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lished. The manuscripts concern lateral transport in superlattices, transport

at extremely high electric fields and impact ionization and quantum well

-~

heterojunction lasers. !
N
PRAE

1. Lateral Transport in Superlattices

A new mechanism was introduced to obtain negative differemntial resistance
in layered heterostructures for conduction parallel to the interface. The
mechanism is based on hot-electron thermionic emission from high mobility

v ey

GaAs into low mobility AleaixAs and represents the real space analogy ca
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 amy 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 Flelds and Impact Tonization

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.
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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

A system for measuring the high field drift with the microwave time of
flight technique has been set up. It is currently successfuliy 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 summary of the hot-electron and laser research

(Physics Today paper (15)).
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NR 322-086, University of Illinois at Urhana-Champaizn, "Hot Electran Tffacts
oY Importance for Micren and Submicron Devizen,”™ P.I, = X, Hess - 5, %,
Stillman, (217) 333-6362, N00014-79-C-C733.

The goal of this res2arch i3 to understani *ie hasic mechanisms ~f "izh-field

electronic transport, drift, diffusion =anl gereration-rec~mtiqzticon in
materials which are important or nave hizh »o4eatial for device arplizations.

Progress: We have develcped a computer nrogram for hizh field tran~cort® which
includes a realistic band structure =23 ~alculated hy *%s  snirizal
pseudopotential model. This numerical techn’ e allows us to z2a2isulite iapazt
ionization almost from first principles ircinding the orienktation jerandence,
energy loss by polar optical and deformatinan potential scatktering and alsec
spatial depvendences as encountered in  remicanductor  heternirnoticns
(publications 1-3). Qur investizations of transport in he*srci:mec*ion layers
led us %o the concept of real space tranafer or bhot elactron thermionie
emission out of potential wells. This ac¢ncepht has, in cur opininz, 2 high
rotential for novel device applications (ruvublications 4.8}, Tars of eur
research was connected with scatterinz processes abt inkerfases =ni «ith
transport in quantized inversion layesrs. Her= we azgesgsed the imprrbance of
remot2 phonon scattering (publicaticm €. Ths influance of ‘the heatine of
electrons to suprathermal levels on th: threshol! ~urrent of heter~jwration
lasers was investigated and it was founl that the S~mperatura lz2poniznine is
reduced by these effects (publications 7.%). TFin=lly, we inves-izatel in
cooperation with Prof. N. Holonyak, Jr.} *hs irflvence of high choron
densities on quantum well heterojunction la=~rs., It =13 forind hhnd kn~ =honeon
occupation numbers can be enhanced a fari~r ' or wnre ovar tha synilibriun
“hermod:mamic averags wvalue in specific ~tri-*rires (ouhlieations -1
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REAL-SPACE ELECTRON TRANSFER BY
THERMIONIC EMISSION IN
GaAs-Al,Ga,-.As HETEROSTRUCTURES:
ANALYTICAL MODEL FOR LARGE LAYER WIDTHSt

H. SHiCHuO, K. HESS and B. G. STREETMAN

Department of Electrical Engineering and Coordinated Science Laboratory, University of [linois 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 (NDR) and switching in layered GaAs-
Al Gay_, As heterostructures with a high electric fieid 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
Al Ga, -, 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 Al,Ga,_, As layers is 1aken into account.
The resuits of the calculations show that the threshold electric field for the onset of NDR and the peak-to-vailey
ratio can be controlled to a large extent by adjusting the mobility of the Al,Ga,_, As layer, the layer dimensions,
and the potential barrier (Al mole fraction in the Al,Ga,_ As).

NOTATION
Ey effective field strength £y = mew, (%-é)/hrh
Eri Quasi-Fermi level in the GaAs layer
Eeyx) position-dependent  Quasi-Fermi  level in  the

Al Ga,_,As layer

€ energy of the electron

F applied electric field

optical phonon energy in the GaAs

thermionic current from the GaAs layer to the
Al,Ga,_, As layer

thermionic current from the Al,Ga,.,As layer to the
GaAs layer

Bessel function of order 0

K, Bessel function of order |

components of the electron wave vector

L) width of the GaAs layer

L, width of the Al,Ga,..As layer

electron effective mass in GaAs

electron effective mass in Al,Ga,_, As

N 1012l number of electrons in the system

N number of electrons in the GaAs layer

N> numbet of electrons in the Al,Ga,_,As layer

To lattice temperature

T, eclectron temperature in the GaAs

position-dependent  electron temperature in
Al,Ga,.,As

potential barrier height

uy electron mobility in GaAs

ur electron mobility in Al Ga,.,As

the

1. INTRODUCTION
Negative differential effects. tvpified by the tunnel diode
and the Gunn diode, are of fundamental interest and are

*Supported by the Joint Services Electronics Program (U.S,
Armv, U S. Navy, US. Air Forcer under Contract Number
NOO014-79-C-0424. and the Office of Naval Research under
Contract Number N0OO14-76-C-0768.
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also important for their possidle applications to
microwave, switching, and memory devices. Recently a
new mechanism has been proposed to obtain negative
differential resistance (NDR) in semiconductor
heterostructures{i). The basic structure of this device
consists of alternating GaAs-Al,Ga;_.As multilayers, or
other appropriate lattice-matched materials with dissimilar
band-gap energies and carrier mobilities. It has been
mentioned(1] that this mechanism may benefit from
modulation doping(2, 3] of the layers. In such a structure
electrons reside primarily in the GaAs potential wells at
equilibrium, NDR is obtained by applying a high electric
field parallel to the layer interface, sufficient to cause
thermionic emission of hot electrons from the high-
mobility GaAs layers into the neighboring iow-mobility
Al,Ga,_,As layers. We have previously calculated cur-
rent-voltage characteristics for such structures{1], which
exhibit NDR at an electric field of 3.4kV/cm. In those
preliminary calculations, however, the GaAs and the
Al,Ga,_,As layers were treated independently in the
sense that the exchange of energy and momentum by the
electrons in the GaAs and the Al.Ga,_.As fayers was
not taken into account. Therefore, the current~voitage
characteristics showed the “polar runaway™ at an elec-
tric field of 3.4kV/cm typical of polar optical phonon
scattering. In a more realistic treatment, however, one
must account for exchange of electrons between the
layers, and consequently exchange of energy by the
transfer of hot electrons into the Al,Ga,-,As layer and
the reverse transfer of cooler electrons into the GaAs. [n
this paper we extend our previous calcutations to include
this effect in the limit of large layer dimensions. We used
the method of moments to solve the Boltzmann equation
at the GaAs-Al,Ga,_. As interface, assuming a position-
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dependent electron temperature and Fermi level in the
Al Gay-.As laver. Speciai attention s miven to the
egree of controi of the device charactenistics by the
adjustment of the foilowing parameters: the mobility of
the Al,Ga; ., As laver: the laver dimensions: the Al mole
fraction tand thersfore the potential barrier neight).

2. ANALYTICAL CONSIDERATIONS

Figure [ shows schematically the band structure,
doping distribution. and electron mobility of modulation
doped GaAs-Al.Ga,-, As layers. The Al,Ga,_.As layers
are intentionally doped to a density of 107 ~ 10"*cm™,
whereas the GaAs layers contain only unintentional
background impurities (10~ 10'* cm™"){2]. At thermal
equilibrium the electrons reside at the minimum of the
potential wells, i.e. in the GaAs layers. When separated
from their parent donors by more than 200 A these
electrons experience strongly reduced impurity
scattering(2., 4]. Therefore, for a typical layer thickness
of 400 A the electron mobility in the GaAs layer will be
very high (= 3000 cm®/V sec at 300 K). Dingle et al. have
experimentally observed a mobility of 5000 cm*/V.sec at
300 K. and even higher mobilities ( ~ 15000 cm™/V sec) at
lower temperatures(2]. The Al.Ga,-.As layers can be
made strongly compensated. and thereby the mobility in
these layers can be very low (~ 500 cm’/V.sec or less).
Application of a high electric field parallel to the laver
interfaces of this structure will result in heating of the high
mobility electrons in the GaAs layer only. When the mean
kinetic energy of these electrons becomes comparable to
the potential barrier height. AE, they can be thermionically
emitted into the Al,Ga,_, As. During the transfer from the
high mobility GaAs layer to the low mobility Al,Ga,_,As
layer. the sample should exhibit negative differential
resistance.

The problem is complicated by the fact that some of the
cooler electrons in the Al,Ga,-,As can undergo reverse
transfer into the GaAs layer. In order to take account of
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Fig. 1. Schematic diagrams of doping density, electron mobility,
and conduction band energy of modulation-doped lavers.

this energy and momentum exchange between the GaAs
and the Al,Ga, ., As luvers. one must solve the Boltzmann
equation:

of 1 i
;7+zr-w-v-v,f=3{( m
with appropriate boundary conditions. Due to the com-
plexity of the boundary conditions in the case of real
space transfer. an explicit expression for the distribution
function cannot be obtained. Therefore we assume a
Maxwellian form for the isotropic part of the distribution
function, with a position-dependent electron tem-
perature. This assumption is justified by the fact that the
electron density is high in the GaAs layer at the start of
the electron transfer, since the GaAs layer coilects elec-
trons from the neighboring layers. Typically the GaAs
layer will have an electron density of 10'®~10">cm™.
Electron-electron collisions will, therefore randomize
the energy gained in the electric fie'd direction and
establish a Maxwellian distribution. Above the band edge
of the Ai,Ga,-As the electrons in the GaAs will follow
a “cooler” distribution function because of the reverse
transfer of cooler electrons from the Al.Ga,_,As. For
the sake of simplicity, however, we will assume the
GaAs layer is sufficiently narrow that a single electron
temperature can be used in the GaAs.

In the calculations we have deliberately chosen typical
laver widths larger than 400 A. This will avoid the com-
plications arising from size quantization effects and other
two-dimensional effects. One of the consequences of
such effects is the increase of the NDR threshold electric
field by a factor of two at room temperature[l]. This
occurs because polar optical phonon scattering is
enhanced in two-dimensional systems. The choice of
large layer width also allows the use of the semiclassical
Boltzmann equation. With large layer widths, the poten-
tial fluctuations due to the statistical distribution of the
impurities can also be neglected. Supposedly, however,
the transfer speed is slower for large layers, which is not
considered here.

Figure 2 shows the model used in the calculations. We
assume a position-dependent electron temperature,
Te(x), and Fermi level. Ega(x), in the Al,Ga,_, As layer.
Because of the small dimensions, the use of the Quasi-
Fermi level is justified only at very high electron den-
sities. Similar methods have recently been emploved by
others({5] to analyze the thermionic emission in metal-

— e | et
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Fig. 2. Simplified electron-temperature model with coordinate
system used for the calculations.
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Electron rransfer by thermionic emission in heterostructures 819
= 2, Spa g2 7.0
e)ulF 2¢L| k TL(O) dx » (6)

independent electron temperature, T,, and Fermi level,
Er,. With this assumption we only need to soive for the
position dependence of the electron temperature and the
Fermi level in the Al,Ga,_.As layers. The thermal con-
duction of hot electrons from the GaAs layer into the
Al,Ga,_, As layers is then accounted for by the slope of
T.(x) at the interface boundary. Although at the boun-
dary the slope of T, in the GaAs layer is zero, we
assume that the same amount of energy (as given by tk>
slope of T (x)) is extracted from the GaAs.

We then proceed to assume a distribution function of a

form;
f = fole. x}+ gle. x)k, + h(e, X)k,, 2

where fole, x) is a Maxwellian distribution;

3

fole, x) = exp [gﬁ."_‘)."_‘]

kTL(x)

The coordinate system is shown in Fig. 2. The electric
field is in the v-direction. The second term of eqn (2)
represents the drift term of the distribution along the
electric field as is usual for a spatially uniform system(6].
The third term is to take into account the spatial nonuni-
formity. It represents the displacement of the dis-
tribution perpendicular to the electric field. This term is
essential to account for the energy flow normal to the
field directions. After substituting eqn (2) into the Boltz-
mann eqn (1), we then separate the variables into equa-
tions for the spherical symmetric part and the drift
terms. The method of moments{7] is then utilized to
obtain the equations for T.ix) and Egy(x). The set of
equations obtained is given below;

2hwa 2 exp(Zo=Z1)~ ! 12
(:m‘) ¢E, oxXp (o)~ 1 Z%exp (ZUDKAZ/D

e 2
= e;&:Fz +2;"—:,3(kTL)"’2 exp(— EF:/kTL)d—(i_;

(4
[(kTL)" exp (Eraf kT )]
2
ad? (kT exp (Epo/kTL)1 = 0 )
where Z, = %" Zo= !,:-I‘-’ and the position dependences
wo wo

of Era(x) and T (x) have been omitted. The left side of
eqn (4) is the rate of energy loss due to polar optical
scattering{6], and the first term on the right side is the
power input from the applied electric field. The second
term on the right represents the energy flow from the
GaAs due to the transfer of hot electrons. With the
assumption of energy conservation at the boundary, we
can then obtain a similar power balance equation relating
T. and F (electric field) in the GaAs layer;

2.'.'29)”1 exp(Ze—-2.)- | 12} -
( amt) LSt 21 exp (ZJDKAZID

4

where Z, = %- and g, is the mobility in the G.As when
it

onlv polar optical scattering is operative. This mobility is
given by:

IV (2hae)? 1

W=7, (‘ﬁ) N, 2 e (-2
x{lexp(Zo— Z,)+ 1) K(Z42)
+(exp(Zo—Z)- N Kol ZJ2)}'. M

The second term on the right side of eqn. (6) represents
the power flowing out of the GaAs into the Al,Ga,_,As
layers. T.(0) and dT,(0)/dx are evaluated at the boun-
dary x = 0. We have used the fact that this power flow is
due only to those electrons in the GaAs with energy
higher than the Al.Ga,_,As band edge. Equation (4)
combined with eqn (5) is now solved numerically with the
boundary condition T () =T..

To determine the Quasi-Fermi levels, Eg; and Ery(x),
we need two additional conditions. One is obtained from
the condition j, =0. We simplify this condition to the
balance of the thermionic currents in both directions at
the interface. Under collision-free transport conditions
the thermionic current j,_,, from the GaAs to the
Al;Ga,_,As. is given after Bethe[8)] by;

* -
f|—z=%(KT¢)ZCXP {EF—;‘TLE] (8)

The current j,_, flowing from the Al, Ga, . As to the GaAs
layer is:

. _ (’”llgl 2 EF'.'_-\E
Ja-1 _.W(KTL) exp [TJ 9

where T, is evaluated at x = 0. Under steady-state con-
ditions we have j,_,=j,.,. The other additional con-
dition arises from conservation of the total number of
electrons, N = Ny + N=. N, and N, are calculated using
the electron temperature and Fermi level in each layer.

3. NUMERICAL RESULTS

From eqn (6) we obtain the variation of electron
temperature, T,, with the electric field in the GaAs layer.
The result is shown in Fig. 3 with the mobility in the
Al,Ga,_.As as a parameter. The dashed curve is for bulk
GaAs, with only polar optical scattering operative. This
corresponds to treating the GaAs and the Al,Ga,_.As
layers independently (in other words. us=0). As is well
known(9], at an electric field of about 3.4kV/cm the
electron temperature goes to infinity and ‘*‘polar
runaway” occurs. When the transport of hot electrons is
taken into account, however, the electron temperature
does not increase as rapidly. The rate of increase is
slower for higher mobility in the Al,Ga, -, As, because of
the larger power out-flow. This situation is quite analo-
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Fig. 3. Variation of electron temperaiure in the GaAs layer with
applied field for various mobilities in the Al Ga,_, As laver.

gous to the Gun effect(9], where intervalley scattering
supplies an additional energy loss mechanism{11].
Figure 4 shows the position dependence of both the
electron temperature, T,(x), and the Fermi level. Eg.(x)
for several different values of electric field. The dashed
line indicates the GaAs potential well. The interface is
set at x ={. [t can be seen that both T,.(x) and Ee.(x)
approach their thermal equilibrium values within a dis-
tance on the order of 0.1 u. The small spikes in the
Quasi-Fermi levels which occur at the boundary arise
from the imposed condition of thermionic current
balance and also from the small difference in effective
masses. These spikes are of no physical significance. The
rapid decrease of the Fermi level in the GaAs with higher
fields indicates the depletion of electrons in this layer,
and hence the transfer of electrons into the Al,Ga,_,As.
The variation of the fraction of electrons in the GaAs
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Fig. 4. Electron temperature and Fermi level as functions of
position. The GaAs potential well is shown in the dashed line.
The interface between the GaAs and the Al,Ga,_,As is set at

=0
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layer with increased field is more clearly illustrated in Fig. 5.
The transfer is larger for smaller mobility values. a
consequence of the greater carrier heating for smaller
mobility as seen in Fig. 3. Here again the analogy with
the Gunn effect should be noted[12].

The current-voltage characteristics are straightforward
1o calculate from this model. The results of the cal-
culations are shown in Fig. 6. The magnitude of the NDR
changes dramatically with the mobility in the
Al,Ga,_,As layer. For purposes of comparison we in-
clude in Fig. 6 (insert) the velocity-field characteristics
calculated by Fawcett et al. in 1970 for the Gunn
effect(13). The parameter for their curves was the inter-
valley deformation potential.

The two sets of curves in Fig. 6 show surprisingly
similar features. Actually, our discussion of real space
transfer almost parallels that of the Gunn effect. but with
two crucial differences. First, in our mechanism elec-
trons leave the high mobility GaAs layer by thermionic
emission and are transferred in real space to the low-

1
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Fig. 5. Fraction of electrons in the GaAs layer as a function of
electric field for various mobilities in the Al,Ga,_ As layer.
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Fig. 6. Current-voltage characteristics for a real-space transfer
device with various values of electron mobility in the
Al,Ga,_ As layer. The inset shows the velocity-field charac-
teristics of the Guan effect in GaAs for various intervalley
deformation potentials(i3).
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Fig. 7. Current-voltage characteristics for various potential bar-
rier heights. Note that the GaAs L minima are above the con-
duction band edge of the Al,Ga,_.As in the cases shown.

mobility Al,Ga,-,As layer. In the Gunn effect, on the
other hand, electrons transfer from one valley of high
mobility to another of low mobility or &k
space. A second, and most important distinction is the
fact that our device characteristics can be controlled to a
greater degree than with a device utilizing the Gunn
effect. As already seen in Fig. 6 (insert), the curves for
the Gunn effect have as a parameter the intervalley defor-
mation potential, which is a material property and cannot
be changed. On the other hand, the parameter in Fig. 6
for the real-space transfer process is the mobility of the
Al,Ga, . As layer, which can be controfled by adjusting
the doping of the layer. The characteristics can also be
changed by varving other device parameters, such as the
layer dimensions and the poten:ial barrier height. For
example. the potential barrier height can be controlled by
changing the Al mole fraction of the Al,Ga,_.As. The
effect of varying this parameter on the current-voltage
characteristics is shown in Fig. 7. For this particular set
of parameters the threshold field for the onset of NDR
can be varied between 2 and 3 kV/cm and the peak—to—
valley ratio between 1.3 and 2.0. We have also examined
the effects of the operating temperature and as expected,
the NDR is more pronounced at lower temperatures.
Finally, we would like to summarize the simplification
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.
The ionized donors create an electric field at the GaAs-
Al,Ga,_,As interface which tends to pull the hot elec-
trons toward the Al Ga,.As layer. Therefore, we bel-
ieve that the band-bending due to ionized donors should
aid the transfer of electrons into the low-mobility
Al,Ga,_,As layers. Of course. as greater numbers of
electrons are transferred, the effect becomes smaller
since more ionized donors are neutralized. This band-
bending effect is also reduced for compensated
AlGu._ As layers. Secondly. we have not taken into
account the effects of the conduction band L minima,
which ar¢ known to be located approximately 330 meV
above the T' minimum of GaAs. We have deliberately
chosen values of AE such that these L minima are above
the band edge of the Al,Ga,_,As [see for example, Fig.

821

7). As the Al,Ga,;_.As band edge approaches the GaAs
L minima, some electrons may be transferred to these L
minima by intervalley scattering before they undergo
transfer in real space 10 the Al,Ga;_, As layer. However,
Monte Carlo calculations{$4) show that the effects of the
L minima are negligible and that real space transfer
dominates over intervalley scattering even for a barrier
height of AE =200meV. For values of AE =250 meV
and more, however, the effect of the L minima can be
considerable. In fact, by intentionally aligning the
Al,Ga,-,As band edge to the energy value of the L
minima in GaAs, the Guan effect can be enhanced by
real space transfer, and larger peak—to—valley ratios
should result. Third and finally, we have neglected the
quantum mechanical reflection of electrons at the GaAs-
Al,Ga,-,As interface. Wu and Yang(I5] have obtained
the formula for the three-dimensional transmission
coefficient at a heterostructure interface using quantum
mechanical considerations. When an electron with an
energy of 230 meV is moving perpendicular to an inter-
face with a barrier height of 200meV, we obtain a
transmission coefficient value of 75% using their formula.

. Therefore, some electrons are reflected into the GaAs

layer when trying to cross the interface. Similarly, some
of those electrons which have already transferred into
the Al Ga,_.As are also reflected at the interface.

The effects of thermionic emission can also be used to
construct a high-speed switch. If the GaAs and the
Al,Ga,.,As layers are contacted separately, voltages
can be applied independently to the two materials or
between them. There will be = negligible current in the
Al,Ga, -, As until an appreciable fraction of electrons are
emitted from the GaAs. Figure 8 illustrates this switching
effect. The electric field to the Al,Ga,..As is kept con-
stant at 12 kV/cm. The GaAs and the Al,Ga,-,As cur-
rents can be switched on and off by the electric field
applied to the GaAs layer. The dotted curve is obtained
in the case of no thermal conduction. Since the transfer
times in this mechanism are short (~10~"'sec){l], a
high-speed switch can be envisioned. Extensions of the
real space transfer mechanism might include variation of
the effective barrier height by application of voltage
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2 ' A1Gads
Tef : ‘
35 \
o \
i
1k ’ Gods |
]
S
0

b} 10
Erectnc Field, F ixv/cm)

Fig. 8. Switching characteristics of a real-space transfer device.

The GaAs and the Al,Ga,_,As layers are contacted separately.

The electric field to the Al,Ga._,As lavers is kept constant at

12kV/em, Each laver can be switched on and off by the applied
tield to the GaAs iayer.
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between the layers. detection of optical excitations from
the GaAs well by monitoring the Al,Ga,..As conduc-
tivity, and other applications.

