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During the period of this contract fifteen papers have been p

lished. The manuscripts concern lateral transport in superlattices, transport

at extremely high electric fields and impact ionization and quantum well

heterojunction lasers.

1. Lateral Transport in Superlattices

A new mechanism was introduced to obtain negative differential resistance

in layered heterostructures for conduction parallel to the interface. The

mechanism is based on hot-electron thermionic emission from high mobility

GaAs into low mobility Al Gax As and represents the real space analogy to
x lx

the Gunn effect (paper 1). The validity of this idea was substantiated by

phenomenological treatments (paper 2), Monte Carlo Simulations (paper 3) and

experiments (paper 4). This effect is vital for any high field transport

application in layered structures for scaling laws of the high mobility

transistor, (T. Mimura, S. Hiyamizu, T. Fujii and K. Nambu, JJAP 19, 225-

227,1980) emission of electrons into substrates, etc. Our work on this

effect continues especially with respect to the possibility of fast switching

and storage between layers. The interest in this effect led to the de-

velopment of a fairly complete theory of transport in heterolayers which was also

treated and partly expanded by B. K. Ridley and P. Price.

2. Transport at Extremely High Electric Fields and Impact Ionization

We have developed a Monte Carlo simulation of impact ionization including

the bandstructure as calculated by the empirical pseudopotential method

(papers 5 and 7). We chose to include bandstructure effects

into transport phenomena i.e. we calculated transport at high energies while

all other groups in this area rather calculate transport at high fields.



We were able to show the vital importance of the bandstructure to impact

ionization phenomena and to fit our results to most existing experimental

data (except for the anistropy measured by Pearsall as pointed out in paper

6). We consider this penetration to high energies and deep into the bands as

vital for the development of high field transport and continue this project

to include various materials and also high scattering rates.

We also investigated impact ionization in layered structures and

designed a low noise avalanche photo diode. This structure was successfully

fabricated at Bell Labs (Capasso et al. IEDM to be published) and confirms

our theoretical predictions (paper 8).

3. Drift at Extremely High Electric Field

I .A A system for measuring the high field drift with the microwave time of

flight technique has been set up. It is currently successfully used in a follow

up project (supported by ONR)

4. Quantum Well Heterojunction Lasers

Our work on quantum well heterojunction lasers centered on theoretical

aspects of the participation of hot electrons and phonons in the laser

operation. The work was performed in cooperation with the group of Professor

N. Holonyak, Jr. and resulted in publications on phonon contributions to laser

operation (9, 10) the effect of compositional disorder

on the energy of the emitted light (11), exciton recombination (12), the tem-

perature dependence of the threshold current (13), the effect of phonon

reflectors (14) and finally in a suamary of the hot-electron and laser research

(Physics Today paper (15)).
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The goal of this research is to understani ,ie basic mechanisms C, -
electronic transport, drift, diffusi-n 'qn,1 gereration- rp(, -iC, L o,,n -n
materials which are important or have hizn co'tntial for device iroli-itiens.

Progress: We have developed a computer or vram for high field tr°rvciort which
includes a realistic band structure e.i ialcuLated by ' ir iri--al
pseudopotential model. This numerical t~chn [u allowa us to liate i'nt'ait

ionization almost from first principles i-'.l-i,1ing the orientation iPc;ncieflce,
energy loss by polar optical and defor-,.ation potential sc-t .erinc ind 31so
spatial dependences as encountered f emiconduc tor he cr' .tions
(publications 1-3). Our investigations ef trannport in hetercjlincl-on e.kvrs
led us to the concept of real space trisfer ',,ot ele7+r:m rt er c
emission out of potential wells. This ic'ic,?P hqs, in cAr epinY'., 1 hii
potential for novel device applications (ruubkicakions t.5). Fir' cf cur
research was connected with scatterin preo'3ses :it J. fc "
transport in quantized inversion layers. L1er- we n-sessed th. -'; . '-. of
remote phonon scattering (publication 6,. T'h iafluence of ,h7, -':i:i. or
electrons to suprathermnal levels on th? --'reshol! urrent of 'e,,retin
lasers was investigated and it was foun:1 Kat the 'n-merqture ie-irenca is
reduced by these effects (publications 7,.). Fin'-lly, we in'e..e- tin
cooperation with Prof. N. Holonyak, Jr.) he .r frlvence of h L Y horon
densities on quantum well heterojunction iw.-. Tt ".: s o,',ni K;'J h'v- .nncn
occupation numbers can be enhanced a fT'. or .rq o'- I. - C -I m
therm od mamic average value in specific 't-, ,es (o' 2 . ki, ri. )r:I
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REAL-SPACE ELECTRON TRANSFER BY
THERMIONIC EMISSION IN

GaAs-AI.Gat-,As HETEROSTRUCTURES:
ANALYTICAL MODEL FOR LARGE LAYER WIDTHSt

H, SHICHIJO, K. HESS and B. G. STREEMAN

Department of Electrical Engineering and Coordinated Science Laboratory. University of Illinois at Urbana.
Champaign. Urbana, IL 61801, U.S.A.

(Received 29 October 1979: in revised form 7 January 1980)

Abstract-Calculations are presented for negative differential resistance (NDRI and switching in layered GaAs.
Al.Gal-,As heterostructures with a high electric field parallel to the interface. The mechanism is based on
thermionic emission of hot electrons from the GaAs layers into the Al,Ga_,As layers. An analytical model is
obtained in the limit of relatively large layer widths (400 A or wider). The method of moments is employed to solve
the Boltzmann equation, assuming a position-dependent electron temperature and Quasi-Fermi level in the
AI,Gal_,As layers, and a position-independent electron temperature and Quasi-Fermi level in the narrower GaAs
layer. Thermal conduction of hot electrons from the GaAs layer into the AI.Ga,_,As layers is taken into account.
The results of the calculations show that the threshold electric field for the onset of NDR and the peak-to-valley
ratio can be controlled to a large extent by adjusting the mobility of the AI,Ga,-,As layer, the layer dimensions,
and the potential barrier (Al mole fraction in the AI,Ga,_,As).

NOTATION also important for their possible applications to
Eo effective field strength E =mewo ( 1 4rk microwave, switching, and memory devices. Recently a

ae. fo) new mechanism has been proposed to obtain negative
E ot Quasi-Fermi level in the GaAs layer differential resistance (NDR) in semiconductor

EFt position-dependent Quasi-Fermi level in the heterostructurestl]. The basic structure of this device
AI,Ga,-,Asi layer

energy of the electron consists of alternating GaAs-A,Ga,-As multilayers, or
F applied electric field other appropriate lattice-matched materials with dissimilar

hwo optical phonon energy in the GaAs band-gap energies and carrier mobilities. It has been
I.-, thermionic current from the GaAs layer to the mentioned[l] that this mechanism may benefit from

AI,Ga,,As layer
J2, thermionic current from the AI,Ga,.,As layer to the modulation doping12, 31 of the layers. In such a structure

GaAs layer electrons reside primarily in the GaAs potential wells at
Ko Bessel function of order 0 equilibrium. NDR is obtained by applying a high electric
K, Bessel function of order I field parallel to the layer interface, sufficient to cause

k,, k, components of the electron wave vector
L, width of the GaAs layer thermionic emission of hot electrons from the high-
L, width of the AI,Ga,_,As layer mobility GaAs layers into the neighboring low-mobility

m? electron effective mass in GaAs AI,Ga,As layers. We have previously calculated cur-
m! electron effective mass in AI,Ga,_,As rent-voltage characteristics for such structuresill, which
N total number of electrons in the system exhibit NDR at an electric field of 3.4 kVlcm. In those
N, number of electrons in the GaAs layer
N, numbet of electrons in the AI,Gal.,As layer preliminary calculations, however, the GaAs and the
To lattice temperature Al.Ga-,_As layers were treated independently in the
T, electron temperature in the GaAs sense that the exchange of energy and momentum by the

TL(x) position-dependent electron temperature in the electrons in the GaAs and the AI.Ga,_,As layers was
AI,Ga,-,As

AE potential barrier height not taken into account. Therefore, the current-voltage
A, electron mobility in GaAs characteristics showed the "polar runaway" at an elec-
pi electron mobility in AI,Ga,.,As tric field of 3.4 kV/cm typical of polar optical phonon

scattering. In a more realistic treatment, however, one

t. "'rooUc'No must account for exchange of electrons between the
Negative differential effects. typified by the tunnel diode layers, and consequently exchange of energy by the
and the Gunn diode, are of fundamental interest and are transfer of hot electrons into the AIGa,-,As layer and

the reverse transfer of cooler electrons into the GaAs. In
'Sup ythe Joint Services Electronics Program U this paper we extend our previous calculations to include

"Supported by S. Join SrFice) Eneronc t rmU. this effect in the limit of large layer dimensions. We usedArmy. U S. "4avv. U.S. Air Forcer under Contract Number
N010014.74%.-0424. and the Office of Naval Research under the method of moments to solve the Boltzmnann equationContract Number N00014-76-C-q768. at the GaAs-AI.Ga,-,As interface, assuming a position-
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818 H. SHicHuo et al.

dependent electron temperature and Fermi level in the this energy and momentum exchange between the GaAs GaAs contacts. In the
AI,Ga,As laser. Stec'ai attentiorn i ,iven to the and the AI,Ga._,As avers. one must solve the Boltzmann independent electror.
degree of control of the device characteristics by the equation: E,,. With this assum:
adjustment of the following parameters: the mobility of position dependence,
the AIGa ,As layer: the laver dimensions: the Al mole F -rf'- v " IT Fermi level in the Al
fraction land therefor- the potential harrier height). h 3 ducuion of hot electr

dL disrbu TICAL CO SIDERATIONS with appropriate boundary conditions. Due to the com- layers isFigure I shows schematically the band structure, plexity of the boundary conditions in the case of real Td)a the sloperofacT

doping distribution, and electron mobility of modulation space transfer, an explicit expression for the distribution dary the slope of T
eAIGa,,As layers function cannot be obtained. Therefore we assume a slope of TL(x)) is ext

lno o cm-' Maxwellian form for the isotropic part of the distribution We then proceed to
whereas the GaAs layers contain only unintentional function, with a position-dependent electron tem-
background impurities (1014. _ols cm-')[21. At thermal perature. This assumption is justified by the fact that the foim

equilibrium the electrons reside at the minimum of the electron density is high in the GaAs layer at the start of f =-fo , X
potential wells. i.e. in the GaAs layers. When separated the electron transfer, since the GaAs layer collects elec-
from their parent donors by more than 200,A these trons from the neighboring layers. Typically the GaAs where .fd, x) is a Ma"
electrons experience strongly reduced impurity layer will have an electron density of 10a 10' Gcm- .

scattering[2. 41. Therefore. for a typical layer thickness Electron-electron collisions will, therefore randomize
of 400 A the electron mobility in the GaAs layer will be the energy gained in the electric field direction and fo(e. X)
very high (z! 5000 cm2/V.sec at 300 K). Dingle et al. have establish a Maxwellian distribution. Above the band edge
experimentally observed a mobility of 5000cm'!V.sec at of the AlGa, ,As the electrons in the GaAs will follow The coordinate syste,
300 K. and even higher mobilities 15000 cm(V.sec) at a "cooler" distnbution function because of the reverse field is in the y-direc
lower temperatures [2]. The AIGa_,As layers can be transfer of cooler electrons from the AIGa,-,As. For represents the drift t
made strongly compensated. and thereby the mobility in the sake of simplicity, however, we will assume the electric field as is usu.
these layers can be very low (- 500 cm/V.sec or less). GaAs layer is sufficiently narrow that a single electron The third term is to ta

Application of a high electric field parallel to the layer temperature can be used in the GaAs. formity. It represent
interfaces of this structure will result in heating of the high (n the calculations we have deliberately chosen typical tribution perpendicula
mobility electrons in the GaAs layer only. When the mean layer widths larger than 400 A. This will avoid the com- essential to account f
kinetic energy of these electrons becomes comparable to plications arising from size quantization effects and other field directions. After
the potential barrier height. AE. they can be thermionically two-dimensional effects. One of the consequences of mann eqn (1). we the
emitted into the AI,Ga .- ,,As. During the transfer from the such effects is the increase of the NDR threshold electric tions for the spheri:
high mobility GaAs layer to the low mobility AI,Ga_. As field by a factor of two at room temperature[l]. This terms. The method C
layer, the sample should exhibit negative differential occurs because polar optical phonon scattering is obtain the equations
resistance. enhanced in two-dimensional systems. The choice of equations obtained is

The problem is complicated by the fact that some of the large layer width also allows the use of the semiclassical
cooler electrons in the AI,Gal_,As can undergo reverse Boltzmann equation. With large layer widths, the poten- 2h . exZ.
transfer into the GaAs layer. In order to take account of tial fluctuations due to the statistical distribution of the eE0

impurities can also be neglected. Supposedly, however,

the transfer speed is slower for large layers, which is not = e 4.-L g--i--kT,.-
considered here.IE [Figure 2 shows the model used in the calculations. We
assume a position-dependent electron temperature.

'0 Tt(x), and Fermi level. EF2(x). in the AI.Ga,-,As layer. dz
Because of the small dimensions, the use of the Quasi- ap [(kTL.
Fermi level is justified only at very high electron den-
sities. Similar methods have recently been employed by kTL

Z-,.c- others(51 to analyze the thermionic emission in metal- where ZL =Vo, -Z,,

of EP2(x) and TL.rI h:
eqn (4) is the rate of

--1 L--- scattering[6], and the~ol. power input from the
term on the right repr

GaAs due to the trar
20 'e TL 4) assumption of energyv,

can then obtain a simil,
T. and F (electric field

CL

Fig. I. Schematic diagrams of doping density, electron mobility, Fig. 2. Simplified electron-temperature model with coordinate oexp .
and conduction band energy of modulation-doped layers. system used for the calculations.

7- 
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Electron tranfer by thermionic emt~iun in heterontructures 819

!.'.: GaAs GaAs contacts. In the GaAs layer we assume a position- = F2 + k2T (o)dTL(O)
Boltzmann independent electron temperature, T., and Fermi level, 2eL L '(

EF,. With this assumption we only need to solve for the
position dependence of the electron temperature and the where Z = T, and ,, is the mobility in the (..As when
Fermi level in the AI,Ga,_,As layers. The thermal con-
duction of hot electrons from te GaAs layer into the only polar optical scattering is operative. This mobility is
A,Ga,_,As layers is then accounted for by the slope of given by:

-.c',m- TL(xj at the interface boundary. Although at the boun-
case of real dary the slope of T, in the GaAs layer is zero, we =3V' (2Ahw, 0\ "1 1 -(

- distribution assume that the same amount of energy (as given by t?.- -2E= , ,ro) N,, Z,' (- ,-,
e assume a slope of TL(X)) is extracted from the GaAs. x {[exp (4- - Z.) + I] K(Z12)
distribution We then proceed to assume a distribution function of a + [exp (Z0- Z.) - I] KoZ)2)-'. (7)

* =tron tern- form;
- .act that the The second term on the right side of eqn. (6) represents

!he start of f = fe, x)+ g(e. x)k, + h(er)k,, (2) the power flowing out of the GaAs into the AI.Ga1-,As
,:oiiects elec- layers. TL(O) and dTL(O)Idx are evaluated at the boun-

the GaAs where f[(e, x) is a Maxwellian distribution- dary x = 0. We have used the fact that this power flow is
t01' cm-3. due only to those electrons in the GaAs with energy

7! randomize (E3(x) e higher than the Al.Ga,_.As band edge. Equation (4)
-ection and fede, x) = exp I kT" ' 'x " (3) combined with eqn (5) is now solved numerically with the
.e band edge boundary condition TL(0) = T1.

will follow The coordinate system is shown in Fig. 2. The electric To determine the Quasi-Fermi levels, EFI and EF2(X).
the reverse field is in the y-direction. The second term of eqn (2) we need two additional conditions. One is obtained from
-,_As. For represents the drift term of the distribution along the the condition j. = 0. We simplify this condition to the r-t-

assume the electric field as is usual for a spatially uniform system [6]. balance of the thermionic currents in both directions at- zie eiectron The third term is to take into account the spatial nonuni- the interface. Under collision-free transport conditions
formity. It represents the displacement of the dis- the thermionic current j,-,, from the GaAs to the

;.-.)sen typical tribution perpendicular to the electric field. This term is A1,Ga,_As. is given after Bethel8] by;
oid the con- essential to account for the energy flos, normal to the
:s and other field directions. After substituting eqn (2) into the Boltz- em (T ,-.1Ep

- .=quences of mann eqn (1). we then separate the variables into equa- J2-, = kT) j. (8)
--:,old electric tions for the spherical symmetric part and the drift
- : fle . This terms. The method of momentsf71 is then utilized to Thecurrentj 2 , flowingfromtheAl, Gal-, AstotheGaAs

.atering is obtain the equations for Tox) and EF2(x). The set of layer is:
-.e choice of equations obtained is given below- em! E, 2 -AEsemiclassical y:- (KTD: [el, (9)

i::.; the poten- [2h, e xp (ZOZ- I Z"2 exp (Zd2)K(Zd2)-- :,ution of the -M *~ exp (ZO) -I ZepZ2)4 1)-_f. however. where TL is evaluated at x = 0. Under steady-state con-

- so: 1 + kTL 2 ( E/Ld 2  ditions we have J,-2 = h - ,. The other additional con-
.e dition arises from conservation of the total number of

:ulations. We (4) electrons, N = N , + N2. N , and N are calculated using

temperature. [(kTL)" exp (EFJkTL)] the electron temperature and Fermi level in each layer.
. 1 ,As layer. d2
,f !he Quasi- jx7 [(kTL) exp (EF, 2IkTL)] = 0 (5)
t.ectron den- 3. IuSI JESUL'S
employed by kTL kT From eqn (6) we obtain the variation of electron:ot in metal- where ZL = - L o- and the position dependences-on temperature, T., with the electric field in the GaAs layer...

of Er 2(x) and Td(x) have been omitted. The left side of The result is shown in Fig. 3 with the mobility in the
eqn (4) is the rate of energy loss due to polar optical Al.Ga,_,As as a parameter. The dashed curve is for bulk
scattering(61, and the first term on the right side is the GaAs. with only polar optical scattering operative. This
power input from the applied electric field. The second corresponds to treating the GaAs and the AI.Ga 1,_As
term on the right represents the energy flow from the layers independently (in other words. At2 = 0). As is well

/ GaAs due to the transfer of hot electrons. With the known(91, at an electric field of about 3.4kV/cm the
assumption of energy conservation at the boundary, we electron temperature goes to infinity and "polar
can then obtain a similar power balance equation relating runaway" occurs. When the transport of hot electrons is

/ T, and F (electric field) in the GaAs layer; taken into account, however, the electron temperature
does not increase as rapidly. The rate of increase is

(/2h -'  exp (Zo -Z4- Z) I slower for higher mobility in the AI.Gat,_As, because of
-:,h coordinate I'rmTie exp (Zo) - I Z the larger power out-flow. This situation is quite analo-

L.



S20 H. SHICHIJO et al.

5 _layer with increased field is more clearly illustrated in Fig. 5.
The transfer is larger for smaller mobility values, a

20 I consequence of the greater carrier heating for smaller 7;
- 1 mobility as seen in Fig. 3. Here again the analogy with
I the Gunn effect should be noted[121._ :,_'2.0 c.,z .~se-The current-voltage characteristics are straightforward ,.

to calculate from this model. The results of the cal-
9 t culations are shown in Fig. 6. The magnitude of the NDR -,changes dramatically with the mobility in the -

AI,Ga,,As layer. For purposes of comparison we in-
cdude in Fig. 6 (insert) the velocity-field characteristics
calculated by Fawcett et al. in 1970 for the Gunn
effect[31. The parameter for their curves was the inter-

- ,E L2 e . valley deformation potential.
S250 meV The two sets of curves in Fig. 6 show surprisingly Fig. 7. Current-volta

Fsimilar features. Actually, our discussion of real space ner heights. Note th;
Erecirc UVcs F (kv/cm) transfer almost parallels that of the Gunn effect, but with duction band edetwo crucial differences. First, in our mechanism elec-

Fig. 3. Variation of electron temperature in the GaAs layer with
applied field for various mobilities in the AI,Ga,,As iaver. trons leave the high mobility GaAs layer by thermionic mobility AlGa_,_

emission and are transferred in real space to the low- other hand, electr(
gous to the Gun effect[91, where intervalley scattering mobility to an
supplies an additional energy loss mechanism[Ill, space. A second.

Figure 4 shows the position dependence of both the ,CO.L greatr degree tia
electron temperature. TL(X), and the Fermi level. EF.(X) c thE or5d MeV

- for several different values of electric field. The dashed effect. As already
line indicates the GaAs potential well. The interface is the Gunn effect ha%
set at x = 0. It can be seen that both TL(.) and EF2(x) - mation potential. ,
approach their thermal equilibrium values within a dis- be changed. On th
tance on the order of 0.1 u. The small spikes in the for the real-space
Quasi-Fermi levels which occur at the boundary arise 2. 500 c 2

/v.sec AI,Ga,_.As layer.
from the imposed condition of thermionic current the doping of the
balance and also from the small difference in effective 02 changed by varyin
masses. These spikes are of no physical significance. The V layer dimensions ,
rapid decrease of the Fermi level in the GaAs with higher 0 ' example, the poten
fields indicates the depletion of electrons in this layer, Eiec.,c F,el, F ,v/cm) changing the Al m
and hence the transfer of electrons into the AI,Ga,_As. Fig. 5. Fraction of electrons in the GaAs layer as a function of effect of varying t
The variation of the fraction of electrons in the GaAs electric field for various mobilities in the Al,Ga,..As layer. characteristics is sl

of parameters the
can be varied be* . c 0.1. LZ'-,e "I,,/,, -valley ratio betw

"2 '" - the effects of the
" :7,77, the NDR is more

" F.3 '' Finally, we wo

2 "C9 of our model. As
band-bending ca

- ..:2.. 0 can be quite large
20 ev '00 c,

2/v sec The ionized do
-05 01 0.1 AIGa,_,As int

.c trons toward the
250 ieve that the ba

aid the transfer
-3 -i"o AI.Ga,,_,As lay

electrons are
since more ioni

__._',0.4 bending effect
-. 1o AI,Ga,_,As lay

- 0C, ,c ed. ( 1'Ce., account the eff

Fig. 6. Current-voltage characteristics for a real-space transfer which are knows
Fi. 4. Electron temperature and Fermi level as functions of device with various values of electron mobility in the above the r mi
position. The GaAs potential well is shown in the dashed line. AI,Ga ,.,As layer. The inset shows the velocity.field charac. chosen values of
The interface between the GaAs and the AI,Ga,_,As is set at teristics of the Gunn effect in GaAs for various intervalley

= 0. deformation potentials 1131. the band edge of

0-

- 4 . . . . . . . . . . . . . .. ..II I Il ' " 1. ..--..- ..... .......... .... 5 ..... . . .--! ...... . -:t



Electron transfer by thermionic emission in heterostruclures 821

re clearly illustrated in Fig.5, : 7). As the AlGai-.As band edge approaches the GaAs
'maller mobility values, a L1 =0.1 L, Lz= 1.0k L minima, some electrons may be transferred to these L
,artier heating for smaller U2-'00 CM2/ VseC minima by intervalley scattering before they undergo
ere again the analogy with 3 transfer in real space to the AI,Ga,. As layer. However,
ted(121. 250 neV Monte Carlo calculafions[14 show that the effects of the

.teristics are straightforward .. L minima are negligible and that real space transfer
dl. The results of the cal- 3200 0dominates over intervalley scattering even for a barrier
The magnitude of the NDR n.10 0 height of 41E =200 meV. For values of A1E - 250 meV

, the mobility in the -and more, however, the effect of the L minima can be
•oses of comparison we in- considerable. In fact, by intentionally aligning the
velocity-field characteristics AI.Ga,-,As band edge to the energy value of the L
al. in 1970 for the Gunn minima in GaAs, the Gunn effect can be enhanced by
r their curves was thie inter- 5 10 real space transfer, and larger peak-to--valley ratios

Electric Field, F (kV/cm) should result. Third and finally, we have neglected the
n Fig. 6 show surprisingly Fig. 7. Current-voltage characteristics for various potential bar- quantum mechanical reflection of electrons at the GaAs-
Or discussion of real space ner heights. Note that the GaAs L minima are above the con- Al.Ga-.,As interface. Wu and Yang[15 have obtained
of the Gunn effect, but with duction band edge of the AIGa1_,As in the cases shown, the formula for the three-dimensional transmission
t. in our mechanism elec- coefficient at a heterostructure interface using quantum

y GaAs layer by thermionic mobility Al.Ga_,-As layer. In the Gunn effect, on the mechanical considerations. When an electron with an
d in real space to the low- other hand, electrons transfer from one valley of high energy of 230 meV is moving perpendicular to an inter-

mobility to another of low mobility or k face with a barrier height of 200 meV, we obtain a
space. A second, and most important distinction is the transmission coefficient value of 75% using their formula.
fact that our device characteristics can be controlled to a Therefore, some electrons are reflected into the GaAs

C Lz greater degree than with a device utilizing the Gunn layer when trying to cross the interface. Similarly, some~E = 2'0 " ev-
effect. As already seen in Fig. 6 (insert), the curves for of those electrons which have already transferred into
the Gunn effect have as a parameter the intervalley defor- the Al.Ga,As are also reflected at the interface.
mation potential, which is a material property and cannot The effects of thermionic emission can also be used to
be changed. On the other hand, the parameter in Fig. 6 construct a high-speed switch. If the GaAs and the
for the real-space transfer process is the mobility of the AlGa.,,As layers are contacted separately, voltages

- c AlGa,_,As layer, which can be controlled by adjusting can be applied independently to the two materials or
the doping of the layer. The characteristics can also be between them. There will be , negligible current in the
changed by varying other device parameters, such as the AIGa,-_As until an appreciable fraction of electrons are
layer dimensions and the potenial barrier height. For emitted from the GaAs. Figure 8 illustrates this switching

'0 example, the potential barrier height can be controlled by effect. The electric field to the AIGa,_,As is kept con-
-0,. :xv/c) changing the Al mole fraction of the AlGat_,As. The stant at 12kV/cm. The GaAs and the AlGa,_.As cur-

•he GaAs layer as a function of effect of varying this parameter on the current-voltage rents can be switched on and off by the electric field
lilies in the AI,Ga,_,As layer. characteristics is shown in Fig. 7. For this particular set applied to the GaAs layer. The dotted curve is obtained

of parameters the tlreshold field for the onset of NDR in the case of no thermal conduction. Since the transfer
can be varied between 2 and 3 kV/cm and the peak-to- times in this mechanism are short (-10-" seclf , a
valley ratio between 1.3 and 2.0. We have also examined high-speed switch can be envisioned. Extensions of the

.02 the effects of the operating temperature and as expected, real space transfer mechanism might include variation of
the NDR is more pronounced at lower temperatures. the effective barrier height by application of voltage

Finally, we would like to summarize the simplificationcan b9 te quRite large frnhea doe temper aers. thLefctv brre hihtb ap laifltag

of our model. As shown in Fig. 2, we have ignored the
band-bending caused by the ionized donors. This effect" : : 'can be quite large for heavily doped Al.Ga,_,As layers. 1-1-0,.4, L2-1.Ou

2 The ionized donors create an electric field at the GaAs- &,-25,,w
AlGa,_As interface which tends to pull the hot elec- 3 1". 5.cm/V.sec

trons toward the Al,Ga,_,As layer. Therefore, we bel-ieve that the band-bending due to ionized donors should 2 ,
aid the transfer oi electrons into the low-mobility -
AI.Ga,_,As layers. Of course, as greater numbers of
electrons are transferred, the effect becomes smaller GaAs
since more ionized donors are neutralized. This band-
bending effect is also reduced for compensated
AlGa,_,As layers. Secondly, we have not taken into 0 10
account the effects of the conduction band L minima, Deon. ;,eld. F ,'/cml

teristics for a real-space transfer which are known to be located approximately 330 meV Fit 8. Switching characteristics of a real-space transfer device.
The GaAs and the AI,Ga,-,As layers are contacted separatel,.of electron mobility in the above the I minimum of GaAs. We have deliberately The electric field to the AI,Ga,_,As lavers is kept constant at

,hows the velocitv-field charac chosen values of AE such that these L minima are above 12 kVlcm. Each ave!- can be switched on and otl by the applied
n GaAs for various intervalley

* potentials(l,3. the band edge of the AI,Ga,_,As (see for example, Fig. feld to the GaAs layer.

S. - . .-
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between the layers. detection of optical excitations from mole fraction (potential barrier height, Fig. 7). This
the GaAs well by monitoring the AI.,Ga,.,As conduc- degree of control of device characteristics makes the
tivity, and other applications, real-space transfer mechanism especially attractive for

various applications.
4. CONCLUSIONS
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Monte Carlo simulation of real-space electron transfer In GaAs.AIGaAs
heterostructures
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The Monte Carlo method has been used to simulate electron transport in GaAs/AIGaAs
heterostructures with an electric field applied parallel to the heterojunction interface. The
simulations indicate that a unique physical mechanism for negative differential conductivity is
provided by such layered heterostructures, which is analogous in many respects to the Gunn
effect. This mechanism has been termed "real-space electron transfer" since it involves the
transfer of electrons from a high-mobility GaAs region to an adjacent low-mobility AIGaAs
region as the applied electric field intensity is increased. The simulations further indicate that the
important details of the resulting velocity-field characteristics for these layered heterostructures
can be controlled primarily through material doping densities, layer thicknesses, and the material
properties of the individual layers. Thus, the phenomenon of real-space electron transfer
potentially provides the ability to "engineer" those basic material properties which influence the
performance of negative resistance devices.

PACS numbers: 72.20.Jv, 72.80.Ey,

I. INTRODUCTION energy distribution of the electrons in both layers was ass-

In a recent paper' a new mechanism for obtaining nega- sumed to be Maxwellian, with the GaAs at an elevated tem-
tive differenta r onductivit ine leh m robtn ngas perature T, and with the temperature in the Al, Ga, - Astive differential conductivity in layered heterostructures was assumed to be equal to the lattice temperature TL. This mod-
dscribed. This mchanism is based on the transfer of hot el has four essential deficiencies:(i) It is well known that at
electrons from high-mobility GaAs layers sandwiched be- high electric fields the energy distribution functions in polar
tween adjacent low-mobility AlGa, - As layers. The re- semiconductors are highly non-Maxwellian. (ii) There is an
sulting negative differential conductivity is analogous to the energy exchange between the layers because energetic carri-
Gunn effect, except that the elctrons are transferred in real er are flowing out of the GaAs and cold carriers are return-
space rather than in momentum space. ing. (iii) The model does not account for electron tempera-

To properly describe real-space electron transfer, it is ture gradients or electron-electron interactions. (iv) The
necessary to account for the scattering mechanisms encoun- complicated band structure of the multilayer heterojunc-
tered by electrons being transported at high kinetic energies tions (eg.. the role of theL minima in the two materials) was
in the potential well in the GaAs, which exists due to the not considered.
conduction band discontinuity between GaAs and AIGaAs. It is possible to include (ii) and (iii) in a simple theory
A mechanical analogy to real-space transfer is provided by using the method of moments." This type of calculation is
the example of a ball rolling down a chute. The ball will stay described elsewhere.4 The only calculation capable of simul-
in the chute if its kinetic energy remains small. However, if taneously including (i), (ii), and (iv), however, is a Monte
the ball gains adequate kinetic energy, then an obstacle can Carlo calculation. The purpose of this paper is to describe
scatter the ball out of the chute. A similar effect occurs in a the results of a Monte Carlo study of real-space transfer in
layered heterostructure where electrons drift in the potential GaAs/AIGaAs layered heterostructures. The Monte Carlo
well under the influence of a high electric field. If the mobil- calculations predict a negative differential conductivity for
ities inside and outside the well can be controlled, then the properly chosen heterostructures. The advantage of this neg-
transfer of electrons from the well can be used to control the alive resistance mechanism over the normal Gunn effect is
current-voltage characterisitcs of the heterostructure de- that all the essential materials parameters can be "engi-
vice. If the mobility outside the well is much lower than that neered". For example, the peak-to-valley ratio can be con-
inside, the effect results in a negative differential trolled by the layer width and mobility ratio (including mod-
conductivity. ulation doping5 ), the onset of the negative differential

In the previous paper,' the real-space transfer effect was resistance can be controlled by the Al mole fraction (barrier
examined on the basis of "thernionic emission currents"; height), and finally the speed of the device can be controlled
that is, the densities of electrons inside and outside the well by the layer thicknesses. We also show that the real-space
were calculated by balancing the Richardson currents.' In transfer effect should occur well before the Gunn effect (k-
these calculations the layers were treated independently, and space transfer) for junction barrier heights of approximately
energy exchange between the layers was not considered. The 200 meV in GaAs/Al, Ga, - As heterostructures.

