
‘Reforence B3, Fig. 1.

by the appropriate choice of excited.state trangi-
tons, ali the observed dips in photoconduetivity
can be explained in terms of @ phonon of about 58
meV, Our chofee of transitions wak bused on the
work of Dean ¢ al.® tn analyzing recombination
radiation effects fn which an exeiton decays in the
presence of an impurity, leaving the unpurity
an excited stive, To summarize, we propose that
optieal abgorplion can occur at an impurity site,
with the emigsion of an optival phonon and the si-
multaneous excilation of the impurtty to an exciied
state.

i the photoconductivilty experitents can be roe-
conetled fn view of the abave commems, 3 prob-
tom yet remaing W the analysis ol sadunive re-
combination data sude by Dunke and Folluxl,
Thetr analysiz has impited intervaliey phonons of
energy near 23 meV, o contrast o e 27-meV
phonons clivnued by Onton and Guivhar el aof . i
the ronduction -band mintmum 5 lvatd 4t 081N,
then the inteevatley 2-lype trangthons will oceur
at 0,34N. The LA -phunon Dranel 4t tis pomt
giveg an energy of 21 me¥ . Ths a substantially
less than the cnergies found by Ontun and Guarhar
el at., but elearly aot an far from he vidue of 2]
meV found (rom the recombiaation 1adiation daly,
Sinee the LA -phonon dispersion s Large i this
rogion, 8 possible that recambtiation radiation
15 taking piace with an LA -ty phonon, but at
18 unhikely that the prectsion mvolved i bolh ey -
periments can reconcile the 3 -4 meV difference
n the determination of thix phones encrpy. s
not eatively clear tus how te recsmbination
radtation analysts should be mahalied. 1o (Pec -
efectron approXimation (8 vonsidesed topether with
h octianpules  hen LA @-tvpe istepvatley

Moference 44, ‘Tables il,
Ui, and V.

phonons cannot inmtiate the recombination process,
but perhaps can terminate it without violation.

The remaining provlem in all this work is the
appareat prosence of TA f-type scaltering, vs
found by Long and in this investigation from mo-
bility analysis, and considered {mportant by Hotm-
Keanedy and Chaunphin® in cxplatning warm car-
vier experinents, TA £-type seattering is for-
idden by the sefection rules, but nevertheless
seems (0 be preseal i weak amedats,  Bven these
pelatively weakly couplid modes are found tin-
portang for 2 complete explanation of sxpepimental
data; as wan shuwn in Seel T8, The most amus -
g sttement that could be made o mterprel these
rosults s that Qe reversal symmetey 1s broken
tn sthveon, siner 3115 this condition which forbids
the TA proeess.*® More reasonable approaches
cuuld e pursued slang the Jines of two-phonon
seatte stng o resolve ik gsue,  The aegligibte
amoutts of LA fiype seattering found in our work,
but not exproessly (oriidden by e seleclon rules,
algo remans W be explatned,

Par enmpanison and reference, we list o Table
IX the caleulated vilues of Battice mobility between
10 and 500 K. usug lalliice paratieters as analyzed
from sample 51 P 6 with model 111 as Usted In Ta-
Me 1V, Also shown are the rosulle of Long, as
calewlated trom Wis parameters. Surprisingly, the
mobihity vidues are quite differest at low temperas
tures 1187 at 20 K1 This may be due to a com-
bination of systematic errors encountered by Loag
i cureectmg (or e Bl factor, and the use of
an isotropie reattering formutation of fonfadd-tm-
purily sealtering based vn the Brooks, Herring,
aned Dimtle cquations, which overcesthnates the
steeagth of thas type of sealtering.
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TABLE IX. Calculated lattice moblility using parameters
determined from St: P 6, model Iil, and listed in Table
IV. Also shown for comparison is the result of Long
(Ref. 7).