4. CONCLUSIONS

We have described a mechanism to obtain negative
differential resistance and switching in layered GaAs-
Al,Ga,_,As heterostructures with high electric fields
applied parallel to the interfaces. The mechanism is
based on thermionic emission of hot electrons from high
mobility GaAs lavers into low mobility Al,Ga,_.As
layers. An analytical model has been presented in the
limit of large fayer width. typically 400 A or wider. We
have emploved the method of moments to solve the
Boltzmann equation assuming a position-dependent
electron temperature, T, (x), and Fermi level, Eg:(x), in
the Al Ga,_.As layer and a position-independent elec-
tron temperature, 7., and Fermi level, Eg,, in the GaAs
layer. The thermal conduction of hot electrons from the
GaAs layers into the Al Ga,_,As layers is taken into
account. As a consequence, the power banance equation
contains an additional term. The resulting differential
equation for T, (x) has been solved numerically. The
results of the calculations show the device characteris-
tics are similar to those for the Gunn effect. The crucial
difference between the Gunn effect and the real-space
transfer mechanism is that our device characteristics can
be engineered by adjusting various parameters. The
effects of changing the mobility in the Al,Ga,_.As lavers
are apparent from Figs. 5 and 6. The characteristics can
also be varied by changing the layer dimensions and Al

mole fraction (potential barrier height, Fig. 7)., This
degree of control of device characteristics makes the
real-space transfer mechanism especially attractive for
various applications.
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The Monte Carlo method has been used to simulate electron transport in GaAs/AlGaAs
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
f - transfer of electrons from a high-mobility GaAs region to an adjacent low-mobility AlGaAs

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,

1. INTRODUCTION

In a recent paper' a new mechanism for obtaining nega-
tive differential conductivity in layered heterostructures was
described. This mechanism is based on the transfer of hot
electrons from high-mobility GaAs layers sandwiched be-
tween adjacent low-mobility Al, Ga, _, As layers. The re-
sulting negative differential conductivity is analogous to the
Gunn effect, except that the elctrons are transferred in real
space rather than in momentum space.

To properly describe real-space electron transfer, it is
necessary to account for the scattering mechanisms encoun-
tered by electrons being transported at high kinetic energies
in the potential well in the GaAs, which exists due to the
conduction band discontinuity between GaAs and AlGaAs.
A mechanical analogy to real-space transfer is provided by
the example of a ball rolling down a chute. The ball will stay
in the chute if its kinetic energy remains small. However, if
the ball gains adequate kinetic energy, then an obstacle can
scatter the ball out of the chute. A similar effect occurs in a
layered heterostructure where electrons drift in the potential
well under the influence of a high electric field. If the mobil-
ities inside and outside the well can be controlled, then the
transfer of electrons from the well can be used to control the
current-voltage characterisitcs of the heterostructure de-
vice. If the mobility outside the well is much lower than that
inside, the effect resuits in a negative differential
conductivity.

In the previous paper, ' the real-space transfer effect was
examined on the basis of "“thermionic emission currents”;
that s, the densities of electrons inside and outside the weil
were calculated by balanciag the Richardson currents.’ In
these calculations the layers were treated indepen-ently, and
energy exchange between the layers was not considered. The
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energy distribution of the electrons in both layers was ass-
sumed to be Maxwellian, with the GaAs at an elevated tem-
perature T, and with the temperature in the A}, Ga, _ , As
assumed to be equal to the lattice temperature T, . This mod-
¢l has four essential deficiencies:(i) It is well known that at
high electric fields the energy distribution functions in polar
sericonductors are highly non-Maxwellian. (ii) There is an
energy exchange between the layers because energetic carri-
ers are flowing out of the GaAs and cold carriers are return-
ing. (iii) The model does not account for electron tempera-
ture gradients or electron-electron interactions. (iv) The
complicated band structure of the multilayer heterojunc-
tions (e.g., the role of the L minima in the two materials) was
not considered.

It is possible to include (ii) and (iii) in a simple theory
using the method of moments.? This type of calculation is
described elsewhere.* The only calculation capable of simul-
taneously including (i), (ii), and (iv), however, is a Monte
Carlo calculation. The purpose of this paper is to describe
the results of a Monte Carlo study of real-space transfer in
GaAs/AlGaAs layered heterostructures. The Monte Carlo
calculations predict a negative differential conductivity for
properly chosen heterostructures. The advantage of this neg-
ative resistance mechanism over the normal Gunn effect is
that all the essential materials parameters can be “engi-
neered”. For example, the peak-to-valley ratio can be con-
trofled by the layer width and mobility ratio (including mod-
ulation doping®), the onset of the negative differential
resistance can be controlled by the Al mole fraction (barrier
height), and finally the speed of the device can be controlled
by the layer thicknesses. We aiso show that the real-space
transfer effect should occur well before the Gunn effect (k-
space transfer) for junction barrier heights of approximately
200 meV in GaAs/Al, Ga, _  As heterostructures,

© 1980 American Institute of Physics 5445
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FIG. 1. Material configuration used to simulate real-space transfer.

Il. THE TRANSPORT MODEL

The model used in the calculations is classical in the
sense that the transport equations are based on the quasiclas-
sical approximation normaily employed in the Monte Carlo
method.” The essential features of the simulation procedures
have been presented previously.* '® These procedures were
modified for the present work in order to allow the Monte
Carlo method to be applied to the material/device configu-
ration shown schematically in Fig. 1. The model assumes an
abrupt potential barrier of height AE in the GaAs. and band
bending effects are neglected. The electric field created by
the ionized donors in the space-charge region of the hetero-
junction is also neglected. This field tends to attract energet-
ic electrons from the GaAs into the Al, Ga, _, As. Hence it
would enhance the transfer out of the well and impede trans-
fer back into the well. This would enhance the negative resis-
tance effect reported here. The importance of the exact na-
ture of the potential barrier will be difficult to ascertain. An
exact treatment shouid of course include a self-consistent
calculation of the potential barrier. In practice, however, the
ideal potential barrier can be closely approximated by suit-
able doping profiles and compensation in the AlGaAs.

The well layer thickness d, is assumed to be large
enough for size quantization effects'' to be neglected. For
layer thicknesses greater than 400 A size quantization effects
are not important at room temperature.'*!! Therefore, '
these effects are even less important for the hot-electron
problem investigated in this work.

Bulk material parameters are used in the simulation of
the transport in the two regions of the heterostructure. The
parameters for the GaAs have been reported previously.?
Their use has resulted in values for both low-field mobility
and hot-electron velocity-field characteristics which are in
good agreement with experiment. The material parameters
for the Al, Ga, _ , As are determined from either measured
experimental values or by the use of an interpolation proce-
dure.? ' 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/AlGaAs system.”

The electrons drift in a uniform electric field applied in
the y direction parallel to the heterojunction interface. The
one-electron simulation begins by releasing an electron from
the center of the GaAs well with thermal (T = 300 K) ener-
gy and in a randomly selected direction. The electron then
undergoes scattering interactions in the normal Monte Carlo

5446 J. Appl. Phys., Vol. 51, No. 10, October 1980

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 Ga, _, As. In the calculations reported here only the

I" (000) and L(lll) conduction bands are considered for
GaAs, and only the I” (000) conduction band is considered in
Al_Ga, _, As. This represents adequate band structure de-
tails to illustrate the essential features of real-space transfer

in GaAs/AlGaAs heterostructures.

The basic heterostructure cell as shown in Fig. 1 is cy-
clically repeated in the Monte Carlo simulation. This is ac-
complished in the following manner. An electron which has
the correct energetics to transfer from GaAs to AlGaAs
across the boundary at x = 0 in Fig. | is made to enter the
AlGaAsat x = d, + d, with the same energetics. Likewise,
an electron that transfers from the AIGaAs to GaAs at
x =d, + d, is made to enter the GaAs at x = O with the
same energetics. The average drift velocities in the individual
materials and the average velocity in the heterostructure are
calculated using standard velocity estimators.”'® Since the
drift velocity in the AlGaAs is often very low (~ 10°-10°
cm/sec), the total number of interactions used in the simula-
tion must often be very large (=250 000) in order to obtain
accurate velocity estimates.

The transmission of the electrons across the boundary
has been modeled in two ways. First, a classical transmission
model based on conservation of energy and momentum was
used. This requires a particle with inadequate energy to be
ideally refiected with no energy loss, with reversal of its mo-
mentum perpendicular to the barrier and no change in mo-
mentum parallel to the barrier. Second, the quantum-me-
chanical transmission coefficient described by Wu and
Yang'? was used in the simulation. Within the statistical
error of the simulation no substantial differences in the re-
sults have been observed between these two transmission
models.
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F1G. 3. Relative occupancy of electrons in GaAs and AlGaAs vs field for
the same parameters listed in Fig. 2.

Carrier compensation is utilized in order to vary the
mobility of electrons in the AlGaAs. The free-electron densi-
ty in the scattering rate for ionized impurity scattering is
taken to be 10'” cm™?, whiie the net ionized impurity density
is allowed to vary from 10'" cm™ to 10°° cm™®. This varies the
electron mobility in the AlGaAs from about 4000 to 50
cm’/V sec. The low-field mobility in the GaAs is held con-
stant at about 8000 cm*/V sec by taking the ionized impuri-
ty density in the GaAs to be zero.'?

. SIMULATION RESULTS

The model and procedures described in Sec.II were
used to simulate the electron transport in GaAs/AlGaAs
heterostructures with various device thicknesses, barrier
heights, and other AlGaAs material parameters. Figure 2
shows the steady-state drift velocity of such a structure for
the case where the low-field mobility of GaAs is 8000
cm®/V sec and that in AlGaAs is about 500 cm*/V sec.
Here, the tonized impurity density in AlGaAs is 10'° cm™?
and the barrier height is 0.2 eV. In this figure the drift veloc-
ity in the device structure is compared to that for GaAs and
AlGaAs. The transport in AlGaAs remains essentially oh-
mic for the range of electric fields shown in Fig. 2, although
at fields of near 15 kV/cm the transport in the AlGaAs
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FIG. 4. Velocity-field characteristic for real-space transfer de\(ice. All pa-
rameters are the same as ia Fig. 2, except g = 50 ¢m*/V sec in AlGaAs.
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FIG. 3. Velocity-field characteristic for real-space transfer device. A)) pa-
rameters are the same as in Fig. 2, exceptu = 4000cm*/V sec in AlGaAs.

would become nonlinear and would eventually exhibit veloc-
ity saturation. The peak velocity for the real-space transfer
structure is 1.6 10’ cm/sec and the threshold field is about
2.4 kV/cm. The onset of electron transfer to the AiGaAs
occurs at a field of about 2 kV/cm, as can be seen in Fig. 3.
This figure, which shows the relative numbers of electrons in
the two adjacent materials, illustrates that for the material
thicknesses and barrier height used a substantial number of
electrons remain in the GaAs, even for fields well above
threshold. The ratio of electrons in the two materials largely
determines the peak-to-vailey ratio of the real-space transfer
device.' This is illustrated in Fig. 4 which shows the velocity-
field characteristics for the same material parameters as in
Fig. 2 except that the AlGaAs mobility is reduced to about
50 cm?/V sec. Here the peak velocity is essentiaily the same
as before, although the peak-to-valley velocity ratio has been
increased by a factor of 2 (valley taken at 8 kV/cm). In this
case, at 8 kV/cm fewer than 10% of the electrons remain in
the GaAs. The peak velocity of 1.6 X 10’ cm/sec, threshold
field of 2.8 kV/cm, peak-to-vailey ratio of 4, and a negative
mobility magnitude above threshold of greater than 10*
cm?/V sec in this case are very attractive parameters for
Gunn-type device considerations. Figures 2 and 4 support
the general features of real-space electron transfer described

£

AVERAGE ENERGY IN Al,Go Aslev)

FIELD (WV/em)

Fig. 6. Average energy in AlGaAs vs electric field for real-space transier
device. All parameters are the same as for Fig. 2. except AE = 0.3eV. The
I-L energy separation in GaAs is shown for comparison.
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rier height as a parameter. All other parameters are the same as in Fig. 2.

by Hess ez al. based on thermionic currents and the method
of moments.'*

Figure 5 shows a velocity-field characteristic when the
AlGaAs mobility is 4000 cm?/V sec. Here, a substantial
number of electrons remain in the GaAs for fields well above
8 kV/cm. and the two materials are equally important in
determining the drift velocity in the heterostructure for
fields above the threshold field of GaAs. This figure serves to
illustrate that a layered heterostructure device might be used
to achieve an adjustable velocity-saturation mechanism with
very small or negligible negative resistance where the satura-
tion velocity is well above the value normally obtained in
silicon or indirect band gap AlGaAs ternary systems. It is
worth noting that in Fig. 5 there is a slight negative differen-
tial conductivity in the AlGaAs even though only the central
I valley was used in the simulation. This is due to the non-
parabolic nature of the central conduction band; the details
of this effect have been discussed previously.'*

Since the threshold field in the heterostructure device is
near that for GaAs, an attempt was made to assess the im-
portance of intervalley scattering in the GaAs and AlGaAs
on the velocity-field characteristic of the structure. The sat-
ellite L (111) valley in GaAs was removed from the simulation
model, and the velocity-field characteristics were calculated
for barrier heights up t0 0.3 eV, which is near the /"-L inter-
valley separation for GaAs proposed by Aspnes.'?'* Within
the statistical accuracy of the velocity estimator n~ differ-
ences could be observed in the results compareu to those
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 ¢V compared to the I'-L energy
separation in the AlGaAs. For this case between 2 and 4
kV/cm the average energy is well below the intervalley ener-
gy separation, although the electrons are becoming hot. At
higher electric fields ( ~ 8 kV/cm) intervally scattering in the
AlGaAs 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
underway to examine the importance of scattering in the L
and X valleys of AlGaAs.

Further aspects of the phenomenon of real-space trans-
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FIG. 8. Velocity-field characteristic for real-space transfer device with
AlGaAs thickness as a parameter. All other par s are the same as in

Fig. 2.

fer are shown in Fig. 7. This figure illustrates the influence
on the heterostructure velocity-field characteristics of vary-
ing the barrier height while maintaining fixed material thick-
nesses. Obviously, as the barrier height increases, the veloc-
ity-field characteristic approaches that for lightly doped
GaAs. This is the expected behavior, aithough one might
expect some additional influence if the layers are thin
enough for size quantization effects to be important. In addi-
tion, the form of scattering at the GaAs/AlGaAs interface
could effect the electron transport in the GaAs well material.
In this paper specular interface scattering has been used.
Thus, the energy and momentum relaxation mechanisms in
the well material are the same as those an electron would
encounter in bulk GaAs. Future studies of real-space trans-
fer will include size quantization effects and other physical
forms of interface scattering.

As the barrier height decreases in the real-space trans-
fer simulation model, the velocity-field characteristic is in-
creasingly influenced by the heavily compensated
Al _,Ga,As. Physically, for the material systems used
here, as the barrier height decreases x approaches unity.
Thus, the device would consist of alternating layers of thin,
lightly doped GaAs and thicker, heavily compensated
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FIG. 9. Relative occupancy of electrons in AlGaAs thickness as a param-
eter, as a function of electric field. All other parameters are the same as in
Fig. 2.
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" GaAs. For all practical purposes, the resultant velocity-field

characteristic would be dominated by the heavily compen-
sated GaAs. In Fig. 7, the free-electron density is 10'” cm™
and the ionized impurity density is 10'® cm™. The results in
this figure for a barrier height of 0.1 eV are consistent with
these conclusions based on our own calculations on bulk,
heavily compensated GaAs, and with other calculations on
more heavily doped GaAs.'®

It appears that for a given materials system there will be
an optimum barrier height for most effectively utilizing real-
space transfer in a given device application. For the
GaAs/AlGaAs system studied in this paper, a barrier height
in the vicinity of 0.2 eV resuits in an attractive set of material
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
as a function of the electric field intensity. Again, the influ-
ence of size quantization has not been included and could
influence the results for GaAs layer thicknesses of 100 A.
The purpose of these last two figures is to show in a qualita-
tive manner the way in which simple geometric changes can
be used to control the transport properties of a layered
heterostructure.

IV. SUMMARY AND CONCLUSIONS

The Monte Carlo simulations presented here have vaii-
dated the general features of the phenomenon of real-space
electron transfer discussed and examined by Hess and co-
workers at the University of Illinois.!* The simulation mod-
el presented here has included the important scattering pro-
cesses and energy exchange mechanisms between the two
adjacent materials in layered heterostructures. It predicts
that real-space transfer provides a mechanism for negative
differential conductivity that is analogous to the Gunn ef-
fect, but which is different from it to the extent that the
nature of the mechanism can be “‘engineered’ by the materi-
als and device designer. This includes the control of the im-
portant parameters such as velocity-field characteristic and
speed of response. The work discussed here is now being

5449 J. Appt. Phys., Vol. 51, No. 10, October 1980

extended to the investigation of other practical materials sys-
tems and to the inclusion of other important physical mecha-
nisms such as size quantization, interface effects, heavy dop-
ing effects, and electron-electron interactions.
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Measurements of hot-electron conduction and real-space transfer in GaAs-

Al,Ga, _, 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 Hlinois at

Urbana-Champaign, Urbana, Illinois 61801
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Measurements of the current-voltage characteristics of GaAs-Al, Ga, _ , 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, Ga, _ . 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.Lg

Electronic transport in semiconductor heterojunction
layers has attracted considerable interest since Dingle and
co-workers verified mobility enhancement in modulation-
doped structures.' Such enhancement occurs when electrons
leave their parent donors (e.g., in the Al Ga, _, Asjand
transfer to a neighboring undoped layer which has a smailer
band gap (e.g., GaAs). Thus the electrons will not be scat-
tered strongly by the remote impurities (donors) and the mo-
bility in the GaAs will be enhanced. Although there are
some subtleties, including an enhanced phonon scattering
rate,” this improved mobility is reflected by the experiments.

Theoretical investigations of high-field transport in
these layers led Hess er al. to conclude that when a high
electric field is applied parallel to the layer interfaces the
inverse process takes place, namely a transfer of electrons
from the GaAs layers back into the Al, Ga, _, As layers.’
This process can be viewed as the thermionic emission of hot
electrons, and has simple mechanical analogies.* A Monte
Carlo simuiation of the real-space trajectory of an electron
for a double heterojunction of Al,Ga, _ As (x =0.17)is
shown in the inset of Fig. 1. After some reflections an elec-
tron in the GaAs layer gains enough kinetic energy from the
applied electric field to move out of the potential well caused
by the band-gap difference between the two materials. More
exact treatments of this effect including quantum-mechani-
cal transmission coefficients do not reveai new features for
this picture.* The movement of the hot electrons back into
the low-mobility Al, Ga, _, As material will of course lead
to a nonlinear behavior in the current density. Figure 1
shows the current-voltage characteristic of the double-
heterojunction structure shown in the inset. These results
were obtained from Monte Carlo calculations.! The magni-
tude of the negative differential resistance in such a curve
depends on the doping densities which control the free-carri-
er concentrations and mobilities in the Al, Ga, _  As and
GuAs layers. A very high doping density in the
Al,Ga, _, As causes a high concentration of scattering cen-
ters. which results in a very low mobility and high resistance
in the Al, Ga, _  As and therefore can yield large peak-to-
vailey ratios, larger than those observed in the Gunn etfect,
which is based on the k-space analog of the mechanism de-
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scribed here.

In this letter we report measurements of the high-field
characteristics of Al, Ga, _, As structures grown by molec-
ular beam epitaxy (MBE). The doping density in the
Al Ga, _, As layers was ¥V, ~10" cm ~* and the GaAs was
not intentionally doped. The mobility in the GaAs layers
was enhanced over the bulk value for equivalent doping and
was typically 2 X 10* cm?/V s at 77 K. The mobility in the
Al Ga, _  As layers was around 1000 cm?/V s between 300
and 77 K. The doped Al, Ga, _, As layer was 1000 A thick
in all cases, whereas the GaAs layers varied in thickness
from 400 A to ~ 1.0 um. In some of the samples the GaAs
layer was sandwiched between the doped and a second (un-
doped) A}, Ga, _, As layer. Because of the pulling force of
the donors we think that the actual width of the GaAs layer
is relatively unimportant, since the electrons in the GaAs
will always be wiikin 1000 A of the doped Al,Ga, _, As
layer. Altir-ugn x was 0.17 for most of the data reported
here, we have made similar measurements with x increased
10 0.25. Au-Ge contacts were evaporated on top of the layer
{top layer Al, Ga, _, As) and ailoyed by heating at a rate of
400 °C/min in flowing H, to a final temperature of 450 °C.
Contacts formed in this way proved to be ohmic in most
cases. The distance between the contacts was 0.065 cm and
the width of the samples was about 0.1 cm. Measurements
were performed using short current pulses. The measure-
ments were taken at times between 1 and 600 ns. The sam-
ples were mounted in GR insertion units and the usual 50-12
sampling oscilloscope x-y recorder technique was used.* Be-
low we report five groups of results:

(i) Unusually strong acoustoelectric sound amplifica-
tion and accompanying negative differential resistance (inset
Fig. 2) was observed in some samples at 77 K at very low
electric fields of about 300 V/cm having incubation times as
low as ~ 3 ns. This effect did not occur at room temperature
(the samples were too short) and was not observed in any of
the samples for which results are reported below. A detailed
report will be given in a subsequent publication.

(ii) In samples not showing the acoustoelectric effect
(about 40 sampies from 5 wafers) onset of current saturation
or slight negative differential resistance was observed at an

¢ 1981 American institute of Physics pt
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FIG. 1. Current-field characteristics for the double-heterojunction struc-
ture shown in the inset with Al Ga, _, As densities of 10'” cm ™ (u = 4000
em®/V sjand 10 cm ™ (u = 50 cm®/V s). The thickness of the AlGaAs
layer is 4000 A and the GaAs is 400 A thick and has u = 8000 cm*/V s in
both cases. The inset shows a Monte Carlo simulation of the path of an
clectron when a high ciectric field is applied parailel to the layer interfaces.

electric field of 2000-3200 V/cm at room temperature and
also at 77 K. Representative examples are given in Figs. 2
and 3. The consistency of the occurrence of negative differ-
ential resistance at these fields makes us believe that contact
effects do not strongly influence our experimental resulits.

(iit) Figure 2 also shows the onset of a second ( third i the
acoustoelectric effect is counted) negative differential resis-
tance, marked by the second arrow. We believe that this may
be due to trapping in surface states when electrons finally
spill to the unprotected surface. The effect is apparently slow
and shows hysteresis.