5445 J. Appl. Phys. 51(10), Octobe 1980 0021-8979/80/105445-0501.10 (V 1980 Amersw Institute of Physics 5445



framework."° The scattering mechanisms considered in
- - these calculations include acoustic-phonon scattering, opti-

cal-phonon scattering, piezoelectric scattering, equivalent
-~. ." ". " - - - and nonequivalent intervalley scattering, ionized impurity
. ,. scattering, and random potential alloy scattering in the

Al, Gal -,As. In the calculations reported here only the
- r (000) and L(I) conduction bands are considered for

GaAs, and only the F (000) conduction band is considered in
Al. Ga, - As. This represents adequate band structure de-

FIG. 1. Material configuration used to simulate real-space transfer. tails to illustrate the essential features of real-space transfer
in GaAs/AIGaAs heterostructures.

II. THE TRANSPORT MODEL The basic heterostructure cell as shown in Fig. I is cy-

The model used in the calculations is classical in the clically repeated in the Monte Carlo simulation. This is ac-

sense that the transport equations are based on the quasiclas- complished in the following manner. An electron which has

sical approximation normally employed in the Monte Carlo the correct energetics to transfer from GaAs to AIGaAs

method.7 The essential features LS the simulation procedures across the boundary at x = 0 in Fig. 1 is made to enter the

have been presented previously."' 0 Thews procedures were AlGaAs at x = d, + d, with the same energetics. Likewise,

modified for the present work in order to allow the Monte an electron that transfers from the AIGaAs to GaAs at

Carlo method to be applied to the material/device configu- x = d, + d2 is made to enter the GaAs at x = 0 with the

ration shown schematically in Fig. I. The model assumes an same energetics. Theaverage drift velocities in the individual

abrupt potential barrier of height AE in the GaAs, and band materials and the average velocity in the heterostructure are
bending effects are neglected. The electric field created by calculated using standard velocity estimators.-0 Since the
the ionized donors in the space-charge region of the hetero- drift velocity in the AlGaAs is often very low (-- 0s-106

the onied dnor inthe pac-chrge egin o thehetro- cm/sec), the total number of interactions used in the simula-
junction is also neglected. This field tends to attract energet-

ic electrons from the GaAs into the Al, Ga, - ,As. Hence it tion must often be very large (=250 000) in order to obtain

would enhance the transfer out of the well and impede trans- accurate velocity estimates.

fer back into the well. This would enhance the negative resis- The transmission of the electrons across the boundary

tance effect reported here. The importance of the exact na- has been modeled in two ways. First, a classical transmission

ture of the potential barrier will be difficult to ascertain. An model based on conservation of energy and momentum was

exact treatment should of course include a self-consistent used. This requires a particle with inadequate energy to be

calculation of the potential barrier. In practice, however, the ideally reflected with no energy loss, with reversal of its mo-

ideal potential barrier can be closely approximated by suit- mentum perpendicular to the barrier and no change in mo-

able doping profiles and compensation in the AlGaAs. mentum parallel to the barrier. Second, the quantum-me-

The well layer thickness d, is assumed to be large chanical transmission coefficient described by Wu and

enough for size quantization effects" to be neglected. For Yang" was used in the simulation. Within the statistical
layer thicknesses greater than 400 . size quantization effects error of the simulation no substantial differences in the re-

are not important at room temperature." ' " Therefore, sults have been observed between these two transmission

these effects are even less important for the hot-electron models.

problem investigated in this work.
Bulk material parameters are used in the simulation of

the transport in the two regions or the heterostructure. The
parameters for the GaAs have been reported previously.'
Their use has resulted in values for both low-field mobility :..a
and hot-electron velocity-field characteristics which are in AE-026V Gem

good agreement with experiment. The material parameters ,

for the Al, Gal - As are determined from either measured
experimental values or by the use of an interpolation proce-

dure.'1 0 These parameters depend on the alloy composition
x. The value of x is obtained from the desired barrier height
AE, the known energy-band structure of AlGaAs, and the
accepted conduction-band alignment scheme of the
GaAs/AIGaAs system." 

AIG4A1

The electrons drift in a uniform electric field applied in A
the y direction parallel to the heterojunction interface. The FIEDLO IA/em

one-electron simulation begins by releasing an electron from
the center of the GaAs well with thermal (T - 300 K) ener- p@. to Gas ad AJOSaS Hemrd, - 400 A. d,- 4000 A, AE -0.2 eV.

gy and in a randomly selected direction. The electron then and a -, SOcUt/V wm e and 500 cmi/V i GIaAs and AlOaAs,

undergoes scattering interactions in the normal Monte Carlo rnpectively.
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FIG. 3. Rqlative occupancy of electrons in GaAs and AIGaAs vs field forthe same parameters listed in Fig. 2.FIG. 5. Velocity-field characteristic for reia-space transfer devi, e All pa-
rameters are the same as in Fig. 2. except p = 4000 cm;/V sec in AIGaAs.

Carrier compensation is utilized in order to vary the would become nonlinear and would eventually exhibit veloc-
mobility of electrons in the AIGaAs. The free-electron densi- ity saturation. The peak velocity for the real-space transfer
ty in the scattering rate for ionized impurity scattering is structure is 1.6 107 cm/sec and the threshold field is about
taken to be 10' cm -', while the net ionized impurity density 2.4 kV/cm. The onset of electron transfer to the AIGaAs
is allowed to vary from l0 t 7 CM"3 to 1010 CM" . This varies the occurs at a field of about 2 kV/cm, as can be seen in Fig. 3.electron mobility in the AIGaAs from about 4000 to 50 This figure, which shows the relative numbers ofelectrons in
cm2iV sec. The low-field mobility in the GaAs is held con- the two adjacent materials, illustrates that for the material
stant at about 8000 cm'/V sec by taking the ionized impuri- thicknesses and barrier height used a substantial number of
ty density in the GaAs to be zero. 2 electrons remain in the GaAs. even for fields well above

threshold. The ratio of electrons in the two materials largely
Ill. SIMULATION RESULTS determines the peak-to-valley ratio of the real-space transfer

The model and procedures described in Sec.II were device.' This is illustrated in Fig. 4 which shows the velocity-
. used to simulate the electron transport in GaAs/AIGaAs field characteristics for the same material parameters as in

heterostructures with various device thicknesses, barrier Fig. 2 except that the AIGaAs mobility is reduced to about
heights. and other AlGaAs material parameters. Figure 2 50 cm 2/V sec. Here the peak velocity is essentially the same
shows the steady-state drift velocity of such a structure for as before, although the peak-to-valley velocity ratio has been
the case where the low-field mobility of GaAs is 8000 increased by a factor of 2 (valley taken at 8 kV/cm). In this
cm:/V sec and that in AIGaAs is about 500 cm 2/V sec. case, at 8 kV/cm fewer than 10% of the electrons remain in
Here. the ionized impurity density in AIGaAs is 10' 9 cmnV the GaAs. The peak velocity of 1.6X 10" cm/sec, threshold
and the barrier height is 0.2 eV. In this figure the drift veloc- field of 2.8 kV/cm, peak-to-valley ratio of 4, and a negative
ity in the device structure is compared to that for GaAs and mobility magnitude above threshold of greater than I0
AlGaAs. The transport in AIGaAs remains essentially oh- cm 2/V sec in this case are very attractive parameters for
mic for the range of electric fields shown in Fig. 2, although Gunn-type device considerations. Figures 2 and 4 support
at fields of near 15 kV/cm the transport in the AIGaAs the general features of real-space electron transfer described

I l i I ' I 'I I I

-- Go As

Al 4 A
0~~- F , ' ' " IELD (WVe m)0 2 4

FIL -ok v / €,,) Fig. 6. Average energy in AIG&As vs electric field for redaltce transf'er
FIG. 4. Velocity-field charmet, istic for real-spwe transfer device. All pa- device. All parameten are the same as for Fig. 2. exceptI -£= 0.3 eV.MTe
rameters are the sawe as in Fig. 2. exc:ept/ p 50 era-iV sec in AIGaAs. r-L energy separation in GaAs is shown for" comparion.
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FIG. 7. Velocity-field characteristic for real-space transfer device with bar- FIG. 8. Velocity-field characteristic for real-space transfer device with
rier height as a parameter. All other parameters are the same as in Fig. 2. AIGaAs thickness as a parameter. All other parameters are the same as in

Fig. 2.

by Hess et al. based on thesmionic currents and the method
of moments. ' fer are shown in Fig. 7. This figure illustrates the influence

on the heterostructure velocity-field characteristics of vary-
Figure S shows a velocity-field characteristic when the ing the barrier height while maintaining fixed material thick-

AlGaAs mobility is 4000 cm,/V sec. Here, a substantial nesses. Obviously, as the barrier height increases, the veloc-
number of electrons remain in the GaAs for fields well above ity-field characteristic approaches that for lightly doped
8 kV/cm. and the two materials are equally important in GaAs. This is the expected behavior, although one might
determining the drift velocity in the heterostructure for expect some additional influence if the layers are thin
fields above the threshold field of GaAs. This figure serves to enough for size quantization effects to be important. In addi-
illustrate that a layered heterostructure device might be used tion, the form of scattering at the GaAs/AIGaAs interface
to achieve an adjustable velocity-saturation mechanism with could effect the electron transport in the GaAs well material.
very small or negligible negative resistance where the satura- In this paper specular interface scattering has been used.
tion velocity is well above the value normally obtained in Thus, the energy and momentum relaxation mechanisms in
silicon or indirect band gap AIGaAs ternary systems. It is the well material are the same as those an electron would
worth noting that in Fig. 5 there is a slight negative differen- encounter in bulk GaAs. Future studies of real-space trans-
tial conductivity in the AIGaAs even though only the central fer will include size quantization effects and other physical
r valley was used in the simulation. This is due to the non- forms of interface scattering.
parabolic nature of the central conduction band; the details As the barrier height decreases in the real-space trans-
of this effect have been discussed previously. '4  fer simulation model, the velocity-field characteristic is in-

Since the threshold field in the heterostructure device is creasingly influenced by the heavily compensated
near that for GaAs, an attempt was made to assess the im- Al, - Ga As. Physically, for the material systems used
portance of intervalley scattering in the GaAs and AIGaAs here, as the barrier height decreases x approaches unity.
on the velocity-field characteristic of the structure. The sat- Thus, the device would consist of alternating layers of thin,
ellite L (Il) valley in GaAs was removed from the simulation lightly doped GaAs and thicker, heavily compensated
model, and the velocity-field characteristics were calculated
for barrier heights up to 0.3 eV, which is near the f-L inter-
valley separation for GaAs proposed by Aspnes.' 2 " Within
the statistical accuracy of the velocity estimator n- differ- &C . .
ences could be observed in the results compareu to those - t.o2.v

given in Fig. 2. In addition, Fig. 6 shows the average energy
of the electrons in the AlGaAs as a function of electric field
for a barrier height of 0.3 eV compared to the f-L energy
separation in the AlGaAs. For this case between 2 and 4
kV/cm the average energy is well below the intervalley ener- 4411-
gy separation, although the electrons are becoming hot. At 4001,o

higher electric fields (- 8 kV/cm) intervally scattering in the 2//
AIGaAs will be important and will probably affect the peak-
to-valley ratio, although it appears to influence neither the-
threshold field nor the peak velocity. Further studies are F1ELO IkV/cm")
underway to examine the importance of scattering in the Land X valleys of Almi As. FIG. 9. Relative occupancy of electrons in AIGaAs thickness as a param.

eter, as a function of electric field. All other parameters arc the same as in
Further aspects of the phenomenon of real-space trans- Fig. 2.
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GaAs. For all practical purposes, the resultant velocity-field extended to the investigation of other practical materials sys-
characteristic would be dominated by the heavily compen- tems and to the inclusion of other important physical mecha-
sated GaAs. In Fig. 7, the free-electron density is 10"' cm-3  nisms such as size quantization, interface effects, heavy dop-
and the ionized impurity density is 1O" cm-' . The results in ing effects, and electron-electron interactions.
this figure for a barrier height of 0.1 eV are consistent with
these conclusions based on our own calculations on bulk, ACKNOWLEDGMENTS
heavily compensated GaAs, and with other calculations on The authors wish to thank the Department of Defense
more heavily doped GaAs." for financial support of this work through the Joint Services

It appears that for a given materials system there will be Electronics Program (U.S. Army, U.S. Navy, U.S. Air
an optimum barrier height for most effectively utilizing real- Force) under Contract No. N00014-79-C-0424, the Office of
space transfer in a given device application. For the Naval Research under Contract Nos. N00014-76-C-0768,
GaAs/AIGaAs system studied in this paper, a barrier height N00014-76-C-0806, N00014-76-C-0480, and the U.S. Army
in the vicinity of 0.2 eV results in an attractive set of material Research Office under Contract No. DAAG29-79-D- 1003.
parameters for consideration for negative resistance devices.

Figure 8 shows the influence of respective layer thick-
ness on the velocity-field characteristics of the layered het-
erostructure. Figure 9 shows the occupancy in the AlGaAs 'K. Hess, H. Morkoc. H. Shichijo, and B. G. Streetman, Appl. Phys. Lett.
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speed of response. The work discussed here is now being J. G. Ruch and W. Fawcett, J. App. Phys. 41, 3843 (1970).
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Measurements of hot-electron conduction and real-space transfer in GaAs-
Aix Gal - x As heterojunction layers

M. Keever, H. Shichijo, K. Hess, S. Banerjee, L. Witkowski, H. Morkog, and B.
G. Streetman
Department of Electrical Engineering and the Coordinated Science Laboratory, University of Illinois at
Urbana-Champaign. Urbana, Illinois 61801

(Received 25 August 1980; accepted for publication 16 October 1980)

Measurements of the current-voltage characteristics of GaAs-Al. Gal - As heterojunction
layers are reported. The experimental results are consistent with the idea of real-space transfer of
the electrons out of the GaAs into the Al. Gal - As under hot-electron conditions. Current
saturation and negative differential resistance are observed as predicted by Monte Carlo
simulations.

PACS numbers: 72.20.Ht. 73.40.Lq

Electronic transport in semiconductor heterojunction scribed here.
layers has attracted considerable interest since Dingle and In this letter we report measurements of the high-field
co-workers verified mobility enhancement in modulation- characteristics of Al, Ga, - As structures grown by molec-
doped structures.' Such enhancement occurs when electrons ular beam epitaxy (MBE). The doping density in the
leave their parent donors (e.g., in the Al. Gal - As) and AI, Ga, As layers was N o _ 10" cm- and the GaAs was
transfer to a neighboring undoped layer which has a smaller not intentionally doped. The mobility in the GaAs layers
band gap (e.g., GaAs). Thus the electrons will not be scat- was enhanced over the bulk value for equivalent doping and
tered strongly by the remote impurities (donors) and the mo- was typically 2 X 10" cm 2/V s at 77 K. The mobility in the
bility in the GaAs will be enhanced. Although there are AI, Gal - ,As layers was around 1000 cm 2/V s between 300
some subtleties, including an enhanced phonon scattering and 77 K. The doped Al. Gal - 2As layer was 1000 A thick
rate,- this improved mobility is reflected by the experiments, in all cases, whereas the GaAs layers varied in thickness

Theoretical investigations of high-field transport in from 400 ,A to - 1.0 /sm. In some of the samples the GaAs
these layers led Hess et al. to conclude that when a high layer was sandwiched between the doped and a second iun-
electric field is applied parallel to the layer interfaces the doped) A] Gal * .As layer. Because of the pulling force of
inverse process takes place, namely a transfer of electrons the donors we think that the actual width of the GaAs layer
from the GaAs layers back into the Al. Gal - As layers.' is relatively unimportant, since the electrons in the GaAs
This process can be viewed as the thermionic emission of hot will always be Y;hin 1000 A of the doped Al, Gal As
electrons, and has simple mechanical analogies.' A Monte layer. Alt,., .,gn x was 0.17 for most of the data reported
Carlo simulation of the real-space trajectory of an electron here, we have made similar measurements with x increased
for a double heterojunction of Al. Ga , As (x = 0.17) is to 0.25. Au-Ge contacts were evaporated on top of the layer
shown in the inset of Fig. I. After some reflections an elec. (top layer Al. Gal As) and alloyed by heating at a rate of
tron in the GaAs layer gains enough kinetic energy from the 400 *C/min in flowing H, to a final temperature of 450 *C.
applied electric field to move out of the potential well caused Contacts formed in this way proved to be ohmic in most
by the band-gap difference between the two materials. More cases. The distance between the contacts was 0.065 cm and
exact treatments of this effect including quantum-mechani- the width of the samples was about 0.1 cm. Measurements
cal transmission coefficients do not reveal new features for were performed using short current pulses. The measure-
this picture.' The movement of the hot electrons back into ments were taken at times between I and 600 ns. The %am-
the low-mobility Al. Ga, - As material will of course lead pies were mounted in GR insertion units and the usual 50-12
to a nonlinear behavior in the current density. Figure 1 sampling oscilloscope x-y recorder technique was used.' Be-
shows the current-voltage characteristic of the double- low we report five groups of results:
heterojunction structure shown in the inset. These results (i) Unusually strong acoustoelectric sound amplifica-
were obtained from Monte Carlo calculations." The magni- tion and accompanying negative differential resistance (inset
tude of the negative differential resistance in such a curve Fig. 2) was observed in some samples at 77 K at very low
depends on the doping densities which control the free-carri- electric fields of about 300 V/cm having incubation times as
er concentrations and mobilities in the Al, Ga, ,As and low as - 3 ns. This effect did not occur at room temperature
GaAs layers. A very high doping density in the (the samples were too short) and was not observed in any of
Al, Ga -, As causes a high concentration of scattering cen- the samples for which results are reported below. A detailed
ters. which results in a very low mobility and high resistance report will be given in a subsequent publication.
in the Al, Gal -, As and therefore can yield large peak-to- (iii In samples not showing the acoustoelectric effect
valley ratios, larger than those observed in the Gunn effect, (about 40 samples from 5 wafersi onset of current saturation
which is based on the k-space analog of the mechanism de- or slight negative differential resistance was observed at an
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FIG. 3. Current-field characteristics demonstrating an enhanced necar,'e
differential resistance at 300 K when the sample is illuminated with a He-Ne
laser. Note the second negative differential resistance at arrow 2. The

2 Field 4 6k./c) AI, Ga, .,As layer is 1000 A thick and hasV. = 6x 10"
'

cm - The GaAs
layer is I pm thick and is not intentionally doped.

FIG. 1. Current-field characteristics for the double-heterojunction struc-
tureshown in theinset with Al, Gal - As densitiesof 10" cm-'3 ( = 4000

cm:/V s} empties° traps in the50AIm/Vas). AseandicincreasesttheAloa-
cm-/Vs) and 10"0 cm-(p = 50 cm2/V s. The thickness of the Afield conductivity. The traps are filled again when the hot

layer is 4000 A and the GaAs is 400 A thick and hasp = 8000 cm
2/V s in

both cases. The inset shows a Monte Carlo simulation of the path of an electrons transfer back to the Al. Gal - ,As, thus increasing
electron when a high electric field is applied parallel to the layer interfaces, the peak-to-valley ratio of the curve and decreasing the high-

field conductivity. Note also the close agreement of the dark

electric field of 2000-3200 V/cm at room temperature and curve in Fig. 3 with the Monte Carlo simulations (ND --- 107
also at 77 K. Representative examples are given in Figs. 2 cm- 1) of Fig. I.
and 3. The consistency of the occurrence of negative differ- (v) Our knowledge of carrier concentration and mobil-
ential resistance at these fields makes us believe that contact ity was obtained from Hall effect data, which reflect average
effects do not strongly influence our experimental results. concentrations and mobilities. Additional information can

(iii) Figure 2 also shows the onset of a second (third if the be obtained from the hot-electron results by assuming a val-
acoustoelectric effect is counted) negative differential resis- ue of - 10' cm/s for the peak velocity. Nevertheless, the

tance, marked by the second arrow. We believe that this may exact concentration and its spatial variation is hard to deter-
be due to trapping in surface states when electrons finally mine. Therefore, in some cases our samples showed mainly
spill to the unprotected surface. The effect is apparently slow conduction in the Al, Gal - As, which was in these cases

and shows hysteresis. too highly doped to be depleted. (The built-in fields prevent

(iv) We performed pmeasurements complete transfer of all the electrons to the GaAs.) Some of
using the 6328- line photoconductivity resurem ed these samples showed a fourth kind of negative differentialusig te 628-. lneof a He-Ne laser. The result exhibited resistance at about 10 V/cm due to the Gunn effect in the

by six samples is shown in Fig. 3. The low-field conductance a e a ano i bite o tion eting
is slightly increased by the light but the high-field conduc- away part of the AI, Ga _hbAs layers, depletion of the
tance is strongly decreased, thus enhancing the negative dif- Al o Ga -,,As could be achieved, and negative differential
ferential resistance. A natural explanation is that the light resistance was again observed around 3000 V/cm. This ex-

periment also gave another estimate of the doping from the
known depletion width, which was obtained from the etch-

77"7KAF~~~~~.'O3eV , e. Sa:

.... . A• .o-A-t"00

0 2 4 6 8 10
Field (kV/cm)

300*K liGiseeed~w~o
FIG. 2. Current-field characteristic showing a second negative differential
resistance Imarked by second arrowl believed to he due to trapping in sur- 74 o

face states. The first arrow marks the negative differential resistance Feid 'kV/Cl)
thought to be caused by real-space transfer. In the Al, Gat , As. Vt,
= 2 - 10" cm ", The thickness of the undoped GaAs layer is 2.0 pm. The FIG. 4. Current-field characteristics showing the occurrence of negati'e

inset show a current-field curve exhibiting an acoustoelectric effect where differential resistances at 3O and 77 K when the Al, Ga, . As layer thick-
the Al,Ga - , As 0. 15pm thicki has N. = 3 x 10' cm- 'and the GaAs ness is reduced. The Al, Gat -, As layer was doped at.VD = 6 X 10" cm -

1.6 pm thickl is not intentionally doped. and the undoped GaAs layer was I pm thick.
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ing rate. A representative example is shown in Fig. 4. The Al, Ga, As. To obtain high peak-to-valley ratios, the mo-
relative change in peak velocity between 77 and 300 K agrees bility in the Al, Gat, ,As should be around 100 and > 5000
roughly with Monte Carlo simulations.' cm 2/V s in the GaAs. In order to allow simultaneously for

From the above experiments we conclude that the nega- depletion of the Al., Gat - As, highly compensated material
tive differential resistance around the electric field of 3000 is needed. If low mobilities in compensated material can be
V/cm is consistent with the idea of real-space electron trans- achieved without introducing deep traps. the resulting nega-
fer. The effect is different from the effect of k-space transfer tive differential resistance should have a peak-to-valley ratio
[the Ridley-Watkins-Hilsum (RWH) mechanism]. The dis- much larger than that achievable by the RWH mechanism.
tinction from the RWH effect in AI, Ga, . As is demon- For assistance in portions of this work we wish to thank
strated by the etching experiment of Fig. 4. Negative differ- Susan Brennecke, Bob McFarlane, and R. T. Gladin. We are
ential resistance due to k-space transfer in GaAs is also particularly grateful to N. Holonyak, Jr. for many valuable
different from the effect described here. The threshold volt- discussions and to A. Y. Cho for assisting the MBE program.
age is somewhat higher for the RWH mechanism, but this We also thank M. A. Littlejohn, T. H. Glisson, and J. R.
could also be caused by the higher mobility and contact ef- Hauser of North Carolina State University (Raleigh) for pro-
fects in our samples. However, the Monte Carlo simulations' viding us with the Monte Carlo stimulation results. The
show that for x 0. 1-7 (where the band-gap difference is work has been supported primarily by the Office of Naval
smaller than the energy separation to the satellite minima) Research, Contract No. NOOO-14-79-C-0768, and the Army
the electrons move out of the GaAs long before they can Research Office, Contract No. DAAG-19-80-C-00 11. The
populate higher valleys. Furthermore, the photoconductive crystal growth facilities have been supported by the Air
enhancement of the negative differential resistance (Fig. 3) Force Office of Scientific Research, Contract No. AFOSR-
does not occur for the RWH effect and can not be simply 80-0084, and the Joint Services Electronics Program, Con-
explained without the transfer of electrons out of the GaAs. tract No. NOOO-14-79-C-0429.
We have never observed Gunn oscillations connected with
the negative differential resistance at 3000 V/cm. The reason
for this is not entirely understood. However, we can point

-, out the following distinct differences between real-space
transfer and the RWH mechanism. There is no local micro-
scopic negative differential resistance in the Al, Gat _ As at
the electric fields considered. Accumulation tand therefore

* 'dipolei domains cannot be formed because accumulating
eelectrons would be emitted out of the GaAs. The total lack of

any kind of instability, however, does not necessarily follow 'The idea of modulation introduced by L. Esaki and R. Tu [IBM
from these arguments and might be connected with fixed Research Report No. RC-2418. 1969 tunpublishedi. was first demon~trat-
interface inhomogeneities at which the electrons spill out ed by R. Dingle. H. L. Stormer. A. C. Gossard. and W. Wiegmann (Appi.
first. Phys. Lett. 33. 665 (197811.

The speed of the effect could not be determined with the IK Hess. AppI. Phys. Let. 35. 484 1979.'K. Hess. H. Morkoc. H. Schichijo, and B. G. Streetman, Appl. Phys. Lett.
present experimental arrangement. We can only say that the 35. 469 1979).
effect is faster than I ns. Our measurements below 1 ns were 'T. H. Glisson. J. R. Hauser, M4. A. Littlejohn, K. Hess. B. G. Streeman. and
hampered by parasitic capacitances possibly caused by the H. Shichijo. J. Appl. Phys. 51, 544511980). See also H. Shichijo. K. Hess.
layered structure itself. Finally, we would like to mention and B. G. Streetman. Solid-State Electron. 23 817 119801.'K. Hess. A. Neugroschel. C. C. Shiue. and C. T. Sah. J. Appl. Phys. 46.
that the peak-to-valley ratio of the current-voltage charac- 1721 1975).
teristic will depend strongly on the electron mobility of the 1. H. Glisson. J. R. Hauser, and M. A. Littlejohn private communicationi.

38 Aopi. Phys. Latt.. Vol. 38. No. 1. 1 January 1981 Kever eta. 38



Simulation of high-field transport in GaAs using a Monte Carlo method and
pseudopotentlal band structures

H. Shichijo, K. Hess, and G. E. Stillman
Department of Electrical Engineering and Coordinated Science Laboratory. Universify of Illinoisat Urbana-
Champaign Urbana. Illinois 61801

I Received 15 August 1980; accepted for publication 16 October 1980)

We have performed a Monte Carlo simulation of high-field transport in GaAs using a realistic
band structure obtained by the empirical pseudopotential method. On this basis, a detailed study
of the band structure dependence of impact ionization in GaAs is given. Our method avoids the
use of the effective mass theorem or the Kane model of nonparabolicity, which are no longer

accurate at high electron energies. We show (i) that the orientation dependence of the impact
ionization rate is negligibly small, (ii) that the saturation velocity of electrons in GaAs is close to

6 x 10 cm/s at extremely high fields (this value is determined to a large extent by the band

structure, and (iii) that the previous theories of impact ionization as given by Wolf, Shockley, and
Baraff have numerous limitations.

PACS numbers: 72.20.Ht, 72.10. - d, 79.20.Hx, 85.30.De

Impact ionization and other high-field phenomena' are are used, which can successfully "absorb" the band-struc-

of considerable interest because many semiconductor de- ture effects on the field dependence of the impact ionization

vices are based on high-field effects (avalanche photodiodes, rate, but do not "absorb" these effects for other transport

IMPATT diodes, Gunn diodes) or necessarily involve them quantities. Effects of crystal orientaion can not be practical-

in their operation and are limited because of them (charge ly treated by these theories at all. The reason is that the

coupled devices, field effect transistors). In spite of the ur- inclusion of the band structure in analytical solutions of the

gent need, a rigorous theory for electronic transport above Boltzmann equation is impractical, if not impossible.

about 5 x 104 V/cm has not been developed. The main rea- The Monte Carlo method provides an alternative to the

son for this is that any theory applicable at high electric field solution of the Boltzmann equation. This method can be

must include a realistic band structure and abandon the ef- used to calculate the impact ionization rate,R9 the drift ye-

fective mass approximation or simple extensions using the locity, and other quantities of interest without any a priori

k.p method to allow for nonparabolicity.2  assumptions on the form of the distribution function. The

Surprisingly enough, for specific quantities (such as the Monte Carlo method can also take into account a large vari-

impact ionization rate) successful phenomenological theor- ety of scattering mechanisms and, therefore, is applicable to

ies have been given without including the band structure. both polar and nonpolar semiconductors. In this letter we

These theories developed by Wolff,' Shockley," Baraff,3 report the use of the Monte Carlo method with a realistic

Dumke.P and Chwang et al.' fail, however, when used to band structure as calculated by the empirical psetdopoten-

calculate other transport quantities or when applied to dif- tial method.. for the calculation of high-tield transport. The

ferent materials. Dumke's theory is only applicable to InSb numerical procedure is as follows. The E k) relation and its

or InAs. whereas Wolff's. Baraff's, and Chwang's treat- gradients (velocity) have been calculated using the 48-fold

ments are only valid for nonpolar materials. The reason for ,ymmetry of the Brillouin zone 1156 mesh points in the I .8

the partial success of theories' - ' is that adjustable parameters part of the zone). The E (k) relation for an arbitrary k vector

i9 Ao p.?lys. Let t. 36 (21,,5 january 1981 0003.695 ~ l 020089-_03SOO.s0 1981 Am oncan Institute of Phvsic 3 9
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FIG. 3. Calculated electron drift velocity in GaAs at room temperature
compared with the experimental data. (See Refs. 19 and 20).

rate in the satellite valleys), the overestimation is at least
FIG. I. Typical trajectory of the electron k vector in the Brillouin zone for partly compensated.
an electric field of 500 kV/cm. The solid lines represent the drifts and the The final state of the scattering process is determined in
broken lines represent the scatterings from one point to the next. the following way. Since polar optical scattering is dominant
can then be calculated by quadratic interpolation. Only the only at low energies in the central valley, the usual formula
lowest conduction band over the whole Brillouin zone) has with effective mass and nonparabolicity terms is used to
loes coductionr the wholations.Tun engtouiner zone) has choose a candidate for the final k point. The energy at this k
been used for the simulations. Tunneling to upper bands has point is then recalculated using the exact band structure to
been neglected because of the much smaller probability of check if it is within an allowed range (- 30 meV) around the
tunneling as compared to the probability of phonon scatter-case of phonon absorption). If it
ing. Next we need to know the phonon scattering rate. The in ene tE + a int cas f po os n) f t
scattering rates in GaAs for energies below 1.0 eV are well is outside this range, a different final state is chosen, and the
know from the study of the Gunn effect.'2 We have used the process is repeated until a proper state with correct energy is
same parameters as given by Littlejohn et al. Not much is found. Intervalley scattering is known to be completely ran-

mknown on the other hand, about the scattering rate above domizing. I For this mechanism, once the final energy is cal-
culated, those mesh points, whose energies are within the

1.0 eV. Here we have assumed a quadratically decreasing allowed range, are tabulated. One of them is then randomly
scattering rate above 1.5 eV because the intervalley scatter- selected as the final state.
ing rate is proportional to the density of final states, and the Our treatment of phonon scattering processes repre-
density of states in the conduction band decreases above 1.510" at .5 e tosents a compromise between accuracy and numerical tracta-eV. '" The rate varies from 4.5 x 10 " s -  at 1. 5 eV to
2.5  10 s- at 2.5 eV. For simplicity we have assumed the bility. In the limit of infinitely fine mesh points (instead ofscatteringrat t5 beV sor mpictyevea ssd the 156 points in 1/48 of the Brillouin zone) and infinitely smallscattering rate to be isotropic, and the overlap integrals'5 are allowed final energy range (instead of 30 meV) the procedure
assumed to be unity. This overestimates the scattering rate in alwdfnleeg ag isedo 0mV h rcdr
the satellite valleys. However, since scattering to upper is basically correct as the scattering rate for deformation po-
bands is possible in reality, swhich increases the scattering tential scattering is proportional to the final density of states.