Lattice mobllity {cm’/V sec)

Temperature (K} This result Long's result*

10 5.68%10° 6.74%10°
20 2.01x10° 2.38x10°
30 1.09%10° 1.29x10°
40 7.01x10* 8.23x10¢
60 3.72x10¢ 4.27x10
7.5 2.46x 10 2.77x10
100 1.59x10t 1.75%10%
130 9.66x 10 1.03%10%
160 6.18x10° 6.46x10°
200 3.73% 10 3.81x10°
250 2.18x10° 2,26x10
0y 1.43x10° 1.47x10°
350 1.01x10° 1.06x10°
490 7.48x10} 7.82x10%
500 4,79 100 5.07x 10!

*Long's resulta have been caleulated {or phonon tempera=-
tures of 610 and 180 K with coupling constante of 2.0
and 0,15, respectively. A value of 7= 4.31 % 10°? goc
was used W give long’s result ut 300 K {Ref, 7).

D fonbred-tmputity Seattering

14 I8 difficult to compare the eesults of Lang and
M)'vrx" with this present analysis, sinee they
assumed isotropie deattering by lonized impurities,
and we have nol assumed this o be the case. Hows
ever, we did find in compariag the theory uf Brooks,
Heering, and Dingle with that of Samoflavieh of al.
that the former overestimated the strength of
tonized-1mpurity sealtering when 1 was substituted
iato the preseription given by Herviag and Vogt,
Thin {6 why a lasger value of coupling constant for
low -lemperature intervalley phonon seattering =
obtined In maode] [f, Table 11, whea N, {8 (ixed
rather than varied,  Extra intervalley seattering
was prefereed in his cage, ginee the relative mo-
Bty at fow temperatures wag enhanced, iy part
compensating (or the overestimate of tonized 4m -
pority scattreing. The values of 1y foumd under
ese circumstances are nearly Jentieal to the
value deto rmined by Long, and in this respect sur
concluston that «, should be atswt halt the value
found by Long e be undersatond,

A handicap of our work b8 that more heavily -
doprd heavily -comnensated gamples were ool med -
sured, Ro that a test of wonized -impurity scatler.
g could not be made under conditions where this
type of seatiering dominated the mobily. Reeping
tn mind the reatrictons tmposed by remainmyg i
the high-magneie -fHeld mil, so that Hall factor
cOTPectionk are wnneeessiry, i shoutd be jstable
o measure somewhal moee heavily -doped <am-

AND LEVINSTEIN

|00

ples in this same way.

Rode?® has lately criticized the use of the spheri-
cal band approximation for calculating ionized-
impurity scattering in germanium and silicon. We
betieve the failure of his calculation to describe
accurately the mobility of electrons at 300 K for
“(ree carrier concentrations” between 10'* and 10'°
em™ {8 more complicated than a stmple inadequacy
of ionized-impurity scattering, whatever the for-
mulation. Redfield and Afromowitz® have recent-
ly shown that the screening approximations are
invalid in the temperature region and impurity
concentration region calculated by Rode. More
important, we feel, is the questionable association
of free-carrier concentration with impurity con-
centration and the omisaion of neutral-impurity
geattering. For silicon impurities, even assuming
a concentration -dependent activation energy, we
find that far from all the impurities are lonized
at 300 K. For a value of o given by Penin ef al.
and a concentration of phosphorus impurities of
3x10" em”?, we {ind 33% ure un-ionized at 300 K.
With Ergingoy's formula, and A =1, we {ind the
neutral scattering strength is nearly twice that of
tonized impuritles at 300 K. Extending our eal-
culations to higher concentrations of N, we can
a~hieve a vesult exactly opposite to that of Rode,
in that the maobility we caleutate for zero compen-
satlon 8 lesg than indieated by experiment. From
this AL 12 cloar that a very careful treatment, -
cluding the possibibity of revising the screening
formulax, ncluding neutral seatlering, and taking
tnto accaunt net only the temperature depeadence
of the lngurity activation energy, but the eventuad
formation nf an impurity band and the need (or de -
generale statlstics, Ix required to make rellable
calculations in this heavily dopid reglon.