(iv) We performed photoconductivity measurements
using the 6328-A line of a He-Ne laser. The result exhibited
by six samples is shown in Fig. 3. The low-field conductance
is slightly increased by the light but the high-field conduc-
tance is strongly decreased, thus enhancing the negative dif-
ferential resistance. A natural explanation is that the light

Current (orbatror y unifs)

6
Field (kV/ecm)

FIG. 2. Current-field characteristic showing a second negative differential
resistance imarked by second arrow) believed to he due to trapping tn sur-
face states. The first arrow marks the negative differential resistance
thought 10 be caused by real-space transfer. In the Al, Ga, ,As, Y,

=2+10" cm ~'. The thickness of the undoped GaAs layer1s 2.0 um. The
insct shows a current-field curve exhibiting an acoustoelectric etfect where
the Al,Gs, _, As(0.15 um thick) has ¥, = 3 10'"* cm ™' and the GaAs
11.6 um thick) is not intentionally doped.
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FIG. 3. Current-field charactenstics demonstrating an enhanced negative
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

Al Ga, . Aslayeris 1000 A thickand has.V, = 6x 10'"cm ™’ The GaAs

layer is 1 um thick and is not intentionally doped.

empties traps in the Al_Ga, _, As and increases the low-
field conductivity. The traps are filled again when the hot
electrons transfer back to the Al, Ga, _, As, thus increasing
the peak-to-valley ratio of the curve and decreasing the high-
field conductivity. Note also the close agreement of the dark
curve in Fig. 3 with the Monte Carlo simulations (.V, =~ 10"’
cm %) of Fig. 1.

(v) Our knowledge of carrier concentration and mobil-
ity was obtained from Hall effect data, which reflect average
concentrations and mobilities. Additional information can
be obtained from the hot-electron results by assuming a val-
ue of ~ 107 cm/s for the peak velocity. Nevertheless, the
exact concentration and its spatial variation is hard to deter-
mine. Therefore, in some cases our samples showed mainly
conduction in the Al Ga, _, As, which was in these cases
too highly doped to be depleted. (The built-in fields prevent
complete transfer of all the electrons to the GaAs.) Some of
these samples showed a fourth kind of negative differential
resistance at about 10* V/cm due to the Gunn effect in the
Al,Ga, _  As and also exhibited oscillations. By etching
away part of the Al _Ga, _, As layers, depletion of the
Al, Ga, _ . As could be achieved, and negative differential
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-

FIG. 4. Current-field characteristics showing the occurrence of negative
differential resistances at JOO and 77 K when the Al _Ga., _ ,.As layer thick-

ness is reduced. The Al,Ga, _, Aslayer wasdoped st V, = 6x 10" cm "'
and the undoped GaAs layer was | um thick.
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ing rate. A representative example is shown in Fig. 4. The
relative change in peak velocity between 77 and 300 K agrees
roughly with Monte Carlo simulations.®

From theabove experiments we conclude that the nega-
tive differential resistance around the electric field of 3000
V/cm is consistent with the idea of real-space electron trans-
fer. The effect is different from the effect of k-space transfer
[the Ridley-Watkins-Hilsum {(RWH) mechanism)]. The dis-
tinction from the RWH effect in Al Ga, _, As is demon-
strated by the etching experiment of Fig. 4. Negative differ-
ential resistance due to k-space transfer in GaAs is also
different {rom the effect described here. The threshold volt-
age is somewhat higher for the RWH mechanism, but this
could also be caused by the higher mobility and contact ef-
fects in our samples. However, the Monte Carlo simulations*
show that for x<0. 7 (where the band-gap difference is
smaller than the energy separation to the satellite minima)
the electrons move out of the GaAs long before they can
populate higher valleys. Furthermore, the photoconductive
enhancement of the negative differential resistance (Fig. 3
does not occur for the RWH effect and can not be simply
explained without the transfer of electrons out of the GaAs.
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, Ga, _  Asat
the electric fields considered. Accumulation (and therefore
dipole) domains cannot be formed because accumulating
electrons would be emitted out of the GaAs. The total lack of
any kind of instability, however, does not necessarily follow
from these arguments and might be connected with fixed
interface inhomogeneities at which the electrons spill out
first.

The speed of the effect could not be determined with the
present experimental arrangement. We can only say that the
effect is faster than 1 ns. Our measurements below ! ns were
hampered by parasitic capacitances possibly caused by the
layered structure itself. Finaily, we would like to mention
that the peak-to-valley ratio of the current-voltage charac-
teristic will depend strongly on the electron mobility of the

28 Appi. Phys, Lett., vol. 38, No. 1, 1 January 1981

Al,Ga, _ As. To obtain high peak-to-valley ratios, the mo-
bility in the Al _Ga, _, As should be around 100 and > 5000
cm®/V s in the GaAs. In order to allow simultaneously for
depletion of the Al, Ga, _, As, highly compensated material
is needed. If low mobilities in compensated material can be
achieved without introducing deep traps, the resulting nega-
tive differential resistance should have a peak-to-valley ratio
much larger than that achievable by the RWH mechanism.
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Simulation of high-field transport in GaAs using a Monte Cario method and

pseudopotential band structures
H. Shichijo, K. Hess, and G. E. Stiliman

Department of Electrical Engineering and Coordinated Science Laboratory, University of {llinois at Urbana-

Champaign Urbana. Ilinois 61801

{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. Qur 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, (i} that the saturation velocity of electrons in GaAs is close to
6% 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 Wolff, 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
of considerable interest because many semiconductor de-
vices are based on high-field effects (avalanche photodiodes,
IMPATT diodes, Gunn diodes) or necessarily involve them
in their operation and are limited because of them (charge
coupled devices, field effect transistors). In spite of the ur-
gent need, a rigorous theory for electronic transport above
about 5 X 10* V/cm has not been developed. The main rea-
son for this is that any theory applicable at high electric field
must include a realistic band structure and abandon the ef-
fective mass approximation or simple extensions using the
k-p method to allow for nonparabolicity.’

Surprisingly enough, for specific quantities {such as the
impact ionization rate) successful phenomenological theor-
ies have been given without including the band structure.
These theories developed by Wolff,’ Shockley,* Baraff,’

Dumke.” and Chwang et al.” fail, however, when used to
calculate other transport quantities or when applied to dif-
ferent materials. Dumke's theory is only applicable to InSb
or InAs. whereas WolfT's. Barai’s, and Chwang'’s treat-
ments are only valid for nonpolar materials. The reason for
the partial success of theories*~ is that adjustable parameters
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are used, which can successfully “absorb’ the band-struc-
ture effects on the field dependence of the impact ionization
rate, but do not ““absorb” these effects for other transport
quantities. Effects of crystal orientacion can not be practical-
ty treated by these theories at all. The reason is that the
inclusion of the band structure in analytical solutions of the
Boltzmann equation is impractical, if not impossible.

The Monte Carlo method provides an alternative to the
solution of the Boltzmann equation. This method can be
used to calculate the impact ionization rate,*? the drift ve-
locity, and other quantities of interest without any a priori
assumptions on the form of the distribution function. The
Monte Carlo method can also take into account a large vari-
ety of scattering mechanisms and, therefore, is applicable to
both polar and nonpolar semiconductors. In this letter we
report the use of the Monte Carlo method with a realistic
band structure as calculated by the empirical pseudopoten-
tial method'” for the calculation of high-field transport. The
numerical procedure is as follows. The £ (k) relation and its
gradients [velocity) have been calculated using the 43-foid
-ymmetry of the Brillouin zone {156 mesh points in the { /43
part of the zone). The £ (k) relation for an arbitrary k vector
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FIG. 1. Typical trajectory of the electron k vector in the Brillouin zone for
an electnc field of S00 kV/cm. The solid lines represent the drifts and the
broken lines represent the scatterings from one point to the next.

can then be calculated by quadratic interpolation. Only the
lowest conduction band (over the whole Brillouin zone) has
been used for the simulations. Tunneling to upper bands has
been neglected because of the much smaller probability of
tunneling as compared to the probability of phonon scatter-
ing.!! Next we need to know the phonon scattering rate. The
scattering rates in GaAs for energies below 1.0 eV are well
know from the study of the Gunn effect.'* We have used the
same parameters as given by Littlejohn ef al.'* Not much is
known, on the other hand, about the scattering rate above
1.0 eV. Here we have assumed a quadratically decreasing
scattering rate above 1.5 eV because the intervalley scatter-
ing rate is proportional to the density of final states, and the
density of states in the conduction band decreases above 1.5
eV." The rate varies from 4.5 10 s~ 'at 1.5¢eV to

2.5% 10" s~ "at 2.5 eV. For simplicity we have assumed the
scattering rate to be isotropic, and the overlap integrals'® are
assumed to be unity. This overestimates the scattering rate in
the satellite valleys. However, since scattering to upper
bands is possible in reality, (which increases the scattering
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FIG. 2. Calculated electric field dependence of the electron initiated impact
1omzation rate in GaAs. The shaded region indicates the range of available
expenmental data. (See Refs. |7 and [8).
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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
partly compensated.

The final state of the scattering process is determined in
the following way. Since polar optical scattering is dominant
only at low energies in the central valley, the usual formula
with effective mass and nonparabolicity terms is used to
choose a candidate for the final k point. The energy at this k
point is then recalculated using the exact band structure to
check if it is within an allowed range (~ 30 meV} around the
final energy (E + fiw, in the case of phonon absorption). If it
is outside this range, a different final state is chosen, and the
process is repeated until a proper state with correct energy is
found. Intervalley scattering is known to be completely ran-
domizing.' For this mechanism, once the final energy is cal-
culated, those mesh points, whose energies are within the
allowed range, are tabulated. One of them is then randomly
selected as the final state.

Our treatment of phonon scattering processes repre-
sents a compromise between accuracy and numerical tracta-
bility. In the limit of infinitely fine mesh points (instead of
156 points in 1/48 of the Brillouin zone} and infinitely small
allowed final energy range (instead of 30 meV) the procedure
is basically correct as the scattering rate for deformation po-
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,'® the probability of
impact ionization can be represented as

1 - 1 D(E—E,-)z 1
7(E) B ﬂEi). E, ' ) .

where E is the electron energy, E, is the threshold energy,
1/7E,)is the scattering rateat E = E,, and Pis 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.’

The simulation then starts by releasing an electron with
zero energy at the bottom of the central valley. The motion
of an electron during the drift is determined by the equations
of motion
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dk
#— = ¢F,
dt eF 2)

1
v= —V, E, (3
A" ’

where F is an electric field vector, and v is the electron veloc-
ity in real space. The drift time and the scattering events are
determined by random numbers as in conventional Monte
Carlo methods. When impact ionization occurs, the energy
of an electron is reinitialized to zero. The impact ionization
rate can be obtained by averaging the distance to impact
ionization over a sufficient number of ionizations. Each dis-
tance traveled during the drift is calculated either by accu-
mulating a differential distance, v, or by utilizing the
relation -

AE = eF4x, (4}

where 4 £ is the energy gained during the drift.

Figure | shows a typical trajectory of the k vectorin the
Brillouin zone for an electric field of 500 kV/cmin the (100)
direction. The solid lines represent the drift of the electron.
and the broken lines represent the scatterings from one point
to another. When the k vector lies outside of the Brillouin
zone. it is placed back to the equivalent point inside the zone.
A tvpical simulation consists of approximately 100,000-
200,000 scattering events.

The calculated electric field dependence of the impact
ionization rate in GaAs is shown in Fig. 2. The shaded region
indicates the range covered by the currently available experi-
ment data.'”'* The agreement is fairly good considering the
uncertainty in the scattering rate at higher energies. The in-
clusion of upper bands is expected to increase the calculated
ionization rate slightly. Withia statistical fluctuations
{ ~20%) we do not see any orientation dependences of the
ionization rate. This contradicts the experimental data by
Pearsall er al.,'* who found that the ionization rate differs in
various crystal directions by almost an order of magnitude at
lower fields.

Figure 3 shows the electron drift velocity in GaAs cal-
culated by our method. The broken curve represents the ex-
perimental data.'*® The agreement is good in the whole
range of electric fields which has been investigated expeni-
mentally. The slight deviations between theory and experi-
ment are believed 10 be mainly due to the pseudopotential
band structure which gives the effective masses at the I, X,
and L valleys larger than are usually measured. In Fig. 3 it
can also be seen that the calculations describe quantitatively
the Gunn effect. Both X and L valleys are of course auto-
matically included.

These are three major results which have been obtained
with one set of material constants. We now describe briefly
some other results of more qualitative nature. We have
learned that the electrons are not at all drifting mainly in the
direction of the electric field: they are frequently scattered
practically all over the Snllouin zone {Fig. 1}. The electrons
move over relatively long time periods perpendicular to the
external fields because of Bragg reflection at energies above !
eV. Moreover, we find hardly any “lucky” electrons which
totaily escape the phonon scattering. This contradicts some
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of Shockley’s ideas of impact ionization. Shockley’s *‘lucky”
electrons start from zero energy, escape the phonon scatter-
ing, and impact ionize. We find instead that the electrons
stay around an average energy of typically 0.8 eV (for the
case of 500 kV/cm) and experience a large number of scatter-
ing events. Once in a while electrons escape the phonon scat-
tering events and move up to higher energy. Then if they are
lucky enough they reach ionization threshold after a few
{typically three to five) scattering events. In view of these
facts the question arises why the previous theories®™ of im-
pact ionization are so successful and which one is the closest
to the truth? For instance, Shockley’s physical arguments
linking the number of phonon scatterings and the probabil-
ity to impact ionize are reflected also by our simulations. The
quantitative success of previous theories, however, is con-
nected with the large number of adjustable parameters.

Our method can, of course, be applied to any semicon-
ductor. The calculations, however, can be costly and time
consuming. The above simulation takes about an hour of
CPU time on a DEC-20 for each value of the electric field.
However, the efficiency of the program has not yet been opti-
mized. Finally, we would like to note that the problem of hot
electron emission from silicon into silicon dioxide™* over a
potential barrier of ~ 3 eV certainly needs the inclusion of a
realistic band structure. Calculations on this problem are in
progress.

We would like to thank N. Alparelli for his help with
the band-structure calculations. This work was supported by
the Office of Naval Research under Contract No. NOOO14-
79-C-0768 and the Joint Services Electronics Program under
Contract No. N00014-79-C-0424. The use of the computer
facilities of the Materials Research Laboratory, University
of Ilinois, under Contract No. DMR 77-23999 is also grate-
fully acknowledged.

'E. M. Conweil, High Ficld Transport in Semiconductors in Solid State
Physics. Suppl. 9 1Academic Press, New York. 1967}

*E. O. Kane, Semuconductors and Semimetals, Vol. 1, edited by R. K. Wil-
lardson and A. C. Beer iAcademic Press, New York. 19661

'P. A. Wolff, Phys. Rev. 95, 1415 (1954.

‘W Shockley, Solid-State Electron. 2, 35 (1961).

‘G. A. Baraff, Phys, Rev. 128, 2507 {1962).

“W. P. Dumke, Phys. Rev. 167, 783 (1968).

‘R. Chwang, C. W. Kao, and C. R. Crowell, Solid-State Electron. 22, 599
11979,

"P. A. Lebwohl and P. J. Price, Solid State Commun. 9. 122!, (1971

“R. C. Curby and D. K. Ferry, Phys. Status. Softdi (A} 15, 3191973}

"M L. Cohen and T. K. Bergstresser, Phys. Rev. B 141. 789 11966).

‘'H. D. Law and C. A. Lee, Solid State Commun. 21, 331 (1978},

"*W. Fawcett. A. D. Boardman, and S. Swain. J. Phys. Chem. Solids 31.
1963 11970).

"'"M A. Littlejohn. J. R. Hauser, and T. H. Glisson, J. Appl. Phys 48,4587
119771,

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

"*D. Matz, Phys. Rev. 168, 843 (1968).

'*L. V. Keldysh, Sov. Phys. JETP 21, 1135 (1965).

"’G. E. Stillman and C. M. Wolf, Semiconductor and Semimetals. Vol. 12.
wdited by R. K. Willardson and A C. Beer 1Academic Press, New York,
197,

"“T. P. Pearsall. F. Capasso. R. E. Nahory, M. A. Poilack. and J. R. Cheit-
kowsky. Solid-State Electron. 21, 297 (1978

] G. Ruch and G. 8. Kino, Phvs. Rev 174,921 (1963).

P A. Houston and A. G. R. Evans, Sold-State Electron. 20, {97:1977.

'T. H. Ning, Sohd-State Electron. 21, 273 1978).

Shichijo, Hess, and Stiliman 91




v

PHYSICAL REVIEW B

VOLUME 23. NUMBER 8

15 APRIL 1981

Band-structure-dependent transport and impact ionization in GaAs

H. Shichijo and K. Hess
Department or Elecirical Engineerng and Coordinated Science Laboratory,
Umiversity of Himors ar Urbana-Champaign, Urbana. Hiuons 61801
(Received 14 October 1980)

We have performed a Monte Carlo simulation of high-fiefd transport 1n GaAs including a
realistic band structure to study the band-structure dependence of electron transport and impact
womzation. The band structure has been calculated using the empirical pseudopotential method.
Untike 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 ionizalion rate are in reasonable agreement with the experimen-
tal data in spite of several simphfications of the model. Within statisticai uncertainty we do not
observe any orientation dependence of the ionization rate in contradiction to the interpretation
of recently reported expe-imental results. We also find that the contribution of ballistic elec-
trons to tmpact 1onization 15 neghgibly small. Based on the results of the calculation. a general

discussion of impact onizauon 1s given.

I. INTRODUCTION

A large number of semiconductor devices operate
on the basis of highiy energetic (hot) electrons. lm-
pact iomization is an essential mechanism i the
operation of photodetectors' and impact-avalanche
wransi-time (IMPATT) diodes.> At present, howev-
er, the understanding of this etfect is imited to a
number of theories’ *® which contain several adju-
stable parameters whose physical significance is not
well understood. The most widely used theory of im-
pact ionization has been given by Baraff.* The
adjustabie parameters of his theory are the threshold
energy for ionization, the optical-phonon energy, the
onization mean free path, and the mean free path
for optical-phonon scattering. Although some at-
tempts have previously been made to determine
these parameters theoretically,” '® a *‘complete™”
theory of impact ionization, which is capable of calcu-
lating these quantities (and therefore the ionization
rate) from first principles, has not been developed.
The main reason is that any theory applicable at ex-
iremely high electric fields (causing ionization) must
abandon the effeclive_-_mass approximation or simpfle
extensions using the k - method, and instead in-
clude a realistic band structure. The surprising suc-
cess of Baraff™s theory in explaining the electric field
dependence of the ionization rate is due 1o the adju-
stable parameters, which can “*absorb™ the band-
structure effects. The inciusion of the band structure
in solutions of the Boltzmann equation, however, is
impractical. It is also difficult to include realistic
scattering mechanisms. For example. the inclusion
of both small angle scattering and randomizing
scattering mechamisms in the same analytical trame-

py]

work is difficult. As a consequence all the previous
theories are only applicable to specific materials. For
instance. Dumke's theory’ is only applicable to InSb
or InAs, whereas Baraff"s® or the Chwang er a/.}
treatment is only valid for nonpolar materials. such
as Si or Ge.

The Monte Carlo method provides an alternative 1o
the solution of the Boltzmann equation.'' ! The
method can take into account a large vanety ol
scattering mechamsms, and theretore, s applicable 10
both poiar and nonpolar semiconductors. It can cal-
culate the quantities of interest such as drift velocity,
mean free path, and average electron energy withoul
any a priors assumption on the form of the distribu-
tion function. Some attempts have previously been
made to caiculate the impact ionization rate by the
Monte Carlo method,"> '* but without including a
realistic band structure. In this paper we describe a
Monte Carlo method that includes a realistic band
structure as calculated by the empirical pseudopoten-
tial method.!® This method should provide a tool for
understanding electronic transport in very high fields.
Of course, we do not yet have all the necessary infor-
mation to perform a rigorous calculation at such high
fields. For example, not much is known about the
selection rules for scattering at points of low sym-
metry. the changes of the ionization matrix, and the
scattering rate at high energies. Because of this lack
of information, we must still use a simpler model
than the method would allow for. These simplifica-
tions should not be considered as restrictions of the
method itself. As more information becomes avail-
able in the future, the method can be improved with
ease to accommodate new mtormation. In spite of
the simplifications, the results we obtain provide n-
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sight 1nto how the various parameters in previous
theories are connected and into how the band struc-
ture influences the impact ionization rate. In particu-
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-
lial band structure at high energies.

1. SUMMARY OF EXPERIMENTAL RESULTS

Before we discuss the theory of impact ionization,
it is instructive to summarize the available experi-
mental data. Various experimental techniques to
measure the ionization rate are described in detail in
the review paper by Stillman and Wolfe.! Their arti-
cle also contains some of the experimental data on
the electron-initiated ionization rate in GaAs. Figure
1 summarizes more recent data.!®"!> The experimen-
tal results usually show a 1/F? dependence of the
ionization rate ( Fis 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
er al..'® who measured the electron ionization rate
with the electric field applied in three different crys-
taliographic directions. Their data are replotted in
Fig. 2. They have measured the highest ionization
rate in the (110) direction and the lowest in the
(111) direction. They have attributed this difference
to baliistic electrons and electron trunneling to the
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FIG. 2. Experimental electron onization rates by Pearsall
et al. (Ret. 19) as a function of reciprocal electric field for
three orientations of electric field.

next higher conduction band.'*?® Although these
data raise an interesting question as to how the band
structure actually influences the ionization rate, their
notion of ballistic electrons seems to be incorrect, as
is shown in this work. More systematic and reliable
data are necessary to make a comparison with the
theory.

Ili. PREVIOUS THEORIES OF IMPACT IONIZATION

Wolff* was the first to calculate the ionization rate
in semiconductors. He applied the gas discharge
theory to soive the Boltzmann equation taking into
account the effect of electron-phonon and pair-
producing collisions on the distribetion function.
The velocity distribution function was approximated
as

n(v,8) =ng(v) +m(v)cose . )

where v is the electron velocity, and 8 is the angle
between Lhe velocity and the electric fieid. 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
calculate the ionization rate with the result

al F) ~exp(=A/FY) , 93]

where Fis the efectric field.

Shockley.* on the other hand, argued that ioniza-
tion is mainly due to ‘‘lucky’’ electrons which com-
pletely escape phonon scatterings and reach the
threshold energy. In this streaming approximation
the distribution is a spike in the direction of the elec-
tric field. He considered the relative probability of
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phonon scattering and pair production, and oblained
an ionization rate whose dependence on F is given by

al F) ~exp(=8/F) . 3

Next, Baraft*? solve the time-independent Boltz-
mann equation and showed that his result contained
Shockley's result as a low-field limit, and WollT's
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 1o calculate these quanti-
ties, nor does it include the band structure. .