The impact ionizing collision is treated as an additional

scattering mechanism. We assume an isotropic threshold en-
ergy of 2.0 eV. According to Keldysh,'6 the probability of

-GaAs impact ionization can be represented as

E E E5;

N . "--. r,(E) ijE -,
," where E is the electron energy, E, is the threshold energy,

I /JE,) is the scattering rate at E = Ei, and P is a dimension-
less constant which is generally much larger than unity. This
formula is valid for semiconductors with large dielectric
constants. We insert P = 400! A more rigorous treatment
must involve the calculation of the matrix element for the
screened Coulomb interaction. 9

Li 2. 2.' 6 ~The simulation then starts by releasing an electron with
zero energy at the bottom of the central valley. The motion

FIG. 2. Calculated electric field dependence oft he electron initiated impact of an electron during the drift is determined by the equations
ionization rate in GaAs. The shaded region indicates the range of available
experimental data. (See Refs. 17 and 18!. of motion
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d eF, (2 of Shockley's ideas of impact ionization. Shockley's "lucky"

d2) electrons start from zero energy, escape the phonon scatter-
ing, and impact ionize. We find instead that the electrons

V , E, (3) stay around an average energy of typically 0.8 eV (for the
Af case of 500 kV/cm) and experience a large number of scatter-

where F is an electric field vector, and v is the electron veloc- ing events. Once in a while electrons escape the phonon scat-
ity in real space. The drift time and the scattering events are tering events and move up to higher energy. Then if they are
determined by random numbers as in conventional Monte lucky enough they reach ionization threshold after a few
Carlo methods. When impact ionization occurs, the energy (typically three to fivel scattering events. In view of these
of an electron is reinitialized to zero. The impact ionization facts the question arises why the previous theories3" of im-
rate can be obtained by averaging the distance to impact pact ionization are so successful and which one is the closest
ionization over a sufficient number of ionizations. Each dis- to the truth? For instance, Shockley's physical arguments
tance traveled during the drift is calculated either by accu- linking the number of phonon scatterings and the probabil-
mulating a differential distance, vat, or by utilizing the ity to impact ionize are reflected also by our simulations. The
relation " quantitative success of previous theories, however, is con-

dE = eFdx, (4) nected with the large number of adjustable parameters.
Our method can, of course, be applied to any semicon-

where AE" is the energy gained during the drift. ductor. The calculations, however, can be costly and time
Figure I shows a typical trajectory of the k vector in the consuming. The above simulation takes about an hour of

Brillouin zone for an electric field of500 kV/cm in the (100) CPU time on a DEC-20 for each value of the electric field.
direction. The solid lines represent the drift of the electron, However, the efficiency of the program has not yet been opti-
and the broken lines represent the scatterings from one point mized. Finally, we would like to note that the problem of hot
to another. When the k vector lies outside of the Brillouin electron emission from silicon into silicon dioxide : ' over a
zone. it is placed back to the equivalent point inside the zone. potential barrier of - 3 eV certainly needs the inclusion of a
A typical simulation consists of approximately 100,00- realistic band structure. Calculations on this problem are in
200,000 scattering events. progress.
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We have performed a Monte Carlo simulation of high-field transport in GaAs including a
realistic band structure to study the band-structure dependence of electron transport and impact
ionization. The band structure has been calculated using the empirical pseudopotential method.
Unlike previous theories of impact ionization, our method is capable of calculating various
parameters, such as mean free path, from first principles. The calculated electron mean free
path, drift velocity, and impact ionization rate are in reasonable agreement with the experimen-
tal data in spite of several simplifications of the model. Within statistical uncertainty we do not
observe any orientation dependence of the ionization rate in contradiction to ihe interpretation
of recently reported expeintental results. We also find that the contribution of ballistic elec-
trons to impact ionization is negligibly small. Based on the results of the calculation, a general
discussion of impact ionization is given.

I. INTRODUCTION work is difficult. As a consequence all the previous
theories are only applicable to specific materials. For

A large number of semiconductor devices operate instance, Dumke's theory is only applicable to (nSb
on the basis of highly energetic (hot) electrons. Im- or InAs, whereas Barafrs - or the Chwang et at.
pact ionization is an essential mechanism in the treatment is only valid for nonpolar materials, such
operation of photodetectors and impact-avalanche as Si or Ge.
transit-time (IMPATT) diodes.2 At present, howev- The Monte Carlo method provides an alternative to
er, the understanding of this effect is limited to a the solution of the Boltzmann equattoni The

number of theories 3- which contain several adju- method can take into account a large variety of
stable parameters whose physical significance is not scattering mechanisms, and therefore, is applicable to
well understood. The most widely used theory of im- both polar and nonpolar semiconductors. It can cal-
pact ionization has been given by Baraff.5 The culate the quantities of interest such as drift velocity.
adjustable parameters of his theory are the threshold mean free path. and average electron energy without
energy for ionization, the optical-phonon energy, the any a priori, assumption on the form of the distribu-
ionization mean free path. and the mean free path tion function. Some attempts have previously been
for optical-phonon scattering. Although some at- made to calculate the impact ionization rate by the
tempts have previously been made to determine Monte Carlo method, 3 " but without including a
these parameters theoretically,9 10 a "complete" realistic band structure. In this paper we describe a
theory of impact ionization, which is capable of calcu- Monte Carlo method that includes a realistic band
lating these quantities (and therefore the ionization structure as calculated by the empirical pseudopoten-
rate) front first principles, has not been developed. tial method.t 5 This method should provide a tool for
The main reason is that any theory applicable at ex- understanding electronic transport in very high fields.
tremely high electric fields (causing ionization) must Of course, we do not yet have all the necessary infor-
abandon the effective-mass approximation or simple mation to perform a rigorous calculation at such high
extensions using the k- V method, and instead in- fields. For example, not much is known about the
clude a realistic band structure. The surprising suc- selection rules for scattering at points of low sym-
cess of Barafrs theory in explaining the electric field metry, the changes of the ionization matrix, and the
dependence of the ionization rate is due to the adju- scattering rate at high energies. Because of this lack
stable parameters, which can "absorb" the band- of information, we must still use a simpler model
structure effects. The inclusion of the band structure than the method would allow for. These simplifica-
in solutions of the Boltzmann equation, however, is tions should not be considered as restrictions of the
impractical. It is also difficult to include realistic method itself. As more information becomes avail-
scattering mechanisms. For example, the inclusion able in the future, the method can be improved with
of both small angle scattering and randomizing ease to accommodate new information. In spite of
scattering mechanisms in the same analytical frame- the simplifications, the results we obtain provide in-
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sight into how the various parameters in previous 105

theories are connected and into how the band struc-
ture influences the impact ionization rate. In particu- e l eea)(1 78

lar. the method is applied to study the electron-

initiated ionization in GaAs. The results also give us
information about the accuracy of the pseudopoten-
tial band structure at high energies. eAo

1o4  0
aa

11. SUMMARY OF EXPERIMENTAL RESULTS 0
o <100> o

a < 10> a
Before we discuss the theory of impact ionization, Z <III>

it is instructive to summarize the available experi- W 0

mental data. Various experimental techniques to •
measure the ionization rate are described in detail in 10, 2.0 2.4 2.8 3.2
the review paper by Stillman and Wolfe.' Their arti- 1/Fm(lO-6cmV-t)
cle also contains some of the experimental data on
the electron-initiated ionization rate in GaAs. Figure FIG. 2. Experimental electron ionization rates by Pearsalt
I summarizes more recent data.' 6- 19 The experimen- .t al. (Ret. 19) as a function of reciprocal electric field for
tal results usually show a I/F dependence of the three orientations of electric field.
ionization rate ( F is the electric field). As can be
seen from the figure. the data of different workers
scatter almost by an order of magnitude.

Of special interest are the results of Pearsall next higher conduction band.i92 0 Although these
eral.. '9 who measured the electron ionization rate data raise an interesting question as to how the band
with the electric field applied in three different crys- structure actually influences the ionization rate, their
tallographic directions. Their data are replotted in notion of ballistic electrons seems to be incorrect, as
Fig. 2. They have measured the highest ionization is shown in this work. More systematic and reliable
rate in the (110) direction and the lowest in the data are necessary to make a comparison with the
( I I I ) direction. They have attributed this difference theory.
to ballistic electrons and electron trunneling to the

III. PREVIOUS THEORIES OF IMPACT IONIZATION

1O0 5 Wolff j was the first to calculate the ionization rate

in semiconductors. He applied the gas discharge
-- dLow & Lee (1978) theory to solve the Boltzmann equation taking into0 .. Shotbde & Yet (1970)
0 Stillman et a. (1974) account the effect of electron-phonon and pair-
o <100> producing collisions on the distribution function.

< '1010> Pearsallet.al. The velocity distribution function was approximated
a- <i> J (1978)

as

C A n(v.9)-no(V)+i(V)cosO . (I)

104 - where v is the electron velocity, and 0 is the angle
0 between the velocity and the electric field. This is an

energy diffusion theory, in which the electrons un-
dergo many collisions when moving to higher ener-

,, gies. The Boltzmann equation was then solved to
W \calculate the ionization rate with the result

0 a(F)-exp(-A/F) . (2)

o 5 where F is the electric field.
2.0o 2 " 4 Shockley,' on the other hand, argued that ioniza-03.0 4.0 tion is mainly due to "lucky" electrons which com-

I/Fmo (IO'cmVt ) pletely escape phonon scatterings and reach the

threshold energy. In this streaming approximation
FIG. I. Experimental ionization rates of electrons for the distribution is a spike in the direction of the elec-

GaAs at room temperature (Refs. 16-19). tric field. He considered the relative probability of
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phonon scattering and pair production, and obtained
an ionization rate whose dependence on F is given by

a(F) -exp(-B/F) . (3)

Next, Baraff 5 It solve the time-independent Boltz-
mann equation and showed that his result contained L
Shockley's result as a low-field limit, and Wolfrs
result as a high-field limit. His theory gives the
"universal" curves with phonon mean free path and
ionization threshold energy as parameters, which are
adjusted to fit theory to experimental data. However,
it does not provide a way to calculate these quanti-
ties, nor does it include the band structure.

Recently, Chwang eF a. took a different approach
using a finite Markov chain formation. Their method
is based on the calculation of a transition matrix FIG. 3. Cross section of the Brillou zone.
which characterizes the transition probability between
virtual states defined by small discrete energy inter-
vals. Interesting as it is. their method is limited by for the interpolation of energy in the proximity of the
the analytical formulations. It still requires the same surface of the sampling region. Figure 4 illustrates
assumptions as Baraff'"s theory and does not produce the isoenergy lines in the cross section of the Bril.
much more information. For example, an assump- louin zone shown in Fig. 3, with the numbers
tion of a constant mean free path for phonon scatter- representing the electron energy from the bottom of

ing is still necessary. Moreover, the Markov formu- the conduction band (at r). It can be seen that the
lation is only applicable to nonpolar semiconductors. r valley is nearly isotropic, whereas the X valleys are

Nevertheless, Baraff's and Chwang's theories con- more elliptic. The band structure is then stored in
tain some "truth" about the impact ionization memory, and used in the Monte Carlo simulation

mechanism, as does Shockley's and Wolff's approach. which is described in Sec. VI.
How they are related, and how they complement each For the study of "lucky electron" transport extra k
other will be clear as a result of the Monte Carlo cai- points have been sampled in three major crystal
culation described in this work. This Monte Carlo directions. i.e., the (100), (110), and (Ill > direc-
method includes a realistic band structure. As a tions. The results have made it obvious (see, for ex-
result, the orientation dependence of the impact ioni- ample. Fig. 5 of Ref. 15) that the use of the effective
zation can also be calculated. mass and nonparabolicity is not valid for electron en-

ergies above approximately I eV in some directions.
IV. BAND STRUCTURE OF GaAs In fact, the effective mass defined as

I I 82 E(k) (6)
The band structure of GaAs has been calculated Of )t2 8k6

using the empirical pseudopotential method as goes to negative values at higher energies.
described by Cohen and Bergstresser.S Only the
lowest conduction band has been considered. The ef-
fect of higher bands is briefly discussed in the later
sections. Advantage is taken of the 48-fold sym-
metry of the Brillouin zone of the zinc-blende struc-
ture. 2

2 It is only necessary to examine a '-;th of the

zone. This region is defined by the conditions

0 - k: - k, k, 1 (4)X

and

k, +k, +k. (5)

where all the A components are in units of 2vr/a (a is JV

the lattice constant, a -5.64 , for GaAs). Mesh
points (A,, k_, k: -0.0.0.1 ... ) are sampled from
this region, and the energy and its gradient (velocity)
at each k point are calculated. A total of 249 points FIG. A.. Isoenergy lines of the lowest conduction band of
have been sampled with 156 points within the region. GaAs in the cross section shown in Fig. 3. The numbhrs
The extra 93 points outside the region are necessary represent the energies measured from the I' minimum.

Ilia'



4200 H. SHICHIJO AND K. HESS 3

V. BALLISTIC ELECTRON TRANSPORT in the (111 ) direction (-0.8 x 10' cm/sec).

AND PHONON SCATTERING In a nonideal crystal, however, ballistic transport
must compete with scattering processes. It will be

The term "'ballistic electrons" has recently been shown by the Monte Carlo simulation that on the

used to denote those electrons which do not suffer average an electron can travel ballistically for only
phonon scattering.20 23 This is equivalent to the -3 x l0 -"4 sec before it suffers a phonon scattering.
"lucky" electron notion in Shockley's theory. Since In the (I l) direction, the electron can never gain
the possible contribution of ballistic electrons to im- sufficient energy ballistically for impact ionization."
pact ionization has been suggested, 2° the behavior of In the (100) direction, the impact ionization thresh-
ballistic electrons has been examined using the pseu- old can be reached only if electrons tunnel in W space
dopotential band structure. The study has been per- to the next higher band -0.2 eV above the principal
formed by solving the equations of motion conduction band. t8 ' Therefore scattering events be-

t_!k -e(7)-,

and (a)

(8)

where F is the applied electric field, Ic is the electronA
wave vector, E is the electron energy, and V is the
group velocity of the electron. Equations (7) and (8) r"
are solved simultaneously with the initial condition
k -0 at t-0. to express V and E as a function of
time t. The field is assumed to be constant. Results
of the calculations are shown in Fig. 5 for the three
major crystallographic ditections. The electric field
has been chosen to be 500 kV/cm, a typical field for
impact ionization. Figure 5 shows the electron velo-
city, . as a function of time. The orientation depen- (b)'

_ dence of the ballistic behavior is obvious from this 2.0
figure. The highest peak velocity is reached in the
(100) direction (-1.1 x 108 cm/sec) and the Iwest

1.5-

GaAs
F.500W/cm

---- 0 ----

l I

UL

0.5

<1>% *
00

0 1 2 3 4 5
\ a Time (10' 4 sec)

FIG. 6. (a) Example of wave-vector trajectory of electron
0 1 2 3 4 5 6 in IKL plane under the influence of electric field in the

Time (l'1 4sec) (Ill) direction. Electron is scattered from A to B. Energy
change in the scattering process has been neglected. lb)

FIG 5 Variation of ballistic electron velocity with time in Variation with time of electron energy for the process shown
three crystallographic directions of GaAs. in (a).
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come crucial for the occurrence of impact ionization as given for the central valley. This overestimates
in these directiois. the scattering rate when the electron is in the satellite

Electrons can be bcattere. o oher regions of the valleys. The simplification is partly justified by the
Brillouin zone with a single scattering event being fact that the scattering rates of different valleys ap-
sufficient to permit the electrons to r-,ach threshold proach each other at higher energies. Furthermore.
energy. This mechanism is illustrated in Fig. 6 for an since scattering to upper bands is possible in reality
electric field applied in the ( I I direL,,on. -1 n elec- (which increascs the scattering rate in the satellite
tron starts at the F point and moves along the (I l ) valleys), the overestimation is at least partly compen-
direction. At point .4 [i- ( ira )(0.3. 0.3.0.3) 1, the sated.
energy is at the maximum for this direction, but it is The values of the parameters for the calculation of
still much less than the threshold energy. Subse- the scattering rate are the same as the ones used in
quently, the electron can be scattered (by a phonon the simulation of the Gunn effect."' They are known
or impurity) to some other point in the Brillouin to give a good fit to the experimental data at low
zone, point B, for exampie. Following this scattering fields. Below 0.33 eV only polar optical scattering oc-
event, the (I I I ) component of the electron wave curs in the central valley. Above 0.33 eV polar opti-
vector continues to increase. However, the wave cal scattering occurs only when an electron is in the
vector points in a direction different from the I I I) central valley arbitrarily defined as
so that the electron can now reach a higher energy. 3 i k k: 0.3 (9)
As shown in Fig. 6, the electron can actually exceed - '
the threshold energy for impact ionization (-2.0 eV). where the components are in units of 2,'r/a. Other-

This is, of course, only one example of an electron wise intervalley scattering occurs. It is not appropri-
trajectory to show the importance of scattering pro- ate to simply extend the scattering rate to higher en-
cesses to impact ionization. The actual calculation of ergies because of the complicated band structure. Be-
the impact ionization rate must involve averaging of cause the intervalley scattering rate is proportional to
all the possible electron trajectories until the electron the density of final states, and the density of states in
reaches the threshold energy. This is achieved by the the conduction band decreases nearly quadratically
Monte Carlo method which is described in the next above 1.5 eV.27 we have assumed a quadratically de-
section. creasing scattering rate above 1.5 eV. The resultant

total scattering rate as a function of electron energy is
V1. SIMULATION METHOD shown in Fig. 7 (solid line). The maximum scatter-

ing rate is 4.5 x 1 0 1
4 sec-' at 1.5 eV.

The Monte Carlo simulation keeps track of an elec- In the (100) direction the threshold state for
tron k vector in the Brillouin zone until it reaches the electron-initiated ionization lies in the second con-
threshold energy for impact ionization. This is done duction band.i An electron can tunnel through the
with a knowledge of scattering mechanisms, scatter- "'pseudogap" (-0.2 eV) between the lowest and the
ing rates, and band structure in the whole Brillouin second conduction band to reach threshold. No at-
zone. The E(k) relation for an arbitrary k point can tempt has been made to simulate this tunneling
be calculated in the following way. First, the k point mechanism. Since the tunneling time is estimated to
is mapped into the sampling region by using the be of the order of I x 10- t3 sec."a and the intervalley
point-group symmetry. The energy is then calculated scattering time for an electron energy of 2.0 eV is
by quadratic interpolation utilizing the energies and much shorter ( <1 x l0 - " sec) than this tunneling
the gradients of the surrounding eight mesh points, time, electrons are more likely to be scattered before
The gradient is interpolated only linearly. Applying they can tunnel to the upper band. Therefore, the
the inverse operations on the calculated energy and contribution of these tunneling electrons to impact
gradient gives the Elk) relation and the gradient at ionization is expected to be small.
the original k point. The final state of the scattering process is deter-

Next we need to know the phonon scattering rate. mined in the following way. Since polar optical
Ideally the scattering rate should be calculated at each scattering is dominant only at low energies in the
W point in order to take into account the overlap in- central valley, the usual formula with effective mass
tegral."4 Also, when the initial or final electron state and nonparabolicity terms is used to choose a candi-
is not on the symmetry points, the selection rules2 5  date for the final k point. The energy at this W point
become less restrictive and this may give rise to addi- is then recalculated using the exact band structure to
tional scattering. Moreover, even near the bottom of check if it is within an allowed range (typically 30
the valleys, it is known that the scattering rates are meV) around the final energy (for example. E ,
different in the r. L. and X valleys. We have as- in the case of phonon absorption). If it is outside
sumed the scattering rate to be isotropic (only energy this range, a different final state is chosen and the
dependent) for simplicity and because of lack of addi- process is repeated until a proper state within the
tional information. We have taken the scattering rate correct energy range is found. Intervalley scattering

FA
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procedure is almost impossible to perform in three.
dimensional momentum space. A more systematic

,:.mooc' : ,approach may be possible.2' If the threshold energy
is calculated for each k point. it can be easily included
in this simulation procedure. The impact ionization
probability can be calculated from the matrix element
for the screened Coulomb interaction.14 .3 0 .3 1 Howev-

Phaan Scottering er, here we use a simpler model demonstrated by
Keldysh 6

.3
2 and used by others.' According to Kel-

dysh the probability of impact ionization can be
X. represented as

I E-, 12(10)
7(E) 7(E,) E,

where E is the electron energy, E, is the threshold
,4 1as energy, i/T(E,) is the scattering rate at E- E,, and P

3 () K is a dimensionless constant which is usually much
larger than unity. This formula is valid for se micon-
ductors with large dielectric constants. We take P as
a parameter. P - -50-oo has been used by Chwang
er aLt As shown by Baraff,5 and then by Chwangt

0 0.5 1 En .0 2 the impact ionization rate does not strongly depend
on this parameter as long as P is large compared to

FIG. 7. Phonon scattering rate and the impact ionization unity. The energy dependence of the impact ioniza-

probability in GaAs as a function of electron energy. The tion probability for P -400 is illustrated in Fig. 7.
parameters are due to Littlejohn et al. (solid line) (Ref. 26) Once the scattering rate and the ionization proba-
and Vinson ef at. (broken line) (Ref. 33). bility are determined, the rest of the simulation pro-

cedure is similar to the conventional Monte Carlo
method." The scattering probability [ At/i,(E) I is
calculated at each time interval, Ar, and compared

is known to be completely randomizing. 28 For this with a random number. This is necessary because of
mechanism, once the final energy is calculated, those the complicated E(k) relation. At is taken to be ap-
mesh points whose energies are within the allowed proximately --0th the average drift time. The simula-
range are tabulated. One of them is then randomly tion starts by releasing an electron with zero energy

selected as the final state. The correct overall energy t te b oe e n ra l le y. the energy

loss is checked and ensured in our procedure. the o vector of the electron are traced. When impact

Our treatment of phonon scattering processes ionization occurs, the energy is reinitialized to zero to

represents a compromise between accuracy and nu- statin histry. this is rtiaied tefa t
merial racabiity Fo a fnit nuberof eshstart a new history. This is justified by the fact that

mpicts thractability. Fpratinitee anu o mh the resultant electron after ionization lies very close
points, the energy separation between any two kto the bottom of the central valley.9 The impact ioni-
points is finite. For example, for our 156 mesh zation rate can be obtained by averaging each dis-
points this energy separation can be as large as 60
meV. The allowed energy range during the scattering oc over a suecient nume of ionization

occurs over a sufficient number of" ionizations. The
must be large enough to bridge this gap in order to distance, Ax, traveled during each drift is calculated
assure the continuity of the energy band. In the limit either by accumulating a differential distance. vAt, or
of infinitely fin mesh points, the allowed range for
final energy can be infinitely small. The number of k by utilizing the relation

points in this energy range for a given final energy is AE -eFAx , (11)
proportional to the density of states at each region of
k space with this final energy. Therefore, in the limit were E is te rgy gie dint dfthe
of infinitely fine mesh our procedure is correct, since velotisrn
the scattering rate for deformation potential scattering
is proportional to the final density of states.

The impact ionizing collision is treated as an addi- Vii. RESULTS
tional scattering mechanism. We assume an isotropic A. Contribution of ballistic electrons
threshold energy of 2.0 eV. Anderson and Crowell 9

have shown that the threshold energy actually By terminating the simulation after the first scatter-
depends on the W" vector. However, their graphical ing the electron suffers, the behavior of ballistic elec-
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trons can be studied. Additionally, we can determine ure shows the probability that an electron causes im-
the extent which these ballistic electrons contribute to pact ionization prior to its scattering by a phonon as a
impact ionization. Since there is no electron-initiated function of electric field. As can be seen, even at the
threshold state in the (100) or the (I I I) direction."9 maximum (500 kV/cm for P- cc), only 0.2% of the
we only consider the (110) direction. We have also electrons causing impact ionization are "ballistic."
changed the threshold energy to 1.7 eV, which is the Therefore we conclude that the contribution of ballis-
correct threshold energy in this direction. 9 Typically tic electrons to impact ionization is negligibly small if
100000 trials have been done for each electric field, our present understanding of the scattering rate is

The result of the calculation 3hows that an electron correct. This conclusion negates the considerations
travels on the average approximately 200 X, for an by Capasso et al. 20 who suggested that ballistic elec-
average time of 3 x 10" sec before the first scatter- trons give a non-negligible contribution to the total
ing event. These numbers differ slightly for different ionization rate.
orientations. By counting those electrons which These "ballistic" electrons were discussed by
cause impact ionization instead of scattering, we can Shockley who called them "lucky- electrons." We
estimate the contribution of ballistic electrons to the have shown that Shockley's theory gives ionization
impact ionization rate. If the same scattering rate is rates that are too small. It is interesting to note,
used as shown in Fig. 7 (known to give a good fit to however, that the two curves in Fig. 8 show the
the Gunn effect2

l), we find no electrons (less than correct i/F dependence as in Shockley's theory in
0.001"/) causing impact ionization. There may be spite of the much more complicated band structure
some uncertainties in the scattering rate, particularly and scattering rate that we used.
in the values of the deformation potential constants.
To find the maximum possible contribution of ballis-
tic electrons to impact ionization, a smaller scattering B. Transport properties and ionization rate
rate has been tried. We have used the values given
by Vinson er al. 33: Er-% -0.4, Er-L -0.38 eV, In the calculation of the impact ionization rate a
Dr- I 1.1 x 10', and Dr-L -2.8 x 10' eV/cm. This typical simulation consists of approximately 200000
gives the scattering rate shown by the broken line in to 400000 scattering events. Depending on electric
Fig. 7. This rate is approximately half of the previ- field this would give 40-300 impact ionization
ous value. Using this scattering rate in our calcula- events. Figure 9 shows a typical trajectory of the k
tion we obtain the results shown in Fig. 8. This fig- vector in the Brillouin zone for an electric field of

500 kV/cm in the (100) direction. The solid lines
represent the drift of the electron, and the broken

-'---- lines represent the scatterings from one end to the
next. When the k comes to lie outside of the Bril-

I P (E-Eb Iouin zone, it is placed back inside the zone to the
r,t ETH ) equivalent point. This is done by adding the appropri-

F in<110> Direction

P=400

2 .4 2.8

].F (cm V-11 FIG . 9. Typical trajectory of the electron Kvector in the
' Brillouin zone for an electric field of 500 kV/cm. The solidSFIG, S. Probability of ballistic electron causing impact lines represent the drift and the broken lines represent the

ioniLidtiOf as a function of a reciprocal electric field. -icatterings from one point to the next.

'A .. 7
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o~sooL ~GaAs300 -300 K

Fz5O0,WV/,.m
- 200

\F-400 kV/cm

LA

1as<~>1L 5 to 50 100 500

"°5 10 50 1.oo Electric Field. F(kV/cm)
Numoer of Imooct Ionizatio

FIG. 10. Impact ionization rate in GaAs as a (unction of FIG. 12. Electron mean free path in GaAs as a function
the number of ionizations obtained with the Monte Carlo of electric field calculated by the Monte Carlo simulation
simulation. The calculation is from the slope of the El k Isteady state).
curve (.1) or from Eq. (1) (o).

agreement with previous data 2- "5 and the convention-
ate reciprocal-lattice vector to the original k" vector. al Monte Carlo calculation.'" The reason that our

As seen from the figure the drift time is very short calculation agrees in this respect with the convention-
because of the high scattering rate at higher energies. al interpretation which does not include a realistic
The electron is frequently scattered over practically band structure is that the mean iree path is mainly

the entire Brillouin zone. determined by the average electron energy, which is

Figure 10 shows how the calculated ionization rate still small enough (-0.8 eV) for effective mass and
converges as the number of ionizations is increased. nonparabolicity corrections to be sufficient (at least in
Because of the limited computer time it has not been certain W directions).
possible to take averages over more than 300 ioniza- The calculated electric field dependence of the elec-
tions. However, the convergence is fairly good after tron drift velocity is shown in Fig. 13. The broken

10 ionizations. From this figure the statistical fluc- curve represents the experimental data by Ruch and

tuation is estimated to be approximately 20%. The Kino36 at low electric field ( < 14 kV/cm), and by

problem of statistical fluctuation can be overcome by Houston and Evans37 at high field ( -20-100
repeating the simulation only for the high-energy kV/cm). The agreement is good over the entire

tail.3 ' This has not been attempted in this work. range of electric fields experimentally investigated.

Figure I1 shows the average electron energy as a The result using Eq. ( ) gives much better fit than

function of the electric field. The reason for the the result using the slopes of the E(k) relation. It is

steeper increase beyond 100 kV/cm is not under-
stood, but may be related to the band structure. Fig-
ure 12 shows the electron mean free path as a func-
tion of electric field. In the electric field range where 2!

impact ionization occurs, the mean free Rath between
phonon scattering ranges from 50 to 30 A. This is in 2.0 2 Ga 00 K

GO A 5 00C.-

u, 06-

....... . ....... . .Electric Feld, F(kV/Cm)
• 0 50 100 500

1,eki ,' v/cMU) FIG. 13. Calculated electron drift velocity in GaAs at
room temperature compared with the experimental data

FIG. 1I. Average electron energy in GaAs as a function (Refs. 36 and 37). The calculated values are from the slope
of electron reld calculated by the Monte Carlo simulation. of the Elk() curve (.) or from Eq. ( I) (0).

'd&
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suspected that the accumulation of numerical errors 103 , ,
in the slope calculation is responsible for the GoAs

discrepancy. The slight deviations between theory Fz4OOkV/cm
and experiment at higher fields are believed to be
mainly due to the pseudopotential band structure
which gives the satellite valley effective masses larger E
than are usually assumed. From Fig. 13 it can also
be seen that the calculations describe quantitatively
the Gunn effect. This means that the method cansimulate polar optical scattering as well as intervalley o o

scattering, and that the transition from polar optical o
scattering (low-energy region) to intervalley scatter-
ing (high-energy region) is accomplished smoothly. U.

Figure 14 shows the calculated electric field depen-
dence of the impact ionization rate in GaAs for three
different crystal orientations. We have assumed
P -400. The shaded region indicates the range 10 _ __1

covered by the experimental data (Sec. It). The (110> Orienton (M)
agreement is fair, considering the uncertainty in the
scattering rate at higher energies. The inclusion of FIG. 15. Calculated impact ionization rate of an electron
upper bands is expected to increase the calculated with an electric field of 400 kV/cm in several directions
ionization rate slightly, and therefore to improve the between the (110) and (111) directions.
fit to the experimental data. Note, however, that the
calculation shows within statistical uncertainty
( -20%) no orientation dependence for the ionization
rate. This contradicts previous interpretations of the any orientation dependence within the statistical un-
experimental data by Pearsall etal. IS (Fig. 2). certainty. A solution including this rotation of the
Another way to calculate the orientation dependence electric field can be obtained only by the Monte Carlo
is rotating the electric field direction from one axis to method. The effect of changing the value of P has
another. The result is shown in Fig. 15 for an elec- also been examined. Varying P from 50 to 400 we
tric field of 400 kV/cm when the field is rotated from have obtained practically the same impact ionization
the (110) to (I I ) direction. Again we do not see rate. This confirms the result by Baraff5 and

Chwang' that the ionization rate is insensitive to the
ionization probability as long as it is much larger than
the probability of phonon scattering.