To emphasize the above poinl, we have plotted
m Fig. 17 the caleulhted mobilily bitween donor
concentrations of 10 and 10 em'?, with A= 1.0,
and the carrier concentrition evaluated with an
activation crergy dependent upon N as {n Bq. (18}
Algo shown are (e partial mobtlittes, i, and gy
for lonized and newtral acattering. A8 can be geen,
at the bighert concentration of donors, neutral
rathey than loatzed scattermg s domioant. Whether
this 18 teue b reality is not clear, since al 300 K
the partial-wave theary 18 probably ot accurate
in caleulating the stresgth of avutral scaltering,
Novertheless, the mobiity calculated by this
asgunyion 1& o goad dreement with the deift
mobility a8 susmnarized by Sze and levin' near
concentratums of 10" et To complete thig
camparigon, we graph the calculated values of
realativaty g a function of dunor concentration u
Fig. 18, aluag with the eurve gdivea by levin, Algo
ghown are the values of resistivity for the samples
measured in s vestigation,  Figure 10 shows
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the Hail factor catealated as a funetion ol doner
coneentralion,  The valuss calealated fop this
conju risan are listed in Table X,
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FIG. 19. The Hall factor as a function of donor con-~
centration, as calculated at 300 K.

E Nevtral-Impurity Scattering

The most serious discrepancy between experi-
ment and present theory is evident in the meagure-
ments of peutral-impurity scattering. A part of
this prablem can be resolved in the theory given
by Sclar, ¥ which included the possibility of bound
states i the clectron-hydrogenic impurity scatter-
ng problem. This was originatly suggested by
Ansel’'m, ** by noting that hydrogen can have a
hound state fur two electrons ®  Sclar’s calculatton
of this effect gives & mobtlity which vartos as 7V?
for ET above the Dinding energy of this two-elec-
tron boynd state,  The data presented iy Figs.
11~ 16 show such a dependence upto 50K, I
values appropriate for stlicon are substituted into
the eapression given by Sclar, the result is not in
very guud Agreement with the data, although the
qualitative featsres are vbaerved. A comparison
of Ergionuy’s vxpression and that given by Selar
1n xhown tn Fig, 20, [:ata from $1:8b 1 have
heen included [or refocence,  Examination of the
fermula given by Sclar shows that more quantita-
tive agreement would be found Zor a woaker binding
energy of the second electron at the wnpurily cen-
ter. Phis contluston i in conflict with the de-
termatiom of the binding energy of such centers,
as measured by Dean el al. % and by Goershenzon
cab, " hut i agrevment with eecent work by
Thornton and Honig, *® We have also plotted the
curve far 3 chaiee of $£7, where K| is the binding
enprgy of e gecond electron 4t the timpurity cen-
ter, as pretheted by the hydtogente sealing model,
Whether {uting the value of &) to the measured
minility data to deterntne this guantity, a8 sug-
pested by Sclar, gives a reasonable estimate i8
apen b question, cansidering the difference in
Mk binding energy determined by viher methods,
It 1% also (esiiie that a careful reexamtnalion of
the model b give better evgults, but the con-
Clusten of this must awail such caleulations, It
15 encuurnging to see that the general increase
i neutral motliy up to 50 K can be accounled
for by such 4 model. Much more recent calculas
tral inpurdy seatiertng at fow lem-