Recently, Chwang er al.® took a different approach
using a finite Markov chain formation. Their method
is based on the calculation of a transition matrix
which characterizes the transition probability between
virtual states defined by small discrete energy inter-
vals. Interesting as it is, their method is limited by
the analytical formulations. [t still requires the same
assumptions as Baraff's theory and does not produce
much more information. For example, an assump-
tion of a constant mean free path for phonon scatter-
ing is still necessary. Moreover, the Markov formu-
lation is only applicable to nonpolar semiconductors.

Nevertheless, Baraff's and Chwang's theories con-
tain some ‘‘truth™ about the impact ionization
mechanism. as does Shockley's and Wollf's approach.
How they are related, and how they complement each
other will be clear as a result of the Monte Cario cai-
culation described in this work. This Monte Carlo
method includes a realistic band structure. As a
result, the orientation dependence of the impact ioni-
zation can also be calculated.

IV. BAND STRUCTURE OF GaAs

The band structure of GaAs has been calculated
using the empirical pseudopotentiai method as
described by Cohen and Bergstresser.'’ 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-
wre.?2 It is only necessary 1o examine a —";lh of the

zone. This region is defined by the conditions

0k Sk <k =<I (4)
and
ke +h, koS5 (5

where all the X components are in units of 2#/a (a is
the lattice constant, a = 5.64 A 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 ot 249 points
have been sampled with 156 points within the region.
The extra 93 points outside the region are necessary

FIG. 3. Cross section of the Brillouin zone.

for the interpolation of energy in the proximity of the
surface of the sampling region. Figure 4 illustrates
the isoenergy lines in the cross section of the Brit-
fouin zone shown in Fig. 3, with the numbers
representing the electron energy from the bottom of
the conduction band (at I'). It can be seen that the
" valley is nearly isotropic, whereas the .\ vaileys are
mare ellipuc. The band structure is then stored in
memory. and used in the Monte Carlo simulation
which is described in Sec. VI.

For the study of *"lucky electron’ transport extra k
painis have been sampled in three major crystal
directions, i.e., the (100), (110), and (111) direc-
tions. The results have made it obvious (see, for ex-
ample. Fig. 5 of Ref. 15) that the use of the effective
mass and nonparabolicity is not valid for electron en-
ergies above approximately | eV in some directions.
In fact, the effective mass defined as

2 3
A _ 1 EW) )

m* Kt gkl
goes to negative values at higher energies.

FIG. 4. Isoenergy lines of the lowest conduction band of
GaAs in the cross section shown in Fig. 3. The numbers
represent the energies measured from the I° minimum.
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V. BALLISTIC ELECTRON TRANSPORT
AND PHONON SCATTERING

The term “‘ballistic efectrons’’ has recently been
used to denote those electrons which do not suffer
phonon scattering.’># This is equivalent to the
“lucky’* electron notion in Shockley's theory. Since
the possible contribution of ballistic electrons to im-
pact ionization has been suggested,” the behavior of
ballistic electrons has been examined using the pseu-
dopotential band structure. The study has been per-
formed by solving (he equations of motion

dk
dt
and

v--,‘{-v‘s(i) .

where F is the applied electric field, k is the electron
wave vector, E is the electron energy, and ¥ is the
group velocity of the electron. Equations (7) and (8)
are solved simultaneously with the initial condition
K=0at 1 =0, to express ¥ and £ as a function of
time «. The field is assumed to be constant. Results
of the calculations are shown in Fig. 5 for the three
major crystallographic diiections. The electric fieid
has been chosen to be 500 kV/cm, a typical field for
impact ionization. Figure 5 shows the electron velo-
city, V. as a function of time. The orientation depen-
dence of the ballistic behavior is obvious from this
figure. The highest peak velocity is reached in the
(100) direction (~1.1 x 10® cm/sec) and the lowest

2 = eF m

(8)

‘h—-—'—
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in the (111) direction (~0.8 x 10® cm/sec).

In a nonideal crystal, however, ballistic transport
must compete with scattering processes. 1t will be
shown by the Monte Cario simulation that on the
average an electron can travel ballistically for only
~3 x 10~" sec before it suffers 3 phonon scattering.
In the (111) direction, the electron can never gain
sufficient energy ballistically for impact ionization.!*
In the (100) direction, the impact ionization thresh-
old can be reached only if efectrons tunnel in Fspace
to the next higher band ~0.2 eV above the principal
conduction band.'®!? Therefore scattering events be-
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FIG 5 Variation of ballistic electron velocity with time in
three crystaliographic directions of GaAs.
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FIG. 6. (a) Example of wave-vector trajectory of electron
in FXL plane under 1he influence of electric field in the
(111) direction. Electron is scattered from A 10 B. Energy
change in the scattering process has been neglected. (b)

Vanation with time of electron energy f(or the process shown
in (a).
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come crucial for the occurrence ot impact ionization
in these directicns.

Electrons can be scattere. o other regions of the
Brillouin zone with a single scattering event being
sutficient to permit the electrons to reach threshold
energy. This mechanism is illustrated in Fig. 6 for an
electric field applied in the (111) direvion. A n elec-
tron starts at the I' point and moves along the (111)
direction. At point 4 {k=(m/a)(0.3,0.3,0.3)], the
energy is at the maximum for this direction, but it is
still much less than the threshold energy. Subse-
quently. the electron can be scattered (by a phonon
or impurity) to some other point in the Brillouin
zone, point B, for exampie. Following this scattering
event, the (111) component of the eleciron wave
vector continues to increase. However, the wave
vector points in a direction different from the (111)
so that the electron can now reach a higher energy.
As shown in Fig. 6, the electron can actually exceed

the threshold energy for impact ionization {~2.0 eV).

This is, of course, only one example of an electron
trajectory to show the importance of scattering pro-
cesses 10 impact ionization. The actual calculation of
the impact ionization rate must involve averaging of
ali the possible efectron trajectories untit the electron
reaches the threshold energy. This is achieved by the
Monte Carlo method which is described in the next
section.

Vi. SIMULATION METHOD

The Monte Carlo simulation keeps track of an elec-
tron k vector in the Brillouin zone until it reaches the
threshold energy for impact ionization. This is done
with a knowledge of scattering mechanisms. scatter-
ing rates, and band structure in the whotle Brillouin
zone. The E(K) relation for an arbitrary K point can
be calculated in the foliowing way. First, the k point
is mapped into the sampling region by using the
point-group symmetry. The energy is then calculated
by quadratic interpolation utilizing the energies and
the gradients of the surrounding eight mesh points.
The gradient is interpolated only linearly. Applying
the inverse operations on the calculated energy and
gradient gives the E{(X) relation and the gradient at
the original k point.

Next we need to know the phonon scattering rate.
Ideally the scattering rate should be calculated at each
K point in order 10 take into account the overlap in-
tegral.? Also, when the initial or final electron state
is not on the symmetry poinis, the selection rules?
become less restrictive and this may give rise to addi-
tional scattering. Moreover, even near the bottom of
the valieys, it is known that the scattering rates are
different in the I, L, and X valleys. We have us-
sumed the scattering rate to be isotropic (only energy
dependent) for simplicity and because of lack of addi-
tional informauon. We have taken the scattering rate

as given for the central valley. This overestimates
the scattering rate when the electron is in the satellite
valleys. The simplification is partly justified by the
fact that the scattering rates of different valleys ap-
proach each other at higher energies. Furthermore.
since scatiering to upper bands is possible in reality
(which increases the scattering rate in the satellite
valleys), the overestimation is at least partly compen-
sated.

The values of the parameters for the calculation of
the scattering rate are the same as the ones used in
the simulation of the Gunn effect.’® They are known
10 give a good fil to the experimental data at low
fields. Below 0.33 eV only polar optical scatlering oc-
curs in the central vajley. Above 0.33 eV polar opti-
cal scattering occurs only when an electron is in the
central valley arbitrarily defined as

03k, k, k. =03 . (9)

where the components are in units of 27/a. Other-
wise intervalley scattering occurs. It is not appropni-
ate to simply extend the scattering rate to higher en-
ergies because of the complicated band structure. Be-
cause the intervalley scattering rate is proportional to
the density of fina) siates, and the density of states in
the conduction band decreases nearly quadratically
above 1.5 eV " we have assumed a quadratically de-
creasing scattering rate above 1.5 eV. The resultant
total scattering rate as a function of electron energy 1s
shown in Fig. 7 (solid tine). The maximum scatter-
ing rate is 4.5 x 10" sec ' a1 1.5 eV.

In the (100) direction the threshold state tor
electron-initiated ionization fies in the second con-
duction band.' An electron can tunnel through the
“pseudogap’’ (~0.2 eV) between the fowest and the
second conduction band to reach threshold. No at-
tempt has been made to simulate this tunneling
mechanism. Since the tunneling time is estimated to
be of the order of 1 X 10~" sec.'® and the intervalley
scattering time for an electron energy of 2.0 eV is
much shorter { <1 x 107" sec) than this tunneling
time, electrons are more likely to be scattered betore
they can tunnel to the upper band. Theretore. the
contribution of these tunneling electrons to impact
ionization is expected to be smaill,

The final state of the scattering process is deter-
mined in the following way. Since polar optical
scattering is dominant only at low energies in the
central valley, the usual formula with effective mass
and nonparabolicig terms is used to choose a candi-
date for the final k point. The energy at this k point
is then recalculated using the exact band structure to
check if it is within an allowed range (typically 30
meV) around the final energy (for example, £ +%w,
in the case of phonon absorption). If it is outside
this range, a different finaf staie 1s chosen and the
process is repeated until a proper state within the
correct energy range s found. Intervalley scattering
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FIG. 7. Phonon scattering rate and the impact ionization
probability in GaAs as a fuaction of electron energy. The
parameters are due to Littlejohn er o/. (solid line) (Ref. 26)
and Vinson ¢t al. (broken line} (Ref. 33).

is known 1o be completely randomizing.?® For this
mechanism, once the final energy is calculated. those
mesh points whose energies are within the ailowed
range are tabulated. One of them is then randomly
selected as the final state. The correct overall energy
loss is checked and ensured in our procedure.

Our treatment of phonon scattering processes
represents a compromise between accuracy and nu-
merical tractability. For a finite number of me.ﬂl
points, the energy separation between any two k
points is finite. For example. for our 156 mesh
points this energy separation can be as large as 60
meV. The allowed energy range during the scattering
must be large enough to bridge this gap in order to
assure the continuity of the energy band. In the limit
of infinitely firre mesh points, the allowed range for _
final energy can be infinitely smail. The number of k
points in this energy range for a given final energy is
proportional to the density of states at each region of
K space with this final energy. Therefore, in the limit
of infinitely fine mesh our procedure is correct, since
the scattering rate for deformation potential scattering
is proportional to the final density of states.

The impact ionizing collision is treated as an addi-
tional scattering mechanism. We assume an isotropic
threshold energy of 2.0 eV. Anderson and Crowell’
have shown that the threshold energy actually
depends on the k vector. However, their graphical
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procedure is almost impossible to perform in three-
dimensional momentum space. A more systematic
approach may be possibie.? If the threshold energy
is calculated for each k point, it can be easily included
in this simulatioa procedure. The impact ionization
probability can be caiculated from the matrix element
for the screened Coulomb interaction.’***! Howev-
er, here we use a simpier model demonstrated by
Keldysh®*? and used by others.® According to Kel-
dysh the probability of impact ionization can be
represented as

L1 p|E-E
(B WE) | E

b
. 1§11

where E is the electron energy, £, is the threshold
energy, 1/7(E,) is the scattering rate at £ = £,, and P
is a dimensionless constant which is usually much
larger than unity. This formula is valid for semicon-
ductors with large dielectric constants. We take Pas
a parameter. P = ~50—oc0 has been used by Chwang
eral.® As shown by Baraff.’ and then by Chwang?
the impact ionization rate does not strongly depend
on this parameter as long as P is large compared to
unity. The energy dependence of the impact ioniza-
tion probability for P =400 is illustrated in Fig. 7.

Once the scattering rate and the ionization proba-
bility are determined, the rest of the simulation pro-
cedure is similar to the conventional Monie Carlo
method.!" The scatiering probability [At/7(E)] is
calculated at each time interval, Ar, and compared
with a random number. This is necessary because of
the complicated E£(k) relation. Afis taken to be ap-
proximately -l%th the average drift time. The simula-
tion starts by releasing an electron with zero energy
at the bottom of the central valley. The energy and
the K vector of the electron are traced. When impact
ionization occurs, the energy is reinitialized to zero to
start a new history. This is justified by the fact that
the resultant electron after ionization lies very close
to the bottom of the central valley. The impact ioni-
zation rate can be obtained by averaging each dis-
tance that an electron travels until impact ionization
occurs over a sufficient number of ionizations. The
distance, Ax, traveled during each drift is calculated
either by accumulating a differential distance. va¢, or
by utilizing the relation

AE =eFAx (1)
where AE is the energy gained during the drift. Th_e_
velocity v is calculated from the gradient of the £ (k)
relation.

VII. RESULTS
A: Contribution of ballistic electrons

By terminating the simuifation after the first scatter-
ing the electron suffers, the behavior of ballistic efec-
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trons can be studied. Additionally, we can determine
the extent which these ballistic electrons contribute to
impact ionization. Since there is no electron-initiated
threshold state in the (100) or the (111) direction,'?
we only consider the (110) direction. We have aiso
changed the threshold energy to 1.7 eV, which is the
correct threshold energy in this direction.’ Typically
100000 trials have been done for each electric field.
The result of the calculation shows that an electron
travels on the average approximately 200 A, for an
average time of 3 x 10~"* sec before the first scatter-
ing event. These numbers differ slightly for different
orientations. By counting those electrons which
cause impact ionization instead of scattering, we can
estimate the contribution of ballistic electrons 1o the
impact ionization rate. If the same scattering rate is
used as shown in Fig. 7 (known to give a good fit to
the Gunn effect?®), we tind no electrons (less than
0.001"%) causing impact ionization. There may be
some uncertainties in the scattering rate, particularly
in the values of the deformation potential constants.
To find the maximum possible contribution of bailis-
tic electrons to impact ionization, a smalier scattering
rate has been tried. We have used the values given
by Vinson eral®® E;_y =04, Er_, =038 eV,
Dr_y=1.1x10° and Dr_, =2.8 x 10® eV/cm. This
gives the scattering rate shown by the broken line in
Fig. 7. This rate is approximately half of the previ-
ous value. Using this scattering rate in our calcula-
tion we obtain the results shown in Fig. 8. This fig-
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FIG. 8. Probability of ballistic electron causing impact
iomzation as a function of a reciprocal electric field.
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ure shows the probability that an electron causes im-
pact ionization prior 10 ils scattering by a phonon as a
function of electric field. As can be seen, even at the
maximum (500 kV/cm for P = a0), only 0.2% of the
electrons causing impact ionization are **ballistic.”
Therefore we conclude that the contribution of ballis-
tic electrons to impact ionization is negligibly small if
our present understanding of the scattering rate is
correct. This conclusion negates the considerations
by Capasso ef al.*® who suggested that ballistic elec-
trons give a non-negligible contribution to the total
ionization rate.

These “*ballistic’’ electrons were discussed by
Shockley who called them “*lucky’" electrons.® We
have shown that Shockley's theory gives ionization
rates that are too small. It is interesting to note,
however, that the two curves in Fig. 8 show the
correct 1/F dependence as in Shockley's theory in
spite of the much more complicated band structure
and scattering rate that we used.

B. Transporst properties and ionization rate

In the calculation of the impact ionization rate a
typical simulation consists of approximately 200000
to 400 000 scattering events. Depending on electric
field this would give 40—300 impact ionization
events. Figure 9 shows a typical trajectory of the k
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-
louin zone, it is placed back inside the zone to the
equivalent point. This is done by adding the appropri-

FIG. 9. Typical trajectory of the electron & vector in the
Brillouin zone lor an electric tield of S00 AV/cm. The solid
lines represent the dnift and the broken lines represent the
scatterings from one point to the next.
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curve (1) or from Eq. (11 (O).

ale reciprocal-lattice vector to the original Kk vector.
As seen from the figure the drift time is very short
because of the high scattering rate at higher energies.
The electron is frequently scattered over practically
the entire Brillouin zone.

Figure 10 shows how the caiculated ionization rate
converges as the number of ionizations is increased.
Because of the limited computer time it has not been
possible to take averages over mnre than 300 ioniza-
ions. However, the convergence is fairly good after
10 ionizations. From this figure the statistical fluc-
tuation is estimated to be approximately 20%. The
problem of statistical fluctuation can be overcome by
repeating the simulation only for the high-energy
12il.}* This has not been attempted in this work.

Figure 11 shows the average electron energy as a
function of the electric field. The reason for the
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
impact ionization occurs, the mean free gath between
phonon scattering ranges from 50 to 30 A. This is in
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FIG. 11. Average eleciron energy in GaAs as a function
of electron field calculated by the Monte Carlo simulation.
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FIG. 12. Electron mean lree path in GaAs as a function
of electric field calculated by the Monte Carlo simulation
{steady state).

agreement with previous data? » and the convention-
al Monte Carlo calculation.'® The reason that our
calculation agrees in this respect with the convention-
al interpretation which does not include a realistic
band structure is that the mean {ree path is mainly
determined by the average electron energy, which is
still small enough (~0.8 eV) for effective mass and
nonparabolicity corrections (o be sutTicient (at least in
certain k directions).

The calculated electric field dependence of the elec-
tron drift velocity is shown in Fig. 13. The broken
curve represents the experimental data by Ruch and
Kino®® at low electric field ( <14 kV/cm), and by
Houston and Evans®’ at high field (~20-~100
kV/cm). The agreement is good over the entire
range of electric fields experimentally investigated.
The result using Eq. (11) gives much better fit than
the result using the slopes of the E(K) relation. It is
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F1G. 1. Calculated electron drift velocity in GaAs at
room temperature compared with the experimental data
(Refs. 36 and 37). The calculated vaijues are from the slope
of the E(k) curve (A) or from Eq. (11) (0).
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suspected that the accumulation of numerical errors
in the slope calculation is responsible for the
discrepancy. The slight deviations between theory
and experiment at higher fields are believed to be
mainly due to the pseudopotential band structure
which gives the satellite valley effective masses larger
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 can
simulate polar optical scaitering as well as intervalley
scattering, and that the transition from polar optical
scattering (low-energy region) to intervalley scalter-
ing (high-energy region) is accomplished smoothly.
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
covered by the experimental data (Sec. II). The
agreement is fair, considering the uncertainty in the
scattering rate at higher energies. The inclusion of
upper bands is expected to increase the calculated
ionization rate slightly. and therefore to improve the
fit to the experimental data. Note, however, that the
caiculation shows within statistical uncertainty
(~20%) no orientation dependence for the ionization
rate. This contradicts previous interpretations of the
experimental data by Pearsall er ai.'® (Fig. 2).
Another way to calculate the orientation dependence
is rotating the electric lield direction from one axis to
another. The result is shown in Fig. 15 for an elec-
tric field of 400 kV/cm when the field is rotated from
the (110) to (111) direction. Again we do not see
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FI1G. 14. Calculated impact ionization rate of an eleciron
in GaAs with an electric field in three crystallographic direc-
uons as a function of a reciprocal field. The shaded region
indicates the range of availabie experimental data (Fig. |).
Within statistical uncertainty, we do not observe any orien-
tatton dependence.
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FIG. 15. Calculated impact ionization rate of an electron
with an electric field of 400 kV/cm in several directions
between the (110) and (111) directions.

any orientation dependence within the statistica! un-
certainty. A solution including this rotation of the
electric field can be obtained only by the Monte Carlo
method. The effect of changing the value of P has
also been examined. Varying P from 50 to 400 we
have obtained practically the same impact ionization
rate. This confirms the result by Baraff* and
Chwang® that the ionization rate is insensitive 10 the
ionization probability as long as it is much larger than
the probability of phonon scattering.

For a better understanding of how the electrons ac-
quire the high energies, and how impact ionization is
actually accomplished. we show in Figs. 16 and 17
the variation of electron energy after each scattering
event for electric fields of 500 and 100 kV/cm,
respectively. I[n the case of 500 kV/cm, the electron
energy stays around ~0.7-1.2 eV most of the time.
but the electron occasionally escapes phonon scatter-
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-
tion. 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
the figure this classification is not very distinct. Even
those electrons in the spikes suffer several scatterings
before they reach the peak energies. Our results,
therefore. contain Shockley's and Wolff's notions of
ionizing electrons as does Baraff's theory (but we
have much more general conditions). Using Baraff's
word.’ the notion of ballistic electrons by Shockiey and
diffusing efectrons by Wolff are *compiementary " in
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FIG. 16. Vanaton of eleciron energy after each scattenng
event for an electric field of 500 kV/cm obtained with a
Monte Carfo simulation,

determining the impact ionization rate, This is due
to the fact that the height of spikes (in Fig. 16)
depends on the average energy of electrons. It is aiso
important 10 note the difference between our ionizing
elactrons and Shockley's “‘lucky’’ electrons. Shock-
ley's *‘lucky’" electrons start from zero energy, escape
the phonon scattering completely, and impact ionize.
The ionizing electrons of our result start at the aver-
age energy and reach ionization threshold after a few
scattering events. This explains why Shockley's
theory badly underestimates the ionization rate, since
he neglected electrons which are scattered at inter-
mediate energy.
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FIG. 17. Variation of electron energy after each scattenng
event for an electric field of 100 kV/cm.

VHI. CONCLUSIONS

A Monte Carlo simulation of high-field transport in
GaAs employing a realistic band structure has been
described. The method has been used to study the
impact ionization mechanism in GaAs. The band
structure of GaAs has been calculated using the em-
pirical pseudopotential method. Parily due 10 lack of
information and partly for simplicity, we have used
simplifying assumptions for the phonon scattering
rates, the ionization threshold energy, and the ioniza-
tion probability. This, however, is not an inherent
limitation of the method. Unlike previous theories of
impact ionization, the method requires, in principie,
no adjustable parameters as long as the band struc-
ture and the scattering mechanism are known. The
method has provided new results and increased the
understanding of high-field transport and impact ioni-
zation in GaAs. The calculated drift velocity. the
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
bands is expected to further improve the fit. We do
not expect, however, to obtain the anisotropy meas-
ured by Pearsall er al.'” In our opinion this anisotro-
py is not a consequence of the band structure, but is
rather caused by crystal defects or other effects not
yet understood. It is found that the contribution of
ballistic electrons to the impact ionization rate is
negligibly smail. Shockley's theory, therefore, badly
underestimates the ionization rate. We have con-
firmed that the impact ionization rate is rather insen-
sitive to the ionization probability above the thresh-
old energy as long as the probability is much larger
than the phonon scattering rate.