'0o For a better understanding of how the electrons ac-
GaAs quire the high energies, and how impact ionization is\.\ o <.OC>actually accomplished, we show in Figs. 16 and 17

<110> the variation of electron energy after each scattering
(110>
<10 )atal 

ac m ls e . es o nFis>6a 
d 1

"a event for electric fields of 500 and 100 kV/cm.
respectively. In the case of 500 kV/cm, the electron

0energy stays around -0.7-1.2 eV most of the time.
= to' but the electron occasionally escapes phonon scatter-
8 ing and moves up to higher energies. In Fig. 16 we

can see -4-5 spikes which reach to -1.8 eV. When
an electron reaches 2.0 eV, it causes impact ioniza-
lion. We can think of these electrons as the "lucky
electrons" in Shockley's theory, and those electrons
around the average energy as the diffusing (in ener-

______ ______gy) electrons in Wolff's theory. However, as seen in
1.8 2.0 2.2 2.4 ZE 2.8 X0 3.2 the figure this classification is not very distinct. Even

1/F (10'6cnV-1 ) those electrons in the spikes suffer several scatterings

FIG. 14. Calculated impact ionization rate of an electron before they reach the peak energies. Our results.
in GaAs with an electric field in three crystallographic direc- therefore, contain Shockley's and Wolff's notions of
tions as a function of a reciprocal field. The shaded region ionizing electrons as does Baraff's theory (but we
indicates the range of available experimental data Fig. I). have much more general conditions). Using Baraff's
Within statistical uncertainty, we do not observe any orien- word.5 the notion of ballistic electrons by Shockley and
tation dependence. diffusing electrons by Wolff are "complementary'" in
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24 VIII. CONCLUSIONS

500 kV/cm

~ A Monte Carlo simulation of high-field transport in

GaAs employing a realistic band structure has been
> Li described. The method has been used to study the

impact ionization mechanism in GaAs. The band
9structure of GaAs has been calculated using the em-
&12- pirical pseudopotential method. Partly due to lack of

information and partly for simplicity, we have used

o 0.8simplifying assumptions for the phonon scattering
rates, the ionization threshold energy, and the ioniza-
tion probability. This, however, is not an inherent

0limitation of the method. Unlike previous theories of
impact ionization, the method requires, in principle,

- ,. z _ .no adjustable parameters as long as the band struc-oo 6oo 1 000o
Numoer of Scoterings lure and the scattering mechanism are known. The

method has provided new results and increased the
FIG. 16. Variation of electron energy after each ,catiering understanding of high-field transport and impact ioni-

event for an electric field of 500 kV/cm obtained with a zation in GaAs. The calculated drift velocity, the
%Ionte Carlo imulation, mean free path. and the impact ionization rate are in

fair agreement with some of the published experi-
mental data. The inclusion of the higher conduction

determining the impact ionization rate. This is due bands is expected to further improve the fit. We do
to the fact that the height of spikes (in Fig. 16) not expect, however, to obtain the anisotropy meas-
depends on the average energy of electrons. It is also ured by Pearsall e a/. "' In our opinion this anisotro-
important to note the difference between our ionizing py is not a consequence of the band structure, but is
electrons and Shockley's "lucky" electrons. Shock- rather caused by crystal defects or other effects not
ley's "'lucky" electrons start from zero energy, escape yet understood. It is found that the contribution of
the phonon scattering completely, and impact ionize. ballistic electrons to the impact ionization rate is
The ionizing electrons of our result start at the aver- negligibly small. Shockley's theory, therefore, badly
age energy and reach ionization threshold after a few underestimates the ionization rate. We have con-
scattering events. This explains why Shockley's firmed that the impact ionization rate is rather insen-
theory badly underestimates the ionization rate, since sitive to the ionization probability above the thresh-
he neglected electrons which are scattered at inter- old energy as long as the probability is much larger

mediate energy. than the phonon scattering rate.
Based on the results of the simulation, a general

discussion of impact ionization has been given. We
2.. , , find that typically electrons stay around an average

'o0 kV/cm energy and experience a large number of phonon
ao <100> scatterings. Occasionally electrons escape phonon

scattering and move up to higher energy. Some
reach ionization threshold after a few scattering

16 - events. This feature is seen in Fig, 16. It can be
considered as a combination of Wolff's and Shock-
ley's notion of ionizing electrons, but the distinction

w" is rather vague. The reason for the success of

S Baraff's theory is that his theory also contains this
U feature. However, because of his formulation using

distribution functions, the physical picture is not as
clear as in our result (Fig. 16). Moreover, ourmethod includes realistic scattering mechanisms andband structure.

Unlike previous theories of impact ionization, the
Numberof Scottertnqs present method can in principle be applied to any

semiconductor. The method can be used for both
FIG. 17. Variation of electron energy after each scattering polar and nonpolar materials. This is obvious from

event for an electric field of 100 kV/cm. the successful simulation of the Gunn effect, which
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contains the transition from polar optical scattering to the position dependence should enable us to study
intervalley scattering. The calculation of hole- the effect of the "dark space." 3'
initiated ionization rates should also be possible,
although presently our understanding of hole tran-
sport is not as deep as electron transport. This is im- The authors wish to thank E. M. Keslkr. R. T. Gla-
portant for the understanding of the operation of din, and R. F. MacFarlane for technical assistance.
photodetectors. since their performance depends on They are grateful to Professor G. E. Stillman, Profes-
the ratio of electron- and hole-initiated ionization sor B. G. Streetman. and Professor N. Holonyak, Jr.,
rates. It should be understood that the method is for many valuable discussions. The use of the com-
quite versatile in its application. A transient Monte puter facilities of the Materials Research Laboratory.
Carlo method including the band structure may be University of Illinois. is also gratefully acknowledged.
used to investigate the orientation dependence of the The work was supported by the Office of Naval
avalanche response time.3s Finally the inclusion of Research and the Joint Services Electronics Program.
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drive current for a constant magnetic field and the results arc ORIENTATION DEPENDENCE OF BALLISTIC
'plotted in Fig. 4. The 50 Hz oscillating magnetic field was ELECTRON TRANSPORT AND IMPACT

supplied by a solenoid 0-295 m long and the mean field IONISATION
strength was 3"93 mT r.m.s. The detector output reached a 7
maximum value of 4.77 x 10- 1 r.m.s. as the polarisation ratio Inexng ____Cagecarir __emcndctrincreased. This corresponds to a Faraday rotation of about Indexing terms: Charge carriers, Semiconductors
0 14' r.m.s. Using the magnetic field parameters, this yields a The orientation dependence of ballistic electron transport in
%alue for the magneto-optic Verdet constant of 2.58 x 10- 6 GaAs is investigated using the pseudopotential band struc-
rad A - ' at 830 nm wavelength. This figure is in excellent ture. It is shown that a single scattering event can permit
agreement with the value obtained by extrapolating visible electron impact-ionisation threshold energies to be reached in
waveiength data using the reciprocal square wavelength the (111 >and < 100) directions. This is in contrast to ballistic
dependence of the Verdet constant. calculations, where simple thresholds do not exist in these

directions.

Ballistic transport of carriers is important for the understand-
ing of impact ionisation in semiconductors. Shockley's theory
of impact ionisationi considers those electrons which have

1escaped the scattering events and ballistically reach the thresh-
old energy. Recently, Capasso et al.' have shown that ballistic

x motion competes with inter-valley scattering in determining
electron dynamics in GaAs. Ballistic transport can also be

.3utilised in low-power high-speed logic devices. It is the pur-
0 pose of this letter to present the results of detailed calculations

which confirm that the ballistic motion of electrons in GaAs
depends sensitively upon the crystallographic direction of the

Z 2electric field. However, the calculations also show that one
phonon-scattering event is sufficient for an electron to reach

E the threshold energy for impact ionisation with an electric field
applied in the <111 ) direction, even though there is no thresh-
old state for ballistic electron-initiated impact ionisation5 in
this crystalline direction.

The ballistic electron behaviour is studied by solving the
equations of motion:

0 20 40 60 80 100
current, mA 088/ dkRE=I eF()

Fig. 4 Graph of r.m.s. detector output against current

Conclusion: The polarisation properties of single-mode and
double-heterostructure stripe lasers make them suitable light
sources for optical-fibre current measurement systems and v = VE(k) (2)
they should be useful in any optical fibre system where a where F is the applied electric field, k is the electron wave
linearly polarised light source is required. vector, E is the electron energy and v is the group velocity of
Acknowledgment: This work was carried out at the Central the electron. The band structure E(k) is calculated by employ-
Electricity Research Laboracries and is published by permis- ing the empirical pseudopotential method of Cohen and
sion of the Central Electricit Generating Board. Bergstresser.' Eqns. I and 2 have been solved in successive small

time intervals with the initial condition k = 0 at t = 0. The
field F is assumed to be constant, i.e. we are interested only inA. M. SMITH 6th FebruarY' 1980 cases where a few ballistic electrons cause the impact

Central Electricity Research Laboratories ionisation.
Kelin .4venue
Leatherhead. Surrey KT2 7SE. England 15-
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chosen to be 5W kV cm. Fig. I ,hows the electron ,elociy vas tie as measured from the conduction-band edge. The rate of
a function of time. The orientation dependence of ballistic be- increase is largest in the (100) direction and smallest in the
haviour is obvious from this Figure. The highest peak velocity < I I I > direction. Of course, ballistic transport must compete

with the scattering processes. The dominant scattering
2 0 r mechanism for electron energies greater than 0-35 eV is inter-

<100>),-- valley scattering. The momentum relaxation time for this scat.
tering process is about 2 x 10- " s. Figs. I and 2 show that,

Go AS even within this short timespan, the effect of orientation can be
F-500kVicm considerable. Ballistic electron transport can occur on longer

/ / to "time scales, but only with decreasing probability.
l/ The orientation trend in Figs. 1 and 2 agrees with exper-

imental results' which show that, in GaAs. the electron impact
/ ionisation rates are higher in the (100) and the (110) direc-

tion than in the < 111 > direction. The distance which an elec-
tron can travel in 2 x 10- " s also reflects the same orientation
Sdependence 0,039 pm. 0-034 pm and 0031 um in the (100>,
tio thaendne (1>drcin h itnewiha lc( 10> and < Ill> directions, respectively, for an electric field of
500 kV/cm.

i In the ( 111 > direction, the electron can never gain sufficient
I'. energy ballistically for impact ionisation. In the <100) direc-
/ tion, the impact-ionisation threshold can be reached only if

electrons tunnel in k-space to the next higher band - 02 eV
above the principal conduction band.' As a result, scattering
events become crucial for the occurrence of impact ionisation
in these directions. Electrons can be scattered to other regions
of the Brillouin zone, and a single scattering event is sufficient

00 1 2 5 6 to permit the electrons to reach threshold energy. This
time.10 S rim mechanism is illustrated in Figs. 3 and 4. An electron starts at

the point and moves along the (Il> direction. At point A,
Fig. 2 Variation otelectron energy with time as measured from the con- (k - 0-3v/3 xla), the energy is at the maximum for this direc-
duction band edge tion. but it is still much less than the threshold energy. Sub-

sequently, the electron can be scattered (e.g. by a phonon or
impurity) to some other point in the first Brillouin zone; point
B, for example. Following this scattering event, the K I ll> com-
ponent of the electron wave vector continues to increase.
However. the wave vector points in a direction different from
( 11 > such that the electron can now reach a higher energy. As

L shown in Fig. 4, the electron can actually exceed the threshold
for impact ionisation. This clearly indicates the importance of

r scattering processes to impact ionisation. We also note that
since V. E is not always in the direction of the electric field for

20-°I5

010

F , 3

a 11I 01 .ecsion of the lirst Brnllouan ione 0 1 2 2 S
', Wa,,e vector trajecory ot d:ectron in this plane under the hime.lO's

-" influence of electric field in IlI I direction. Electron is scatered
from A to 8. Energy change in the tcattenng process has been Fig, 4 Variation with time of electron energy .for the process shown in
neglected Fill. 3
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the path starting at point B. the electron trajectory in real Research is gratefully acknowledged.
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NEAR-FIELD DISTRIBUTIONS IN Results: Figs. I and 2 are near-field patterns produced by a
SELECTIVELY EXCITED ELLIPTICAL typical nearly parabolic c.v.d. fibre with a 1-2 pim central index
OPTICAL FIBRES dip and an ellipticity (defined as the ratio of the major to the

minor axis) of the order of 1-01. Fig. I shows the near-field
distribution of a I m fibre sample excited near the edge of its

Indexing terms: Opticalfibres, Ware propagation core and along one of its principal axes. Fig. 2 is produced by a

Short (1-400 m) multimode fibres were excited by a single- 40 m length of the same fibre excited near the edge of the core
mode fibre. The resulting near-field intensity distributions are and at an angle of 45' with the major axis. If we excite other
generally not circularly symmetric. A calculation based on ray
optics shows that slightly elliptical fibres give similar distribu-
tions. This calculation assumes a central index-profile dip. I'.

Introduction: Recently the nature of ray propagation in ellipti-
cal fibres has been investigated by several authors.' - In parti-
cular. Ankiew~cz has plotted diagrams depicting the paths of
representative rays in elliptical fibres. In this letter, we will
extend these results to profiles containing a central index dip
and show that they can be verified experimentally.

Apparatus: Light from a d.h. laser operated below threshold is
collimated through a half-metre length of a single-mode fibre
with a core radius of 5 um and an n.a. of 0-04. The emerging
beam is then coupled to a multimode fibre, typically of core
diameter 50 pm and n.a. = 02. The resulting near-field distrib-
ution is focused onto a 100 x 100 c.c.d. photodiode matrix and
displayed on an oscilloscope. Fig. 2 As in Fig. I; excitation equidistant from axis

- - . - -' 7=;,



IMPACT IONISATION IN MULTILAYERED already has when it approaches the junction.

HETEROJUNCTION STRUCTURES (ii) As shown by Holonyak and co-workers, "'5 the scattering

rate in quantum wells is different to that in the bulk and, at low
Indexing terms: Ionisaion. Photoelectric devices, Semiconduc- energies at least, holes are scattered more often and thus are
rors. Charge carriers collected more effectively in the quantum wells. An analysis of

Calculations are reported showing that in multilayered heter- this effect is difficult because it must include the reflection and
ojunction structures the effective impact ionisation rates for transmission through the (nonideal) heterojunction. However,
electrons and holes can be very different, even if they are the inserting different mean free paths in the Baraff theory shows
same in the basic bulk materials. The reason for this is the immediately that this effect can strongly change the a/# ratio if
difference in the band-edge discontinuities for electrons and it prevails up to the energy of the impact ionisation threshold.
holes and the lower phonon mean free path for holes in quan-
tum well structures. The following estimates are based on a structure appropriate

for GaAs-AI.Gal _As layers with the material constants ad.
As is well known, the signal/noise ratio of an avalanche photo- justed to give m/p when inserted in the Baraff theory for bulk
diode (a.p.d.) is influenced by the statistics of the gain process, material A polynomial fit to the Baraff theory is used in the
and, because of feedback effects, significantly more noise is calculations.3 The values of the material constants are listed in
generated when both electrons and holes produce secondary Table 1.
pairs.' For lowest excess noise in a.p.d.s it is desirable to have a The p+-n junction is assumed to be steplike with uniform
material in which the ionisation rates for electrons a and for doping densities on each side. The electric field accelerating the
holes P are significantly different, and in addition to have a electrons and causing impact ionisation has three sources: the
device structure which results in injection of the carrier with external voltage, the built-in voltage and the band-edge step of
the highest ionisation rate into the multiplication region. 2 For the heterojunction. The first two are taken into account in the
detection at various wavelengths it is useful to use III-V corn- usual way by inserting space dependent electric fields in the
pounds and ternary and quaternary alloys of these compounds Baraff theory. As mentioned above, the band-edge discontinu-
in which the bandgap is only slightly smaller than the energy of ity has to be treated in a different way because the band-edge
the photons to be detected. Unfortunately, preliminary energy changes over a distance which is much shorter than
measurements of a and Pi seem to indicate that in most of these the mean free path between collisions. To assess the effect of
materials the electron and hole impact ionisation rates are the band-edge step on the ionisation rate, consider an electron
nearly equal. It is the purpose of this letter to show that two that travels from one AlGal - , As layer into a GaAs layer.
effects specific to multiheterostructure quantum layers may be
useful in the construction of low noise a.p.d.s from materials in
which % and Pi are approximately equal. Table I MATERIAL CONSTANTS

The basic physical ideas are as follows:

(i) The impact ionisation rate depends exponentially on the
impact ionisation threshold and on the energy from which the Electron 2-0 eV 5o A 15o A 06 eV

electron (hole) starts to be accelerated. Therefore a step-like Hole 1-5 eV 40 A 150 A 0-106 eV

band structure as shown in Fig. 1, where the discontinuity in
the conduction band is greater than that in the valence band. E, = Threshold ionisation energy (Averaged in different k
will enhance the ionisation rate for electrons. This can easily be directions:2 ,A - optical phonon mean free path; d - impact ioni-
seen by subtracting (adding) the conduction band-edge step to sation mean free path: AE - band-edge discontinuity (AE, for

the ionisation threshold in the Baraff theory.3 A rigorous conduction band. AE, for valence band)

justification for this procedure can only be given for special When it arrives in the GaAs it 'sees' not only the smaller
cases, because in general the effect of the band-edge step on the bandgap of the GaAs, but it also starts at an energy AE, (con-
ionisation rate will depend on the energy which the electron duction band edge step) above the GaAs band edge. To include

this effect, we deduct the 'excess' energy AE, from the GaAs
impact ionisation threshold within a distance from the discon-

p. tinuity equal to the impact ionisation mean free path. This
process increases i much more than P since, when the same
procedure is followed fo- holes, the valence band edge step AE,.

hV is much smaller."'
The thickness of the layers should be chosen so that after an

electron impact ionises in the GaAs layer it can gain sufficient
S--energy in this layer to get out of the well, and after the electron

0 t x2 x3 X, X5  X6
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Fig. I Basic structure of a.pd. with quantum well layers number o welts
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enters the AI1GaI _As layer with small kinetic energy, it gains rather arbitrarily from 40 A to 30 A in th. GaAs quantum wells
the effective threshold energy E,(GaAs) - AE, before arriving to demonstrate the effect. The result for the average at/p ratio is
at the next GaAs layer. E,(GaAs) is the impact ionisation thre- shown in Fig. 3, once more against the number of wells.
shold for bulk GaAs. Note that the values of the layer width x5  From the above discussion it is clear that the a/0 ratio
vary for different design parameters, i.e., doping concentration depends sensitively on the structure and doping concentration.
No, the applied voltage and the position within the structure. This is due to the fact that z is considerably larger than P only
However, the calculated value of the thickness is always close for electric fields E < 10' V/cm. Therefore, if we choose to
to 300 A for GaAs layers, and 500 A for the AlGaI - ,As layer. increase the multiplication factor, we automatically reduce the

The above procedure gives immediately the zip ratio at a z/fl ratio. Nevertheless, the above analysis shows that even for
particular location in the layers. The value of zil# relevant to multiplication factors above 10 the a/p ratio can be substan-
the multiplication factor in an a.p.d. is given by the spatial tially enhanced in quantum well structures, especially because
average over the whole structure. Our results for the average of the second enhancement effect, the reduction of the phonon
effective 2,ip ratio are shown in Fig. 2. As can be seen the enhan- mean free path. Finally we would like to note that fluctuating
cement of the i ratio is substantial especially for low values fields associated with compositional disorder in ternaries and
of the donor density No. The multiplication factor is in an quaternaries have an effect similar to the bend-edge discontin-
interesting range (i.e.. of the order of 10 or larger) only for the uity at the heterojunction and can increase (decrease) the zif
two highest doping concentrations shown in Fig. 2. The ratio. Work is in progress on these effects and will be reported
reasons for this are outlined below, later.

The second effect which enhances /zi, the higher phonon
scattering rate of holes in the heterojunction structures, has not Acknowledgments: The authors wish to thank E. M. Kesler, S. B.
been included in the results of Fig. 2. It is clear that this effect Marshall, R. T. Gladin and P. F. MacFarlane for technical
once more increases cip. In fact the mean free path for phonon assistance. The work has been supported by NSF Grants
scattering enters more sensitively in the impact ionisation rate DMR-79-09991 and DMR-23999 and Navy contract N00019-

79-C-0768.
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Phonon contribution to double-heterojunction laser operation
N. Holonyak, Jr., B. A. Vojak, and W. D. Laidig
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Champaign. Urbana. Illinois 61801

K. Hess
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J. J. Coleman and P. D. Dapkus
Rockwell International Electronics Research Center. Anaheim. California 92803

(Received 21 February 1980; accepted for publication 12 May 1980)

Laser data (77 and 300 K) are presented on two photopumped undoped metalorganic chemically
vapor-deposited Al, Gat - . As-GaAs heterostructures with active regions consisting of: (i) a
thick GaAs layer (L,, - 1500 A) coupled to an auxiliary quantum-well array of seven small L,
- 50 A coupled GaAs layers, and (ii) a comparison single thick GaAs layer (L, - 600 A) in the
form of a conventional double heterostructure (DH). Because of the strengthening of phonon-
assisted recombination with temperature, laser operation of the bulk (L, Z 500 A) GaAs layers is
shifted from Ao-E. at 77 K to E, - iot.<(A < E at room temperature. This behavior of the
bulk DH GaAs layers agrees with that of the reference recombination radiation observed from the
auxiliary quantum-well array (wafer # 1), which recent work indicates is phonon assisted.

PACS numbers: 42.55.Px, 78.55.Ds, 81.15.Gh, 85.60.Jb

Recent work has shown that phonon involvement in the an array of seven small GaAs quantum wells (L, - 50 A)
laser operation of quantum-well heterostructure (QWH) Ia- which are in turn coupled by - 50-A AI, Gal _, As
sers is readily observed"'s and, in fact, should be expected . 6  (x -0.32) barrier layers. The second wafer is similar to the
It is even possible to induce phonon-sideband laser operation first except for the active region, which is a single GaAs layer
of a single larger quantum well with a phonon generating of thickness L. - 600 A. To eliminate the possibility of band-
array (a phonon resonator) of smaller quantum wells." In to-impurity laser transitions, all layers in the wafers are
contrast, phonon-sideband laser operation of a standard
double heterostructure (DH), i.e., a DH of active-region
thickness L. Z 500 A and here assumed (as is common) Energy cV)
lightly doped or undoped ( < 10' 7/cm 3), has not been identi- 1.50 1.55 1 60 1 65

fled even though laser operation of an undoped DH GaAs Al I 1

active region is commonly observed 30-35 meV below the 0.32
band gap E .s" It is not uncommon in such a case to propose L, 1 -1500A(1)
some sort of model involving unexplained impurities,9  C F9  L.2 - SO A (7)
which, if acceptors, would have to exceed a density of 77 K

1 '7/cm3 to have much validity."0 In this letter we describe C 484 X 104 w/cm
2 _L)

experiments indicating that for standard DH lasers, with
undoped active regions (nd - n. : 10'5 /cm 3 ), it is also
phonon participation that accounts for the laser operation at xo0 Lo-1* '

reduced energy ( Aw < E). The effect of phonons is observed .

by coupling a quantum-well phonon generating and reflect- ,_ J
ing array of seven coupled 50-A GaAs wells to a bulk DH 1 -
GaAs active region (L, - 1500 A), 6 and by comparing the I 77 , i
shift with temperature of the recombination radiation of the 8.4 8.0 7.6
bulk GaAs and the phonon-sideband marker radiation of the wavelength 103 A)

small-well array. At 300 K the recombination radiation isshifted by -haLO. FIG. I. Pulsed laser operation (4.8 \ 10' W/cm
2 , 77 K) ofra photopumped

undoped (n. - n, S 10'/cm
i
') MO-CVD AI,Ga, ,As-GaAs multiple.

The two Al. Ga, - .As-GaAs heterostructures con- quantum-well heterostructure. The sample is 23 x 390,um' in size and has

structed for this work are grown by metalorganic chemical an active region (confined between - I and -0.3- m x-0.36

vapor deposition (MO-CVD). 1 '- 3 A GaAs buffer layer is AI,Ga, ,As layers) consisting of one bulk L., - 1500-A GaAs layer and

grown first on a I 1001 GaAs substrate and is followed by a seven thin L,, - 50-4 GaAs layers, all coupled by 50-A-thick Al,Gal , As

- 1-pm-thick AI Ga, _ As (x -0.36) confining layer, then (x-0.32) barriers. At low temperature laser operation is observed on and
the active region, and finally another confining layer slightly above the GaAs band edge (band-to-band transitions. Asw- E). A

spontaneous emission reference peak is also observed (X 10 inset) near and

(x - 0.36) of thickness -0.3/pm. The active region of the on the broadened n - I electron-to-heavy-hole transitions of the auxiliary

first wafer consists of a 1500-A (bulk) GaAs layer coupled to quantum-well array (seven coupled 50-A GaAs layers).

136 AppI. Phys. Lett. 37(2). 15 July 1980 0003-6951180/140136-03S00.50 i 1980 American Institute Of Physics 136



Energy (eV)
1,40 45 1.50 1 55 with temperature, the emission of the bulk GaAs layer is

certain to shift, provided phonon-assisted recombination
governs its behavior.

A,,Ga1 _.,As-GaAs 1 * sThe behavior of the second wafer, which is near the
- 0.32 boundary in size between bulk and quantum-well dimen-

Lf1500 A (1) sions, is shown in Fig. 3. For the 600-A active region, and no
'.,2- 50 A (7) auxiliary quantum-well array, the emission is free of the ref-

300 K erence emission bump and is peaked (a, spontaneous emis-
3.6 x 104 W,'cm 2 J..:71) sion, 101 W/cm, 300 K) well above the band edge, or in the

region of the n = 3 or 4 electron-to-heavy-hole transitions if
X ILO- they could be identified. At high excitation levels, as here,
XS band filling easily reaches into this region. Laser operation at

I higher excitation (b, 4.7 x 10 W/cm2) occurs about oneI.-LO phonon below "transition" n = 3 (here inserted simply as a
Creference), which is well below Eg. At 77 K the laser oper-

1O- 1 ation (c, 2.5 X 10' W/cm', i.e., comparable excitation level)
., , I I , ,I I occurs distinctly on the band edge, which indicates that im-

9.0 8.5 80 purities are not important in the recombination process nor
Wavelength (103 k) carrier-induced band-gap shrinkage."

FIG. 2. Room-temperature laser operation (3.6 x l0Y W/cm2 ) of the same It is interesting to note that the physical structure of a
undoped quantum-well heterostructure as that of Fig. 1. The cleaved rec- DH laser is important in respect to the phonon contribution
tangular sample (43 x 94 um ,) is heat sunk in annealed copper under a
diamond window and pulse excited to avoid heating effects. The laser to its operation. First, the major discontinuity in energy gap
modes of the bulk GaAs layer (L,, - 1500 j) and the spontaneous reference from the Al, Gal - , As confining layers to the GaAs active
peak ( x 5 inset) of thc small (Lal - 50 k) quantum-well array are shifted region requires many LO phonons to be emitted in the pro-
down wl . in energ) ielative to E, (GaAs) and relative to the n = I lec- cess of carrier injection ("hot" carriers) and carrier ther-

9* tron-to-heavy-hole and n' = I' electron-to-light-hole transitions as shown malization. Also, the LO phonons are expected, because of
by the "LO" markers.

Energy (@V)
grown undoped (nd - n. : 10'5 /cm 3 ). The GaAs substrate 1.40 1.45 1.50 1.55

is removed by polishing and selective etching; the remaining AlGa !As-GaAs

- 1.4-pum-thick wafer is cleaved into samples of dimensions
- 50 x - 150 pm (average) which are heat sunk and then a) 103 w (cm2 cW1 0.36

photoexcited with an Ar + laser (A.i -5145 A) focused to a >b) 4.7 X 104 W/- 2 fL) L, 600 A

circular spot with a diameter comparable to the sample c) 2.5 X 104 W/cm 2 t-L)
width."6

. 14 2(

The 77-K emission spectrum of a rectangular sample
cleaved from the first wafer is shown in Fig. 1. Two features I
are apparent: (i) Laser operation occurs on or somewhat ,

above (high excitation, 4.8 X I0 W/cm') the band edge E, of L

the bulk GaAs layer (L, - 1500 A). (ii) At much shorter . Eg(300)

wavelength a small emission bump, which serves as a refer-
ence. is located very close to the broadened n = 1 electron- b)
to-heavy-hole transitions (dark marker) of the seven coupled 11 I I _
50-,A GaAs quantum wells. The two "LO" markers show 1 2 3 4 5 6

where this bump would be located if, as hot carriers therma- -
lize, much phonon generation occurred in the coupled 50-,.
quantum wells, as is indeed the case when this section is a ElI?;7)
bigger fraction of the active region ( > 0.5).' 9.0 8.8 8.6 8.4 8.2 8.0

The behavior of this material (wafer # 1) changes radi- Wave ength I 003A

cally at 300 K (Fig. 2). The laser emission shifts to well below FIG. 3. Emission spectra of a photopumped undoped AI, Gal . As-GaAs
the band edge, E, - ALO 44w < E,. This agrees with the DH platelet (70X 94,um2) with a 600-A-thick GaAs active region confined
shift of the reference emission bump one phonon. fAWLO, be- between - land -0.3-pm x -0.36 Al, Ga, - ,As layers. At room ,empera-
low the n = I electron-to-heavy-hole or the n' = 1' electron- ture the spontaneous emission at high excitation (a. IlY W/cm) exhibits a
to-light-hole transitions of the auxiliary quantum-well ar- broad peak near the n - 3 or 4 electron-to-heavy-hole transitions. Laser

operation (b. 4.7 x 10' W/cm) occurs approximately one phonon. faa_,,,
ray. The quantum-well transitions are expected to be below then - 3 or 4 peak. which is well below E,0(300). At 77K(c. 2.3 < I0'
phonon assisted'-'but. as discussed below, are not very ter- W/cm,) laser operation of another sample 017x 164 urn) occurs dtstict-
perature sensitive nor in the present case very heavily ex- ly on E, (77), which rules out as important transitions involviig impuntiet

cited. Thus, if the emission of the quantum-well array shifts or carner.induced band-Sap 'ssrinkage.
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the AI, Gat _ ,As-GaAs interfaces, to be restricted to some A, < E,. This conclusion is consistent with the high excita-
extent to the vojume of the active region.6 That the phonons tion level (- 10' A/cm2) typical of DH laser operation,
are generated in such large numbers and are partially con- which provides a basis for large-phonon generation.
fined to such a small volume increases the probability of an The authors are grateful to Yuri S. Moroz. R. T. Gla-
electron-LO-phonon interaction and phonon assistance in din. B. L. Marshall, and B. L. Payne (Urbana) for technical
recombination. Thus iarge-dimension GaAs (C' I/sm), not to assistance, and to G. E. Stillman for helpful discussions. The
mention the case without confining heterobarriers, when work of the Illinois group has been supported by NSF
photoexcited a few kT within the energy gap has no basis to Grants DMR 79-09991 and DMR 77-23999 and Navy Con-
operate as a laser on an LO-phonon sideband. 4 In fact, the tract N00014-79-C-0768; the work of the Rockwell group
results of Ref. 14 offer further data in support of the mecha- has been partially supported by the Office of Naval Re-
nism elucidated here. search, Contract N00014-78-C-071 I.

As mentioned above, in a "two-dimensional" well (L,
:5 200 A) the phonon emission process is expected to depend
only weakly on temperature. There are two reasons for this:
(i) The phonon occupation number Nq is expected to be at
least l0 X higher than the thermal equilibrium value for cer- 'ND.Holonyak, ,R. M. Kolbas, W. D. Laidg. M. Altarelli, R. D. Dupuas,

and P. D. Dapkus, AppI. Phys. Left 34. 502 (1979),
tain ranges of the wave vector q even at 300 K. (ii) Two- :E. A. Rezek. R. Chin, N. Holonyak. Jr.. S. W. Kirchoefer, and R. M.
dimensional screening of the phonon emission process is less Kolbas. Appl. Phys. Lett. 35, 45 (1979).
significant than the screening in three dimensions since the 'R. M. Kolbas. N. Holonyak. Jr.. B. A. Vojak, K. Hess M. Altarelli, R. D.

Dupuis. and P. D. Dapkus, Solid State Commun. 31.1033 (1979).screening constant has a limiting value of2/as,5 where*a is 4B. A. Vojak. N. Holonvak, Jr.. R. Chin. E. A. Rezek. R. D. Dupuis, and P.
the effective Bohr radius and is independent of temperature. D. Dapkus, J. Appl. Phys. 50, 5835 (1979).