vy of
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TABLE X, Calculated carrter concentration and transport properiies as a functiun %
of donor density at 300 K.
Donor Carrier* Part{al mobililies B
denslty conc, Mobtlity Reaistivity Hail tem?/V secl 3
em™) temY  (em¥Vsec)  (dem) factor Bt [ 3
12102 9.99x201  1.43x10°  4.38x10 115 3.69x10°  4.79w10% 1
3x10"  2.99x10"  1.4ax10'  1.46%107 L18 L37x10°  6.64x10® E
! Ix10% g.99x10®  1.43x10°  4,.39x10! 1,15 4.49x10°  6.53x10°
ax1o"  2.sexief 1.42x100  1.47x10! 1.15 Lednlo®  7.45 <10} ;
1x10"  9.84x10%  1.40x10°  4.49x10° 1.14 5.48x10° 7.8 <107
2x10"  1,98x10"  1.38x100  2.28x10° 1.13 2,95x10°  2.u5%107
ox10%  4.g9x10®  Laax10®  9.54v10”" 111 1.a2x10% 45810t
1x10%  0.81x10%  1.28x10°  5.05%107 1,09 7.20x10'  9.85x10d
2x10%  1.s6x10  1.z2x10’  27sx1070 108 4.12x100 2,82%10°
ax10'  2.072x10®  1.17x10°  L9rxtett 107 2.98x10¢
5x106'  4.35x10%  1.09x10'  1.32x10" 1.0 2.0~ 10}
1x107 yoo1xi0®  g.six10?  w.20x107 1,03 1.o2axiet
x0T 20«10 B.67x100 4.69<10% 100 s.14v10}
sx10  dooux10' 5212100 qo00%10® 0,98 4.59v 0’ ¢
1e10®  sazeio o dlarxier 3sex10t 0,98 3.18x10°  7.86x10%

*Carrler concet tration 15 calculated with a ground-state actlvatlon energy according
to By, (1&), with a-3,641t7 gVem, The structures of 18 (T;) and 1S ) siates, and
the exclted stater given in Eqs. {2) and (3}, are assumed ty move towards or even into
the conduetion !, keoping the game spacing vela’ive to the 1S WA b ground state, Anltera-
tve procodure ts used, with &g chogen intintty as 45.4 meV. The value of » dotar-
mined (rom this assumption {a substituted tntn Eq. (1) 10 give & new value of £, and
the procedure i8 repeated undt! ¢ changes by leas than ane part ln 10%,

“lhose values of g are determined from the relaxation times given by Samoliovieh
elal (Refs, 4-6) given in Fga. Q250 and are wased to citleulate e mobi ity snu-
iytleally 1n thas case with the usual appraximation that the g etlunie levas aod the terms
Zanued gy are Waken outeide the inegral and evaluated aty 8

“The neutral-impurity mobtlity vatues are caleulated from Feglusay tRef, %) with
A-l, Thuw, pe-3.8+10% Sy e’ Ve, Weo choge & value of yalty for 2 8o that the
dats would cofnvide vxuetly with the Erginsoy equation, | lthough at 300 K the approxi-
matian used by Erginsoy s no longer valid. Ay allernate oxpression, given b Sclar
Wlof, 9 uaing e Rora approximation, gives oy - 154107 Ng em® '\ sev at 100 K.
Nefther approxtmation js ealid, howover, slave 154701 for silicon at 300 X, The
flarn approxtmation, s our sxperimental data near tov h, lndicate that porhapa
oven barger nonteal-fmpurils seatloring conteibyutions eay oveur than are (hivated

Above,

peratureR have hoep dnnounced by Hlagorkl askaya
tal M They Lind a decreage in the mobihity al
faw temperatures, bl a temperature - indopeadeat
bty 3t Mgher temperatures. Sachadependence
18 ot vupperted by our dada, Sinee both the ¢al-
culations of Sclar and Blagosklonskaya of ol ke
resanant scatiesing mtoe actount, 115 aul apmeest
why different dependencives of letperaturs sxist
o thetr resylts

I alt samples we have seena poticeable decrouke
‘uy ottty Loy temperatures
van Figa, H- 160 A naturad
explapations - can be found $f ane considers
eiagiie v s tetween cloetrons and newteal
donurs. Suct alisiuns can resoll moenergy tring-
fer o the doter smpunity, leaving i an excited
alale of even ntzed. The mintan carner sn-
ey fof which thia can cevur s given by the plit-
ting of the 18 states,  Thuk, Tor antimony and phos-