Based on the results of the simulation, a general
discussion of impact ionization has been given. We
find that typically electrons stay around an average
energy and experience a large number of phonon
scatterings. Occasionally electrons escape phonon
scattering and move up to higher energy. Some
reach ionization threshold after a few scattering
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
is rather vague. The reason for the success of
Baraff's theory is that his theory also contains this
feature. However, because of his formulation using
distribution functions, the physical picture is not as
clear as in our result (Fig. 16). Moreover, our
method includes realistic scattering mechanisms and
band structure.

Unlike previous theories of impact ionization, the
present method can in principle be applied to any
semiconductor. The method can be used for both
polar and nonpolar materials. This is obvious from
the successful simulfation of the Gunn effect, which
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contains the transition from polar optical scattering to
intervalley scattering. The calculation of hole-
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-
portant {or the understanding of the operation of
photodetectors. since their performance depends on
the ratio of electron- and hole-initiated ionization
rates. It should be understood that the method is
quite versatile in its application. A transient Monte
Carlo method including the band structure may be
used to investigate the orientation dependence of the
avalanche response time.”® Finally the inclusion of

the position dependence shouid enable us to study
the effect of the **dark space.*’’
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drive current for a constant magnetic field and the results are

" plotted 1in Fig. 4. The 50 Hz oscillating magnetic field was

supplied by a solenoid 0295 m long and the mean ficld
strength was 393 mT r.m.s. The detector output reached a
maximum value of 477 x 10~3 r.m.s. as the polarisation ratio
increased. This corresponds to a Faraday rotation of about
0-14° r.m.s. Using the magnetic field parameters, this yields a
value for the magneto-optic Verdet constant of 2-58 x 107
rad A™' at 830 nm wavelength. This figure is in excellent
agreement with the value obtained by extrapolating visible
waveiength data using the reciprocal square wavelength
dependence of the Verdet constant.
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Fig. 4 Graph of r.m.s. detector output against current

Conclusion: The polarisation properties of single-mode
double-heterostructure stripe lasers make them suitable light
sources for optical-fibre current measurement systems and
they should be useful in any optical fibre system where a
linearly polarised light source is required.
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ORIENTATION DEPENDENCE OF BALLISTIC
ELECTRON TRANSPORT AND IMPACT
IONISATION

indexing terms: Charge carriers, Semiconductors

The orientation dependence of ballistic electron transport in
GaAs is investigated using the pseudopotential band struc-
ture. It 1s shown that a singie scattering event can permit
electron impact-ionisation threshold energies to be reached in
the (111 and ¢100) directions. This is in contrast to ballistic
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 ionisation' considers those electrons which have
escaped the scattering events and ballistically reach the thresh-
old energy. Recently, Capasso et al.> have shown that ballistic
motion competes with inter-valley scattering in determining
electron dynamics in GaAs. Ballistic transport can also be
utilised in low-power high-speed logic devices.® It is the pur-
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
electric field. However, the calculations also show that one
phonon-scattering event is sufficient for an electron to reach
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 ionisation® in
this crystalline direction.

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

dk
lei—EF (1)

and
v="V, E(k) 2)

where F is the applied electric field, & is the electron wave
vector, E is the electron energy and v is the group velocity of
the electron. The band structure E(k) is calculated by employ-
ing the empirical pseudopotential method of Cohen and
Bergstresser.* Eqns. 1 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 in
cases where a few ballistic electrons cause the impact
ionisation.

GaAs
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chosen to be 300k V cm. Fig. | shows the clectron velocity ¢ as
a function of time. The orientation dependence of ballistic be-
haviour is obvious from this Figure. The highest peak velocity
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Fig. 2 Variation of electron energy with time as measured from the con-
duction band edge

Fig 3
a (110} section of the first Brilouin zone
b Wave vector trajectory of clectron in this plane under the
influence of electric field in (111 direction. Electron is scattered

from A to B. Energy change in the scattering process has been
neglected

time as measured {rom the conduction-band edge. The rate of
increase is largest in the (100) direction and smaliest in the
(111> direction. Of course, ballistic transport must compete
with the scattering processes. The dominant scattering
mechanism for electron energies greater than 0-35 eV is inter-
valley scattering. The momentum relaxation time for this scat-
tering process is about 2 x 107'* s, Figs. 1 and 2 show that,
even within this short timespan, the effect of orientation can be
considerable. Ballistic electron transport can occur on longer
time scales, but only with decreasing probability.

The orientation trend in Figs. | 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 clec-
tron cantravel in2 x 10~ '*s also reflects the same orientation
dependence: 0:039 um, 0034 um and 0031 um in the (1005,
<110) and {111 directions, respectively, for an electric field of
500 kV/cm.

In the (111) direction, the electron can never gain sufficient
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
to permit the electrons to reach threshold energy. This
mechanism is illustrated in Figs. 3 and 4. An electron starts at
the point and moves along the (111) direction. At point A,
(k ~ 0-3,/3n/a), the energy is at the maximum for this direc-
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 {111 com-
ponent of the electron wave vector continues to increase.
However, the wave vector points in a direction different from
<111 such that the electron can now reach a higher energy. As
shown in Fig. 4, the electron can actually exceed the threshoid
for impact ionisation. This clearly indicates the importance of
scattering processes to impact ionisation. We also note that
since V, E is not always in the direction of the electric field for
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Fig. 4 Variation with time of electron energy for the process shown in
Fig. ?
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the path starting at pownt B, the clectron trajectory in real
space deviates slightly from the {111 direction.

In the <100> direction. the threshold state is separated from
the principal conduction band by a small gap (~ 02 eV)*
Pearsall ¢t al. argue that tunnelling through this ‘pseudogap’ is
responsible (or the impact ionisation in this direction. Law and
Lze® have shown that this tunnelling time 1s of the order of
3 % 107" s, This ume 1s much longer than the inter-valley
scattering ime (~ 2 < 107 '* ). Therefore electrons have a
higher probability of being scattered before they tunnel
through the gap. Using these characteristic time constants, it is
possible to show that it is unlikely that tunnelling contributes
more than 10°, of the electrons for the impact ionisation in
this direction. Of course, all the above arguments apply only
near the threshold of impact ionisation, where ballistic elec-
trons determine the rate. Far above the threshold, where the
iostropic part of the distribution function contributes to
impact iomisation, one can expect only slight orientation
dependence.

In conclusion, we have discussed the importance of crystal-
line orientation to ballistic electron transport and to the elec-
tron impact-ionisation rate of GaAs using the empirical
pseudopotential band structure. We have also illustrated the
significance of scattering events to the impact ionisation. More
quantitative calculations using Monte Carlo techniques are in
progress.
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NEAR-FIELD DISTRIBUTIONS IN
SELECTIVELY EXCITED ELLIPTICAL
OPTICAL FIBRES .

Indexing terms. Optical fibres, Wave propagation

Short (1-400 m) multimode fibres were excited by a single-
mode fibre. The resulting near-tieid intensity distributions are
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.

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 n 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 muitimode fibre, typically of core
diameter 350 um and n.a. = 0-2. The resulting near-field distrib-
ution is focused onto a 100 x 100 c.c.d. photodiode matrix and
displayed on an oscilloscope.

Results: Figs. 1 and 2 are near-field patterns produced by a
typical nearly parabolic c.v.d. fibre with a 1-2 um central index
dip and an ellipticity (defined as the ratio of the major to the
minor axis) of the order of 1-01. Fig. | shows the near-field
distribution of a I m fibre sample excited near the edge of its
core and along one of its principal axes. Fig. 2 is produced by a
40 m length of the same fibre excited near the edge of the core
and at an angle of 45° with the major axis. If we excite other
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IMPACT IONISATION IN MULTILAYERED
HETEROJUNCTION STRUCTURES

Indexing terms: lonisation, Photoelectric devices, Semiconduc-
tors, Charge carriers

Caiculations are reported showing thac in multilayered heter-
ojunction structures the effective impact ionisation rates for
electrons and hoies can be very different, even if they are the
same in the basic bulk materials. The reason for this is the
difference in the band-edge discontinuities for electrons and
holes and the lower phonon mean (ree path (or holes in quan-
tum well structures.

As is well known, the signal/noise ratio of an avalanche photo-
diode (a.p.d.) is influenced by the statistics of the gain process,
and, because of feedback effects, significantly more noise is
generated when both electrons and holes produce secondary
pairs.! For lowest excess noise in a.p.d.s it is desirable to have a
material in which the ionisation rates for electrons a and for
holes B are significantly different, and in addition to have a
device structure which results in injection of the carrier with
the highest ionisation rate into the multiplication region.? For
detection at various waveiengths it is useful to use III-V com-
pounds and ternary and quaternary alloys of these compounds
in which the bandgap is only slightly smaller than the energy of
the photons to be detected. Unfortunately, preliminary
measurements of x and B seem to indicate that in most of these
materials the electron and hole impact ionisation rates are
nearly equal. It is the purpose of this letter to show that two
effects specific to multiheterostructure quantum layers may be
useful in the construction of low noise a.p.d.s from materials in
which x and 8 are approximately equal.
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 (hole) starts to be accelerated. Therefore a step-like
band structure as shown in Fig. [, where the discontinuity in
the conduction band is greater than that in the valence band,
will enhance the ionisation rate for electrons. This can casily be
seen by subtracting (adding) the conduction band-edge step to
the ionisation threshold in the Baraff theory.> A rigorous
justification for this procedure can only be given for special
cases, because in general the effect of the band-edge step on the
ionisation rate will depend on the energy which the electron
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Fig 1 Basic structure of a.pd. with quantum well layers
a Shaded resions. GaAs: unshaded regions. Al Ga. A
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already has when it approaches the junction.

(it) As shown by Holonyak and co-workers,** the scattering
rate in quantum wells is different to that in the bulk and, at low
energies at least, holes are scattered more often and thus are
collected more effectively in the quantum wells. An analysis of
this effect is difficult because it must include the reflection and
transmission through the (nonideal) heterojunction. However,
inserting different mean free paths in the Barafl theory shows
immediately that this effect can strongly change the a/8 ratio il
it prevails up to the energy of the impact ionisation threshold.

The following estimates are based on a structure appropriate
for GaAs-Al Ga, - ,As layers with the material constants ad-
justed to give a/f when inserted in the Baraff theory for bulk
material. A polynomial fit to the Baraff theory is used in the
calculations.® The values of the material constants are listed in
Table 1.

The p*-n junction is assumed to be steplike with uniform
doping densities on each side. The electric field accelerating the
electrons and causing impact ionisation has three sources: the
external voitage, the built-in voltage and the band-edge step of
the heterojunction. The first two are taken into account in the
usual way by inserting space dependent electric fields in the
Baraff theory. As mentioned above, the band-edge discontinu-
ity has to be treated in a different way because the band-edge
energy changes over a distance which is much shorter than
the mean free path between collisions. To assess the effect of
the band-edge step on the ionisation rate, consider an electron
that traveis from one Al,Ga,.,As layer into a GaAs layer.

Table | MATERIAL CONSTANTS

E, i d AE
Electron 20eV  S0OA 150A 06eV
Hole 1'SeV  40A 150A 0106 eV

E, = Threshold ionisation energy (Averaged in different &
directions;? 1 = optical phonon mean free path; d = impact ioni-
sation mean free path: AE = band-edge discontinuity (AE, for
conduction band. AE, for valence band)

When it arrives in the GaAs it ‘sees’ not only the smaller
bandgap of the GaAs, but it also starts at an energy AE, (con-
duction band edge step) above the GaAs band edge. To include
this effect, we deduct the ‘excess’ energy AE, from the GaAs
impact ionisation threshoid within a distance from the discon-
tinuity equal to the impact ionisation mean free path. This
process increases x much more than f since, when the same
procedure is followed for holes, the valence band edge step AE,
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
energy in this layer to get out of the well, and after the electron
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enters the Al,Ga, . ,As layer with smail kinetic energy, it gains
the effective threshold energy E,(GaAs) — AE, before arriving
at the next GaAs layer. E;(GaAs) is the impact ionisation thre-
shold for bulk GaAs. Note that the values of the layer width x¢
vary for different design parameters, i.c., doping concentration
N, the applied voltage and the position within the structure.
However, the caiculated value of the thickness is always close
1o 300 A for GaAs layers, and 500 A for the Al,Ga, - ,As layer.

The above procedure gives immediately the z/8 ratio at a
particular location in the layers. The value of 2/8 relevant to
the multiplication factor in an a.p.d. is given by the spatial
average over the whole structure. Our results for the average
effective 2/ ratio are shown in Fig. 2. As can be seen the enhan-
cement of the 2/8 ratio is substantial especially for low values
of the donor density N,. The muitiplication factor is in aa
interesting range (i.c.. of the order of 10 or larger) only for the
two highest doping concentrations shown in Fig. 2. The
reasons for this are outlined below.

The second effect which enhances a/f, the higher phonon
scattering rate of holes in the heterojunction structures, has not
been included in the resuits of Fig. 2. It is clear that this effect
once more increases a/f. In fact the mean (ree path for phonon
scattering enters more sensitively in the impact ionisation rate
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Fig 3 As Fig. 2 but with reduced optical phonon mean free path for holes
(30 A instead of 40 4)

than the ionisation threshold. The amount of the reduction of
mean [ree path is not known exactly, as the results of Hol-
onyak and co-workers apply only for electrons with rather low
energy. We therefore have changed the hole mean free path

rather arbitrarily from 40 A to 30 A in the GaAs quantum wells
to demonstrate the effect. The result for the average x/8 ratio is
shown in Fig. 3, once more against the number of wells.

From the above discussion it is clear that the a/f ratio
depends sensitively on the structure and doping coacentration.
This is due to the fact that z is considerably larger than S only
for electric fields E < 10* V/cm. Therefore. if we choose to
increase the multiplication factor, we automatically reduce the
a/ B ratio. Nevertheless, the above analysis shows that even for
muitiplication factors above 10 the x/8 ratio can be substan-
tially enhanced in quantum welil structures, especially because
of the second enhancement effect, the reduction of the phonon
mean free path. Finally we wouid like to note that fluctuating
fieids associated with compositional disorder in temaries and
quatemaries have an effect similar to the band-edge discontin-
uity at the heterojunction and can increase (decrease) the /8
ratio. Work is in progress on these effects and will be reported
later.
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Laser data (77 and 300 K) are presented on two photopumped undoped metalorganic chemically
vapor-deposited Al, Ga, _, 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, 2 500 A) GaAs layers is
shifted from Aiw ~E, at 77K to E, — fiw, ,<fiw < 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
laser operation of quantum-well heterostructure (QWH) la-
sers is readily observed '~ and, in fact, should be expected.’®
[t is even possible to induce phonon-sideband laser opetation
of a single larger quantum well with a phonon generating
array (a phonon resonator) of smaller quantum wells.” In
contrast, phonon-sideband laser operation of a standard
double heterostructure (DH), i.e., a DH of active-region
thickness L, % 500 A and here assumed (as is common)
lightly doped or undoped ( < 10'"/cm®), has not been identi-
fied even though laser operation of an undoped DH GaAs
active region is commonly observed 30-35 meV below the
band gap E,.*° It is not uncommon in such a case to propose
some sort of model involving unexplained impurities,’
which, if acceptors, would have to exceed a density of
10'"/cm* to have much validity.'® In this letter we describe
experiments indicating that for standard DH lasers, with
undoped active regions (n, — n, % 10'3/cm?), it is also
phonon participation that accounts for the laser operation at
reduced energy (fiw < E, ). The effect of phonons is observed
by coupling a quantum-well phonon generating and reflect-
ing array of seven coupled 50-A GaAs wells to a bulk DH
GaAs active region (L, ~ 1500 A),® and by comparing the
shift with temperature of the recombination radiation of the
bulk GaAs and the phonon-sideband marker radiation of the
small-well array. At 300 K the recombination radiation is
shifted by ~fiw, .

The two Al, Ga, _, As-GaAs heterostructures con-
structed for this work are grown by metalorganic chemical
vapor deposition (MO-CVD)."'-'> A GaAs buffer layer is
grown first on a { 100} GaAs substrate and is followed by a
~ l-um-thick Al, Ga, _, As (x~0.36) confining layer, then
the active region, and finally another confining layer
{x ~0.36) of thickness ~0.3 um. The active region of the
first wafer consists of a 1500-A (bulk) GaAs layer coupled to
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an array of seven small GaAs quantum wells (L, ~ 50 A)
which are in turn coupled by ~ 50-A Al Ga, _,As

(x ~0.32) barrier layers. The second wafer is similar to the
first except for the active region, which is a single GaAs layer
of thickness L, ~ 600 A. To eliminate the possibility of band-
to-impurity laser transitions, all layers in the wafers are

Energy (eV)
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FIG. 1. Puised laser operation (4.8 X 10* W/cm?, 77 K) of a photopumped
undoped (1, — n, 510'*/cm') MO-CVD Al,Ga, ,As-GaAs multiple-
quantum-well heterostructure. The sample is 23 x 390 um? in size and has
an active region (confined between ~ 1 and ~0.3-um x~0.36

Al Ga, As layers) consisting of one bulk L, ~ 1500-A GaAs layer and
seven thin L,, ~ 50-A GaAs layers, all coupled by 50-A-thick Al Ga, . As
(x~0.32) barriers. At low temperature laser operation is observed on and
slightly above the GaAs band edge (band-to-band transitions, Aiw~ £,). A
spontancous emission reference peak is also observed (X 10 inset) near and
on the broadened n = | electron-to-heavy-hole transitions of the auxiliary
quantum-well array (seven coupled 50-A GaAs layers).
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FIG. 2. Room-temperature laser operation (3.6 x 10° W/em?) of the same
undoped quantum-well heterostructure as that of Fig. !. The cleaved rec-
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
modes of the bulk GaAs layer (L, ~ 1500 A) and the spontaneous reference
peak (x § inset) of the small (L,, ~ 50 A) quantum-well array are shifted
down fiw, , in energy ielative to E, (GaAs) and refative to the # = 1 elec-
tron-to-heavy-hole and 2’ = | electron-to-light-hole transitions as shown
by the “LO" markers.

grown undoped (1, — n, S 10'5/cm®). The GaAs substrate
is removed by polishing and selective etching; the remaining
~ 1.4-um-thick wafer is cleaved into samples of dimensions
~ 50X ~ 150 um (average) which are heat sunk and then
photoexcited with an Ar* laser (4 ~ 5145 A) focused to a
circular spot with a diameter comparable to the sample
width.®

The 77-K emission spectrum of a rectangular sample
cleaved from the first wafer is shown in Fig. 1. Two features
are apparent: (1) Laser operation occurs on or somewhat
above (high excitation, 4.8 X 10* W/cm?) the band edge E, of
the bulk GaAs layer (L, ~ 1500 A). (i) At much shorter
wavelength a small emission bump, which serves as a refer-
ence, is located very close to the broadened # = 1 electron-
to-heavy-hole transitions (dark marker) of the seven coupled
50-A GaAs quantum wells. The two “LO" markers show
where this bump would be located if, as hot carriers therma-
lize, much phonon generation occurred in the coupled 50-A
quantum wells, as is indeed the case when this section is a
bigger fraction of the active region (> 0.5).”

The behavior of this material (wafer # 1) changes radi-
cally at 300 K (Fig. 2). The laser emission shifts to well below
the band edge, E, — fw , <fiw < E,. This agrees with the
shift of the reference emission bump one phonon. fiwy,, be-
low the n = 1 electron-to-heavy-hole or the 2" = 1’ electron-
to-light-hole transitions of the auxiliary quantum-well ar-
ray. The quantum-well transitions are expected to be
phonon assisted*-” but, as discussed below, are not very tem-
perature sensitive nor in the present case very heavily ex-
cited. Thus, if the emission of the quantum-well array shifts
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with temperature, the emission of the bulk GaAs layer is
certain to shift, provided phonon-assisted recombination
governs its behavior.

The behavior of the second wafer, which is near the
boundary in size between bulk and quantum-well dimen-
sions, is shown in Fig. 3. For the 600-A active region, and no
auxiliary quantum-well array, the emission is free of the ref-
erence emission bump and is peaked (a, spontaneous emis-
sion, 10° 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
they could be identified. At high excitation levels, as here,
band filling easily reaches into this region. Laser operation at
higher excitation (b, 4.7 X 10* W/cm?) occurs about one
phonon below “transition” » = 3 (here inserted simply as a
reference), which is well below E,. At 77 K the laser oper-
ation (¢, 2.5 X 10* W/cm?, i.e., comparable excitation level)
occurs distinctly on the band edge, which indicates that im-
purities are not important in the recombination process nor
carrier-induced band-gap shrinkage.®

It is interesting to note that the physical structure of a
DH laser is important in respect to the phonon contribution
to its operation. First, the major discontinuity in energy gap
from the Al _Ga, _, As confining layers to the GaAs active
region requires many LO phonons to be emitted in the pro-
cess of carrier injection (*hot” carriers) and carrier ther-
malization. Also, the LO phonons are expected, because of
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FIG. 3. Emission spectra of a photopumped undoped Al, Gs, _, As-GaAs
DH platelet (70 X 94 zm?) with a 600-A-thick GaAs active region confined
between ~ 1 and ~0.3-um x ~0.36 Al Ga, _ , Aslayers. At room tempera-
ture the spontaneous emission at high excitation (. 10° W/cm®) exhibits a
broad peak neat the n = 3 or 4 electron-to-heavy-hole transitions. Laser
operation (b, 4.7 X 10* W/cm?) occurs approzimately one phonon. A, .,,
below the n = J or 4 peak, which is weil below £,(300). At 77K(c. 2.8 < iC*
W/cm?) laser operation of another sample (117 [64 um 3 occurs distinct-
Iy on £,(7T), which rules out as important transitions INVOIVIng impurnities
or carrier-induced band-gap shrinkage.
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the Al, Ga, _, As-GaAs interfaces, to be restricted to some
extent 10 the voiume of the active region.® That the phonons
are generated in such large numbers and are partially con-
fined to such a small volume increases the probability of an
electron-LO-phonon interaction and phonon assistance in
recombination. Thus iarge-dimension GaAs (| um), not to
mention the case without confining heterobarriers, when
photoexcited a few kT within the energy gap has no basis to
operate as a laser on an LO-phonon sideband.'* In fact, the
results of Ref. 14 offer further data in support of the mecha-
nism elucidated here.