In a three-dimensional (bulk) region, on the other hand, 'R. D. Dupuis. P. D. Dapkus. N. Holonyak. Jr., and R. M. Kolbas. Appl.

the perturbation of N, is estimated to be weaker, and the Phys. Lett. 35, 487 (1979).
'N. Holonyak. Jr., R. M. Kolbas. W. D. Laidig. B. A. Vojak. K. Hess. R. D.thermal occupation adds significantly to any "stimulated Dupuis. and P. D. Dapkus, J. Appl. Phys. 51, 1328 (1980). See also N.

term," which is proportional to IV" = N 1h + N " where N ' Holonyak. Jr., R. M. Kolbas. R. D. Dupuis. and P. D. Dapkus. IEEE J.
is the thermal occupation and N,' is the additionally gener- Quantum Electron. QE-16, 170 (1980).
ated phonon occupation number. In addition, the phonon J. J. Coleman, P. D. Dapkus. B. A. Vojak, W. D. Laidig. N. Holonyak. Jr..

and K. Hess. Appl. Phys. Lett. 37, 15 (1980).
emission probability in three dimensions is large only for 'H. Kressel and H. F. Lockwood, Appl. Phys. Lett. 20. 175 (1q72).
very small values of Iql.' Therefore screening of the elec- 'W. T. Tsang. C. Weisbuch, R. C. Miller. and R. Dingle. Appl. Phys. Lett.
tron-phonon interaction is already of high importance at 35.6 73 (1979)

"J. A. Rossi, N. Holonyak. Jr., P. D. Dapkus, 1. B. McNeely: and F. V.rather low carrier concentrations. Also, the classical screen- Williams. Appl, Phys. Lett. 15, 109 (1969).

ing length exhibits a significant temperature dependence. In "H. M. Manasevit. J. Electrochem. Soc. 118, 647 (1971).
any case, temperature is expected and is observed to play a ' R. D. Dupuis and P. D. Dapkus, in PrcedingsoftheSeventh Internation-
major role. It is difficult, however, to calculate explicit ex- al Symposium on Gas and Related Compounds. St. Louis, 1978, edited by

C. M. Wolfe (Institute of Physics. London. 1979), pp. 1-9.
pressions for the above effects because the energy distribu- "R. D. Dupuis and P. D. Dapkus, IEEE J. Quantum Electron. QE-15. 128
tion of the carriers is not known. (1979).

In summary, the data and arguments above indicate "S. R. Chinn, J. A. Ross, and C. M. Wolfe. Appl. Phys. Lett. 23. 699
(1973).that phonon-assisted recombination (300 K) is mainly re- "F. Stern and W. E. Howard. Phys. Rev. 163, 816 (1967).

sponsible for lowering the emission energy of a DH laser "K. Hess. N. Holonyak. Jr., W. D. Laidig, B. A. Vojak. J. J. Coleman. and
(lightly doped or undoped active region) to the range P. D. Dapkus. Solid State Commun. (to be published).

Ultrasensitive detection of aromatic hydrocarbons by two-photon
photoionization

Charles Klimcak and John Wessel
ivan A. Getting Laboratories. The Aerospace Corporation, Los Angeles, California 90009

(Received 17 March 1980; accepted for publication 5 May 1980)

An optimized multiphoton photoionization detection system has been applied to monitor
aromatic-hydrocarbon vapor density as a function of temperature. The density curves established
for naphthalene by this procedure permit estimation of a detection limit of 5 X I0 molecules/cm s

in a nitrogen buffer gas. With slight modification this method woud be capable of single-molecule
detection limits.

PACS numbers: 33.80.Kn, 06.70.Dn, 82.80.Di. 64.70.Hz

Recently several research groups have achieved detec- and fluorescence-based techniques.- Attainment of molec-
tion limits in the single-atom regime using photoionization- ular detection at densities approaching this limit is of consid-
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Phonon contribution to metalorganic chemical vapor deposited Al'
Ga - As-GaAs quantum-well heterostructure laser operation

B. A. Vojak, N. Holonyak, Jr., and W. D. Laidig
Department of Electrical Engineering and Materials Research Laboratory. University of Illinois at Urbana-
Champaign. Urbana. Illinois 61801

K. Hess
Department of Electrical Engineering and Coordinated Science Laboratory. University of Illinois at Urbana-
Champaign. Urbana. Illinois 61801

J. J. Coleman and P. D. Dapkus
Rockwell International. Electronics Research Center. Anaheim. California 92803

(Received 16 July 1980; accepted for publication 29 October 1980)

A series of experiments have been conducted to determine the extent of longitudinal optical (LO)
phonon contribution to quantum-well-heterostructure (QWH) laser opertion. Extensive data are
presented on metalorganic chemical vapor deposited (MO-CVD) Al, Ga, - , As-GaAs QWH's
with active regions consisting of larger quantum wells, or in some cases bulk layers (L, > 500 k&),
coupled to phonon-generating and -reflecting arrays of coupled smaller quantum wells. Because
of the electronic and vibrational coupling of the single larger layer to the array, the spontaneous
emission and laser emission from these structures differ from that of QWH's containing either a
single well or a multilayer of uniform well thickness. In fact, phonon sideband laser operation of
the larger GaAs layer can be induced at aw - Eg -hLoO (undoped layers, nd - n. < 

10 s / cm'). An
increase in either the thermal or nonthermal phonon occupation number is shown to cause
phonon sideband laser operation in a QWH. A guide to the design of the multilayer array also is
presented.

PACS numbers: 78.50.Ge, 78.45. + h, 63.20.-e, 81.15.Gh

I. INTRODUCTION cases are illustrated in the density of states versus energy

Until quite recently, the design of Ill-V semiconductor diagram of Fig. 1. As electronic carriers are confined to a

lasers has involved the optimization of carrier, current, and thin-lower-energy-gap semiconductor layer between two

electromagnetic field confintement in some form of stripe- wider-gap layers, the single-particle energy spectrum takes

configuration double-heterostructure laser. As the carriers on a particle-in-a-box character in the dimension in which

are better confined, however, so also to some extent are the
longitudinal optical (LO) phonons that are emitted during
the process of carrier energy relaxation from the wider-ener- E,
gy-gap confining layers (injecting layers) to the narrower-/es
gap active region. The role that phonons might play in dou- FIG. 1. Density of states dia-
ble-heterojunction (DH) and quantum-well-heterostructure grams for electrons, heavy

of the fact holes, and light holes. Thestep-
-QWH) lasers has been poorly understood in spite (of

that large phonon densities are likely to exist in the active states g(E) characteristic of
region at threshold, which is typically high J- 10' A/cm2 ). quantum-well heterostructures
For example, in an AlGa As-GaAsIx-0.4,T= 300K) is contrasted with the densityof states of bulk material
DH laser approximately [E)(AIGaAs) - E (GaAs) ]/1ALO hWLo dashed curves). The smaller
= J1.923-1.424)/0.036 = 14 LO phonons are emitted for curved arrows indicate elec-

each electron-hole pair injected into the active region. That g(E) tron energy loss (in units of
LO phonons do modify laser action has been shown in the 4 ,) stevia electron-LO-phonon
phonon-sideband operation of AIGaAs-GaAs,"- 1lnGaPAs- -E I and I represent the recomb -
lnP' and InGaPAs-GaAsP, quantum-well heterostruc- | nation of an electron in the
tures. All of these are II1-V semiconductor compounds in k M = I confined-particle state
which, unlike l-VI compounds. phonon participation in la- with a heavy holef (- I I and a

ser operation has not previously been identified. This has "" 1' ,,light hole i',= I'), respective.
been more or less expected because the electron-LO phonon [Heavy hoes atn is idicated by the mal

coupling is inherently relatively weak in comparison with HI- upward arrow.
VI compounds.

The relevant recombination and LO phonon scattering Er 'Lqht holes

processes for undoped GaAs in the bulk and quantum-well
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the layer is constricted (e.g., for GaAs L, < 500 A), and re- QWH active region, and finally a second -0.3-/um
suits in a number of quasi-two-dimensional subbands each of AI Ga, - , As (x - 0.36) confining layer. All layers are un-
which has a constant density of states.' The cumulative den- doped (n, - n. : 10" cm ).
sities of states for electrons and for light and heavy holes- in Six different QWH active regions composed of thin-
the quantum-well regime is steplike as shown in Fig. 1, with layer phonon-generating arrays coupled to larger GaAs
each step occurring at the energy of the one-dimensional quantum wells IL, < 500 A,) or standard DH active layers
confined-carrier energy. In the bulk limit, the usual parabol- 1500 A < L. S 2000 A) are emploved. They are (iI a single L,,
ic density of states exists dashed). The curved arrows on the -200-A GaAs well and seven L 2 - 50-A GaAs wells
conduction-band densities of states represent LO-phonon with all of the wells coupled by seven -50-A-thick
emission by thermalizing electrons while the 1, 1', 1-LO, 1'- AlxGat-.As(x - 0.32) barriers [structure denoted as
LO arrows illustrate the various low-energy confined-carrier 11-7) 200 - 50 k], "(ii) a structure identical to (i) with the
radiative recombination transitions in QWH lasers (I is exception that the thicker GaAs layer is changed to L.,
n = I electron to heavy-hole, ' is n' = ' electron to light- - 500 A [(1-7) 500 - 50 k], (iii) a structure identical to Ii)
hole, and I-LO and '-LO are phonon sidebands of the I and with the exception that the largest GaAs well is increased in
V transitionsl. Also shown is the light- to heavy-hole size to L, - 1500 A [(1-7) 1500 - 50 A), jiv) a structure
relaxation. similar to i) with L, - 60 A, L, -80 A and with - 80-A-

The form of the density of states is fundamental to the thick Al. Gal - As (x- 0.32) coupling barriers [(1-7)
process of LO-phonon emission and absorption in polar op- 160 - 80 A)], (v) a phonon-generating array of seven L,2
tical scattering and is so important that, in the two-dimen- - 50-, GaAs wells on either side of an L, - 500-A GaAs
sional limit, the basic electron-LO-phonon interaction is ac- layer all of which are coupled by fourteen - 50-A-thick
tually slightly enhanced over the bulk case. making
stimulated phonon emission more of a possibility.•2 Because
of this. the nonthermal LO-phonon occupation number is A As- GaAs
expected to be greatly increased in QWH lasers.' These
phonons, however, are extremely difficult to detect. Earlier
work' indicates that multiple thin-layer (L, :< 80A) struc-
tures, in contrast to single (L. 5 500 A.} quantum wells, are V
very efficient in carrier collection and thermalization,and ".. . .. - ,
operate readily on LO-phonon sidebands. A valid verifica- - A
tion of the role of LO phonons in a QWH is, therefore, the C,... . W
artificial inducing of phonon-sideband laser operation in a 1 - ,;. - .
larger quantum well (L. -200-500 , or bulk layer by a
phonon-generating and -reflecting array of small
(L- - 50-80 A) quantum wells. Also, the identification of
phonon-sideband laser operation of a thicker layer - -..
(L. ; 200 Al is easier because of the advantage that the low- "-
est-energy confined-carrier transitions converge to E, as L,
increases; the uncertainty in determining L, and the con- J '
fined-carrier transitions is thus decreased. .. . -. .. ,

The purpose of the present work is to determine the !'..ii - "
extent to which LO phonons affect the laser operation (77- " /, 

" " - " .
300 K) of both QWH and DH Al. Ga, ,As-GaAs semicon- ': " " ... , .,
ductor lasers. Phonons generated in a thin multiple QWH '
array are used to induce phonon-sideband emission in a larg- , .
er. coupled. "phonon-detector" GaAs layer. The extensive . ". ; '
data presented on QWH's of various well thicknesses show . . , .7,'
that AI, Ga, , As-GaAs heterostructure lasers can be de- 1"0 u0m,93.
signed which take advantage of the LO phonons that are ti e'S; L l.i : ."
inherently generated in these structures.

II. CRYSTAL PREPARATION AND EXCITATION FIG. 2. Scanning-electron microscope photographs of a multiple-quantum-

The Al, Ga, _ As-GaAs samples of interest here are well heterostructure grown by MO-CVD with an active region consisting of
seven 5o-, GaAs wells and one 500.A GaAs well coupled by seven 50-Agrown by 'netalorganic chemical vapor deposition (MO- A1, Ga, - As Ix =0.321 barriers. The cleaved and stained cross section ai

CVDI, which has been described extensively elsewhere.' shows the 500-A GaAs layer 1right-hand arrowsi; the left-hand arrows indi-
The wafers, grown at 750 'C on 11001 GaAs substrates at a cate the array of seven 50-A layers. which cannot be individually resolved.
calibrated growth rate of -0.25,m/min (or slower), consist Photograph b) shows a shallow-angle beveled and stained cross section of
of a - I-pum-thick GaAs buffer layer to provide a good crys- the same QWH. The shallow-angle bevel and stain causes the layers to

appear enlarged lby a factor of 93 for this cross sectionl. allowing the arraytallographic surface for the succeeding layers, followed by a of seven 0-Ak wells and seven 50-A barriers to be resolved (left-hand
- I-pm AI, Ga, - ,As ix - 0.361 confining layer, then the arrows).
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Al, Gal , As (x -0.32) barriers [(7-1-7)50-500-50 ,], and the substrate side down to a thickness of - 50/um and then
(vi) two L:, - 120-AGaAs wells with one located on either selectively etching off"6 the remaining GaAs substrate and
side of an array of six L:, - 80-A GaAs wells with all of the buffer layer. The resulting thin (- 1.4-/Mm-thickl wafer is
GaAs layers coupled by seven - 80-A -thick Al, Ga, _., As then cleaved into rectangular samples - 10- 100um wide by
(x -0.321 barrier layers [(1-6-1)120-80-120 At]. In addition - 100-300/im long which are imbedded into In under a
to the undoped wafers described above, four "degenerate" sapphire window for 77 K operation 9 or into annealed Cu
case multilayer structures in which all wells and barriers are under diamond for 300 K operation. 0 Typically, a circular
the same thickness are used for comparison. These contain spot of Ar ' laser light comparable in diameter to the sample
undoped active regions which include (a) six L, - 50-A. width is used to excite electron-hole pairs in the
GaAs wells coupled by five - 50-A Al. Ga - . As (x - 0.30) Al. Ga - As confining layers. Since aL, 4 1, most of the
barriers [(5 + 6) 50 A or simply (6) 50 A],' 2 (b) four carriers are generated in the confining layers. The carriers
L. - 80-A GaAs layers coupled by three - 80-A diffuse to the active region where they thermalize by emit-
Al Ga,- ~,Asix -0.35) barriers ((3 + 4) 80 A or (4) 80 A], ting LO phonons and then recombine. The one (5 + 6) 80-A
Ic) six L. - 80-A-thick GaAs layers coupled by five - 80-A structure that is grown sandwiched between n- and p-type
Al, Ga _., As (x- 0.30) barriers with one p-type and one n- confining layers has been both fabricated into simple stripe-
type confining layer and ap-type GaAs contact layer to form geometry laser diodes and has been processed into a photolu-
a p-n junction QWH diode [(5 + 6) 80 A or (6) 80 A], and (d) minescence sample by selectively etching off the GaAs.
six L_ - 120-A GaAs wells coupled by five - 120-A. strate and contact layers.
AI, Gal _,As (x -0.27) barriers [(5 + 6) 120 A. or 16) 120 Ill. EXPERIMENTAL DATA

The emission spectra of a large quantum well L:,
Layer thicknesses of the QWH samples are estimated Z 200A) coupled to an array of small wells (L., < 80 A) dif-

by SEM microphotographs taken on cleaved cross sections
or on bevel cross sections ( - 1 angle).' Both of these forms
of measurement agree with the growth rate calibration on Enerqy (eV)
thicker layers and with sputter-Auger measurements. 6 The 1.50 1.54 1.58 1.62I II
bevel angle, and thus also the magnification factor, is pre- AIxGa 1_,As-GaAs (7 + 8)

cisely determined using a SLOAN DEKTAK surface profi- ,-T 2 0 0 F x - 0.32
lometer. Examples of a SEM microphotograph(a) on a -1 h r r n 'c 77 K

cleaved and (b) on a beveled and stained cross section of the
* (1-7) 500-50 A. structure [ii] are shown in Fig. 2. Starting

from the bottom of photomicrograph (a) is the - m 2 _. - Um
Al, Gal _,As (x - 0.36) confining layer. Next, between the 50 A
right-hand pair of head-to-head arrows is the L,, - 500-A hwo

GaAs layer. This is then followed by the seven L, - 50-A E.2 X 104 w
GaAs wells coupled by the - 50-A-thick AI, Ga - . As
(-0.32) barriers, all of which are between the left-hand pair a)

of head-to-head arrows. The individual - 50-.A-thick layers _
in (al are not resolvable. Finally, the uppermost portion is the %, 7.0 X10

second -0.3-pm AiGa, - 4As )x -0.36) confining layer. b) E ,
Note that the "large" GaAs layer is indeed - 500 A thick, 5

while the net thickness of the multilayer region is
(7 + 7) X 50 =700 A. The (b) part of Fig. 2 is a SEM pho- _ -
tomicrograph of a beveled (-0.62, -93 x magnification) (- -L
and stained portion of the same (1-7) 500-50-A wafer as that
of (a). Here the individual - 50-A-thick layers, which com- 1 1' 2 2" 3-1 3*-1'I i In I l i RI ,1 I --
prise the multilayer phonon-generating array between the 8.4 8.2 8.0 7.8 7 6
left-hand head-to-head arrows, are resolved as is also the Wavelength (103.)
-500-A, (Li,) GaAs layer between the right-hand head-to-Waeeth(0AheAd arros. Te GapAret layer en rityand uev- FIG. 3. Pulsed photoluminescence spectra (77 K) ofa sample (55 X 488 mI
head arrows. The apparent layer nonuniformity and uneven- cleaved from a heterostructure similar to that shown in Fig. 2 but with a
ness are due to scratches inherent in the bevel technique and 200.A GaAs layer in place of the 50DA layer. A one-dimensional model of

in no way imply poor crystal quality.'7  the conduction band and theallowed electron energy levels are indicated by
the inset. The heavy and light bars on the horizontal axis mark the transition

In order to study small samples with large Fabry-Perot energies for electrons to recombine with heavy holes (e-hh. n confined-

cavity end losses, and undoped samples to avoid the confu- particle transitionsl or with light holes (e-lh. " confined-particle transi-
sion of recombination radiation involving impurities. photo- tionsi respectively. The spontaneous spectrum shows the emission just be-

is used for sample excitation. The data presented low lasing threshold (at. 6.2 X U0, W/cmni. At slightly higher excitation
pumping power (b). 7.0 10X W/cm-1 the main laser mode occurs on the n = I-
here are obtained using an Ar ' laser (A - 5145 A) which can transition with the simultaneous occurrence of a small spectral bump at
be operated either cavity-dumped or cw. Sample prepara- energy 06,,, below the n = I transition. At higher power [ci. 10' W/cm]

tion " consists of first mechanically polishing the wafer from the small bump develops into a well-defined laser mode.
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fer markedly from those of a single large well (4L Z 200 A), in Fig. 3. That this effect is primarily due to the excitation
or from a degenerate multilayer structure (L, < 80 A) in geometry can be seen by comparing the spectrum of Fig. 4
which all the quantum wells are the same thickness. The with that of Fig. 3(bi of Ref. 8. Both spectra are from the
proximity 1:< 80 A) of a larger well to an array (see the inset of same cleaved sample 128 x 244 ,m ) and are excited to the
Fig. 3) is very important in the electronic and vibrational same level (5 x 10' W/cm2 ). However, the pump beam is at a
coupling of the two systems. Both electrons, which have a slightly different location of the sample in the two cases: this
significant tunneling probability for an - 80-A-thick - 400- results in the relative emission intensities of the phonon side-
meV rectangular barrier, and LO phonons, with a 100-500- band and the higher-energy laser modes to be different.
A mean free path, are likely to be shared in the whole system As mentioned earlier, this type of emission spectrum,
and affect the recombination and inelastic scattering pro- i.e., with stimulated emission occurring -Al_, lower in en-
cesses. For example, LO phonons generated in the small- ergy than the lowest-confined-carrier transition, is not simi-
well arrays of these heterostructures influence the recombi- lar to that of a single - 200-A-thick well. Depending on sam-
nation in the larger layers. pie and pump beam geometry and also the excitation power,

Typical emission spectra (77 K) of a photopumped, rec- laser action has occurred over a very broad energy range in a
tangular sample from the (1-7) 200-50-A wafer (i) are shown single L. - 200-A QWH (see Fig. 10 of Ref.6). However, it
in Fig. 3. The form of the conduction-band edge in the vicini- has not been observed as low in energy as - &1_o below the
ty of the active region is illustrated in the inset. The horizon- lowest (n = 1, n' = V') confined-carrier transitions. A direct
tal lines indicate the electron eigenenergies of this one-di- comparison of pulse-excited room-temperature laser oper-
mensional potential. These lines are sketched to correspond ation of a single L, - 200-A QWH and the (1-71 200-50-,
to the spatial extent of the wavefunctions. The numbers 1-6 QWH Ii) of Figs. 3 and 4 is shown in Fig. 5. At 2.8 X 10:
on the left side of the lines and the I and 2 on the right side W/cm2 the single well structure, curve (a), exhibits consider-
denote those states of the system which arise because of the able bandfilling ' -i because of its very small active region
L, - 200-A-thick well and the L, - 50-A multilayer, re- thickness and relative inability to collect and thermalize hot
spectively. While this numbering scheme is not strictly cor- electrons from the confining layers. '" Upon coupling of a
rect for the complete coupled quantum system, it is very phonon-generating and reflecting array of smaller L2 - 50-
useful since some eigenfunctions are more localized in the A GaAs layers to a single L, - 200-A-thick GaAs well, we
L., - 200-A well and others are more localized in the L, observe [curve (b), 7 x 10 W/cm:] that the carrier collec-

50-A multilayer. Note that this localization should not tion, thermalization. and bandfilling problems are drastical-
restrict the motion of the electrons since the very-small-layer ly reduced. Most of the carriers are collected by and scatter
dimensions easily allow electron tunneling between the mul- to lower energy in the multilayer portion (64% of the GaAs
tilayer and the larger GaAs layer.

The (1-7) 200-50-A sample, when pulse excited Energy (eV)

)6.2X l04 W/cm 2
) partially across its width, exhibits the 1.50 1.54 1.58 1.62

high-level spontaneous emission spectrum, Fig. 3(a). Sponta-
neous emission peaks are observed at slightly lower energies a
than the first electron-to-heavy-hole n = I confined-carrier L 0.32

transitions of both the multilayer array and the larger quan- a7 200 A (1

turn well. With an increase in pump power to 7 X 10)
W/cm2 , Fig. 3(b), a laser mode appears abruptly near the first 77 K

electron-to-light-hole n' = V transition of the L., - 200-A . ~ a) 250 W/crn2 (CW)
GaAs well, and simultaneously a small bump emerges E w

- ALo lower in energy than the n = 1 L, - 200-A con- A Lo---4 LO 0 LO LO
fined-carrier transition. Upon further excitation [(c), l0 '
W/cm2 l, this bump also lases although it is still much lower b 5X1 __

in intensity than the higher-energy confined-carrier stimu-
lated emission. The location in energy and the unique man- 1 1" 2 2' 3-1 3'-.1
ner of turn-on of the bump with the laser line are interpreted I |l ) I 1 I -
as evidence for stimulated phonon emission. 8.4 8.2 8.0 7.8 7.6

The emission spectrum (77 K) of a second sample from Wavelength (103 A,

the (1-7) 200 - 50-A wafer is shown in Fig. 4. At low-level
cw excitation (curve (a), 250 W/cm 2 ] the spontaneous emis-
sion peaks at very nearly the same energies as the sample of FIG. 4. Spectra 177 K) of a photopumped sample (28 x 244 MmI cleaved
Fig. 3. For pulsed excitation, however, laser operation is ob- from the same wafer as that of Fig. 3. Low-level cw excitation (a), 250
served [curve 1b), 5 X 10'W/cm'I both on a phonon sideband W/cm'] produces a peak at energy fiAWo below then' = I' transitions ofthe
of the lowest-confined-carrier transitions and also near the 200-A well and another peak (A - 7800 Al approximately an LO-phonon
n = 2 transition of the L,," - 200-A well. Note that with this below the n' - I'transitions ofthe 50-A wells. (The n = I transitions ofthe

50-A well are degenerate with the n - 3 transition of the 200-A well: seesample and excitation geometry the phonon-sideband laser inset of Fig. 3.) Pulsed excitation (b), 5 x 10W W/cm:l results in laser oper-
modes can be made to dominate the emission spectrum as ation an LO phonon below the n - I transitions of the 200-A well. Smaller
opposed to the relatively weak modes at that energy shown laser modes also appear near the n , 2 transitions of the 200-A, well.
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in the active region is in the multilayer array) of the hetero- Energy (eV)

structure. In the process, LO phonons are emitted and carri- 1.50 1.54 1.50 1.62I I

ers either recombine or scatter to still lower energy in the AI.Gal _xAs-GaAs (7 - 81
larger well and recombine. For the samples of Figs. 3. 4, and - 0.32
5(b) 7 x 10 W/cm). a sizable portion of the carriers scatter -200 ill
to the lowest-energy confined-carrier states before recom- L. 2 - 50 A 7 )
bining radiatively, including at energy i OLo below the n = 1 77 K

or ' transitions. Although other excitation geometries
modify the emission spectra of a j 1-7) 200-50-A QWH, these A~ LOLA -L
data demonstrate that this design of the active region enables E 9
recombination to be observed at lower energies than for the LO - - LO -- LO
case of a single L, - 200-A,-thick well. or even an L. -- A E a) 10 Wcm2 

iCW

multilayer array, and that LO-phonon effects therefore play
a considerable role in the operation of this form of QWH.

A further interesting feature of the (1-7) 200-50-A 1
QWH is the presence of emission and laser modes in the A b 2.5 X 104
range between the lowest-energy confined-carrier transi-

tions of the system and the phonon sidebands. This is dem- . , 1 2 II 3-1
onstrated clearly in the 77 K photo]uminescence spectra of 8.4 3.2 8.0 7 8 7.6
Fig. 6. As with the spontaneous emission data of Figs.3, Wavelenqth (103 X)
curve (a), and 4, curve (a), the CW emission at low level [Fig.
6 curveta), 10 W/cm] of this wafer peaks at slightly lower FIG. 6. Photoemission 177 Kiofa sample (94."234 pm

2
- cleaved from the

energies than the n = I confined-carrier transitions of the same wafer described in Fig. 3. Besides the low-level 1250 W/cm-l spontane-
ous peaks of Fig. 4. the low-level spectrum aI 1l0 W/cm-l exhibits a shoulderL., - 200- well. In addition. in the case of this sample a approximately 20 meV below the n = I transition, corresponding to theshoulder in the emission is observed - 20 meV lower in ener- expected binding energy of'a two-dimensional exciton in GaAs. At higher

gy than then -- transitionof the L -200-A well. At powerlb.2.5 < 10" W/cml a well-defined group of laser modes Ilabeled A,
20 meV below the n = I marker) appears as well as laser operation one
phonon below the n' I' transition.

Energy (eV)
1.40 1.50 1.60 higher pulsed photoexcitation [curve (c), 2.5 x 10' W/cm:],

I 'laser operation is observed both on a phonon-sideband of the

AlIGalxAs_aAs n' = F transition and also - 20 meV below the n = I transi-
a) x -0.5, LZ -200 A tion, labeled A. The location of A is in excellent agreement

-with the energy expected of a two-dimensional exciton in-
b) x - 0.32, LZI - 200 A 11) volving a heavy hole.~L z2 - 50.A (7)

300 K The binding energy of a two-dimensional exciton is 4 X
larger than for the three-dimensional limit.2 ' -4 This results

Eg in two-dimensional-exciton binding energies of - 20 meV i
a) 2.8 X 104 W/cn 2 

U.U for the electron-heavy-hole exciton and - 13 meV for the
electron-light-hole exciton. 2 The 4x increase over the

-1' 2 2' 3 3' 4 three-dimensional case is expected in the limit of two-dimen-
- I I I I I - sional confinement and will be reduced to I x as the layerLI thickness is increased to the bulk limit. For layer thicknesses

F..-1E LO -,.- LO-,-4 less than the bulk-exciton diameter (- 240 A e-hh, - 340 ,
LO-.4.e--LO-4LO- 4 (e-Ih ), the factor of 4x continues to agree well with photolu-

minescence data;this is in contrast to earlier absorption mea-
• surements (on crystals grown by MBE that indicate an en-

cL b) 7 x 1o4  hancement of only -2 X in the exciton binding-energy for
11' 2 2' 3-1 3'-1' L4 < 100A."6 The data of Fig. 6 and other low-level cw and
I 01  , I = t i laser data-" on rectangular cleaved samples indicate that the

8.8 8.4 8.0 7.6 two-dimensional exciton can be involved in recombination
Wavulength (103A) in these quantum-well heterostructures.

In order to determine how closely the low-energy
phonon-sideband laser modes observed in the data from the

FIG. 5. Comparison of the pulsed photoemission 1300 Ki of a rectangular (1-7) 200-50-A QWH (Figs. 3-6 are related to the confined-
sample (47 < 234/jm-l cleaved from a single 200-A QWH with a rectangular
sample 162 x 226pm') cleaved from the same QWH wafer as the samples of earner transitions, a number ofsamples with a thicker GaAs
Figs. 3 and 4. The high energy emission a)ofa single 200-A QWH (2.8 X 104 layer substituted in place of the "large" L,, -200-A well
W!cm2) is cut oft by the 7-well IL,2 - 50 A) array of bi 17 x It W/cm-l. have been employed. As the layer size L., is increased, the
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Energy eV)
1.50 1.54 1.58 1.62

I I I

AlxGa 1 -As-GaAs R7 + 8)

a 0.32 FIG. 7. Induced phonon-as-
sisted recombination (77 Ki of

Lz~ 50 A ) the QWHs hown in the cross

L-2 - 50 A (7) section of Fig. 2. cw emission
Detail Curve a) W 7 from a photopumpcd rectan-77 K 1 /gular sample 159x 254/pm)

a12 W/ peaks near the n' = I' transi-
... _ tions of the 50-A wells

(?L - 7800 A) and slightly be-
In LO low the n =I transition of the(H the Soo A well I (a), 1.2

X 10' W/cm
2 

1. At higher

LI E I excitation 1(b), S X 10
4 

W/
E t A I 51 n W/cm' I laser operation oc-i, A b) 5 X 104 IL- curs one phonon ( wJLo)

0 transitions 1, 1', 2, 2', 3, andDetail urve bi I 2 '  
3'. A narrower sample (23

1- -LO X 211 ;rn5 ) lases across the
1 - LO i sample on the lowest trans-

(Xc (4(JUition I (c). 8 X 104 W/cm,
c} 8 X 04 (_L.I with some end-to-end closely

.--LO --. spaced Modes apparent one
Detail Curve c) 1 1'22' 3 3'4 4'5 6 5' 7- 6-1' Phononbelow then'= I'

I r, I I I I , transition.
8.4 8.2 8.0 7.8 7.6

Wavelength (103A)

behavior of the larger well shifts more toward bulk GaAs; lower in energy than the n = I transition. Slight ringing is
, the confined-carrier states then become very closely spaced also observed in the energy range of the n = 2 transition. An

and the n = I transition is very nearly degenerate with E,. increase in excitation level to 2x 10' W/cm2 , curve b), re-
The uncertainty in assigning an edge or origin for phonon- suits in intense laser operation on the phonon sideband of the
sideband laser operation is thus greatly decreased. This is the lowest confined-particle transitions and also weaker laser
case for L: - 500 ., modes between the n = I and n = 4 transitions. Note that

An example of the emission spectra f77 K) of the (1-7) the data of Figs. 7 and 8 exhibit laser operation -lfroLO low-
500-50-A QWH sample Iii) is shown in Fig. 7. The cw spec- er in energy than the lowest-energy laser emission expected
trum [curve (ai, 1.2 x 10' W/cm-] exhibits laser operation on due to band-to-band recombination in bulk, undoped GaAs.
a phonon sideband of the n' = I' transition of the 500-A This emission occurs at a transition energy in which no states
quantum well. Spontaneous emission peaks as seen in Figs. exist in these structures. As mentioned earlier, both of these
3. 5. and 6 are also observed. At a pulsed excitation of 5 x 10" samples are undoped (n, - n. < 10 " cm -'). Therefore this
W/cm2, curve tb), the same sample lases strongly in the laser operation is not impurity related, since > 10" cm -'
rangeofthe phonon sidebandsofthe n = I, 1', 2,2',3. and 3' impurities are necessary for GaAs to lase on a band-to-impu-
transitions of the L:, - 500-A layer. A narrower sample rity transition. : " The emission spectra of Figs. 7 and 8 estab-
[curve c, 8 x 104 W/cm:], with higher cavity losses, is used lish that phonon-sideband laser operation can be achieved in
to force laser operation up in energy to the lowest confined- a GaAs laser of nearly bulk dimensions (- 500 A) that is
carrier transitions to enable their identification. sandwiched between A]. Gal _, As confining layers.