10 the newtral
abuve S0 K, ¥

phorus, about 12 meV is required, while about

21 meV t peeded [or thig teansition n argenic.
doped samplesn,  Suwe the docrease shiserved be-
gins at aber 50 K, for phasphorus and antimony
tnpurtion the effs ot 18 accounted for with carriers
al about KT or moce. Do arsenic unpurities,
the carriers would noed e be (U BET, Since, how-
ever, the mobility s larger in arsente-doped
rampler at 50 K, 1t could be wraned that for thiy
mpurity o sualler cflect will be more noticeable
than in the phosphorus- and antimany -doped sas -
plen which lave lower mubihifies at the same lem-
perature. Anuiher way w which the mobility can
be fowered at high tetoperatures 18 seea by also
cungidering (b relative populatuma of neutral
danoes i the 1N (L) Ktate compured W higher-
energy 1N Baes L5 and F L Sinee the population
of thege higher states will be significant above 50
N, 1 exprected st tits will atso lower e mo-
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FIG. 20. Comparigon of neutral-impurity mobility
{for unit density) between St: Sb 1 {Fig. 16) and the
theory of Sclar (Rof. 9}, calaulated for two choices of
the binding energy of the socond electron at a donor Im-
purity. The solid line shows Sclar’s theory with the
binding energy of the second electron scaled (rom the
hydrogen-minus lon ding to tho offective-ir
aporoximation. The dashed iino 18 calculated for a blnd-
ing enorgy of § the value calculated from the effective-
maas formula, The tomperaturs-indopondent thoory of
Erginsoy {itef. 8) Ls alao shown {or comparison 2a &
dash—dot line, with A oqua! to unity.

bility since the spatial slze of the wave function of
such states will be lavgor than for the ground
state, and the oxpectod scattermg length will be
correspondingly greater.

The larger mobility values found for nevteal
geatlering by arsenic Impurities in comparison o
antimony and phoaphorus are not understood.
Constdering the approximation tnvolved tn treating
neutral-impurily scattering by the zero-order
mrtial-wave method, one expects the sealtering
cross gection lo vary with the square of the seat-
tering length, © taken to be the effective-ians
Bohr radiua in the theary of Evglnsoy. Correcdng
the Bohr radius by the quantum-defect method,
one expects the crogs sectton to decreaze ap the
ratto of the effective-mass binding energy o the
cbgerved hmpurily binding energy.  This tndicates
thal Ergingoy's result should be multiptied by 1, 4,
1.5, and 1.8 to caleulate the mobility for antimony,
phospherus, awd arsenic, respectively. This is
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in fair agreement with the averaged computer-
fitted values found for A in Table VI, in the case of
antimony and phosphorus, but not in good agree-
ment for arsenic-doped samplee, We cannot ox-
plain this resuit.

V. SUMMARY AND CONCLUSIONS

Carrier-concentration analysis and mobility
analysis have been shown to give excellent agree-
ment in determining the density of compensating
acceptor impurities in n-type si'*~~n, when the
strength of neutral-impurity sca'’ :ring was weak
to moderate by comparison. In contrast, neutral-
impurity scattering has been shown to be poorly
described by the present theory, except for the
general order-of-magnitude strength in the case of
neutral antimony and phosphorus impurities. The
density-of-states effective mass, when fit as a
parameier in the carrier-cor ~entralion analysis
of relatively pure samples, has been found to agree
well with the values calculated {rom the established
band structure.

A quantitative compurison of several lattice
scattoring models, currently proposed in the
literature, has been made, In particular, we have
{ound that the intervhiley scatlering contributions
can be {itted to 2 model almast identical to that
propoged by Long. ‘This required the inclusion
of woakly coupled modes which are forbidden by
the golection rules, Other models, baged chiefly
on data from photoconductivily and radiative ve-
corbination data bave beew examined.  Allernative
tnterpretations suggested for some of these data
may lead towards a greater cuncensus on the ques-
tion of intervalluy sealtering trangilions.
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