As mentioned above, in a “‘two-dimensional” welt (L,
% 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 N, is expected to be at
least 10X higher than the thermal equilibrium value for cer-
tain ranges of the wave vector q even at 300 K. (ii) Two-
dimensional screening of the phonon emission process is less
significant than the screening in three dimensions since the
screening constant has a limiting value of 2/a,,'* wherea, is
the effective Bohr radius and is independent of temperature.

In a three-dimensional (bulk) region, on the other hand,
the perturbation of JV_ is estimated to be weaker, and the
thermal occupation adds significantly to any “stimulated
term,” whichis proportionalto N, = N + N ;" where V"
is the thermal occupation and N ;" is the additionally gener-
ated phonon occupation number. In addition, the phonon
emission probability in three dimensions is large only for
very small values of |q|.'® Therefore screening of the elec-
tron-phonon interaction is already of high importance at
rather low carrier concentrations. Also, the classical screen-
ing length exhibits a significant temperature dependence. In
any case, temperature is expected and is observed to play a
major role. It is difficult, however, to calculate explicit ex-
pressions for the above effects because the energy distribu-
tion of the carriers is not known.

In summary, the data and arguments above indicate
-that phonon-assisted recombination (300 K) is mainly re-
sponsible for lowering the emission energy of a DH laser
(lightly doped or undoped active region) to the range

fiw < E,. This conclusion is consistent with the high excita-
tion level {~ 10" A/cm?) typical of DH laser operation,
which provides a basis for large-phonon generauon.
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Ultrasensitive detection of aromatic hydrocarbons by two-photon

photoionization
Charles Klimcak and John Wessel

lvan 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 10* molecules/cm’
in a nitrogen buffer gas. With siight 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-
tion limits in the single-atom regime using photoionization-
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and fluorescence-based techniques.'-> Attainment of molec-
ular detection at densities approaching this limit is of consid-
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Phonon contribution to metalorganic chemical vapor deposited Al,
i 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, [llinois 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-weil-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 A),
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 ~ E, -fiw, , (undoped layers, n, — n, $10'° /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.-¢, 81.15.Gh

I. INTRODUCTION

Until quite recently, the design of 111-V semiconductor
lasers has involved the optimization of carrier, current, and
electromagnetic field confinement in some form of stripe-
configuration double-heterostructure laser. As the carriers
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-
gy-gap confining layers (injecting layers) to the narrower-
gap active region. The role that phonons might play in dou-
ble-heterojunction {DH) and quantum-well-heterostructure
{QWH) lasers has been poorly understood in spite of the fact
that large phonon densities are likely to exist in the active
region at threshold, which is typically high (/~ 10° A/em?).
Forexample,inan Al, Ga, _ _As-GaAs(x~0.4, T = 300K)
DH laser approximately [E,(AlGaAs) — E, (GaAs)]/fiw o

= {1.923-1.424)/0.036 = 14 LO phonons are emitted for
each electron-hole pair injected into the active region. That
LO phonons do modify laser action has been shown in the
phonon-sideband operation of AlGaAs-GaAs,'* InGaPAs-
InP'* and InGaPAs-GaAsP,* quantum-well heterostruc-
tures. All of these are I11-V semiconductor compounds in
which, unlike [1-VI compounds, phonon participation in la-
ser operation has not previously been identified. This has
been more or less expected because the electron-LO phonon
coupiing is inherently relatively weak in comparison with I1I-
VI compounds.

The relevant recombination and LO phonon scattering
processes for undoped GaAs in the bulk and quantum-well
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cases are illustrated in the density of states versus energy
diagram of Fig. 1. As electronic carriers are confined to a
thin-lower-energy-gap semiconductor layer between two
wider-gap layers, the single-particle energy spectrum takes
on a particle-in-a-box character in the dimension in which

FIG. 1. Density of states dia-
grams for electrons, heavy
holes, and light holes. The step-
like cumulative density of
states g{E ) characteristic of
quantum-well heterostructures
is contrasted with the density
of states of bulk material
o {dashed curves). The smaller
curved arrows indicate elec-
T > glE) tron energy loss (in units of

#eoy ) via electron-LO-phonon
scattering. The arrows labeled
. 9 L and I’ represent the recombi-
I nation of an electron in the
n = | confined-particle state
with a heavy hole (r = l}and a
light hole {(n’ = 1), respective-
ly. Light-to heavy-hole relax-

" sHeavy holes atton 1s indicated by the smail
N upward arrow.

A}
*Light holes
En
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the layer is constricted (e.g., for GaAs L, < 500 A), and re-
sults in a number of quasi-two-dimensional subbands each of
which has a constant density of states.® The cumulative den-
sities of states for electrons and for light and heavy holes-in
the quantum-well regime is steplike as shown in Fig. 1, with
each step occurring at the energy of the one-dimensional
confined-carmier energy. In the bulk limit, the usual parabol-
ic density of states exists {dashed). The curved arrows on the
conduction-band densities of states represent LO-phonon
emission by thermalizing electrons while the 1, 1’, 1-LO, 1'-
LO arrows illustrate the various low-energy confined-carrier
radiative recombination transitions in QWH lasers {1 is

n = 1 electron to heavy-hole, 1' is n” = 1’ electron to light-
hole, and 1-LO and 1'-LO are phonon sidebands of the { and
1" transitions|. Aiso shown is the light- to heavy-hole
relaxation.

The form of the density of states is fundamental to the
process of LO-phonon emission and absorption in polar op-
tical scattering and is so important that, in the two-dimen-
sional limit, the basic electron-LO-phonon interaction is ac-
tually slightly enhanced over the bulk case,” making
stimulated phonon emission more of a possibility.? Because
of this, the nonthermal LO-phonon occupation number is
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, <500 ﬁ.] quantum wells, are
very efficient in carrier collection and thermalization,and
operate readily on LO-phonon sidebands. A valid verifica-
tion of the role of LO phonons in a QWH is, therefore, the
artificial inducing of phonon-sideband laser operation in a
larger quantum well (L, ~200-500 A) 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, 2200 A is easier because of the advantage that the low-
est-energy confined-carrier transitions converge to £, as L,
increases; the uncertainty in determining L, and the con-
fined-carrier transitions is thus decreased.

The purpose of the present work is to determine the
extent to which LO phonons affect the laser operation (77~
300 K)of both QWH and DH Af, 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
that Al, Ga, _, As-GaAs heterostructure lasers can be de-
signed which take advantage of the LO phonons that are
inherently generated in these structures.

1.CRYSTAL PREPARATION AND EXCITATION

The Al, Ga, _, As-GaAs samples of interest here are
grown by metalorganic chemical vapor deposition (MO-
CVD), which has been described extensively elsewhere. %0
The wafers. grown at 750 °C on { 100} GaAs substrates at a
calibrated growth rate of ~0.25 um/min (or slower), consist
of a ~ 1-um-thick GaAs buffer layer to provide a good crys-
tallographic surface for the succeeding layers, followed by a
~1lum Al Ga, _ As(x~0.36) confining layer, then the
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QWH active region, and finally a second ~0.3-um
Al,Ga, _,As (x~0.36) confining layer. All layers are un-

" doped (ny — n, $10" cm™?).

Six different QWH active regions composed of thin-
layer phonon-generating arrays coupled to larger GaAs
quantum wells (L, S 500 A) or standard DH active layers
(500 A S L, S2000 A)are emploved. Theyare(ijasingle L,
~200-A GaAs well and seven Ly ~ 50-A GaAs wells
with all of the wells coupled by seven ~50-A-thick
Al,Ga, _xAs(x ~ 0.32) barriers [structure denoted as
{1~7) 200 — 50 A],"' (ii) a structure identical to (i} with the
excepuon that the thicker GaAs layer is changed to L,
~500 A [(1-7) 500 — 50 A, (iii) a structure identical to 0]
with the exception that the largest GaAs well is increased in
size to L, ~ 1500 A [(1-7) 1500 — 50 A}, (iv) a structure
similar to (i) with L,, ~ 160 &, L,, ~80 A and with ~ 80-A-
thick Al Ga. - xAs {x~0.32) coupling barriers [(1-7)

160 — 80 A)], (v} a phonon- -generating array of seven L,
~350-A GaAs wells on either side of an L, ~ 500-A GaAs
layer all of which are coupled by fourteen ~ S0-A-thick

- As- GaAs FR

FIG. 2. Scanning-electron microscope photographs of a multiple-quantum-
well hecerostrucwrc grown by MO-CVD with an active region consisting of
seven 50-A GaAs wells and one 500-A GaAs well coupled by seven 50-A
Al Ga, _ As (x=0.32) barriers. The cleaved and stained cross section a
shows the SOO-A GaAs layer (right-hand arrows); the left-hand arrows indi-
cate the array of seven S0-A layers. which cannot be individually resolved.
Photograph b) shows a shallow-angle beveled and stained cross section of
the same QWH. The shallow-angie bevel and stain causes the fayers to
appear enlarged (by a factor of 93 for this cross section), allowing the array
of seven $0-A wells and seven SO-A barriers to be resolved (left-hand
arrows).
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Al Ga, _ As {x ~0.32) barriers [(7-1-7)50-500-50 A}, and
(vil two L,, ~ 120-AGaAs wells with one located on either
side of an array of six L., ~80-A GaAs wells with ail of the
GaAs layers coupled by seven ~ 80-A-thick Al Ga, _ As
{x ~0.32) barrier layers [(1-6-1)120-80-120 A}. In addition
to the undoped wafers described above, four “‘degenerate”
case multilayer structures in which all wells and barriers are
the same thickness are used for comparison. These contain
undoped active regions which include (a) six L, ~ 50-A
GaAs wells coupled by five ~ 50-A Al Ga, _, As (x~0.30}
barriers (5 + 6) 50 A or simply (6) 50 A],'? (b) four

L. ~80-A GaAs layers coupled by three ~80-A

Al_Ga, -  Asix~0.35) barriers [(3 + 4) 80 A or (4) 80 A},"
fc) six L, ~80-A-thick GaAs layers coupled by five ~80-A
Al Ga; _ ,As (x~0.30) barriers with one p-type and one n-
type confining layer and a p-type GaAs contact layer to form
a p-n junction QWH diode {(5 + 6} 80 A or (6) 80 A}, and (d)
six L, ~120-A GaAs wells coupled by five ~ 120-A

z}l, Ga, _ As{x~0.27) barriers [(5 + 6) 120 A or(6) 120
A]- 4

Layer thicknesses of the QWH samples are estimated
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
thicker layers and with sputter-Auger measurements.'® The
bevel angle, and thus also the magnification factor, is pre-
cisely determined using a SLOAN DEKTAK surface profi-
lometer. Examples of a SEM microphotograph {a) on a
cleaved and (b} on a beveied 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 ~ 1.0-um
Al Ga, _ As (x~0.36) confining layer. Next, between the
right-hand pair of head-to-head arrows is the L, ~ 500-A
GaAs layer. This is then followed by the seven L,, ~50-A
GaAs wells coupled by the ~ 50-A-thick Al, Ga, _, As
{~0.32) barriers, all of which are between the left-hand pair
of head-to-head arrows. The individual ~ 50-A-thick layers
in (a) are not resolvable. Finally, the uppermost portion is the
second ~0.3-um Al Ga, _,As (x~0.36) confining layer.
Note that the “large” GaAs layer is indeed ~ 500 A thick,
while the net thickness of the multilayer region is
(7 + 7)x 50 A = 700 A. The (b) part of Fig. 2 is a SEM pho-
tomicrograph of a beveled ( ~0.62°, ~93 X magnification)
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-
prise the muitilayer phonon-generating array between the
left-hand head-to-head arrows, are resolved as is aiso the
~500-A (L, ) GaAs layer between the right-hand head-to-

head arrows. The apparent layer nonuniformity and uneven-

ness are due to scratches inherent in the bevel technique and
in no way imply poor crystal quality.'’

In order to study small samples with large Fabry-Perot
cavity end losses, and undoped samples to avoid the confu-
sion of recombination radiation involving impurities. photo-
pumping is used for sample excitation. The data presented
here are obtained using an Ar * laser (4 ~ 5145 A) which can
be operated either cavity-dumped or cw. Sample prepara-

tion'" consists of first mechanically polishing the wafer from
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the substrate side down to a thickness of ~ 50 um and then
selectively etching off'® the remaining GaAs substrate and
buffer layer. The resulting thin (~ 1.4-um-thick) wafer is
then cleaved into rectangular samples ~ 10-100 zm wide by
~ 100-300 zm long which are imbedded into In under a
sapphire window for 77 K operation'® or into annealed Cu
under diamond for 300 K operation.?® Typically, a circular
spotof Ar™ laser light comparable in diameter to the sample
width is used to excite electron-hole pairs in the

Al Ga, _ . As confining fayers. Since aL, <I, most of the
carriers are generated in the confining layers. The carriers
diffuse to the active region where they thermalize by emit-
ting LO phonons and then recombine. The one (5 + 6) 80-A
structure that is grown sandwiched between n- and p-type
confining layers has been both fabricated into simple stripe-
geometry laser diodes and has been processed into a photolu-
minescence sample by selectively etching off the GaAs
strate and contact layers.

IIl. EXPERIMENTAL DATA

Tl:‘e emission spectra of a large quantum well L _,
2 200A) coupled to an array of small wells (L., <80 A} dif-

Energy (eV)
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T T T T
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FIG. 3. Pulsed photoluminescence spectra (77 K} of a sample (55 X 488 um®)
cleaved from a heterostructure similar to that shown in Fig. 2 but with a
200-A GaAs layer in place of the 500-A layer. A one-dimensional model of
the conduction band and the allowed clectron energy levels are indicated by
the inset. The heavy and light bars on the horizontal axis mark the transition
energies for clectrons to recombine with heavy holes {e—hh, n confined-
particle transitions) or with light holes (e—/h, n’ confined-particie transi-
tionsi respectively. The spontaneous spectrum shows the emission just be-
fow lasing threshotd fai, 6.2 % 10° W/em’]. At slightly higher excitation
power {bi, 7.0 10 W/cm’) the main laser mode occurs on then = I
trunsition with the simultaneous occurrence of a smail spectral bump at
energy Aw, ,, below the # = | transition. At higher power {c1. 10* W/em’)
the smail bump develops 1nto a weil-defined laver mode.
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fer markedly from those of a single large well (L, 2 200 A),
or from a degenerate multilayer structure (L, % 80 Ajin
which all the quantum wells are the same thickness. The
proximity ! 5 80 A) of a larger well to an array (see the inset of
Fig. 31 is very important in the electronic and vibrational
coupling of the two systems. Both electrons, which have a
significant tunneling probability for an ~ 80-A-thick ~ 400-
meV rectangular barrier, and LO phonons, with a 100-500-
A mean free path, are likely to be shared in the whole system
and affect the recombination and inelastic scattering pro-
cesses. For example, LO phonons generated in the small-
well arrays of these heterostructures influence the recombi-
nation in the larger layers.

Typical emission spectra (77 K) of a photopumped, rec-
tangular sample from the {1-7) 200-50-A wafer (i) are shown
in Fig. 3. The form of the conduction-band edge in the vicini-
ty of the active region is illustrated in the inset. The horizon-
ial lines indicate the electron eigenenergies of this one-di-
mensional potential. These lines are sketched to correspond
1o the spatial extent of the wavefunctions. The numbers 1-6
on the left side of the lines and the 1 and 2 on the right side
denote those states of the system which arise because of the
L, ~200-A-thick well and the L,, ~50-A multilayer, re-
spectively. While this numbering scheme is not strictly cor-
rect for the complete coupled quantum system, it is very
useful since some eigenfunctions are more localized in the
L., ~200-A well and others are more localized in the L,

~50-A multilayer. Note that this localization should not
restrict the motion of the electrons since the very-smail-layer
dimensions easily allow electron tunneling between the mul-
tilayer and the larger GaAs layer.

The {1-7) 200-50-A sample, when pulse excited
{6.2X 10* W/cm?) partially across its width, exhibits the
high-level spontaneous emission spectrum, Fig. 3(a). Sponta-
neous emission peaks are observed at slightly lower energies
than the first electron-to~heavy-hole n = 1 confined-carrier
transitions of both the multilayer array and the larger quan-
tum well. With an increase in pump power to 7 X 10*
W/cm?, Fig. 3(b), a laser mode appears abruptly near the first
electron~to-light-hole n’ = [’ transition of the £,, ~ 200-A
GaAs well, and simultaneously a small bump emerges
~#iw, o lower in energy than then = 1 L,, ~200-A con-
fined-carrier transition. Upon further excitation [(c), 10°
W/cm?), this bump also lases although it is still much lower
in intensity than the higher-energy confined-carrier stimuy-
lated emission. The location in energy and the unique man-
ner of turn-on of the bump with the laser line are interpreted
as evidence for stimulated phonon emission.

The emission spectrum (77 K) of a second sample from
the {1-7) 200 — 50-A wafer is shown in Fig. 4. At low-level
cw excitation [curve (a), 250 W/cm?] the spontaneous emis-
sion peaks at very nearly the same energies as the sample of
Fig. 3. For pulsed excitation, however, laser operation is ob-
served [curve (b), 5% 10 W/cm?] both on a phonon sideband
of the lowest-confined-carrier transitions and also near the
n = 2 transition of the L;; ~ 200-A well. Note that with this
sample and excitation geometry the phonon-sideband laser
modes can be made to dominate the emission spectrum as
opposed to the relatively weak modes at that energy shown
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in Fig. 3. That this effect is primarily due to the excitation
geometry can be seen by comparing the spectrum of Fig. 4
with that of Fig. 3(b) of Ref. 8. Both spectra are from the
same cleaved sample (28 X 244 um°) and are excited to the
same level (5 x 10* W/cm?). However, the pump beam is at a
slightly different location of the sample in the two cases: this
results in the relative emission intensities of the phonon side-
band and the higher-energy laser modes to be different.

As mentioned earlier, this type of emission spectrum,
i.e., with stimulated emission occurring ~ fiw, , lower in en-
ergy than the lowest-confined-carrier transition, is not simi-
lar to that of a single ~ 200-A-thick well. Depending on sam-
ple and pump beam geometry and also the excitation power,
laser action has occurred over a very broad energy rangeina
single L, ~200-A QWH (see Fig.10 of Ref.6). However. it
has not been observed as low in energy as ~ fiw ,, below the
lowest (n = 1, n’ = 1') confined-carrier transitions. A direct
comparison of pulse-excited room-temperature laser oper-
ation of a single L, ~ 200-A QWH and the (1-7) 200-50-A
QWH (i) of Figs. 3 and 4 is shown in Fig. 5. At 2.8 10*
W /cm? the single well structure, curve (a), exhibits consider-
able bandfilling™*' because of its very small active region
thickness and relative inability to collect and thermalize hot
electrons from the confining layers.*** Upon coupling of a
phonon-generating and reflecting array of smaller L,, ~ 50-
A GaAslayerstoasingle L,, ~200-A-thick GaAs well, we
observe [curve (b}, 7 X 10° W/cm?] that the carrier collec-
tion, thermalization, and bandfilling problems are drastical-
ly reduced. Most of the carriers are collected by and scatter
to lower energy in the multilayer portion (64% of the GaAs

Energy (eV)
1.50 1.54 1.58 1.62
1 18 ! i
Al Gay._,As—GaAs (7 + 8)
x ~032
Ly ~200A ()
L, ~50A )
77K

a) 250 wem? (CW)

I

ba—— LO—s-te-— LO —tt— LO—t— LO—]

Relative Emission Intensity

b 5% 104 (L

84 8.2 8.0 7.8 76
Wavelength (1034)

FIG. 4. Spectra (77 K) of a photopumped sample (28 X 244 um°| cleaved
from the same wafer as that of Fig. 3. Low-level cw excitation {a), 250

W /cm®] produces a peak at energy fiw, , below the ' = | transitions of the
200-A well and another peak {4 — 7800 A) approximately an LO-phonon
below the a' = 1’ transitions of the 50-A weils. (The 7 = 1 transitions of the
50-A well are degenerate with the n = 3 transition of the 200-A well: see
inset of Fig. 3.) Pulsed excitation {b), $ X 10* W/cm-] results in laser oper-
ation an LO phonon below the n = | transitions of the 200-A well. Smaller
laser modes also appear near the # = 2 transitions of the 200-A well.
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in the active region is in the multilayer array) of the hetero-

structure. In the process, LO phonons are emitted and carri- .

ers either recombine or scatter to still lower energy in the
larger well and recombine. For the samples of Figs. 3, 4, and
5(b) 17 = 10° W/cm?), a sizable portion of the carriers scatter
to the lowest-energy confined-carrier states before recom-
bining radiatively. including at energy fiw, , below the 7 = 1
or 1’ transitions. Although other excitation geometries
modify the emission spectra of a{1-7) 200-50-A QWH, these
data demonstrate that this design of the active region enables
recombination to be observed at lower energies than for the
case of a single L, ~ 200-A-thick well, orevenan L, ~50-A°
muitilayer 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
QWH is the presence of emission and laser modes in the
range between the lowest-energy confined-carrier transi-
tions of the system and the phonon sidebands. This is dem-
onstrated clearly in the 77 K photoluminescence spectra of
Fig. 6. As with the spontaneous emission data of Figs.3,
curve (a), and 4, curve (a), the CW emission at low level [Fig.
6 curveta), 10 W/em?) of this wafer peaks at slightly lower
energies than the n = 1 confined-carrier transitions of the
L., ~200-A well. In addition, in the case of this sample a
shoulder in the emission is observed ~ 20 meV lower in ener-
gy than the n = 1 transition of the L, ~200-A well. At

Energy (eV)
1.40 1.50 1.60
T RS b L 1
Al Gay_ As-GaAs
o 2 * ~05,L,~2004A
F{ B} x~032,L,; ~2004 (1)
[
2 L
£ 22~5041(7)
§ ~
2 el e 2 2 3 3 4|
& 11 1 1 1 11
LO
rl- ot LO bt |_ O =t LO >4
L O —tbet— L O ~tept L O |
2
; o
2 b) 7X1
3 L N _J
1 2 Y 3-1 3-1
L lR I| J 1 l ll II i
8.8 8.4 8.0 76

Wavelength (103A)

FIG. $. Comparison of the pulsed photoemission (300 K) of a rectangular
sample (47 x 234 um*i cleaved from asingle 200-A QWH with a rectangular
sample 162 < 226 um’) cleaved from the same QWH walfer as the samples of
Figs. 3and 4. The high energy emission aj of a single 200-A QWH (2.8 X 10*
W/em©) 1s cut off by the 7-well (L, ~ 50 A} array of b) {7 % 10* W/em®).
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FIG. 6. Photoemission (77 K) of a sample (94 .« 234 um*} cleaved from the
same wafer described in Fig. 3. Besides the low-level (250 W/cm*| spontane-
ous peaks of Fig. 4, the low-levet spectrum ai{ 10 W/cm®) exhibits a shoulder
approximately 20 meV below the n = 1 transition, corresponding to the
expected binding energy of a two-dimensional exciton in GaAs. A¢ higher
power [b), 2.5 < 10° W/cm?ya well-defined group of laser modes (labeled A,
20 meV below the n = | marker) appears as well as laser operation one
phonon below the n’ = |’ transition.

higher pulsed photoexcitation [curve (c), 2.5 % 10* W/cm?],
laser operation is observed both on a phonon-sideband of the
n’ = 1’ transition and also ~ 20 meV below the n = [ transi-
tion, labeled A. The location of A is in excellent agreement
with the energy expected of a two-dimensional exciton in-
volving a heavy hole.