A design modification on the (1-7) 500-50-A QWH is Further increase in the size of the larger GaAs well in
achieved by introducing a second phonon-generating and - these coupled array heterostructures begins to decrease the
reflecting array of seven L, - 50-A quantum wells on the effectiveness of the laser operation of the larger layer. For
other side ofthe L, 500-A,-thick GaAs layer. The result is these heterostructures (inset of Fig. 3), as the single larger
a l7-1-7) 50-500-50-A structure in which - 58% of the well (L,,)isincreasedinsize from 200 to500 to 1500 A. the
GaAs in the active region is in the small-well array portion. GaAs fraction in the active region represented by the L:,
Any reflection of LO phonons by the twin 50 A-well arrays - 50-A seven-well array decreases from 0.64 to 0.41 to 0. 19.
should tend to localize the LO phonons in the vicinity of the Assuming that this is roughly the percent of injected elec-
L., 500-A-thicker layer and strongly affect the recombi- trons that thermalize in the small-well array section, we ex-
nation radiation spectrum. Typical pulsed room-tempera- pect the number of LO phonons generated by the seven well
ture photoluminescence spectra are shown in Fig. 8. The L., - 50-A array to decrease rapidly with increasing L:i.
bars numbered 1-5 are the locations of the five lowest-ener- Note that the fraction of electrons that recombine in the
gy electron-to-heavy-hole transitions of the 500-A quantum array is expected to be even less than the above estimate since
well. At 10' W/cm2, curve a), laser threshold occurs - O)LO carriers can tunnel into the larger GaAs layer and scatter to
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Energy leV) temperature is increased indicates that the thermal LO-
1.40 1.44 1.48 phonon occupation number is increased enough to cause

I I

AiGa 1_ , As-GaAs (14 - 15) both transitions to operate on phonon sidebands. A further
- 0.32 150 N) experiment on a DH wafer with L, -600 A (all layers un-

50-500-50 X doped, n, - n. S I0'" cm - ') has exhibited a similar tern-

7-1-71 perture dependence.28 Therefore laser operation at

300 K o- E, - kaLO in a DH is considered as originating in
phonon-assisted recombination. The thermal phonons pre-
sent due to the lattice temperature (300 K) plus the nonther-

- mal LO phonons generated during carrier relaxation are suf-
ficient to produce phonon-sideband laser operation at the

bI 2 X 0high injection levels characteristic of DH laser operation.

While the data of Fig. 9 indicate that phonon-sideband
laser operation can be induced by changing the thermal LO-

2 3 4 5 phonon occupation number, the spectra of Fig. 10 demon-
strate that a similar result can be achieved by increasing the
nonthermal phonon occupation number. The cw room-tem-

a) 10. W C cm Fu perature laser spectra of Fig. 10 have both been obtained on
' . Isamples from an L, - 80--A six-well, five-barrier (x -0.30)

9.0 8.8 S.6 8.4 QWH. This undoped multiple quantum-well active region
Wavelength (103 X) (ni-n. 5 O' cm -' ) is imbedded in an AlGa, - . As

(x-0.4)p-n junction. The (a) spectrum is from a portion of
FIG. 8. Pulsed room-temperature laser operaton of a rectangular 168 x 234 the wafer processed into simple stripe geometry diodes. In
um~l QWH sample with an active region consisting of a 500-A GaAs well
sandwiched between two arrays of seven 50-A GaAs wells all of which are contrast, the (b) spectrum is from a smaller portion of the
coupled by 50-A AI,Ga, -, As ix =0.321 barriers. At 10' W/cm-al sponta- wafer from which both the n-type GaAs substrate and also
neous emission is peaked in the range of the lowest transitions of the 500-A thep + GaAs contact layers have been removed. Note that
well in = 1-41 with laser modes developing one phonon below the n = I the diode, 10(a), operates on the phonon-sideband of the
transition located almost at E i. At 2 x 10' W/cm-. bi the laser operation is
well developed one phonon below the n = I transition (or E,;, and weaker n V transition, while the photoexcited sample operates at
laser emission is observed between the t = I and n = 4 transitions of the
500-A well.

Energy (eV
1.40 1.45 1.50 1.55

still lower energy before recombining. Therefore, in spite of
the fact that the small-well array contributes some recombi-
nation radiation, which can serve as a reference, this radi- AIxGaI. x As-GaA s 7 + 8)

ation is relatively weak and has little effect on the lasing x - 0.32
behavior of the larger GaAs layer for L:, < 500 A.LZ - 1500A (1)

Pulsed room-temperature laser operation of the (1-7) Lz2 - 50 A (7)
1500-50-A QWH sample (iii) is shown in Fig. 9. Since the 300 K
single L.. - 1500-A-GaAs layer (coupled to the L,, 50-A ._ 3.6 X 104 W/cm 2 (i-L
array) is definitely in the bulk limit, only the GaAs energy E) gap E, is used as a reference for emission originating in the W

thick layer. The I and l'bars near 8000 A in Fig. 9 denote the X5
energies of the first electron-to-light- and -to-heavy-hole , F9

transitions for carriers localized in the L,2 - 50 A. seven-
well multilayer. One interesting feature of the data in Fig.9 is .
the relatively weak spontaneous emission peak located -LO.--1 -'

& lLO lower in energy than the L, - 50-A multilayer II
transitions n = I and n' = I'. This emission is weak because 9.0 8.5 8.0
of the small fraction (0.19} of the active region GaAs that is Waveiengtm (t03-%

contributed by the 50-,. array. The most important feature
of this sample is that it too lases at energies below E,, as farbew aFIG. 9. Pulsed room-temperature photoemission (3.6 x 10' W/cm:l of a
below as - At 77K this heterostructure lases2 atE, sample143 X 94pm) whose active region consists ofa 1500-A layerofGaAs
and also exhibits the higher-energy spontaneous reference 1bulk dimensions coupled to an array of seven 50-A GaAs wells. The cou-
peak of Fig. 9. This peak. however, is not shifted beiow the phng bamers are 50-AAI.Ga, .As ,xzO.32. A retrence spontaneous

L., - 50-A n = I transition as it is at 300 K. but rather oc- peitral hump occurs teitween the -.LO and '-LO rransitions of the .-A
curs very nearly on the n = I transition. That both the multi- array. and the sample la..se in the range ko,,_ below the energ. gap of bulk

matenial. indicating tfrom the .O-A-arrav reference, that phonon-asnisted
layer array and the larger-layer emission shift down in ener- recomtnnation contributes to emnssion in heterostructures with layers as
gy relative to their band-co-band transitions as the lattice as i50o A.
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much lower energy, - 2XAWL0 below the n = I transition. various QWH's are shown in Fig. 11. Curves (a), (b), and (c)
The important difference between the diode and the photo- are from the quantum-well structures consisting of a large
luminescence sample, other than the method of excitation, is GaAs quantum well [or wells as in (c)] coupled to a phonon-
the optical cavity size. The diode is 223 pm long, while the generating and -reflecting array of thinner GaAs layers. The
photoexcited sample is 22 pm in width and has nearly ten remaining three spectra are from degenerate-case structures
times larger cavity end loss than the diode. Two factors enter of uniform layer thickness [curve (d), six wells + five bar-
into the laser operation of very narrow samples: (1) bandfill- riers. L: - 120 A: curve let four wells + three barriers. L_
ing tends to increase the lasing energy, and (2) the increased - 80 A; curve (0, six wells + five barriers, L. - 50 A] and
density of electron-hole-pairs necessary to attain laser serve as comparisons for the emission from the first three
threshold gives rise to an increase in the nonthermal LO QWH's. The confined-carrier transitions are labeled for
phonon occupation number and increases the probability of each spectrum, as are phonon spacings, and the two-dimen-
phonon-asssisted laser operation, thus decreasing the lasing sional exciton transitions relative to n = 1 (A) and to n' = I'
energy. In order to achieve laser threshold [ 10(a), - 2.4 X 103 (B).
A/cm2; 10(b), - 7.9 X l03 A/cm2 equivalent current densi- A noticeable feature of these spectra is that the samples
ty), the narrow photoexcited sample must be driven to more containing GaAs layers of different sizes (L., and L,2 ) exhib-
than three times the power density necessary for laser oper- it two emission peaks, one related to each well size, while the
ation of the diode. Therefore in this sample the larger nonth- degenerate case samples [curves (d), (e), (f)] each have one
ermal phonon occupation number made possible by the dominant peak. Only in the case of the six-well 16) 50-A de-
higher laser threshold density induces lower-energy generate structure, curve (f0 is the spontaneous peak lower
phonon-assisted laser operation. (2xhaLo) in energy than the lowest confined-carrier transi-

Wiile the data of Figs. 3-10 have focused on the laser tion (A - 7600 A). This behavior is possibly due to the better

behavior of QWH's, the low-level spontaneous emission phonon confinement that is believed to exist in a 50-A-layer
spectra of these samples also provide insight into the QWH QWH as discussed below. It is interesting to compare thisspetraof hes saple alo povie isigt ito he WH emission (f0, six-well, L, - 50A.] with that of the j 1-7) 200-
behavior. Typical 77 K spontaneous emission spectra for six eiof s ixwel Lr a) with tht othe a 0 -

5o-A structure, curve (a), which also contains a so-A multi-
layer array. Note that the spontaneous emission from the

Energy eV) multilayer array portion of curve 1a), t - 7800 A, is not as
1.42 1.46 1.50 low in energy as that from the degenerate case curve in,

Ai - 8000 A, indicating that the carriers in the (1-7) structure
At 5Gal-,As-GaAs (5 + 6) are more likely to scatter to the 200 A well than recombine

X - 0.30 on a sideband 2xhw*LO lower in energy than the 50-A n = I
L -80 A transitions.

300 K (CM An important feature of these spectra is that the exis-
a) 2.4 X 103 A/cm2  tence of two peaks in the (1-7) and (1-6--I QWH's are likely

1 - 2LO b) 7.9 X 103 ibecause of spectral broadening) to lead to relatively ineffi-
cient laser operation of these structures. The broadening of
the emission into two peaks is due to the spatial separation of
the electron-hole pairs in the QWH (in L, and in nLa ). This

w broadened emission implies both a spatial and an energetic
line broadening (an inhomogeneous line). As the L(, and L,2

GaAs layer sizes are chosen to approach the same thickness
Eg [(a) to ib) to icj, the broadening in the emission is decreased

a until finally the degenerate case ((L., = L 2 = L,; (d), (e), and
b)(f] results. Thus while the case of nondegenerate structures

can be designed to demonstrate LO-phonon effects and are

, "-- interesting light emitters, their usefulness as efficient lasers is
8.8 8.6 8.4 questionable because the emission linewidth is artificially

Wavelength (103 AI broadened.

IV. DISCUSSION

FIG. 10. Comparison of cw room-temperature laser operation of a diode A complete theoretical description of the effects de-

and a photoexcited sample from the same QWH material. The active region scribed above is difficult for several reasons. For example,
consisting of six 80.A GaAs quantum wells separated by live 80-A not much is known about the mean free path of phonons
AIGa, ,As or=0.301 barriers is undoped In, - F. < 1O"' cm '( and is under the condition of high excitation,-" or about multi-
sandwiched between an n- and p-type confining layer of Al, Gal , As phonon emission, or in general about indirect optical transi-
;x =0.40i The diode tap. 2.4 x tO' A/cmt lases *1wt,, below the n = I';x 0,41 he ioe (t, .4x10'/e'lllass 4),,, elo th n' I tions in a direct semiconductor. Usually it is agreed that
transition, while the photopumped sample Ibi. 7.9 x 10' A/cm-']. with the
substrate and contact layers removed, lases at energy M1ail, below the indirect transitions, i.e., transitions involving phonons and
n = I transition tI - 2LO transitioni. Note also the slintaneous bump near photons, are negligible in direct materials if the electron-
the Pr - I transition on the photopumped emission spectrum. phonon coupling constant is small as it is in GaAs. " ' This
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Energy (eVl phonon coupling constant,' and the high-power densities
1 46 1.52 1.58 1.64 "compressed" into a relatively small volume . (the QWH

AlxGal _ As-GaAs active region). Below we describe the criteria that have guid-

77 K ed the choice of the sample geometry.
In spite of the fact that not much is known about

-LO -LO-4 LO- LO--i phonon-phonon interactions, the phonon mean free path at
A -L0- .Ol--- L O--)H high excitation levels, and the direction of maximum emis-

E  , 440.50 200-50 sion intensity, we assume that layers with dimensions of a
- *\ / ( , 6) (1-71 multiple of the phonon wavelength at the maximum phonon

a) 260 -- intensity would reflect and confine most. The wavelength of
11 2 2' 3-I 3-' maximum intensity of phonons emitted perpendicular to the

I I --"- layers can be determined in the following way: Previous cal-
culations' show that the emission probability for phonons

160-80 (perpendicular to the layers) is a monotonically decreasing
S 1- 7) function of q if free-carrier screening is not taken into ac-

_j 56count. A two-dimensional analysis shows that all wave.
1 1' 180) 2 180) lengths longer than 2a; = 160 , are effectively screened,I I I )1
/ 0 120-80 120 A1) where a is the effective Bohr radius. Therefore we expect a

I maximum in the phonon intensity at wavelengths near 2aB.
=-6The emission probability parallel to the layers (again for qua-

- Cl 470 si-two-dimensional electrons) shows two distinct peaks.'
1 V 1(80) 1(80) 2 The peak at the longer wavelength is again almost certainly

screened. The peak at the shorter wavelength occurs as given
/ \2OA inRef. 8atIEg (6)

q = 2.52X 10-6 i" [I + (1- l/mi/-]cm-i. (1)1 50 k- Lo ) - -- -- LO Here we have used the material constants of GaAs. The inte-

Il' 2 2'
I _ n 7 ger m corresponds to the energy m w,, above the bottom of

.LO- 80 .the quantum-well subband from where the electron cascades
14) downward in thermalizing. Using the above expression, we

1 X 103 ~ W'cm2  
A obtain as a typical wavelength and thus layer or well size the
Lcwo values shown in Table I. These values have been used asI I I t I t 1 Iguidelines in the choice of sample dimensions.

-A I I I I
84 8.2 8.0 7.8 76

Wavelength i103 \) V. CONCLUSIONS
FIG. 11 Photopumped spontaneous em;ssion spectra (cw. 77 KI of six dif-
ferent multiple.quantum-well heterostructures. The arrows marked A are A series of experiments have been described above to
located 20 meV below the n = I electron-to-heavy-hole transitions, corre- determine the extent of LO-phonon contribution to metalor-
sponding to the estimated binding energy of a two-dimensional electron- ganic chemical vapor deposited Al, Ga, _, As-GaAs quan-
heavy-hole exciton. Similarly, the arrows marked B are located 13 meV t wi -he taroru te Al, l AsGat s T un-

below th n' = 1' electron-to-light-hole transitions, corresponding to the
estimated binding energy of a two-dimensional electron-light-hole exciton. doped photoluminescence structures studied have active
The confined-particle-transition markers for each heterostructure are lo- regions consisting of a large GaAs quantum well (L,,), or in
cated beneath each spectrum; the active-layer structure is designated to the some cases a bulk layer (Lt > 500 A.), coupled to a small-well
right of each spectrum. For example, spectrum a) (260 W/cm2li is from a w L.) multilayer array. Phonons generated during carrier
heterostructure with an active region consisting of one 200-A GaAs well (~)mliae ra.Poosgnrtddrn areand seven 50-A GaAs wells, all of which are coupled by 50-A Al, Gal As
barriers. TABLE I. Phonon wavelengths at which the emission probability parallel

to QWH layers exhibits a short wavelength peak IEq. It. (Owing to screen.
argument does not hold for high excitation levels since the ing, longer wavelength peaks are not included. The m = I t - 250-A
average phonon occupation number which appears in the phonon is also expected to be screened while the rest are not.i
matrix elements for indirect transitions increases rapidly,
resulting in a high "effective" electron-phonon interaction.. = 2i/q IA)

This should be generally true and the effect should give I 230
important contributions to the optical constants under high 2 1033 79excitation conditions, for example, as encountered in the 4 67
parallel case of laser annealing. Before describing our choice 5 58
of sample geometries to enhance the phonon effects, we 6 53
would like to emphasize that previous studies have shown 7 49

8 45that size-quantization effects tend to favor a nonthermal 9 42
phonon occupation. This occurs because of the two-dimen- 1o 40
sional density of states, a slight increase in the electron-
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Data on spontaneous and stimulated emission, in the photon-energy range E. + 51LO
Z L.o - E,, are presented on Al. Gal-, As-GaAs quantum-well heterostructures with
Al, Gal., As (x - 0.4-0.5) coupling barriers of size Ls - 40-70 A and GaAs wells of size
L, - 30-40 A. For L, , L 50 A, Al-Ga disorder (clustering) in the alloy barriers is
consistent with the observed spectral broadening and downward energy shift of the con-
fined-particle transitions. A simple substitution of binary (AlAs) for ternary (AlGaAs)
barriers eliminates alloy clustering and its effects, and makes unambiguous the identifi-
cation of clustering in alloy barriers.

PACS numbers: 73.40.Lq, 71.50.+t, 78.45.+h

In contrast to earlier work,",2 stimulated emis- layer growth times are electronically controlled
sion has been observed recently at energy 511wtO to ensure layer reproducibility. Growth rates
to 6hIWLO below the confined-particle transitions of are controllable in the range 2-50 A/ sec for
Al Ga.., As-GaAs multiple-quantum-well hetero- GaAs and in the range 2.5-100 A/sec for AiGaAs
structures (QWH) with narrow wells (L,.s 50 A) (x -0.40), which makes it practical to grow lay-
and narrow alloy barriers (L. L 50 A). An exam- ers as thin as 10 A. The first layer grown on the
ple is ilustrated in Fig. 1, a. The lowest ener- {100} GaAs substrate is a GaAs buffer layer to
gies are a little above that of the GaAs energy provide a good crystallographic surface for
gap, E,. With increased pump power, stimulated succeeding layers. The next layer is a relatively
emission is transferred to the neighborhood of the thick (-1 ,Am) Al, Ga,.As (x- 0.50) confining lay-
confined-particle states [Fig. 1, b]. In this paper, er. This is followed by the QWH active region.
we show that because of disorder and clustering which consists of a series of GaAs quantum wells
in the narrow ternary barriers (which can be re- and AlGa1 , As (or AlAs) barrier layers. The

moved by the use of binary barriers, AlAs), a final layer is a second relatively thick (-0.3 m)
continuum of states may exist in the QWH, the AlGat.-As (x- 0.50) confining layer. AU layers
lowest with energies extending down to the band are undoped (n, - n. !6 10'5/cm). Samples for
edge of pure GaAs. It is suggested that real pho- photoluminescence experiments are prepared by
non transitions take the electrons down to these polishing and selectively etching off' the GaAs
levels, from which stimulated emission then oc- from the substrate side. Cleaved portions (20-
curs. With higher power, emission from the con- 100x100-300 Am-) of the remairuns thin wNaer

fined-particle states is enhanced and electrons (-1.3 Am thick) are imbedded for neat sinking

do not have time to cascade to the lower levels, into In under a sapphire window (77-K expert-
The Al.Ga.,.As-GaAs quantum-well heterostruc- ments)' or into annealed Cu inc a diamond win-

tures of interest here are grown by metalorganic dow (300-K experiments)." and are pnutoexcttei
chemical vapor deposition.' 4 Gas flow rates and with an Ar' (5145 A) or a dye-tunable (6540-A)

C, 1980 Th \merican Physical Socict.0
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Energy ,eV) eV (A -7600 A) as is shown by the 23A94 m=2
150 160 1.70 s nmple of curve b (6.8 x10 4 W. cm-, pulsed). This

S( - -0.4 high emission energy, which is expected (L, -30
L,- 30 A. 6 - 50 A A), serves to identify the lowest confined-carrier

300 K transitions (n = 1, n' = 1') of an ideal structure.
a) 4.8 X 103 W/cm

2  Alloy clustering in the Ai 1 Ga,.As barrier lay-
b) 6.8 x 104 ers, which is a form of disorder and is inevitable,

allows further interpretation of these spectra. In
the extreme case of very large scale clustering,
which would allow GaAs to extend across a bar-
rier (-50 ) and connect two or even more wells,

the carrier recombination can approach E,(GaAs)
or x -8707 k (300 K). Even for a smaller average

9 L bl- _cluster size it is possible that regions exist in

LO LO LO L LO the Al1 Ga,_As barriers where the Al concentra-
SI c w tion is nearly zero. The resulting local potential-

_____.... _________ d well size is effectively increased from L,- 30 A
LO LO LO LO LO to as much as L,+L,+L,-110 A. The location

I 11110) 1 1 (energy) of the lowest confined-carrier transi-
I I P1  , F tions of a -110-A GaAs quantum well are also

8.8 8.4 8.0 7.6 7.2 labeled in Fig. 1. Note that alloy clustering in
Wavelength (T03 ) the barrier layers sufficient to create GaAs paths

FIG. 1. Laser spectra (300 K) of a photopumped QWH through the Al.Ga,.As barriers is expected to
grown by metalorganic chemical vapor deposition with have a drastic effect in broadening and lowering
an active region consisting of six - 30 A GaAs wells the energy spectrum of this quantum system. For
and five - 50 A Al, Gal.1 As (x - 0.40) barriers. The example, the n = I confined-electron state shifts
I and ' markers indicate the allowed electron-to- downward by - 140 meV for a size shift from L,
heavy-hole and electron-to-light-hole transitions, re- 30 A to L.+L,+L,-110 k.
spectively, for 30 A wells separated by perfect 50-A 3 A to this aA result of this shift is that the density of states
barriers (i.e., no alloy clustering). The 1 and 1' (110)
markers indicate the lowest transitions of a 110-A of a QWH with alloy clustering in the barriers
well. Typical cw laser operation (a, 4.8x 103 W/cM 2) will not exhibit an abrupt step to zero at energies
occurs slightly below the 1 (110) marker, while the below the lowest confined-particle states of an
spontaneous background extends to higher energy. ideal structure. Instead, the density of states is
Pulsed operation of a narrower sample (b, 6.8x 10' expected to be small but significant below these
W/cm') produces lasing at the expected energy of the "lowest" confined-carrier states, and then drop
n = 1 transition (30-A well). to zero for energies less than E, (GaAs). Besides

depending upon the barrier size L., the exact
form of the density of states will depend on the

laser. average cluster size, the form of the cluster size
The 300-K laser data of Fig. 1 demonstrate the distribution, and on the composition x of the Al, -

range of laser mode energies attainable from a Ga,-_As. Also, cluster-induced quantization in

QWH with an active region consisting of six L, the x, y dimensions will play a role.
-30 A GaAs quantum wells coupled by five L 5 -50 These additional lower-energy states are ex-

A, Al.Ga,.As (x -0.4) barrier layers. At 4.8 pected to play an important part in radiative
x10 3 W/cm2 cw excitation (a). a 39 x110 jAm2  emission from a QWH. The existence of small
sample exhibits laser operation at x - 8560 A, areas or patches within the active region with
which is in the anomalous range - 5~WLO lower in lower-energy states (areas that increase in num-
energy than the lowest (it = 1) confined-carrier ber with the number of barriers) increases the
electron-to-heavy-hole (e-hh) or lowest (n' =1') probability of LO-phonon-assisted recombination
electron-to-light-hole (e-lh) transitions of - 30 processes' at energies E1 ., >h >E, since vir-
A GaAs quantum wells coupled by ideal (micro- tual transitions are no longer required. Instead.
scopically uniform) -50 A, Al,Gal..As (x -0.4) real transitions in this range at multiples of
barriers. By exciting narrower samples at high - hw LO below the n = 1 and n' 1' transitions of the
level, we observe laser emission as high as 1.63 L,-30 A well are possible,
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Further evidence for alloy clustering in the well dimension from -L, to -L,-L5 + L,. The

A,Ga,_,As barriers is shown (Fig. 2) by the observation of spectra such as those of Fig. 2 al-
form of the high-level spontaneous emission spec- low an estimate to be made of the cluster size

tra of a two-well, one-barrier (x -0.5) QWH (a (s. 40 A).
different QWH wafer) with all three layers -40 A Further 300-K laser data on a 29-barrier, 30-
thick. Note that in this case the barrier size is well L,- 30 A, LB - 50 A superlattice structure
smaller (40 A) and approaches and helps identify (not shown) demonstrate that laser operation be-
the average cluster size. As in Fig. 1, the con- low E. is also attainable. This fact, along with re-
fined-carrier transitions of the ideal L,-40 A cent laser data on QWH's consisting of a large
quantum well and also of the larger L, + LB B L, quantum well (or in some cases a bulk layer) coup-
- 120 A composite quantum well are labeled in led to a phonon-generating and -reflecting array
Fig. 2. The two samples (a, 4 x10' W, cm", 90 of smaller quantum wells,' indicate that virtual
x360 Mm

2; b, 105 W cmL, 56 x195 ,m2) exhibit phonon-assisted recombination processes with If-

very similar spectra as, in fact, do all of the <E. can occur and are not inconsistent with the
samples from this wafer. A large peak in the present data. Alloy clustering (in ternary bar-
range of n'= ' is observed. The emission does riers), however, allows actual states to exist be-
not drop to zero just below the n = 1 e -hh transi- tween the bulk band edge and the lowest quantum

tion. as would be expected in the ideal cluster- states characteristic of an ideal QWH and thus

free limit, but extends downward in energy to permits real phonon processes to scatter the elec-

nearly the location of the n = 1 (120) and it' = 1' trons to iower energies before recombining.

(120) transitions, which are near a distinct shoul- It is worth mentioning that a reinterpretation of
der in the emission. An increase in the barrier previous investigations of disorder scattering'" 3

thickness to - 70 A results in cutoff of most of indicates that cluster models might have to be in-
this lower energy emission. 9 As the barrier volved to explain successfully the experimental
thickness L,9 is decreased from -'70 A (Ref. 9) to results for electron mobilities in III-V alloys.
-50 A (Fig. 1) to -40 A (Fig. 2) and approaches For example, negligible alloy scattering seems
the average cluster size, tunneling filaments are to exist1 2 in In.GaAs and strong alloy scatter-

likely to appear in the AIGa,.,-As barriers, ing in the quaternary system In,-,GaP1 .. _As,,13

which results in a major increase of the effective which (for the latter) cannot be explained on the

basis of random -compositional -disorder models

alone. In addition, these models do not take into

Energy Iev) account, in detail, the peculiarities of crystals
150 1 60 1 70 1 80 such as AI, Ga, .As or GaAs-,P, that undergo a

direct-indirect transition in the range x x,= 0.4-
A1 ,A-GJ, fl 2.A -o5 0.5, nor whether such crystals are particularly
2 .'- 40 X, 77K zprone to clustering. It is also worth mentioningL)4x o Wcmr2h that data are not presently available indicating

b t10
5  how sensitive cluster formation is to the specific

c process (vapor-phase epita.xy, liquid-phase epi-
taxy, molecular-beam epitaxy) used to grow a

In any case, the basic features of the AIGa,. 1 As

1'(120) 1 1' alloy clustering described above are clear since.
.A I M, I I besides the data of Figs. 1 and 2, simple sub-
8.0 el6 72 18 stitution of binary barriers (including very nar-

Wavelenglt' u103 \)
row barriers, - 10 A) for the ternary barriqrs

FIG. 2. Photoemisslon (77 K) of two QWH samples employed here eliminates recombination below
with active regions consisting of two 40-A GaAs wells the expected (ideal) confined-particle transitions

vonarated by nne 40-A Al, Ga,., As (x -, 0.301 barrier, of a QWH. These further data are shown in Fig.
These spectra (a, 4A 1() W 'cm; b, 10' W/cm:- ex- 3, which is for the case of a QWH with twelve
hibit a peak near the n' = 1' transition of a 40-A well, GaAs wells (L,-50 A interleaved in the active
with emission extending to lower energy. Note that g io w ith (hte0 binary n the atv
this emission rolls off near the lowest-energy transi- region with thirteen hinary (nonclustered) AlAs
tions of a omposite-layer 120-A well, indicated by barriers (L "- 10 A). The laser operation of the

4" the I and 1' (1201 markers. sample (50 x90 Mm') occurs exactly on the n = 1,
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Low temperature (4.2-77 K) photoluminescence and laser data on metal-
organic chemical vapor deposited Al Ga As-GaAs quantum-well hetero-
structures are presented that exhibit emission peaks between the lovest
energy confined-carrier transitions and their phonon sidebands. These
data indicate the involvement of the two-dimensional exciton in recoz-
bination in quantum-well heterostructures.