The binding energy of a two-dimensional exciton is 4 X
larger than for the three-dimensional limit.**** This results
in two-dimensional-exciton binding energies of ~ 20 meV
for the electron-heavy-hole exciton and ~ 13 meV for the
electron-light-hole exciton.>® The 4 X increase over the
three-dimensional case is expected in the limit of two-dimen-
sional confinement and will be reduced to 1 X as the layer
thickness is increased to the bulk limit. For layer thicknesses
less than the bulk-exciton diameter {~240 A e-hh, ~340 A
e-lh), the factor of 4 X 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-
hancement of only ~2X in the exciton binding energy for
L, <100 A.* The data of Fig. 6 and other low-level cw and
laser data®* on rectangular cleaved samples indicate that the
two-dimensional exciton can be involved in recombination
in these quantum-well heterostructures.

In order to determine how closely the low-energy
phonon-sidebgnd laser modes observed in the data from the
(1=7) 200-50-A QWH (Figs. 3-6) are related to the confined-
carrier transitions, a number of samples with a thicker GaAs
layer substituted in place of the “large™ L, ~200-A well
have been employed. As the layer size L,, is increased. the
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behavior of the larger well shifts more toward bulk GaAs;
the confined-carrier states then become very closely spaced
and the n = | transition is very nearly degenerate with £_.
The uncertainty in assigning an edge or origin for phonon-
sideband laser operation is thus greatly decreased. Thisis the
case for L., ~ 500 A.

An example of the emission spectra {77 K) of the (1-7)
500-50-A QWH sample {ii} is shown in Fig. 7. The cw spec-
trum [curve (a), 1.2 X 10’ W/cm?] exhibits laser operation on
a phonon sideband of the n' = 1’ transition of the 500-A
quantum well. Spontaneous emission peaks as seen in Figs.
3.5,and 6 are also observed. At a pulsed excitation of 5 X 10°
W/cm?, curve {b), the same sample lases strongly in the
range of the phonon sidebands of the n = 1, 1", 2,2",3, and 3’
transitions of the L,, ~ 500-A layer. A narrower sample
[curve (c), 8 x 10° W/cm®}, with higher cavity losses, is used
to force laser operation up in energy to the lowest confined-
carrier transitions to enable their identification.

A design modification on the (1-7) 500-50-A QWH is
achieved by introducing a second phonon-generating and -
reflecting array of seven L,, ~50-A quantum wells on the
othersideoftheL,, ~ 500-A-thick GaAs layer. The resultis
a(7-1-7) 50-500-50-A structure in which ~ 58% of the
GaAs in the active region is in the small-well array portion.
Any reflection of LO phonons by the twin 50 A-well arrays
should tend to localize the LO phonons in the vicinity of the
L., ~500-A-thicker layer and strongly affect the recombi-
nation radiation spectrum. Typical pulsed room-tempera-
ture photoluminescence spectra are shown in Fig. 8. The
bars numbered 1-5 are the locations of the five lowest-ener-
gy electron-to-heavy-hole transitions of the 500-A quantum
well. At 10° W/cm?, curve al, Jaser threshold occurs ~ fiw,
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lower in energy than the n = 1 transition. Slight ringing is
also observed in the energy range of the n = 2 transition. An
increase in excitation level to 2 X 10* W/cm?, curve b), re-
sults in intense laser operation on the phonon sideband of the
lowest confined-particle transitions and also weaker laser
modes between the n = 1 and n = 4 transitions. Note that
the data of Figs. 7 and 8 exhibit laser operation ~ #iw,  low-
er in energy than the lowest-energy laser emission expected
due to band-to-band recombination in bulk, undoped GaAs.
This emission occurs at a transition energy in which no states
exist in these structures. As mentioned earlier, both of these
samples are undoped (n, — n, S 10'* cm ™). Therefore this
laser operation is not impurity related, since 2 10'" cm~*
impurities are necessary for GaAs to lase on a band-to-impu-
rity transition.”” The emission spectra of Figs. 7 and 8 estab-
lish that phonon-sideband laser operation can be achieved in
a GaAs laser of nearly bulk dimensions (~ 500 A) that is
sandwiched between Al, Ga, _, As confining layers.
Further increase in the size of the larger GaAs well in

these coupled array heterostructures begins to decrease the
effectiveness of the laser operation of the larger layer. For
these heterostructures (inset of Fig. 3}, as the single larger -
well (L,, ) isincreased in size from 200 to 500 to 1500 A, the
GaAs fraction in the active region represented by the L,

~ 50-A seven-well array decreases from 0.64 t0 0.41 10 0.19.
Assuming that this is roughly the percent of injected elec-
trons that thermalize in the small-well array section, we ex-
pect the number of LO phonons generated by the seven well
L., ~ S0-A array to decrease rapidly with increasing L., .
Note that the fraction of electrons that recombine in the
array is expected to be even less than the above estimate since
carriers can tunnel into the larger GaAs layer and scatter to
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FI1G. 8. Puised room-temperature laser operation of a rectangular (68 x 234
#m°) QWH sample with an active region consisting of a 500-A GaAs well
sandwiched between two arrays of seven S0-A GaAs wells all of which are
coupled by 50-A Al Ga, _  As ix=0.32) barriers. At 10* W/cm” ajsponta-
neous emission 1s peaked in the range of the lowest transitions of the S00-A
well (n = 1-4) with laser modes developing one phonon below the n =1
transition {located almost at £,1. At 2 x 10* W/¢m?, b the laser operation is
well developed one phonon below the n = | transition (or £}, and weaker
laser emussion is observed between the # = | and # = 4 transitions of the
500-A well.

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-
ation is relatively weak and has little effect on the lasing
behavior of the larger GaAs layer for L., < 500 A.

Pulsed room-temperature laser operation of the (1-7)
1500-50-A QWH sample (iii) is shown in Fig. 9. Since the
single L., ~ 1500-A-GaAs layer (coupled to the L,, 50-A
array) is definitely in the bulk limit, only the GaAs energy
gap E, is used as a reference for emission originating in the
thick layer. The 1 and 1’ bars near 8000 A in Fig. 9 denote the
energies of the first electron-to-light- and -to-heavy-hole
transitions for carriers localized in the L,, ~ 50 A seven-
well muitilayer. One interesting feature of the data in Fig.9 s
the refatively weak spontaneous emission peak located
~#iw, o, lower in energy than the L,, ~ 50-A multilayer
transitions n = | and n’ = 1. This emission is weak because
of the small fraction (0.19} of the active region GaAs that is
contributed by the 50-A array. The most important feature
of this sample is that it too lases at energies below E_, as far
below as ~ fiw, ,. At 77 K this heterostructure lases™ at E,
and also exhibits the higher-energy spontaneous reference
peak of Fig. 9. This peak. however. 1s not shifted beiow the
L., ~50-An = | transution as it is at 200 K. but rather oc-
curs very nearly on the n = 1 transition. That both the muiti-
layer array and the larger-layer emission shift down in ener-
gy relauve to their band-to-band transitions as the iattice
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temperature is increased indicates that the thermal LO-
phonon occupation number is increased enough to cause
both transitions to operate on phonon sidebands. A further
experiment on a DH wafer with L, ~600 A (all layers un-
doped, n, — n, 510" ¢cm™%) has exhibited a similar tem-
perture dependence.*® Therefore laser operation at
fiw~ E, — fiy, , 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
high 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-
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-
perature laser spectra of Fig. 10 have both been obtained on
samples from an L, ~80-A six-well, five-barrier (x ~0.30)
QWH. This undoped multiple quantum-well active region
(ny~n, $10'° cm~3) is imbedded in an Al, Ga, _,As
(x ~0.4) p-n junction. The (a) spectrum is from a portion of
the wafer processed into simple stripe geometry diodes. In
contrast, the (b) spectrum is from a smaller portion of the
wafer from which both the n-type GaAs substrate and also
the p + GaAs contact Jayers have been removed. Note that
the diode, 10{a), operates on the phonon-sideband of the
n’ = 1’ transition, while the photoexcited sample operates at
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1 1 1
z
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2 x ~032
L,y ~ 1500 A (1)
Ly ~S0A (T
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FIG. 9. Pulsed room-temperature photoemission (3.6 x 10* W/cm®} of a
sample{43 X 94 um’) whose active region consists of a 1500-A layer of GaAs
{bulk dimensions) coupled to an array of seven 50-A GaAs wells. The cou-
phing barniers are 30-AAl, Ga,  Asixx0.32). A reterence spontaneous
spectral bump occurs between the 1-LO and 1'-LO transitions of the $0-A
array, and the sample lases in the range %, ,, below the energy gap of buik
matenal, indicatng :from the $0-A-arrav referencel that phonon-assisted
recombination contributes to emission tn heterostructures with lavers as
thick as 15300 A,
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much lower energy, ~ 2xfiw, , below the 1 = | transition.
The important difference between the diode and the photo-
luminescence sample, other than the method of excitation, is
the optical cavity size. The diode is 223 um long, while the
photoexcited sampile is 22 um in width and has nearly ten
times larger cavity end loss than the diode. Two factors enter
into the laser operation of very narrow samples: (1) bandfill-
ing tends to increase the lasing energy, and (2) the increased
density of electron-hole-pairs necessary to attain laser
threshold gives rise to an increase in the nonthermal LO
phonon occupation number and increases the probability of
phonon-asssisted laser operation, thus decreasing the lasing
energy. Inorder to achieve laser threshold [10(a), ~2.4x 10°
A/cm?; 10(b), ~ 7.9 10° A/cm? equivalent current densi-
ty}, the narrow photoexcited sample must be driven to more
than three times the power density necessary for laser oper-
ation of the diode. Therefore in this sample the larger nonth-
ermal phonon occupation number made possible by the
higher laser threshold density induces lower-energy
phonon-assisted laser operation.

While the data of Figs. 3-10 have focused on the laser
behavior of QWH’s, the low-level spontaneous emission
spectra of these samples also provide insight into the QWH
behavior. Typical 77 K spontaneous emission spectra for six
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FIG. 10. Comparison of cw room-temperature laser operation of a diode
and a photoexcited sampie from the same QWH material. The active region
constsiing of six 80-A GaAs quantum wells separated by five 80-A

Al Ga,  , Asix=0.30) barners s undoped (n, — 1, < 10" cm ‘landis
sandwiched between an n- and p-type confining layer of Al,Ga,  As
:x=0.40). The diode [a), 2.4 X 10° A/em”i] fases fiw,, below the n’ = 1’
transition, while the photopumped sample [b1, 7.9 x 10" A/em-], with the
substrate and contact layers removed, lases at energy 2w, ,, below the

n = | transition (1-2LO transition). Note aiso the spontaneous bump near
the # = | transition on the photopumped emission spectrum.
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various QWH's are shown in Fig. 11. Curves (a), (b), and (¢}
are from the quantum-well structures consisting of a large
GaAs quantum well [or wells as in {¢)] coupled to a phonon-
generating and -reflecting array of thinner GaAs layers. The
remaining three spectra are from degenerate-case structures
of uniform layer thickness {curve (d), six wells + five bar-
riers, L, ~ 120 A: curve (e four wells + three barriers, L.
~80 A; curve {f), six wells + five barriers, L,~50A}and
serve as comparisons for the emission from the first three
QWH's. The confined-carrier transitions are labeled for
each spectrum, as are phonon spacings, and the two-dimen-
sional exciton transitions relativeton = 1 (Ajand ton’ = 1’
{B).

A noticeable feature of these spectra is that the samples
containing GaAs layers of different sizes (L,, and L, ) exhib-
it two emission peaks, one related 10 each well size, while the
degenerate case samples [curves {d), (e], {f)] each have one
dominant peak. Only in the case of the six-well {6) 50-A de-
generate structure, curve (f] is the spontaneous peak lower
{(2xfiw, o) in energy than the lowest confined-carrier transi-
tion (4 ~7600 ;\). This behavior is possibly due to the better
phonon confinement that is believed to exist in a 50-A-layer
QWH as discussed below. It is interesting to compare this
emission ((f), six-weil, L, ~ 50 A] with that of the {1-7) 200-
50-A structure, curve {a}, which also contains a 50-A multi-
layer array. Note that the spontaneous emission from the
multilayer array portion of curve (a), 4 ~ 7800 A, is not as
low in energy as that from the degenerate case curve {f),

A ~8000 A, indicating that the carriers in the (1-7) structure
are more likely to scatter to the 200 A well than recombine

on a sideband 2x#w, , lower in energy than the 50-A n = 1

transitions.

An important feature of these spectra is that the exis-
tence of two peaks in the {1-7) and ([-6~1} QWH's are likely
{because 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 pairsin the QWH (in L, and innL ;). This
broadened emission implies both a spatial and an energetic
line broadening (an inhomogeneous line). Asthe L,, and L,
GaAs layer sizes are chosen to approach the same thickness
{(a) to (b) to (c}), the broadening in the emission is decreased
until finally the degenerate case {(L,, = L_, = L,;(d), (e}, and
(f1] 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
questionable because the emission linewidth is artificially
broadened.

IV. DISCUSSION

A complete theoretical description of the effects de-
scribed above is difficult for several reasons. For example,
not much is known about the mean free path of phonons
under the condition of high excitation,** or about multi-
phonon emission, or in general about indirect optical transi-
tions in a direct semiconductor. Usuaily it is agreed that
indirect transitions, i.e., transitions involving phonons and
photons, are negligible in direct materials if the electron-
phonon coupling constant is small as it is in GaAs." This
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FIG. 11. Photopumped spontaneous emi:ssion spectra (cw, 77 K| of six dif-
ferent multipie-quantum-well heterostructures. The arrows marked A are
located 20 meV below the n = | electron-to-heavy-hole transitions, corre-
sponding to the estimated binding energy of a two-dimensional electron-
heavy-hole exciton. Similarly, the arrows marked B are located 13 meV
below th a' = 1" electron-to-light-hole transitions, corresponding to the
estimated binding energy of a two-dimensional electron-light-hole exciton.
The confined-particie-transition markers for each heterostructure are lo-
cated beneath each spectrum; the active-layer structure 1s designated to the
right of each spectrum. For example, spectrum a) (260 W/cm?) is from a
heterostructure with an active region consisting of one 200-A GaAs well
and seven 50-A GaAs wells, all of which are coupled by 50-A Al,Ga, _, As
barriers.

argument does not hold for high excitation levels since the
average phonon occupation number which appears in the
matrix elements for indirect transitions increases rapidly,

resulting in a high “effective” electron-phonon interaction..

This should be generally true and the effect should give
important contributions to the optical constants under high
excitation conditions, for example, as encountered in the
parallel case of laser annealing. Before describing our choice
of sample geometries to enhance the phonon effects, we
would like to emphasize that previous studies have shown
that size-quantization effects tend to favor a nonthermal
phonon occupation. This occurs because of the two-dimen-
sional density of states,” a slight increase in the electron-
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phonon coupling constant,’ and the high-power densities
“compressed” into a relatively small volume **** (the QWH
active region). Below we describe the criteria that have guid-
ed the choice of the sample geometry.

In spite of the fact that not much is known about
phonon-phonon interactions, the phonon mean free path at
high excitation levels, and the direction of maximum emis-
sion intensity, we assume that layers with dimensions of a
multiple of the phonon wavelength at the maximum phonon
intensity would reflect and confine most. The wavelength of
maximum intensity of phonons emitted perpendicular to the
layers can be determined in the following way: Previous cal-
culations® show that the emission probability for phonons
(perpendicular to the layers) is a monotonically decreasing
function of ¢ if free-carrier screening is not taken into ac-
count. A two-dimensional analysis shows that all wave-
lengths longer than 2a; = 160 A are effectively screened,
where aj is the effective Bohr radius. Therefore we expect a
maximum in the phonon intensity at wavelengths near 2a;.
The emission probability parallel to the layers (again for qua-
si-two-dimensional electrons) shows two distinct peaks.?
The peak at the longer wavelength is again almost certainly
screened. The peak at the shorter wavelength occurs as given
in Ref. 8 at

g=252%10"%m'? [t +(1 —i/m)"*lem™'. (1)

Here we have used the material constants of GaAs. The inte-
ger m corresponds to the energy m#iw, o above the bottom of
the quantum-well subband from where the electron cascades
downward in thermalizing. Using the above expression, we
obtain as a typical wavelength and thus laver or well size the
values shown in Table I. These values have been used as
guidelines in the choice of sample dimensions.

V. CONCLUSIONS

A series of experiments have been described above to
determine the extent of LO-phonon contribution to metalor-
ganic chemical vapor deposited Al, Ga, _ . As-GaAs quan-
tum-well-heterostructure (QWH] laser operation. The un-
doped photoluminescence structures studied have active
regions consisting of a large GaAs quantum well (L,,), orin
some cases a bulk layer (L, > 500 A), coupled to a small-well
{L,;) multilayer array. Phonons generated during carrier

TABLE 1. Phonon wavelengths at which the emission probability parailei
to QWH layers exhibits a short wavelength peak (Eq. 1). {Owing to screen-
ing, longer wavelength peaks are not included. The m = | 4 ~250-A
phonon is also expected to be screened while the rest are not.}

3

A=2r/q(A)

O DWW UQ WS wN—
"
[y

Voiak et al. 967




™

ik 3

thermalization in the muiltilayer array have been shown to
induce phonon-sideband laser operation of the larger GaAs
layer. In undoped structures with the large-well dimension
L., ~ 500A. the phonon-sideband emission is in the range
fiw ~ E, — fuw, ,; that is.the emission is ~fiw, , lower in en-
ergy than the lowest transition allowed in bulk jundoped)
GaAs. Phonon-sideband laser operation has been shown to
be induced by an increase in either the thermal or the non-
thermal LO-phonon occupation number. In fact, the in-
crease in the thermal phonon occupation number at 300 K
over that at 77 K has been showa to result in phonon-side-
band laser operation of a bulk GaAs active layer in the size
range of standard double heterojunctions (L, ~ 1500 A
While these heterostructures, which contain a large quan-
tum well coupled to a thin multilayer array, are useful in
understanding phonon-sideband laser operation, they are
not likely to be the most efficient lasers because of the artifi-
ciaily created line broadening resulting from two different
quantum-well sizes. The MO-CVD QWH waters used in this
work have been designed to optimize the auxiliary phonon-
generating and -reflecting arrays coupled to the larger GaAs
quantum-well active layers. The optimization has been ac-
complished by choosing the array layer size equal to the
wavelengths of the phonons with maximum emission
probability.
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Data on spontaneous and stimulated emission, in the photon-energy range E, + 5Fw o
Tho 2 E,, are presented on Al, Ga,.; As-GaAs quantum-well heterostructures with
Al; Ga,., As (x~ 0.4-0.5) coupling barriers of size Ly~ 40-70 A and GaAs wells of size
L, ~30-40 A. For Lg,Lg S50 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,' ? stimulated emis-
sion has been observed recently at energy 5w o
to 6w g below the confined-particle transitions of
Al Ga,., As-GaAs multiple-quantum-well hetero-
structures (QWH) with narrow wells (L, s 50 &)
and narrow alloy barriers (L, <50 A). An exam-
ple is illustrated in Fig. 1, a. The lowest ener-
gies are a little above that of the GaAs energy
gap, E,. With increased pump power, stimulated
emission is transferred to the neighborhood of the
confined-particle states [Fig. 1, d]. In this paper,
we show that because of disorder and clustering
in the narrow ternary barriers (which can be re-
moved by the use of binary barriers, AlAs), a
continuum of states may exist in the QWH, the
lowest with energies extending down to the band
edge of pure GaAs. It is suggested that real pho-
non transitions take the electrons down to these
levels, from which stimulated emission then oc~-
curs. With higher power, emission from the con-
fined-particle states is enhanced and electrons
do not have time to cascade to the lower levels.