Although confined-carrier as well as phonon- emission in the range En,=l,-1LOih, En., is shown
assisted recombination transitions have been in Fig.l, which is for the case of the o-'ell,
identified in the emission spectra of quantum-well 5-barrier L,-120 A wafer. At a CV photoexzitation
heterostructure (QAli) las,rs,l - 4 a number of (Ar*, A-514 5 A) level of 100 W/cm2 , curve a, an
unexplained emission peaks still remain. While emission peak at X-8055 A with a shoulder B at
the phonon-sideband laser operation occurs riwLO-36 higher energy is observed. As the pump po:er is
or even 2x36 meV lower in energy than the lowest increased to 600 W/cm 2 , curve b, laser operation
(n=l) confined-particle transitions (4n=O),5 other occurs on a phonon sideband of the n'=l' transi-
spontaneous and stimulated peaks have been ob- tion (I-LO), i.e., below peaks A and B, 'with the
served in the range ( 20 meV) between the phonon spontaneous background remaining peaked at both
peaks and the lowest confined-carrier transitions. X-8085 A and X-8020 A. With further increase in
In the. present work low temperature (4.2-77 K) excitation level (c, 6 .6x10 3 W/cm 2 , pulsed
photoluminescence and laser data on thin (1.3-1.5 excitation), the spontaneous emission spectrum
pm) rectangular samples of MO-CVD AlxGal-,As-GaAs exhibits a noticeable bump or replica at longer
quantum-well heteroztructures indicate the involve- wavelength in the region EA-h.LO (A-LO) and EB-huLO
ment in recombination, probably with phonon (B-Wt).
enhancement, of the twQ-dimensional exciton. The two arrows A and B in Fig.1 are located

Eaission spectra on two different MO-CVD 20 meV and 13 meV lower in energy than the nal
AlxGa._xAs-GaAs QWH wafers are presented. Both electron-to-heavy hole (e-hh, n) and n'1l' electron-
wafers are grown gn (100) GaAs substrates as des- to-light hole (e-ih,n') transitions, respectively.
crieed elsewhere.0 .7 The first structure consists The positions of the n-1 and n'=l' transitions have
of a -1 um AlxGaI_xAs (x-0.42, nd-l01 cm-3) con- been determined by calculations based on measured
fining layer, an undoped (nd-n s1015 cm-3 ) active layer thicknesses, which agree with the ',O-CVD
region consisting of 6 L,-120 I thick GaAs layers growth calibration, and by narrow-sample photoluni-
coupled by 5 -120 X AlxGa,_xAs (x-0.27) layers, neascence data that distinctly exhibit laser opera-
and i second -0.5 um AlxGa.l_xAs (x-0.42, nd -1018 tion on the confined-particl transition's. (As
cm- 3 ) confining layer. The Second wafer contains a examples, see Fig.6 of Ref.8 and curve c in Fig.3
-1 6m thick AlxGal.xAS (x-0.36) confining layer, 7 of Ref.9.) The 20 meV (A) aud 13 meV () down-
Lz2 -50 X G:uls layers and one Lzi-200 A GaAs layer shifts are the expected two-dimensional free-
with all of the GaAs quantum wells coupled by -50 A exeiton binding energies for electron-h,avy hole
thick Alxcai As (x-0.3") barriers, and finally a and electron-lirht hole excitons, respectively.
scond -0. 3 .1 thick All Ia As (x-Q. 6 confining The two-dimcrisional binding ener .- of t -. citon
layer. Tina second wafer i; undoped (nd-n..1015 is h l,trier than for the three dir.onsio;'.1 c"s -,
cm3-). The substrate GaAs of each wafer is removed. so thajt
and the renaininC thin wifer is cleaved into small
re tsnrl, (20-50 'm x 100-200 im) that are then E =

(")(
Lmbei.w.id into In unt!er a z-nphirr %r:ein* for h-: t
rinkinr. where

An ex.mple of low te.;peraturt' (h.2 K) QWH 1/- (1/me) + (1/h*).
477
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Energy (eVI
1.50 1.54 1.58

AlGa_ As-GaAs (5 + 6)

x - 0.27

1'- LO L' -120A
4.2 K

S

8- LO Eg B

A-LO IjA
A 

)- OE

.0

6.6 X 1023CW

102 W/cm 2 (CWI
1 1 1 II I

8.4 8.2 8.0 7.8
Wavelength (103 .A)

Fig.l Photoluminescence spectra (4.2 K) of an Al Ca As-GaAs multiple-
x l-x

quantum-well heterostructure grown by metalorganic chemical vapor

deposition. The active region, sandwiched between two Al xGal- As

(x-0.42) confining layers, consists of six 120 A GaAs wells separated

by five 120 A Al Ga 1xAs (x-0.27) barriers. Low-level CW emission

2 2
(10 W/cm , curve a) occurs primarily at energies below those of

.r the lowest confined-particle transitions indicated on the horizontal

axis by the heavy (n-. e-hh) and light (n'-l', e-.th) markers. At

2 2
sllrghtly higher CW excitation (6.6x10 4/cm , curve b) stimulated

emission occurs an'LO-phonon energy (HwLO . 36 meV) below the 'n'-l'

e-tth transition, as indicated by the LO label. With pulsed excitation

3 2
(6.6x10 W/cia , curve c> the omission spectrum from the same sample

shows structure at still lower energy. The arrows marked A and B

designate energies 20 meV below the n-1 e-hh transition energy and

13 meV below the n'-l' e-ih transition energy, respectively. Similarly,

the arrows marked A-LO and B-LO correspond to energies 36 mev balow

those designated by the A and B arrows.
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Values of the parameters used are: *h 0.45 curve c of Fig.1 (between arrows A-LO and B-LO) is
12o, nh=0.08

7 roo, .. =.0665 mo,14ad ror in the range fiw1 0 below the A and B emission peaks

the relative static dielectric constant c = 12.6.15 and could be a pnonon sideband of the exciton

The location of the two emission peaks A and R are emission since it appears only athigher excitation

in very close agreenent with the calculated two- level when the phonon density is expected to be

dircensional exciton energies. Note that two sepa- quite hich.
rate exciton peaks are expected in this case since Emission spectra from the second wafer, which

at kx ky = 0 (kz5 r/Lz for n=1) the light- and is designed with a T-well phonon-generattng array

heavy-hole valence bands are not degenerate as (7 Lzj-50 A GaAs wells) coupled to a single large
they are at k=O in the bulk limit. That the light- well (Lzl-200 A),9 are shown in Figs.2 and 3. At

hole exciton location is in better agreement with low excitation level (Fig.2a, 10 W/c.
2
), a sponta-

the estimate than that of the heavy hole could be neous peak is observed -RwLO below the n'=l
'

due to the difference in the extent of their two- transitions of the 50 A wells,9 which are degene-
diiensionality. An electron-heavy hole exciton rate with the n'-3' transition of the 200 A well.
has a bulk Bohr radius of -120 A while the electron- Another peak, the nain peak, occurs at A-8280 A
light hole exciton has a bulk Bohr radius of -170 4. with a shoulder at 1-8260 A that previously has
The light-hole exciton is thus expected to be not been identified. Upon increased excitation

closer to the two-dimensional limit than the heavy- of the sample, curve b, laser operation occurs

hole exciton. The low energy shoulder observed on

Energy (eV)

1.50 1.54 1.58 1.62

AIxGalxAs-GaAs (7 + 8)

x - 0.32

LzI-200A (1)

L.2 - 50A (7)

77 K

LO- LO-a-6-LO mj- LO-

.2 LO- l LO -v L-O'-
", a) 10 W/cm 2 

(CWII
Lu

b) 2.5 1o4 ( ) j
1, 2 2' 3-1 3'-1'

8.4 8.2 8.0 7.8 7.6
Wavelength (10 3 A)

Fig.2 Comparison of, CW (10 W/em 
2
) and pulsed (2.5x104 W/cm 

2
) emission

spectra (77 K) of a photopumped multiple-quantum-well heterostructure

with an active region composed of one 200 A and seven 50 A GaAs wells

coupled by seven 50 A AlxGaIx As (x-0.32) barriers. Note the

shoulder (curve a) near the A arrow, which is located 20 meV below

the lowest confined-particle transition (n-1, e4hh) of the 200 A well.

Pulsed excitation of the same sample (curve b) results in narrowly

spaced end-to-end laser modes (not resolved in this curve) an LO

phonon energy below the n'- e-.-h transition, and widely spaced

edge-to-edge modes at approximately the same energy as the shoulder

(and the A arrow) observed on curve a.
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Energy (eVW)
1.48 1.50 1.52 1.54

I I I I

AlxGaI _ x As-GaAs (7 + 81

x - 0.32

L, 200 A (1)

L,2 - 50 A (7)

77 K

c2

.0

E

I- L 1 105 W/c 2 (L

1 LO
A

'%11 g

8.4 8.3 8.2 8.1 8.0
Wavelength (10 3 A)

I "Fig.3 Stimulated emission (77 K) of a sample obtained from the same wafer

described in Fig.2. The relatively high-level pulsed excitation

(105 W/cm 
2
) produces emission in the energy range between the lowest

confined-particle transitions (n-1 and n'=l') and an LO phonon

energy below these transitions, allowing observation of two distinct

sets of modes. The narrowly spaced end-to-end modes labeled by A1

(corresponding to the sample length, 160 pm) occur at energies in a

region of very low absorption. For emission at energies higher than

20 meV below -the n-1 e-'hh transition (A arrow), absorption is stronger

in the region of the two-dimensional exciton, resulting in the

widely spaced edge-to-edge laser modes labeled by AX2 (corresponding

to the sample width, 46 um).

on a phonon sideband of the n'=l' transition of O(EA) > a(En,=l,-?iwLO). Since the stimulat-d
the 200 A quantum well

9 
and also -20 meV below emission on peak A occurs at EA < Ef, the ori,in

the n-l transition (modes A). Although the mode of this emission cannot be confused with confined-
cutail is not resolved in the figure, the phonon carrier transitions, which arc all above F- and
sideb.nd (I'-LO, largest peak) lanes in the have been positively identified in other work.

9

le..'thice -:av-ity (narrowly-spaced modes), while At very high excitation levels, exciton; art
the laser operation at A occurs in the edge-to- not expected to exit in simple form. At large
ed,7e direction of the rectangular sample. This power densities. phonon effccts are expectel to
differece in cavity oscillation for a rectangu- be large, and cmis3ion below the confined- ; rticle
lar ssrple, exclte4 fully across its width but transitions is due nainly to phonon-shifte-
not ;:ntircly along its lcnr,1t, i- consitent with recombination from the lowest enerp" portions of
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the n=1 subband of the 200 ,A well.9 This does dimensional exciton and the first confined- arrier
not mean that exciton absorption in the unpumped subband of the auxiliary 2C0 A GaAs well, which is
regions of the scumple ca= have no effect on laser closely coupled to the phonon-generating array.
operation. For example, Fig.3 shows the hiCh Two more items are worth mentioning: The "E
level laer operation of a rectangular sample labels in Fig.l-3 are merely references. *.e knows
from the same wafer as that of Fig.2 (similar from other work that by simply reducing the Ga .s
excitation). A continuous set of laser modes is well size the recombination at Eg can be cu--off
observed in the 36 meV range from the n'=l' tran- but not the -20 meV band of recombination radiation
sition of the 200 A well down to the phonon- located just below the lowest confined-part.-cle
wideband of the n' ' transition. Note, however, transitions. The second is that for a variety of
that the cavity oscillations switch rather abruptly reasons the exciton band below the lowest re:om-
from narrowly spaced modes (AXl ) to widely spaced bination transitions (1, 1') is not expecel to be
modes (AX2 ) at an energy slightly higher than but as narrow or as sharp as for the bulk cry:2l case.
very near A (i.e., -20 meV below the n=1 confined- Various scattering and relaxation processes over a
carrier transition). The closely spaced modes &l considerable energy range play a role, as ".ell as
identify laser oscillations along the length of poorly understood high-density particle interactions
the sample while the broader spaced modesAX2 are In addition, the particle distribution across the
due to oscillations across the width. This switch GaAs "well is not uniform nor the effect of :he con-
in the cavity oscillations is an indication of a fining layers, and thus the degree of two-d"-ensional
step in the absorption of the unexcited portion shift in exciton binding enerar. Also, if coupled
of the sample. wells are employed, they are not expected to be

The type of mode behavior shown in Fig.3 in the totally identical. Nor are the wells (sig:.:e or
rsnge 20 meV below the lowest confined-carrier tram- multiple) necessarily entirely planas. Fic lly, it
sition (n=l) has been observed also on samples from is worth mentioning that the narrowest QJH recomlbi-
other Q'H wafers. With slight modification of the nation lines are observed on phonon sideb-n s
pum.ping beam geometry relative to the sample, parti- (El-hwLO or EI,-FILO) of the lowest confined-
cularly for a aingle 2'0 A GaAs well,1 ,2 th's particle transit'ons.
behavior can be observed to extend up to the n=1 The authors wish to thank Yuri S. Moroz, R.T.
confined-carrier transition, presumably due to less Gladin, B.L. Marshall, and B.L. Payne (Urba-a) for
absorption on the exciton compared to the first technical assistance, and G.E. Still.-.an for various
subband. For the samples of the present work (Fies. discussions. The work of the Illinois gro.z has
2 and 3), it should be noted that the phonon genera- been supported by NSF Grants R. 79-09991 -nA D:A.
tion in the 7-well array is very efficient,

9 more so 77-23999, and Navy Contract N00014-79-C-07-" ; the
than for a single 200 A GaAs quantum well. Thus work of the Rockwell group has been partia'-:.- sup-
resonant enhancement involving LO phonons should be ported by the Office of 11aval Research, Contract
quite significant in the range between tha two- N00014-14-78-C-0711.
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Abstact-The threshold current density, Jh, of a quantum-well laser diode is calculated taking into account the
quasi-two-dimensional nature of the heterostructure. The calculated value of Jht T) for a quantum-well laser diode
is found, in agreement with experiment, to be less temperature sensitive than that of a conventional double
heterojunction laser. The step-like densities of states and the perturbed (hotl carrier distribution of a quasi-two-
dimensional structure are responsible for the weaker temperature dependence. Supporting data on quantum-well
AI,Gaj_,As-GaAs heterostructure laser diodes grown by MO-CVD are presented showing that in the conventional
expression J,h,( -) J,,(O) exp (77 To), To can be as high as -437C.

INTRODUCTION carrier distributions have been used in previous analyses.
Although the study of quantum size effects (QSE) in The use of a quasi-two-dimensional active region in a laser
solids [ I]. including semiconductors (2], is not particularly diode produces fundamental changes in this model. Below
a new area of investigation, quantum-well laser diodes expressions for the temperature dependence of J,, for a

, (which exhibit QSE) have existed only since 1977[3]. quantum-well-heterostucture are determined assuming a
Two kinds of quantum-well heterostructure laser diodes constant density of states in the limits of strong and weak
have been constructed, the first in the InP- electron-electron interactions. Experimental evidence for
In,_,Ga.P_,As, [3,4] system and the second in the the weakdependence of J,,, on temperature is presented for
more highly developed AlGa 1_,As-GaAs system[5-7]. single-quantum-well heterostructure diodes with GaAs
In the case of the latter, continuous room temperature regions of thickness L, - 200 A.
(CW, 3000K) laser operation has been achieved in both
singlef6j and multiple-quantum-well heterostructures[7], MOM
which, with promising reliability data[8], indicates that The electronic energy spectrum of a confined carrier in
this form of laser diode is practical and more than a a thin GaAs layer sandwiched between AIGaAs confining

.. - ... curiosity, layers has been shown by absorption measurements (15]
"". The quasi-two-dimensional nature of quantum-well to correspond to that expected of a one dimensional

heterostructures introduces several unique features to finite square potential well defined by the GaAs and
semiconductor laser operation: A step-like density of AIGaAs band edges. Additionally, and of more im-
states replaces the usual bulk-crystal parabolic density of portance to this work. radiative recombination from the
states, and phonon participation in recombination. which lowest confined-particle transitions of a quantum-well
is not important below the bulk-crystal band edge, plays hetero-structure can be moved up in energy as high as
an observable role in quantum-well lasers[9. 10). Among - 150 meV above Aw - EI(L. - 50 A), which agrees with
other effects, the step-like density of states of a quan- calculations[16]. The parabolic energy-band dispersion in
tum-well heterostructure changes the basic form of the the x-y plane normal to the direction of quantization
current threshold for laser operation. Experimental data results in a constant density of states
show that the current threshold, J.,(T), of a quantum-well
laser diode is less temperature sensitive than that of the = m*.(AL,) (i)
typical double heterojunction[7, 11). In this paper the
step-like density of states of a quasi-two-dimensional for each subband. As shown in Fig. 1, the first step in the
heterostructure is shown to be the basis of this improved density of states begins at the lowest confined-electron
temperature behaviour. state and is followed by another subband (step) with a

The temperature dependence of theshold current constant(upward.E t )blockof states. etc. This behaviour
density is sensitive to both the form of the density of states also applies to heavy holes and to iight holes t E I ) as is
and the carrier (electron and hole) distribution functions. clear from the lower part of Fig. 1.
Previous analyses of J,4,T) have employed a parabolic The energy distribution of electrons in the quantum
density of states( 12) to model a bulk semiconductor while well during laser operation is difficult to calculate. Elec-
bad tail effects have been incorporated in the form of a trons (and holes) cascade down (up) the quantum weil
Gaussian113lorexponential[114distribution.Fermi-Diba by phonon emission and thermalize by electron-

:'" ," "- - '.SSE Vol. .1 N. 6-9
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where the C,., are constants determined by the scattering the hole temper
4 rates, and normalization, and r=intiAEk,1 WL). The expressions and

experimental basis for this model is shown in Fig. 2 of we assume
Ref.1101, which shows laser emission peaks spaced at Using the den--
kA.o intervals above the bottom of the lowest energy described above.
subband. That these peaks are not associated with higher sitionsi the net
energy subbands is based on the fact that the next the rate of spont+
highest energy subband step is higher in energy than the k-selection-rule"
GaAs L minima. Since eqn (3) is just a weighted sum of

I- delta functions, it is sufficient to consider one of them to AF4
determine the form of the temperature dependence of r,,(E) = kT, B i

g(E) J,. Taking the spike with lowest energy, we simplify eqn
(3) to
E(e) = {(irnLh)(m*kTc)l8(e - [AE, - r.*Jol[kT,1D1, r,E) kT BJ

(4)
EvL "

where n is the electron density in the well.
Since the valence-band discontinuity (AE, = AE,-

Heavy holes IE,) between AIGaAs and GaAs is of the order of
- ALO, the hole distribution function is expected to be where B is relat
close to a Fermi-Dirac distribution even for weak hole- squared. Eh is t

Light holes hole interaction. Thus we assume energy confined
Eh is the photon e

f,(e - E) = 1/(1 + exp(e - E - F )}. (5)
Fig. I. Density of states diagram for electrons. E,. and holes. EA,
for an AI,Ga,-,As-GaAs quantum-well heterostructure. The The hole quasi-Fermi level. F.. is normalized to kT and
half-parabolas that originate from the conduction band edge E, is measured with respect to the minimum of the lowest Following the
and valence band edge E, correspond to the densities of state of
bulk crystal (thickness L. 500 . The step-like densities of energy confined-electron state. Of course, generally the rate equations f
states are characteristic of a two-dimensional or quantum-well hole temperature is not equal to T., but the use of T , for ber of photons.
structure (e.g. L, G 200 A .Also shown is the downward scatter-

* ing of elecrrons via LO phonon emission Icurved arrows, energy dnldt = AI/eL )
increments hwiao) in a quantum-well heterostructure and in a 1.5 1 1I I I i

bulk semiconductor.
A1,G1

- .,As-GaAs- A1, Ga1
- As

- -0. s.dN ddt = - N5J ,
electron interactions. In the limit of strong electron- L, - 2o0 4
electron interaction a Fermi-Dirac distribution is
established: where is the

taneous radiati
f(e) =I {I + exp(e- Fc)}, (2) and W are thee

photon lifetimei
where e and F,, the electron quasi-Fermi level, are b ,) her of sponta
normalized to kT,. T, is the electron temperature, which unit energy per
is always higher than the temperature of the crystal b)
lattice. A method to calculate T, has been described by _. 11
Shah[17]. Applied to the quantum-well case. this method Jt"
gives T, - 300 K also for rather low lattice temperatures. where u is the

Next, in the limit of weak electron-electron inter- at r "437 C660At mode is assu
action, a distribution function composed of "spikes" Q T - 212°C (SSo .A large, the sec
spaced A Lo - 36 meV apart is expected because of the ci - O (6435 ,l neglected. Now
strong polar optical phonon scattering. (This can be 0.0 that at thres
easily seen from the Boltzmann equation if only scatter- -- 4 -20 0 20 40 60 become:
ing by optical phonons is important.) These spikes should TUeratuM ('C)

occur at the locations of the arrow heads shown in Fig. 1. Fig. 2. Normalized threshold current density as a function of
The curved arrows represent the process of electrons temperature for three single-quantum-well AI,Ga.,As-GaAs
cascading downward by emission of LO phonons. heterostrucure laser diodes with GaAs active regions of size
Modeling these spikes as delta functions results in the L -200 A. The solid lines represent the least squares fit of the
following form for the distribution function data to the expression k(") -J(01 cip (77 To). The device of These two eqcurve (a) demonstrates that values of To as high as 437C are

possible in quantum-well diodes. The decreased temperature R,. which co

C.6. - [AX - mAuo1JIkT,, (3) dependence of Jt in all three diodes is consistent with calculated ad F,. F. and
expressions for 7T). so that an exprl
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,tiering the hole temperature would give only more complicated (a) Smng electron-elctron interaction (Fermi-Dirac
The expressions and no important new features. Therefore distribution I

z. 2 of we assume T, = T,. In the limit of strong electron-electron interaction
-.ed at Using the densities of states and distribution functions eqns (1), (2) and (5) can be used in eqns (6) and (7) and
-ergy described above, we calculate tassuming An = 0 tran- result in
-igher sitions) the net rate of stimulated emission, r,,(E), and

next the rate of spontaneous emission. r,(E), using the "no r,, = - kTBgg, • In A (14)
:an the k-selection-rule" model of Lasher and Stern[121. Thus
'urn of r,, = -{kT Bgg, In A}/{I -exp (E'+ F - F,)). (15)
".er to o= B e- E 

t
-

ice of r,,(E)=kTB dg()g(e-E){f e) where
fy eqn - e - E)} (6)

A w{[exp (F,) + exp (E')][exp (F. + E') + I ]I/
fE-Et, {[exp (F' + E) + exp (E')Ilexp (F,) + I} (16)F, ),r,t(E) = kT, B deg (e)gd(e - E)

(4) x{l-f,.(e-E)f,(e) (7) and where F. aF.+E,h, E' E- E,,. and a F-F .
In order to calculate R,,. In A is approximated in a

I E,- Rp := kT dE r,(E). (8) piecewise linear fashion. giving
((8)

erof In(A) = PE' for E'=O (7a)
:o be where B is related to the average of the matrix element
hole- squared. E,, is the energy difference between the lowest = (E' - a)12 for E' a (17b) ."

energy confined-electron and confined-hole states, and E
is the photon energy. = E'-In( y) for E';a. (17c)

(5)
where

" and ANALYSIS
,)west Following the method of Adams( 14], we begin with the 03- {exp (F,)/[exp (F.) + 1]- exp (F)/[exp (F) III

the rate equations for the electron density, n, and the num- (18)
-, for ber of photons. NM, in the Mth lasing mode or

and
dnldt = JA(eL:)- R,,/i -{mNr,,(EM)}/{L WL, (E)f(9 y [I+ exp (-F' )]Il + exp (F)]. (19)

dN.%Idt =- Nw +{L WL. R,p)IM'
+{N Nr,(Ew)}I$(E). (10) Typically F,-0 and F, > I so that/3 - 1/2. Evaluation

of eqn (8) yields
where n is the internal quantum efficiency of the spon-
taneous radiation, m is the number of lasing modes. L R,, - (kT,)1Bgg,(3aj4 + exp (- a)[2a + I - In (-y)]
and W are the length and width of the device, 7m is the -(Pa 2 )/[8(t -exp (-a))]}. (20)
photon lifetime in the lasing mode, and M' is the num-
ber of spontaneous modes. The number of modes per If the exponential term in eqn (20) dominates, we are left
unit energy per unit volume is given by with

O(E) -M'Ej11{ar~h'c} 0I1) R,p - (kT,)2Bggj2a exp (- a)]. (21)

This gives the strongest temperature dependence of the '-- -

where u is the refractive index. For simplicity one lasing threshold current. As can be seen from the following, the
mode is assumed (m = 1) and since M' is typically quite threshold current is almost independent of temperature if
large, the second term on the right side of eqn (10) is the a' term dominates. We now have to express r,, as a
neglected. Now a steady state condition is assumed so function of the quasi-Fermi levels, eliminate these terms,
that at threshold the two rate eqns (9) and (10) and solve for J.,,. This can easily be done numerically.
become: However, an explicit solution, which contains all the

essential features, can be obtained by assuming that
Of J,=R, e LJn (12) E4, - a/2, so that

:ze r,,( Em) - O E)I . (13) r,,(E, ) - ( kT ) Bg g~a14. (22)

)f These two equations contain two unknowns, r,,(E) and Relating eqns (12) and (13) through eqns (21) and (22)

e R,, which contain the unknown quasi-Fermi levels F, results in the foowing expression for Jh:
• 6d and F. F, and F. can be used to relate r.,(Em) and R.,

so that in expression for J. can then be obtained. J, - {([8eL.O(E)]lwIb]}(kT) exp(-T0lT,). (23)
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where J4 ffeL..E ll[Ir typical of a quantufr
x(kTjInlI +expt iE, -rl*,o) kT.)). 29) been presented. It

T*a141 E)1lkBg, g,.T, ]. (24) states has been u,
Again it can be seen that , varies approximately parabolic density o;

Thus, in the limit of a strong electron-electron inter- linearily with T, and thus only very weakly with the well heterostructur,
action. [,h varies einearly (or weaker? with T for large lattice temperature. strong electron-le -
T,. Note, however, that as mentioned earlier the carrier iers have been cor
temperature, T. depends only weakly on the lattice EXPERIMENT current density has
temperature. T. for high densities of electrons scattering That the threshold current density of quantum-well linearly with carrier
down in the quantum well by phonon emission. The heterostructure laser diodes is relatively insensitive to dependent on latti
result is a very weak dependence of J,,, on lattice tem- temperature variation, as indicated by eqns (23) and (29), experiment. Data (
perature. is demonstrated by J,h(T) data on diodes with single GaAs heterostructt

It is difficult to assess which of the two effects (the layer (L, - 200 A) active regions. As described presented showing
step-like density of states or the higher carrier tern- previously[5. 6), these heterostructures consist of five jr(T) = Ah(0) exp I
perature. T,) reduces the temperature density of Jh epitaxial layers that are grown by metalorganic chemical can be as high as at
most. Comparing the result of eqn (23) with the cal- vapor deposition (MO-CVD) at -750 0C employing Acknowledgements-
culations of Adams[14] for exponential band tails, we growth rates of -0.25mmmin. In the present work wish to thank Yuri S.
find a much weaker temperature dependence for the diodes are fabricated from a wafer with the following L. Payne (Urbana). ar
case of the step-like density of states even if T = T, the layers: (I) -2,am GaAs:Se (nl - 10'lcm'), (2) T.J. Raab and 1. 1.
lattice temperature. The difference between eqn (23) and - 2irm AI,Gai,As:Se (x -0.52, nd 2 x 10"'Icm'), (3) grateful to R. D. Dupt:

of this work, and to 1.
similar calcalculations for a parabolic density of states -200 A GaAs (nid - n.1-c 10'51cm'). (4) conversations. The we
(3-D) is less pronounced. However. the parabolic density - I um AI.Gaj_,As:Zn (x - 0.52, n. - 2 x 10'1 /cin'), and by the national Scien
of states gives still a stronger temperature dependence. (5) - I gm GaAs: Zn (n. - 2 x 10'5/cm 3). The first layer is 81432 and to a lesse

The electron temperature T, is determined mainly by grown on an n-type (1001 GaAs:Si substrate. The quan- Contract N00014-79-C

the power input per cm' which is of the order of turn-well wafer is fabricated into stripe configuration N00014-78-C-071 1.
10"0 Watts/cm' for an active layer width of 100 A. Under diodes that are capable of continuous room temperature
these circumstances the electron temperature can be operation[6. 7].
shown to be larger than about 200 K no matter how small Threshold current density for these diodes is deter- t. v.N. Lutskii. PhE
the lattice temperaturef 101. For lattice temperatures mined by emission-intensity vs current-density measure- 2. F. Stern and W. E.
around 300 K electron temperatures of 350-400 K are ments made at 8 heat-sink temperatures between

- typically expected. Accurate calculations are difficult to -450C and +45°C with the heat-sink temperature held
perform, however, because of many uncertainties stable to within -'0.5'C. Laser threshold is defined as the
concerning the phonon distribution function and scatter- intercept of the linear extrapolation of the high level
ing rates. emission segment of the emission vs current curve with

the current-density axis. To avoid heating effects, the
(b) Weak electron-electron interaction (3-function dis- diodes are pulse excited.
tribution) The variation in threshold current density as a function

In the limit of a weak electron-electron interaction, of heat sink temperature for three single-quantum-well-
eqns (1), (4) and (5) can be used in eqns (6) and (7) and heterostructure diodes is shown in Fig. 2. In order to
yield compare the temperature dependence of J,, for these

devices with that of regular double-heterojunction (DH)
r,,(E') = kT Bgcg.{(frnLA)(m*kT ) - E' (25) diodes, the solid lines of Fig. 2 represent the least-

squares fit of the data to the conventional expression

r,,(E') = kTBgg,( rnLA 2)/(m kT )}{l + exp (F. + E' Jt5(T) = JA) exp (77 To) (30)
- [.AE - rt,.oil[kT, 1)-'. (26) that is used to characterize DH performance. A high

value of To is a figure of merit of relative temperature
iSince T* has been assumed (after eqn 5) equal to T, insensitivity. For conventional DH diodes To is in the
for simplicity and to follow convention the symbol T, is range 120-1650C[181. Note that in quantum-well struc-
used in the expressions of this section.) tures To values as high as 437*C (a) can be observed,
The integrated spontaneous emission rate is then with To -200C being reproducibly attanable. For (b)

and (C) of Fig. 2 To is lower than for (a). This is thought
R,, = kTBg.BifnL,h 21m* to be a consequence of a shallow Zn diffusion process

In {I +exp I- F' * [A& - twLo1kT]1). (27) that was applied to the wafer of diodes (b) and (c) to
attempt improvement of the p-type diode contacts. It is

The easiest case to evaluate is for small E4 so that possible that the quantum-well heterostructure wafer
was damaged during the diffusion process.

r,(;)-Bg,( irnL~h2)Jm*. (28)
CONCLUSION

Equations (12) and (13) may be related in this limit by An analysis of the threshold current density. J,,(T),
eqns (27) and (28) yielding for IFj < (A& - irAuo)lkT, for the case of a quasi-two-dimensional active region
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induced phonon-sideband laser operation of large-quantum-well
Al., Gal - As-GaAs heterostructures (14 200-500 A)
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Data are presented on photopumped metalorganic chemically vapor-deposited
Al, Ga, As-GaAs quantum-well heterostructures with active regions consisting of a large
GaAs quantum well (L, - 200, 500 A) coupled to a phonon generating array of seven small
GaAs wells (L-. - 50k). Phonon-sideband laser operation below the confined -carrier transitions
of the large GaAs quantum well(s) is induced by the large number of phonons generated in the
smaller GaAs wells. The induced phonon-sideband laser operation (of a larger quantum well by
an array of smaller wells) leads to a measurement of the energy difference between the first-state
light- and heavy-hole energies of a 200-k GaAs quantum well (4.9 meV) and directly to the GaAs
LO-phonon energy Alw, :z 41.0 -4.9 = 36.1 meV.

PACS numbers: 42.55Px, 78.55. - m. 71.38. +t i. 81.l5Gh
In contrast to the usual bulk crystal form of double- layers are undoped (n, - n, 5 <l0/cm3): their sizes in all

heterostructure (DH) lasers, quantum-well heterostructures cases have been verified by SEM photomicrographs of shal-
(QWH's), as recently shown,"4 are capable of laser oper-
ation on phonon sidebands. This is a consequence of the qua-
si-two-dimensional nature of quantum-well heterostruc- Energy teV1

15 so 154 1 58 162tures and their steplike density of states.2 5  In previous Il . sGA

work the possibility has been raised that stimulated phonion 200N tG -AGas7,8

emission can occur in QWH lasers2 " and should be most .32
r77 ri(

apparent in a multiple-well structure that forms a phonon 7

resonator or cavity. To study these effects, in the present
work we have constructed (and photopumped) two different := +
metalorganic chemically vapor-deposited (MO-C VD) -~1.50

Al, Ga1 -, As-GaAs multiple-quantum-well heterostruc- .

-r tures. one with a single large GaAs well of size L. --200 A 6 62 X 10-3 ' m

coupled to a phonon gei lerating array of seven small GaAs
wells of size L. - 50 A) and the second the same in form but ~ L
with a single large well of size L. - 500 A. As shown below. 7 o

in both heterostructures laser operation is observed one v ' ~ 7xl~

phonon below the lowest confinted- particle states of the large 1 0s

wells, which is a much weaker or even nonexistent effect in a
single-large-well heterostructure.-? The induced phonon- ~ LIL ..
sideband laser operation of the larger wells leads to the result -LC -1 1
&,,,1 = 36.1 meV, which is in good agreement with other 1 1 2 2 3 1 3 1

measurements of *f),) (GaAs)."' 8 14 82 81191 a0 1 78 3
The Al, Ga, - , As-GaAs QWH's of interest here are Wa,.'fe~.Ih13

grown by metalorganic chemical vapor deoiin '2on FIG. 1. Emiission specra (77 Klofa photopumped muliple-quanum- ysell

100 1 GaAs substrates. Layer reproducibility is insured by AlGa. ,As-GaAsheterostructure grown byN4OCVD. The rectangular
electronically controlled gas flow rates and growth times. sampleis undoped (n,, - n; 5 l0"/cni) and contains an active region con-

sisting of one 200- and seven 50-A GaAs wells coupled b) seven 50-A
Following the growth of a GaAs buffer layer, a - 1-pm- Al Ga, . .As (.%-.3-1)arriers as illustrated in the inset, The confined-
thick AI,Ga, _ As (x-0.35) conining layer is grown. Next electron energy level ofthe 200A GaA% wl(feltt-handside. I --OpAnd the
follows the multiple-quantum-well active region as de- 50-A multtla~er tright-hand side. I and 21 are shown in the inset. willi

icribed above with Al, Ga ,As barrier layers of compost- increasein phlflopumping (A-5145 A Ifrom (a) 6.2 .' lcm- to f h,
tion x - 0.32. The resulting etfective electron potential in the 7. 31! W/cm, then = i'transton begins to lase while vimkitanietrsi V a

%po ntaut-vus bump irrears, (b,; o ne phonjin belt'w the m - itransition.
active region is shown in the inset of Fig. I.- Last is a -0.3- With higher pumippower te. 10' A/cm-l) the induced phornan-sidebafld
ym Al, Gal - , As confining layer (x .--0.35) like the first. All transition I -LO also lases.

A001 Pthys Lett. 37(1ij, ijuly t ge0 0003-6951/80/13001 5-02S0.50 1980 American institute of PMI'ICS



Enerqy IeV)
150 154 1 8 162 Fig. ! in Ref. 2. These and related data. 5 as well as recent

analytical results and further data,"' show that the nonther-
AG,l As-GaAs t7 - 8 mat phonon occupation number N"' can. in quantum-well

0.32 q

77 K heterostructures, be increased well above ( Z 5Ox. 77 K) the
equilibrium value. This behavior has a profound effect in the.. ,. 20 .\ preent asebecause the large nonthermal phonon density

-4 L,~I~2 50 '% 7) peetcs
a) & X e Wi.2 _-L)genrate intheclosely coupled small wells can influence

", Ib) 1 7 X 105 (stimulate) phonon generation and carrier scattering to low-

3 83 er energies in the larger coupled auxiliary (or "detector")
quantum well(s). For example, a highly excited large lone

41- 0 rV- quantum well delivers recombination radiation from collect-
,Z ~ed hot carriers from near Egto high above the band edge, as

high as - 300 meV,7 but does not exhibit equally strong
emission below the lowest confined-particle states (or E,,)
unless assisted, as in the present work (Figs. 1-3).Le 

The multiple-quantum-well heterostructures of interest
-- here do not deliver appreciable recombination radiation

3 i 3-- higher than one phonon below the lowest states of the small
32 80 wells, which in Figs. 1-3 is atA-7750A(orE. -+-90meV).34 31, so 78 76

w,,,ength (o1
3  The coupled small wells cut off recombination from higher

FIG. 2. Pulsed laser operation (77 K) of the same sample as in Fig. with in the larger single 200- well (Figs. I and 2) or single 500-,k
the excitation adjusted to permit observation of induced phonon-sideband well (Fig. 3). Photogenerated higher-energy carriers are col-
emission f,,, below both the n = I and n' = I' transitions ((a) 6.9 x 1O' lected (from the confining layers) in the active region and
W/cm:. With an increase in pump power along with a slight adjustment of tunnel into the small-well section: scatter downward, gener-
the excitation spot on the sample the I -LO sideband can be made to lase [(b) ating phonons in an efficient layered structure (seven coup-
1.7 x I0 W/cm. From the expanded part ofthe spectrum in the inset the t p
light-hole-heavy-hole energy difference is determined to be 4.9 meV for a led 50-A GaAs wells) that can act as a phonon cavity' .;

200-A GaAs layer and, as shown, &w, o 41.0 -4.9 = 36.1 meV. and then at much lower energy tunnel back into the big well
for further scattering and recombination. The phonons gen-

lerated in the small-well section assist the further downward
low-angle cross sections," 3 which agree with experimental scattering in the single large well, and lead to the unique
observations (spectra) of the confined-particle transitions form of low-energy laser operation shown at Az: 8343 .A in
(identified on narrow samples 10-20/ym). 6  Figs. I and 2 and A = 8400 A in Fig. 3.

The MO-CVD Al. Gal - , As-GaAs quantum-well her- The data of Fig. I are unique. The high-level spontane-
erostructures described above and shown in part in the inset ous emission intensity, obtained by photopumping across
of Fig. I are a design modification of the six-well (L, - 50 A) part of the width of a rectangular sample,'." is given by
quantum-well heterostructure corresponding to curve (b) of curve (a). When the photopumping is slowly increased from

Energy ieVI

150 1.54 158 162

I FIG. 3. Induced phonon-sideband laser op-AIGal _AsG.As (7 81 eration (77 K) ofa 500-A GaAs well closely
5003? coupled to a phonon-generating multiple-

i L21 50 quantum-well heterostnacture consisting of
2 50 seven GaAs wells coupled with 50-A

Ota, Curve a3 -, 77 K AI,Ga, - .As (x-0.32) barriers (see inset
,) )1. 2 X I,(03 Wjcm2 / . of Fig. 1). W ith cw excitation [(a) 1.2 X IW s

(CWl A'cI the phonon sideband of the n' - I*
L transition lases from end to end along theLO rectangular sample (254 x 59 Mro). The
I ,emission peak at A -750 Ak occurs on the

E _ phonon sideband of the n' = I' transitions
b" ofthe small-well section, which are degener-

E t 5A 10
4 

(_-Ll ate with the larger well n' = 6' transition.
With pulsed excitation ofS x lO' W/cm (b)

Oetal Cure 61 I2 -l0 the sample lases on 1-LO, V-LO.
2 2-LO., 2-LO. and edge to edge in the range

11-LO lgeciten
LO 3-LO to Y-1.. A narrower sample ((c) 23e x 4 (_;L.)pm, I× X 10 W/cruZ] with large cavity end

Llosses, shows that laser operation can be
LO -- 4 forced up in energy to the confined carrierDetald cur" e t0 t 1'2 2'3 3'4 4'5 6 ' 7-1 6 -1"

I L el 1 1 , ,1 11 1 * I transitions while phonon sideband emission
84 82 s0 78 76 is still observed in the range 1-LO to Ir-LO.

Wavelenqth 10
3 .

%
1
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b.2x 1 04 to 7.0X 104 W/cm-, a single laser mode emerges in the region l'-LO, 1-LO.
abruptly on the first elect ron-to-l ight -hole (n' = I') transi- We interpret the unique location and manner of turn-on
tion and simultaneousl ' a prominent bump appears on the of the spectral bump and emission line marked by the arrow
(b) curve one phonon below the first electron-to-heavy-hole in Fig. I and the various LO arrows on Fig. 3(b) as a sign of
(nm = 1) transition (E, - 4 1 ).At still higher pumping (c) stimulated phonon emission. In addition, we have been able
the n' = I' mode still predominates, and the transition at to measure the first-state light-hole-heavy-hole quantum-

E,- Aw( narrows into stimulated emission. The excita- well energy separation and measure directly the LO phonon
tion can be adjusted on the sample slightly, giving the data of energy in GaAs (iAWL = 36.1 meV).
Fig. 2. The na' = I' mode is still identifiable and an LO We wish to thank Yuri S. Moroz, R.T. Gladin. B.L.
phonon below n' =~ Iand below n = I two bumps appear Marhsall. and B.L. Payne (Urbana) for technical assistance.
due to rapid light-hole-to-heavy-hole relaxation (- 10 - " The work of the Illinois group has been supported by NSF
s). We can expand this portion of the spectrum (inset) and Grants DMR 79-09991 and DMR 77-23999 and Navy Con-
measure, accurately. as shown, the I' - I spacing and in tract NOOO 14-79-C-0768; the work of the Rockwell group
turn the LO phonon energy, which is has been partially supported by the Office of Naval Re-

Aw, 41.0 -4.9 =36.1 meV. search, Contract NOOO- 14-78-C-071 1.
It is clear that if' the data and ideas above are correct, by

merely increasing the size of the larger well we should be able
to shift the lower con fined- particle transitions (to still lower 'NHona.r.R..Kob.WDUdg.IAtrei..D.uu.
energy) and with them the induced phonon-sideband emis- and P. D. Dapkus. App). Phys. Lett. 34. 502 (19791
sion lines. This is what is observed in Fig. 3 for a larger well R. MI. Kolbas. N. Holonyak. Jr.. B. A. Vojak. K Hess. Mi. Altarethi. R D
of size L. - 500 A. At a fairly high level just above the Dupuis, and P. D. Dapkus. Solid State Commun. 31. 1033 (1970)

threshold for stimulated emission [(a) 1.2 X 10' W/cm2, cw], 'B A. Vojak. N. liolonvak. Jr.. R. Chin. E. A. Rezek. R. D. Dupuis.and P
D. Dapkus. J. App). Phys. 50. 5835 (1970).

length-to-length (1- 254pum) laser modes appear abruptly 'E A. Rezek. R. Chin. 14. Holonyak. Jr.. S W. Kirchoefer. and R. MI.
on n' = ' (or V-1-0). Then at higher pulsed excitation [(b), Kolbas. J. Electron. Mater. 9. 1(1980).

1\ 0- W/cml'. further end-to-end modes appear at I1-LO. 'Holonvak. Jr., R.M..Kolbas.W. D Laidig, B. A Vojak. K. Hess. R. D
Dupuis, and P. D. Dapkus. J. Appl. Phys. 51. 1328 (1480)..-LO. 2'-LO. which is quite remarkable, and still one more 'N. Holonyak, Jr., R.MN. Kolbas. R. D Dupuis. and P. D. Dapkus.tIEEE J

se!t of modes appears (edge to edge, w - 59 pm) at A -8260 Quantum Electron. QE-16. 170 t 1980).
A. which is in the range one phonon below transitions 3 and 7N. Holonyak. Jr., R. NI. Kolbas. E. A. Rezek. R. Chin. R. D. Dupuis. and
3'. These transitions (3, 3') have a higher density of states and P D. Dapkus. J. App). Phys. 49. 52192(1978).

'K. Hess. App). Phys. Lett. .35. 484 (1979).
higher oscillator strength, which could explain their involve- "A.MNooradian and G. Wright. Solid State Comniun. 4.4 431 (1966).
ment in edge-to-edge laser operation. 'H MI. Manasevit. J. Elecirochem. Som. 118. 64"7(1971).

Note that the laser emission on the phonon sidebands in 'R. D. Dupuis and P D. Dapkus. in Proceedings ol'the Seventh Internton.

(b) of Fig. 3 is the dominant recombination radiation, i.e., is ad Symposium on GaAs and Redaed Compounds. St. Louis. 1979, edited by
C. MI. Wolfe (institute of Physics. London. 19M9, pp. 1-9

not a weak efffect if the sample is of sufficient size. If we 'R. D Dupuis and P. D. Dapkus. IEEE J. Quantum Electron. QE-1S. 11.8
reduce the sample width sufficiently (to w.- 23/im) and thus (1979),
increase the cavity end losses, as in Fig. 3(c). the main laser "N. Holonvak. Jr.. B. A. Vojak. R. MI. Kolbas R. D. DuPuis. and P D.

opeaton.onwidlyspcedede-t-egemodes, moves up Dapkus. Solid State Electron. 22.,43)10 179). Note that this measuring
topterin.on widte lws spcd ied-atd etrniosad technique has been further refined with Dektak (Sloan Instruments) anie

to te rgio ofthelowst onfied-artcletrasitonsand and SEMI layer measurements and now gives good size estimates.
the band edge, which is nearby (2.4 meV). Even in this "K. Hess. N. Holonyak. Jr.. W. D. Laidig, B. A. VoJak. J.3J. Coleman. and
case weak end-to-end (1- 21 1Mm) laser modes are observed P. D. Dapkus. Solid State ommun. (to be published).
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Hot electrons
in layered semiconductors
The size of semiconductor devices has decreased so much that
classical treatments of semiconductor physics become invalid and effects
involving supra-thermal electrons take on a new importance.

Karl Hess and Nick Holonyak, Jr
As electronic systems-and especially not simply proportional to the field article we will discuss some of the
computers-are used more and more strength; that is, Ohm's law breaks effects that will be important in future
widely in almost all areas of endeavor down. We shall discuss this point more very-large-scale integrated circuits and
and daily life, the semiconductor tech- extensively later. in optoelectronic devices.
nology on which they are based is being To illustrate the reduction in size
pushed to ever larger-scale integration that has accompanied the progress of Hot electrons
and ever greater miniaturization. As semiconductor technology, we show in As electrons move through the crys-
the devices get smaller, and smaller, figure 2 the original point-contact tran- tal lattice, they interact both with each
new problems (and maybe new opportu- sistor and a modern layered quantum- other and with the lattice. In electron-
nities) appear.' well heterostructure. (We should ic devices, the applied electric field

One consequence of the reduction in point out, though, that the point-con- supplies energy to the electrons. If
size is that the fields accelerating elec- tact transistor was a much smaller electron-electron collisions randomize
trons and holes through the crystal device than the junction transistors the carrier energy, one can define a
become very large, so that the carriers that were subsequently most widely temperature for the electrons even for
acquire large kinetic energies. The used in practical devices.) very high fields. This temperature T.
equations of motion for an energetic As we mentioned, the electric fields is always higher than the temperature
electron in the lattice can be apprecia- in small devices can become very of the crystal lattice TL. The differ-
bly different from Newton's laws; its large. If we assume that operating ence between T. and TL depends
(inertial) mass can, for example, appear voltages of semiconductor devices are strongly on the electric field (actually
to be infinite or even negative. This around 5 V, then the maximum electric on the square of the field because rever-
has nothing to do with relativistic ef- fields in a typical device of twenty years sal of the field must not lead to negative
fects but is due to Bragg reflection. The ago was on the order of 10-100 V/cm. temperatures) and on the details of how
non-linearity of the equation of motion In a present-day integrated circuit the the electrons lose their energy. In all
is illustrated in figure 1, which shows average fields are 10a V/cm and maxi- practical cases the electrons lose their
lines of equal energy in momentum mum fields are an order of magnitude energy to lattice vibrations. We thus
space (k-space) for the semiconductor larger. At such field strengths silicon have a picture of a highly mobile fluid
gallium arsenide.2 For a free particle, and germanium become non-Ohmic at at high temperature (the "electron
these lines would be circles, as they are room temperature.' Fields on the or- gas") moving through the cooler crystal
near the origin in figure 1, because the der of 10 V/cm are encountered be- lattice and losing energy to it.
energy depends only on the magnitude tween neighboring gates of charge- We know that conducting wires begin
of the momentum. The complicated coupled devices and in quantum-well to glow if too much energy is trans-
shapes of the curves for large k indi- layered devices. Such large fields may ferred from the electron gas to the
cates that the relation between energy also be approached in the very-large- crystal lattice. We would like to em-
and momentum is anisotropic and not scale integrated circuits that are now phasize, however, that even if the lat-
quadratic. Electrons then do not nec- being developed. tice remains cold (a situation that often
essarily move in the direction of the At fields larger than 1000 volts/cm can be arranged), the temperature of
electric field and their average speed is the charge carriers in a semiconductor the electrons can be exceedingly high

are accelerated far above their ther- and cannot be controlled by any cooling

The authors are professors of Electrical Engi- mal-equilibrium energy (given by the mechanism (other than the slow heat
neenng at tile Uniwersity of Illinois. Urbana. lattice temperature). Under these cir- loss to the lattice). A typical example
Karl Hess is also a member of the Coordinated cumstances so-called "hot-electron ef- would be a piece of silicon, let us say, to
Science Laborator/ and Nick Hoioriyak 'i also fects" become important and many of which an electric field of 2 x 10 V/cm
a member of the Materials Research Labora- the familiar concepts of semiconductor is applied; the electron temperature
tory at the Univerity. physics lose their validity. In this rises to 1000 K no matter what the
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Surfaces of equal energy in the Brillouin zone of gallium arsenide zone.) Ohm's Law holds only for electrons at the lowest energy (dark
calculated by the empirical pseudopotential method. (The Brillouin gray). The carrier energy increases from gray (center) to white to red
zone is the hexagonal area; the figure shows a somewhat extended to dark red in steps of 0.5 eV. Figure 1

temperature of the surrounding medi- involve hot-electron effects are carrier into another without creating substan-
um or heat sink attached to the sam- (electron or hole) drift, diffusion, gen- tial electric fields, that is, they leave
pie. One consequence of this rise in eration-recombination, and thermionic regions of high potential energy and
temperature is that the conductivity emission over potential barriers.5  move into potential minima.
drops because of the Bragg reflection Clearly it will not be possible to cover In the sandwich shown in figure 3,
mentioned earlier and because hot elec- all possibilities in a short article. We Al, Gal , As-GaAs-Al. Gal - As, the
trons can excite more lattice vibrations therefore concentrate, as examples, on properties of the electrons change sub-
than cooler (lower-energy) electrons. effects specific to hot electrons in po- stantially in the middle layer:
The electrons are thus less mobile, tential wells. The reason for this P, Because of the constraining AlGaAs
being scattered more often. The con- choice is that with shrinking crystal layers the electrons are not free to
ductivity therefore depends on the field size the charge carriers become increas- move perpendicular to the layers and
strength and Ohm's law is not valid at ingly confined to narrow potential hence form a two-dimensional gas. As
these high fields. It is worth mention- wells as defined by the size of the a consequence, their minimum energy
ing that the heating of the electron gas components. (remember the famous quantum-me-
(not the lattice) is very fast: Typically, chanical problem of a particle in a box)
the time constant is 10- 12 sec. 4  layered devices lies above the GaAs conduction band

Keeping the electron gas in equilibri- To illustrate .he effects one expects edge (E,). We refer to this effect as
um with the lattice would mean using with narrow potential wells and high "size quantization."'
smaller electric fields. As the devices electric fields, consider the layered 0 The electrons in their motion are
get smaller, the voltages would thus structure shown in figure 2. The gen- scattered either by lattice vibrations
also have to get smaller. However, for eral properties of such a structure are (phonons) or by various impurity cen-
various reasons it is unlikely that the sketched in figure 3. The layers could tars, which can be small in number in
supply voltages applied to semiconduc- be InP and InGaPAs (as in the sample the GaAs. The "remote" impurities
tor devices can be reduced below one shown in figure 2) or (as in figure 3) (electron donors or acceptors) in the
volt. One reason is the variation in GaAs and Al, Ga l - As; these layers layers of Al, Gal - As do not influence
threshold voltages of the component have now been produced by several the electron motion. As a conse-
devices. Another is that the built-in different methods, including molecu- quence, the electrons in the GaAs layer
voltages (or potentials) of semiconduc- lar-beam epitaxy, metal-organic chemi- are more mobile as compared to bulk
tor devices are of the order of the cal vapor deposition and liquid-phase material if the donors are mainly in the
semiconductor energy gap, which is a epitaxy. The layers in these structures AI, Gal -,As layers. This notion was
property of the crystal, and cannot be range from 10-' to 10- 1 cm in thick- proposed originally by Raphael Tsu
scaled down. We can therefore expect new. Such structures are in many and Leo Esaki (IBM) and recently dem-
that future semiconductor devices will ways prototypes of a variety of devices onstrated by Raymond Dingle, Arthur
inevitably involve hot-electron effects including field-effect transistors and Goesard, Horst Stormer and William
in their operation. It is not clear, charge-coupled devices. Wiegmann (Bell Labs).'
however, which of the various hot- On the small scale of these layers, Less well known than the impurity-
electron effects will be most important. charge-neutrality is not preserved be- scattering case above is the fact that
Current device concepts that might cause electrons move from one layer the scattering of electrons by lattice



vibrations also is different in layered fringing from the gallium arsenide the interface mobility of electrons and
structures from what is normally ex- scatter the electrons in the neighboring hence the device speed.
pected.' As an example consider a germanium, which is a covalent non- Let us return to the layers of GaAs
GaAs-Ge heterostructure, that is, a polar material and normally would not and Al, Gal -, As (figure 3) and assume
germanium layer epitaxially grown on exhibit polar scattering. In other the electrons are in the middle layer
gallium arsenide. A polarized lattice words, the electrons in the germanium (GaAs) before we apply an electric field
vibration propagates in the gallium are scattered by the "remote" lattice parallel to the interfaces. As long as
arsenide and creates macroscopic elec- vibrations of the gallium arsenide. the applied electric field is small, the
tric fields that extend near the inter- In some systems (such as the InSb- electrons will stay in the GaAs. For
face into the germanium. This behav- SiO, structures designed for infrared large electric fields, however, the elec-
ior is reminiscent of the fringing fields applications) the remote scattering trons will be heated, and move up in
of a parallel-plate capacitor. The fields mechanism may reduce significantly energy, and finally when their energy

approaches the band edges in the sur-
rounding Al, Gal -, As, they can trans-
fer out into the adjacent layers. It isOCt. 3, 1950 J. AIRCEN A 2524,035 clear that this effect has a close analogyTIIRE-ELECRoDS CIRCUIT E,-m UTILIzING

sEICONDucTIvE MAT.IALS to thermionic electron emission out of
riled Juas 17, 194 3 Sheats-Shoet I glowing wires, as in a vacuum tube, or

to the momentum-space electron trans-
FIG. / fer that occurs in the Gunn effect,

which is the basis for useful microwave
- devices. A Monte Carlo simulation of

aV the electron trajectory for carrier
"i transport in a thin (400 A) GaAs layer

is shown in figure 4. For an under-
critical field, the electron stays in the
GaAs well. For a field above a critical
threshold, the electron can transfer out

METAL METAL into the surrounding Al. Ga,_ As. A
variety of effects perhaps can be cre-

P TYPEG ated using the mechanism of hot-elec-
tron transfer out of thin layers.' Some

FI, 1A of these have just recently been verified
experimentally.

Very-lirge-scale Integration

N TYPE Go At this point let us turn to more
established ground and consider the

wNVETr .BARDEEN hot-electron effects that occur in very-
Ne - R T. /N large-scale integrated circuits. Talc H.

7 Ning at IBM has shown"0 that in the
metal-oxide-semiconductor system (so

AroEY, important in present-day integrated
circuitry) electrons can be emitted from
silicon into the silicon dioxide over
potential barriers that are quite large.
In the silicon dioxide the electrons are
finally trapped and give rise to unwel-
come changes in the interface poten-
tial, causing instabilities in the device
performance. These effects occur on
long time scales, but are important in
general.
An even more pronounced example

is the so-called "buried-channel struc-
ture," which is diagrammed in figure

. . 5. This structure was conceived to
Q ~ avoid trapping of electrons at the sili-

-, ' " ,." - +" con-silicon-dioxide interface. The cru-
.' ." . .- " :. cial feature is that of an ion-implanted

, , .- . ...... : : .- ". ') "-layer which creates the potential-ener.
.w ~'*~~' ~gy profile shown in the lower part of

the figure. As in the case of the GaAs-
. . 'AIGaAs layers discussed above, the

- -,..electrons are at minimum potential
energy (between x. and x,) far away
from the silicon-silicon-dioxide inter-

Evoluton of the size of electronic devices. (a) Original transistor patent of John Bardeen face Structures such as this are used
and Walter Brattain: The germanium crystal is about 0.1-0.5 cm in size, while the spacin for chrucouped devis ar ue
between the emitter and the collector (labelled 5 and 6) is considerably smaller. (b) Layered for charge-coupled devces and metal.

structurev a quantum-well heterostructure laser, of InGaPAs quaternary compounds grown by oxide-semiconductor transistors. If
liquid-phase epitaxy. To illustrate the layer sizes, leukemia viruses of about 500 to 100o A we now shrink the device, we obtain
diameter are shown superimposed on the crystal layers. Figure 2 much higher electric fields, which,
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when the device is in operation, accel- of charge carriers and impurities in the r ANJGAs AIGMAs
erate and heat the electrons. The con- extremely small volume.' 10"
sequence is that electrons can be ther-
mionically emitted to the interface, Opto-eocttronics 00
again as occurred for the Gas-Al- So far we have discussed hot-electron T
GaAs layers. The device then loses its effects that are driven or engendered 10,,
advantage of being a buried-channel by an applied electric field, as in a
device; we have reached a limit in how transistor or Gunn-effect oscillator.
much we can reduce the size of the As a prototype for various forms of oo
device, semiconductor lasers, and perhaps oth- [

Of course, high electric fields also er optoelectronic or integrated-optics
influence the electron drift within the devices, let us assume that the.middle ,I
potential wells themselves, even before o0
thermionic emission occurs. In metal-
oxide-semiconductor devices, there-
fore, the drift velocity of electrons al- Effects expected 2W 5
ways saturates with increasing electric for small devices 0
field. The reason for this is the en-
hanced scattering of hot electrons by Drift r 10o
lattice vibrations, an has long been Deviations from Ohm's Law J
known. Saturation of currentsLa

The mechanisms described above SautonocrenW 0he ds ecs dericed poe Velocity overshoot Layered structure, consisting of gallium ar-have drastic effects on device proper-

ties. We should also expect a dramatic Ballistic transport sende and aluminum gallium arsenide. The
influence of high fields on carrier diffu- Mobility increased or decreased by size of- graphs show the impurity doping concentra-
sion. Steep conentration gradients facts (remote point charges, phonons) tion, the carrier mobility and the energy of the

edge of the conduction band of this modula-
and high electric fields totally invali- Scattering-high electric fields tion-doped structure. Figure 3
date the basic concept of particle diffu- Generation of high phonon intensities
sion as described by the classic Einstein
relation, D =jkT/e. Preliminary in- Diffusion
vestigations show that the usual diffu- Hot-electron diffusion and invalidation of
sion constant, D, has to be replaced by a the Einstein relation
rather complex expression even if the Enhancement of diffusion constant by high
device is large enough that the electron electric fields
is not able to traverse it without colli- Anisotropy of diffusion
sions, which clearly violates the basic Diffusion and reduced dimensionality
ideas about diffusion." This brings us Diffusion overshoot
to the limiting size of small devices: If D C ,
we shrink the size still further, how Carrier generation and recombination /
long do we have enough electrons to Poole-Frenkel enhancement of emission
apply familiar statistical concepts, and out of potential wells (traps)
what is the limit of size for ballistic Hot electron "thermionic" emission
transport of charge carriers? That is, Effects of hot electrons on the Lax cas-
where does the semiconductor become cade mechanism
like a vacuum for the electron? The
answers to these questions are urgently Franz-Keldysh effect
needed; a number of commercial semi- Impact ionization (inverse Auger proces-
conductor products touch these borders sess) can determine ultimate limits of
already, and clearly many more will in speed, and so forth.
the near future. Generation-recombination noise for non-

Before turning to opto-electronic lay- stationary case (Langevin)

ered-structure devices, specifically size effects
quantum-well lasers, which so clearly Size quantization (two-dimensional. one- __

show a strong deviation from bulk crys- dimronl electrons)
tal behavior, we summarize in the box
on the right the deviations from well- Quantum resonances
known physics and engineering princi- Interfaces, surfaces, metal boundaries and
pies that we expect for small devices. influence of these boundaries on impor-
We cannot give a comprehensive de- tant semiconductor parameters.
scription of all the effects we list. We Image force (metal boundaries)
have discussed quantization, velocity Non-ideal interfaces
saturation, and hot-electron emission. Contacts as boundanes
The overshoot effects listed in the box
are connected with energy and momen-
turn relaxation by collisions. Some of Steep conentration gradients and high
the effects (such u the Franz-Keldysh electric ilds. (See dffusmn) Eleetren moti^ computed by a Monte Carlo
effect) have been known for a long time Alloy effects (atom disorder) simulation, in a potential well formed by a

gallium arende layer. The els are broad
but up to now have been unimportant Low-level radiation effects (a-particies enough (400 A) that they show no effects due
in device applications. The rest are from package) to m quantization, On the left the field
connected with the unusual boundary Intrconnetion proble ( t strength is 2 kV/cm. below the threshold for
conditions (interfaces) in small devices resistance) jumping out of the well; on the right the field is
and layers, and with the small number 6 kV/cm. Figure 4
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in the center of the structure as the
Met gate 9 Ipante aer layered structure of figure 2 shows. In

that case, the hot-carrier collection and
9102 . | xo the downward scattering into the quan-

0 turn wells can be much more efficient.
a__ If the number of these quantum wells is

- xtOnot too great and the wells are not toop-substrate thick, say six wells, each 50 A thick, one

I can observe still another important
_effect at sufficient excitation (photo-

pumping or current excitation): The
hot carriers scatter down towards the
bottom of the quantum wells and, in-
stead of recombining at the first (low-

!5 est) quantum states of the coupled
b - -GaAs wells, the carriers will scatter

. Idown even further and produce laser
SIVemission on a phonon sideband.

Just as the collection and the scatter-
ing of hot carriers to lower energy in a

___ [__layered structure is improved when
X0 0 X. Xb x, more than one quantum well is em-

DEPTH ployed, carrier scattering to lower ener-
gies in a single potential well is con-

A buriled-channel metal-oxlde-semconductor structure. The structure of the device is strained-and, in fact, makes possible
shown in the upper diagram. The graph below shows the potential as a function of depth. Cold the hot-carrier electron-hole recombi-
electrons reside at the potential-energy minimum, between x, and x,. If the electrons become nation observed1 2.1

1 over the unusually
"hot" (because of, say, high electric fields), they can spread to the interface, that is, they large wavelength range of figure 6. If
overcome the potential barrier AVs. Figure 5 the rather large (200 A thick) well that

produced this spectrum is reduced in
layer of GaAs in figure 3 is 200 A thick emits (via the recombination of hot thickness to much under 100 A, then
and that the Al, Ga, - . As layers on electrons and holes) true red light.""-4  the size constraint does not permit
either side are 0.5-1 micron thick. If This is shown in figure 6 by the laser carriers to scatter down to the lower
we put the structure in contact with a emission near 7000 A. quantum states before recombination
good heat sink and photopump it with The hot-carrier red-light emission occurs. When a single potential well
an intense light source, electrons and from GaAs shown in figure 6 was first becomes as small as 80 A, the highly
holes are generated in the Al.. observed by Robert Kolbas and Holon- mobile electrons can travel all the way
Ga, - As layers and will be collected yak'" on quantum-well crystals first across the potential well before collid-
(in a very short time) in the GaAs grown by their coworkers at Rockwell ing with the lattice. For excessively
potential well. Relative to the bottom International, Russell Dupuis and Dan- thin layers, then, the hot electrons tend
of the GaAs well, however, these elec- iel Dapkus and, later, James J Cole- to travel right across the very narrow
trons are "hot," that is, they are high man. We should mention that the well instad of scattering, losing energy,
above the GaAs band edge Ec in energy quantum-well structure that emits the and descending into the well."'
and can either scatter downward to the red light (as well as the longer-wave- If these ideas and observations have
bottom of the GaAs well, releasing length infrared laser light) of figure 6 much validity, it should be possible to
lattice vibrations (phonons) in the pro- can be constructed by putting doped p- verify them by still other means. Hot
cess, or, while still hot and high in the type material on one side of the GaAs carriers lose energy by collisions with
well, they can recombine with holes, quantum-well and n-type on the other the crystal lattice, thereby converting
releasing high-energy photons (red, not side; it then operates as a unique form some of their energy to increased lat-
the usual infrared of bulk GaAs!). This of injection laser: a hot-carrier quan- tice vibrations, or, equivalently, an in-
is a remarkable effect; a crystal system turn-well semiconductor laser. creased phonon density. The process is
that normally (in bulk) emits infrared It is also possible to insert, or couple strong when the coupling between the
light, when made into a quantum well, together, more than one quantum well charge carriers and the lattice vibra-

tions is strong. The electron-phonon
coupling can be screened by introduc-
ing a large background of free carriers
into the crystal, such as a large number
(10"/cm or more) of positive holes-
which can be introduced by diffusing
zinc atoms to serve as acceptors intoz/

F. [V the layered structure. The screening
is such a powerful effect that when
carried out on the sample that pro-
duced figure 6, the weakening of the
electron-phonon interaction almost

, 0 cuts off the carrier scattering into the
8.2 W.0 7. G 7.6 7.4 72 7.0 well: the hot carriers no longer scatter

WAVELENGTH i0 A) into the (rather large) quantum well,

StImuflated enmsion due to the recombination of photogenerated hot electrons and holes in a and the laser spectrum vanishes. t

200 A thick GaAs quantum well. The hot-camer emission occurs high in the quantum well above We have to construct a much bigger
the the GaAs energy gap (E). in the visible (red) portion of the spectrum. This visible radiation active region to be able to see that the
is possible only from such a thin (quantum-well) layer. Figure 6 zinc doping merely screens the elec-
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gen). In essence, the impurity screen- can possess positive aspects, as it can
ing has switched off some of the carrier clearly be used to construct ultra-fast
energy loss to the lattice (to phonons), electronic switches: The issue ofZ
and, as a consequence, more of the boundary conditions and size effects
input energy emerges from the crystal also opens fascinating possibilities for
as higher energy recombination radi- optoelectronic devices, which are illus-
ation (crystal laser output). trated, for example, by the red-light

SE2 emission of gallium arsenide.
Small devices Small integrated semiconductor de-

Although the ideas and examples vices already have had a strong impact
S presented here concerning hat-electron on our daily lives; the impact promises

effects in semiconductors are not ex- to continue and, in fact, increase in
haustive, they are representative and scope. This will in turn further stimu-
show clearly that newer semiconductor late research in the field of "ultra-small

> devices, as well as a higher level of electronics."
integrated circuit development and
smaller sizes, will inevitably make hot- We are indebted to John Bardeen and
carrier effects more and more impor- Charles B. Duke for helpful comments, and
t rant. Making semiconductor elements to the NSF, the Navy, and the Army for
smaller and closer together to increase support.
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