The Al Ga,..As~GaAs quantum-well heterostruc-
tures of interest here are grown oy metalorganic
chemical vapor deposition.** Gas flow rates and

layer growth times are electronically controlled
to ensure layer reproducibility. Growth rates
are controilable in the range 2-50 A, sec for
GaAs and in the range 2.5-100 A/sec for AlGaAs
(x ~0.40), which makes it practical to grow lay-
ers as thin as 10 A. The first layer grown on the
{100} GaAs substrate is a GaAs bufler layer to
provide a good crystallographic surface for
succeeding layers, The next layer is a relatively
thick (~1 um) Al,Ga,.,As (x~0.50) confining lay-
er. This is followed by the QWH active region,
which consists of a series of GaAs guantum wells
and Al,Ga,.,As (or AlAs) barrier layers. The
final layer is a second relatively thick (~0.3 .m)
Al Ga,_,As (x~0.50) confining layer. Al layers
are undoped (n, - n,%10'*/cm’). Samples for
photoluminescence experiments are prepared by
polishing and selectively etching off® the GaAs
from the substrate side. Cleaved portions (20—~
100 x100-300 um?®) of the remaimny thin wafer
(-1.3 wm thick) are imbedded for heat sinking
into In under a sapphire window {77-K experi-
ments)® or into annealed Cu iinaer 2 diamond win-
dow (300-K experiments),” and iare protoexcited
with an Ar* (5145 A) or a dye-tunable (6540-A)

¢ 1980 The American Physical Society {703
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FIG. 1. Laser spectra (300 K} of a photopumped QWH
grown by metalorganic chemical vapor deposition with
an active region consisting of six ~ 30 A GaAs wells
and five ~ 50 i Al Ga,.; As (x ~0.40) barriers. The
1 and 1’ markers indicate the allowed electron-to~
heavy-hole and electron-to-light-hole transitions, re-
spectively, for 30 i wells separated by perfect 50-A
barriers (i.e., no alloy clustering). The 1 and 1’ {110)
markers indicate the lowest transitions of a 110-A
well. Typical cw laser operation @, 4.8x10° W/cm?)
occurs slightly below the 1 (110} marker, while the
spontaneous background extends to higher energy.
Pulsed operation of a narrower sample ¢, 6.8x 10'
W/cm®) produces lasing at the expected energy of the
n = 1 transition (30-A well),

laser,

The 300-K laser data of Fig. 1 demonstrate the
range of laser mode energies attainable from a
QWH with an active region consisting of six L,
~30 A GaAs quantum wells coupled by five L ;~50
A, Al,Ga,_ As (x ~0.4) barrier layers. At 4.8
x10° W/cm? cw excitation (a), a 39 x110 pm?
sample exhibits laser operation at A ~8560 A,
which is in the anomalous range ~5hw o lower in
energy than the lowest {n = 1) confined-carrier
electron-to-heavy-hole (e—hh) or lowest (n’ =1')
electron-to-light-hole (e—~!h) transitions of ~ 30
A GaAs quantum wells coupled by ideal (micro-
scopically uniform) ~50 A, Al,Ga,.,As (x ~0.4)
barriers. By exciting narrower samples at high
level, we observe laser emission as high as 1.63

1704

eV (A ~7600 A) as is shown by the 23 x94 .m?
sumple of curve b (6.8 x10* W.cm*, puised). This
high emission energy, which is expected (L,~30
A), serves to identify the lowest confined-carrier
transitions (n=1,n'=1‘) of an ideal structure,

Alloy clustering in the Al,Ga,.,As barrier lay-
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 A) and connect two or even more wells,
the carrier recombination can approach E,(GaAs)
or A ~8707 A (300 K). Even for a smaller average
cluster size it is possible that regions exist in
the Al,Ga,_,As barriers where the Al concentra-
tion is nearly zero. The resulting local potential-
well size is effectively increased from L,~30 A
to as much as L,+ L z+L,~110 A. The location
(energy) of the lowest confined-carrier transi-
tions of a ~110-A GaAs quantum well are also
labeled in Fig. 1. Note that alloy clustering in
the barrier layers sufficient to create GaAs paths
through the Al Ga,_ As barriers is expected to
have a drastic effect in broadening and lowering
the energy spectrum of this quantum system. For
example, the n=1 confined-electron state shifts
downward by ~140 meV for a size shift from L,
~30 Ato L,+L y+L,~110 A,

A result of this shift is that the density of states
of a QWH with alloy clustering in the barriers
will not exhibit an abrupt step to zero at energies
below the lowest confined-particle states of an
ideal structure. Instead, the density of states is
expected to be small but significant below these
“lowest” confined-carrier states, and then drop
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
average cluster size, the form of the cluster size
distribution, and on the composition x of the Al, -
Ga,_,As. Also, cluster-induced quantization in
the x, v dimensions will play a role.

These additional lower-energy states are ex-
pected to play an important part in radiative
emission from 2 QWH. The existence of small
areas or patches within the active region with
lower-energy states {(areas that increase in num-
ber with the number of barriers) increases the
probability of LO-phonon-assisted recombination
processes® at energies E - >hw >E, since vir-
tual transitions are no longer required. Instead,
real transitions in this range at muitiples of
~hw o below the n=1 and n’ =21’ transitions of the
L,~30 A well are possible,

-4
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Further evidence for alloy clustering in the
Al,Ga,_ As barriers is shown (Fig. 2) by the
form of the high-level spontaneous emission spec-
tra of a two-well, one-barrier (x ~0.5) QWH (a
different QWH wafer) with all three layers ~40 A
thick. Note that in this case the barrier size is
smaller (40 A) and approaches and helps identify
the average cluster size. As in Fig. 1, the con-
fined-carrier transitions of the ideal L,~40 A

* quantum well and also of the larger L, +Lg+ L,

~120 A composite quantum well are labeled in
Fig. 2. The two samples (a, 4x10* W, cm? 90
x360 wm? b, 10°W. cm?® 56 x195 .m?) exhibit
very similar spectra as, in fact, do all of the
samples from this wafer. A large peak in the
range of n'=1’is observed. The emission does
not drop to zero just below the n=1 ¢ =hi transi-
tion, as would be expected in the ideal cluster-
free limit, but extends downward in energy to
rearly the location of the n=1 (120) and n‘=1’
(120) transitions, which are near a distinct shoul-
der in the emission. An increase in the barrier
thickness to ~70 A results in cutoff of most of
this lower energy emission.’ As the barrier
thickness L, is decreased from ~70 A (Ref. 9) to
~50 A (Fig. 1) to ~40 A (Fig. 2) and approaches
the average cluster size, tunneling filaments are
likely to appear in the Al, Ga,. As barriers,
which results in a major increase of the effective

Energy (eV)

150 160 1.70 1.80
T T T

Al Gay . As-GaAs (1 - 2}, « ~05
L,~40\, 77K
a1 4 % 10% Wiem?
by 109

Intensity

Emission

N3

Relstive
r.__
l':,

111200 1 1

AL ’ Ll 1 N R J DL e, A
8.0 76 72 6.8
Wavelength l103 \}

FIG. 2. Photoemission (77 K} of two QWH sampies
with active regions consisting of two 40-A GaAs wells
soparated by one 40-A Al Ga.., AS (x ~0.30) barrier.
These spectra (@, 4+ 10 W’em~; b, 10" W/cm™! ex-
hibit a peak near the n’ = 1’ transition of a 40-A well,
with emission extending to lower energy. Note that
this emission rolls off near the lowest-energy transi-
tions of a composite-layer 120-A well, indicated by
the 1 and 1’ (120) markers.

well dimension from ~L, to ~L,~L g+ L,. The
observation of spectra such as those of Fig. 2 al-
low an estimate to be made of the cluster size

(= 40 A).

Further 300-K laser data on a 29-barrier, 30-
well L,~ 30 5., Lp~50 A superlattice structure
(not shown) demonstrate that laser operation be-
low £, is also attainable. This fact, along with re-
cent laser data on QWH’s consisting of a large
quantum well (or in some cases a bulk layer) coup-
led to a phonon-generating and -reflecting array
of smaller quantum wells,? indicate that virtual
phonon-assisted recombination processes with /i
< E, can occur and are not inconsistent with the
present data. Alloy clustering (in ternary bar-
riers). however, allows actual states to exist be-
tween the bulk band edge and the lowest quantum
states characteristic of an ideal QWH and thus
permits real phonon processes to scatter the elec-
trons to iower energies before recombining.

It is worth mentioning that a reinterpretation of
previous investigations of disorder scattering'®~*
indicates that cluster models might have to be in-
volved to explain successfully the experimental
results for electron mobilities in III-V alloys.
For example, negligible alloy scattering seems
to exist'? in In,.,Ga, As and strong alloy scatter-
ing in the quaternary system In,_.Ga,P,_As,,"
which (for the latter) cannot be explained on the
basis of random-compositional-disorder models
alone. In addition, these models do not take into
account, in detail, the peculiarities of crystals
such as Al,Ga,. As or GaAs,_,P  that undergo a
direct-indirect transition in the range x =x .= 0.4~
0.5, nor whether such crystals are particularly
prone to clustering. It is also worth mentioning
that data are not presently available indicating
how sensitive cluster formation is to the specific
process (vapor-phase epitaxy, liquid-phase epi-
taxy, molecular-beam epitaxy) used to grow a
III-V alloy.

In any case, the basic features of the Al,Ga,_,As
alloy clustering described above are clear since,
besides the data of Figs. 1 and 2, simple sub-
stitution of binary barriers (including very nar-
row barriers, ~10 A) for the ternary barriqrs
employed here eliminates recombination below
the expected (ideal) confined-particle transitions
of 2 QWH. These further data are shown in Fig.
3, which is for the case of 2 QWH with twelve
GaAs wells (L, ~50 A) interleaved in the active
region with thirteen hinary (nonclustered) AlAs
barriers (L ;~10 A), The laser operation of the
sample (50 x90 .m? occurs exactly on the n=1,

1705
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FIG. 3. Photoluminescence (laser) spectra (77 K) of
a QWH sample with an all-binary (cluster-free) active
region consisting of twelve ~ 50-A GaAs wells alter~
nating with thirteen -~ 10-3 AlAs barriers. The ex-
citation power densities are high (~ 10° W/cm?) since
absorption of the incident pump beam (A, ~ 6540 A)
occurs only at the 50-A GaAs wells. Spontaneous (a)
and stimulated &,c) emission occur only on the n =1
and n’ = 1’ transitions, and oot at lower energy as in
Figs. 1 and 2.

e —=hh and n'=1’, e —h *“bands” with no recom-
bination radiation between E, (x ~8224 A) and

E (» ~7460 A), and with only minor spectral
broadening just below E, as would occur for
small growth fluctuations in layer size.

Finally we emphasize that the consequences of
alloy clustering are very different for QWH lay-
ers and for bulk semiconductors. In a bulk OI-V
alloy the changes in the scattering rates (e.g., de-
crease in carrier mobility) due to clusters are
quite small,'® whereas in layered structures size-
quantization effects can be totally destroyed. It
is exactly these effects of size quantization that
are probed with QWH laser emission, which is
therefore a sensitive new tool to investigate clus-
tering.
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Although confined-carrier as well as phonon-
assisted recombination transitions have been
identified in the emission spectra of quantum-well
heterostructure (QWH) lasers,}~% a number of
unexplained emission peaks still remain. While
the phonon-sideband laser operation occurs Ruya-36
or even 2x36 meV lower in energy than the lowest
: (n=1) confined~particle transitions (4n=0),% other
spontaneous and stimulated peaks have been ob-
served in the range (<20 meV) between the phonon
peaks and the lowest confined-carrier transitions.
In the present work low temperature (4.2-77 K)
photoluminescence and laser data on thin {(1.3-1.5
wm) rectangular samples of MO-CVD Al,Ga)_yAs-GaAs
quantun-well heterostructures indicate the involve-
ment in recombination, probably with phonon
eahancemnent, of the twq-dimensional exciton.

Emission spectra on two different MO-CVD
Al yGay_yAs-GadAs QWH wafers are presengsd. Both
wafers are grown gn {100} GCaAs substrates as des-
crived elsevhere.®+7 The first structure consists
of 3 -1 um Al,Ga;_.As (x-0.42, ny-1018 em-3) con-
fining layer, an undoped (ng-n,<1015 cm~3) active
region consisting of 6 L,-120 K thick Gads layers
couplad by 5 -120 R AL, Gay_ As (x-0.27) layers,
and = second -0.5 um Al,Gaj_yAs (x~0.42, ng ~10l
cm”™2} confining layer. The cccond wafer contains a
-1 vm thick AlyGaj_, As (x-0.36) confining layer, 7
L.2~50 & Guls layers aad one 1.21~200 A Gahs layer
with all of the GaAs quantum wells coupled by -S5O R

’ thick AlyGay_,As (x-0.3?) bdarriers, and finully a
sreond 0.3 um think Alyday_As {(x-0.26 confininz
layer. The second wafer is undoped (ng-n,?1045
€n” ). The substrate SaAs of cach wafer it removed,
and the remaining thin wafer i{s cleaved into small
rectangles (20<50 um x 100-200 um) that are then
imbeddrd into In under a sanphire wiadow for hent

«w sinking.
An example of low temperature (4.2 K) QWil
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Low temperature (4.2-77 K) photoluminescence and laser data on metal-
2 organic chemical vapor deposited Al_Ga
structurss are preseated that exhiblt emission peaks between the lowest
energy confined-carrier transitions and their phonon sidebands.
data indicate the involvement of the two-dimensional exciton in recon-
bination in quantum-well heterostructures.

As~GaAs quantum-well hetero-~

These

emission in the range En'=l"ﬁ“Lofﬁ*<5n;1 ig shown
in Fig.l, vhich is for the case of the 0-well,
5-barrier L,-120 & wafer. At a CW photoexzitation
(Ar*, A~5145 &) level of 100 W/cmZ, curve 2, an
emission peak at 1-8085 R with a shoulder 3 at
higher energy is observed. As the pump pover is
increased to 600 W/emc, curve b, laser ovaration
occurs on a phonon sideband of the n'=l' transi-
tion (1'-L0), i.e., below pcaks A and B, with the
spontaneous background remaining peaked at both
A-8085 A and 1\~8020 A. With further incresse in
excitation level (c, 6.6x103 W/erl, pulsed
excitation), the spontaneous emiss{on spectrum
exhibits a noticeable bump or replica at loager
Yavelingth in the region Ep-huyg (A-LO) and Eg~Bupg
B~LO).

The two arrows A and B in Fig.l are located
20 meV and 13 meV lower in energy than the n=l
electron-to-heavy hole {e<hh, n) and n'=l' electron~
to-light hole (e<ih,n') transitions, respsctively.
The positions of the n=l and n'=1l' transitions have
been determined by calculations based o measured
layer thicknesses, which agrce with the ::0-CVD
growth calibration, and by narrow-sampls photolumi-
nescence data that distinctly exhibit laser opera-
tion on the confined-particle transitions. {As
examples, see Fig.6 of Ref.8 and curve ¢ in Fig.3
of Ref.9.) The 20 meV (A4) and 13 meV (B) down~
shifts arc the expected two-dimensional free-
exciton binding enerpics for electron-hcavy hale
and electron-light holc excitons, respoctively.
The two-dimensional binding energy of the sxciton

i3 bx larger than for the three dirensional casa!®.ll

so that

CH z.(xz.é/:?)(.,/mo) env, (1
where - -

1 - (llme )+ (llmh ).

—_—
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* Fig.1 Photoluminescence spectra (4.2 K) of an Alxcal_xAs-GaAs multiple-
! quantum-well heterostructure grown by metalorganic chemical vapor
deposition. The active region, sandwiched between two AGCal_xAs

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

by five 120 & Alxca _xAs (x+0.27) barriers. Low-level CW emission

1
(102 H/cmz, curve a) occurs primarily at energies below those of

the lowest confined-particle transitions indicated on the horizontal :
axis by the heavy (n=1, e+hh) and light (n'=l', e~th) markers. At
slightly higher CW excitation (6.6x102 w/cmz, curve b) stimulated
emission occurs an*LO-phonon energy (ﬁuLo = 36 meV) below the n'=1"'
e+th transition, as indicated by the LO label. With pulsed excitation

3 H/cmz, curve c) the emission spectrum from the same sample

- {6.6x10
shows structure at still lower cnergy. The arrows marked A and B
designate energies 20 meV below .the n=1 e+hh transition energy and
13 meV below the n'=1' e*th transition cnergy, respectively. Similarly,

the arrows marked A-LO and B-LO correspond to energics 36 meV below

those designated by the A and B arrows.
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Values of the parﬂmeters used are: m,
B0, 1¢ my,*=0.087 my,13 m," = 0.0065 no,lb and for
the relative static dxclectrxc constant ¢ = 12.6.15
The location of the two emission pealks A and B are
in very close agreement with the calculated two-
dimensional exciton energies. MNote that two sepa-
rate exciton peaks are expected in this case since
at ky = ky = 0 {kz=WL, for n=1) the light- and
heavy-hole valence bands are not degenerate as
they are at k=0 in the bulk limit. That the light-
hole exciton location is in better agreenent with
the estimate than that of the heavy hole could be
due to the difference in the extent of their two-
difensionality. An electron-heavy hole exciton
has a bulk Bohr radius of ~120 & while the electroa-
light hole exciton has a bulk Bohr radius of -~L70 &.
The light-hole exciton is thus expected to be
closer to the two-dimensional linit than the heavy-
hole exciton. The iow energy shoulder observed on
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*
= 0.45 curve c of Fig.l (between arrows A-LO and B-LO) is

in the range “”10 below the A and B emission peaks
and could be a pnonon sideband of the exciton
emission since it appears only athigher excitution
level when the phonon density is expected to be
quite high.

Emission spectra from the second wafer, waich
is designed with a T-well phonon-gererating array
(7 L;5-50 A GaAs wells) coupled to & single large
vell (L,,~200 ),9 are shown in Figs.z and 3. At

low excitution level (Fig.2a, 10 w/cu ), a sponta-
neous pealk is observed -Rupg belov the n'=1"'
transitions of the 50 K wells,? which are dasene-
rate with the n'-3' transxtloq of the 200 X well.
Another peak, the main peak, occurs at A- 6280 %
with a shoulder at A~8260 X that previously has
not been identified. Upon increased excitation
of the sample, curve b, laser operation occurs

Energy (eV)

.50 154

158 162

—

AI xG31—x As GaAs(7+8)

#\—LO—ﬂ@LO——h‘k—— LO —»ft— LO —
£

x ~0.32

Ly~ 200 A (1)
Lp~50A {7)
77K

LO —+te

Relative Emission Intensity

a) 10 w/em?

LO } Lo —h-l

(Cw)

b) 2.5 X 104 (JL)

-
1y 2 2 3-1 3-v

TR 10, L.n . 8rC
8.4 8.2 8.0 7.8 7.6

Wavelength (1034)

Fig.2 Comparison of. CW (10 W/en?) and

-~

_spectra (77 K) of a photopumped

pulsed (2.5x106 H/cmz) emission

multiple-quantum-well heterostructure

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

coupled by seven 50 & Aleal_x

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=l, eshh) of the 200 & well.

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

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

phonon eneryy below the n'=l' e-~ih transition, aud widely spaced
87

edge-to-cdge wodes at appruximately the same energy as the shoulder

(and the A arrow) observed on curve a.
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! . . Fig.3 Stimulated emission (77 K) of a sample obtained from the same wafer
described in Fig.2. The relatively high-level pulsed excitation
(].05 w/cmz) produces emission in the energy range between the lowest
confined-particle transitions (n=1 and n'=1l') and an LO phonon
energy below these transitions, allowing observation of two distinct

* sets of modes. The narrowly spaced cnd-to-end modes labeled by aX

1
.
(corresponding to the sample length, 160 um) occur at energiecs in a
L .
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 A)Z (corresponding
to the sample width, 46 um).
on a phonon sideband of the n'=1l' transition of a(Ey) > a(Eqr=pr-Burg). Since the stimulated
the 200 4 quantum well? and also -20 meV below emission on penk A occurs at Ep < Eg, the origin
i the n=1 transition (modes A). Although the mode of this emission cannot be confused with confined-
duetuil 1s not resolved f{n the figure, the phonon carrier transitions, which arc all above E; and
, sideband (1'-10, largest peak) lases in the have been positively identified in other vork.?

) lenthiice cavity (narrowly-sgaced modes), while At very high execitation levels, excitons are
the laser operation at A occurs in the odge-to- not expected to exist in simple form. At large
edre direction of the rectangular sample. This power densities, phonon effccts are expectsd to
differecce in cavity oscillatfon for a rectungu- be large, and cmissicn below the confined-particie
lar sarmple, excited fully across its width but transitions is duc mainly to phonon-shifted

aot cntirely along its lenght, i3 consistent with recombinution frem the lowast energy portions of
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the n=l subband of the 200 § well.? This does

not mean that exciton absorption in the unpumped
regions of the sample can have no effect on laser
operation. For example, Fig.3 shows the high
level laser opsration of a rectangular sample

from the sume wafer as that of Fig.2 (similar
excitation). A continuous set of laser modes is
obsarved in the 36 meV range from the n'=l' tran-
sition of the 200 A well down to the phonon-
sideband of the n'=1l' transition. Note, however,
that the cavity oscillations switch rather abruptly
from narrowly spaced modes (All) to widely spaced
modes (83p) at an energy slightly higher than but
very near A {(i.e., -20 meV below the n=1 confined-
carrier transition). The closely spaced modes &y
identify laser oscillations aloang the length of
the sample while the broader spaced modeslls are
due to oscillations across the width. This switch
in the cavity oscillations is an indicatioa of a
step in the absorption of the unexcited portion
of the sample.

The type of mode behavior shown in Fig.3 in the
range 20 meV delow the lowest confined-carrier tran-

sition (n=1) has been observed also on sanples from
other QWH wafers. With slight modification of the

punping beam geometry relative to the sample, parti-

cularly for a single 270 A GaAs well,1:2 th's
behavior can be observed to extend up to the n=1
confined-carrier transition, presumably due to less
absorption on the exciton compared to the first
subband. For the samples of the present work (Figs.

2 and 3), it should be noted that the phonon genera-
tion in the T-well array is very efficient,” more so

than for a single 200 A GaAs quantum well. Thus
resonant enhancement involving LO phonons should be
quite significant in the range between tha two-
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dimensional exciton and the first confined-carrier
subband of the auxiliary 2C0 A GaAs well, wxich is
clos2ly coupled to the phonon-generating array.

Two more items are worth mentioning: The "EE"
labels in Fig.1l-3 are merely references. ‘e know
fron other work that by simply reducing the Gais
well size the recombination at £, can be cus-off
but not the -20 meV band of recombination rziiation
located Jjust below the lowest confined-particle
trancsitions. The second is that for a variecy of
reasons the exciton band below the lowest rs:om-
bination transiticns (1, 1') is not expectez to be
as narrow or as sharp as for the bulk crys:21 case.
Various scattering and relaxation processss sver a
considerable energy range play a role, a3 w2ll as
poorly understood high-density particle interactions
In addition, the particle distribution across the
GaAs well is not uniform nor the effect of tze con-

fining layers, and thus the degree of two-iizensional

shift in exciton binding ecnergy. Also, if csupled
w2lls are employed, they are not expected <o be
totally identical. iHor are the walls (single or
multiple) necessarily entirely planar. Firally, it
is worth mentioning that the narrowest QWi recombi-
nation lines are observed on phonon sidebanis
(Ey~hupg or Eyi-hupg) of the lovest confirai-
particle transit’ons.
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Abstract—The threshold current density, J,, of a quantum-well laser diode is calcuiated taking into account the
quasi-iwo-dimensional nature of the heterostructure. The caiculated value of J,,(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 (hot) carrier distribution of a quasi-two-
dimensional structure are responsible for the weaker temperature dependence. Supporting data on quantum-wel!
Al,Gay_,As-GaAs heterostructure laser diodes grown by MO-CVD are presented showing that in the conventional
expression Ju{ T) = Ji4(0) exp (1] Ty), T can be as high as ~437°C.

INTRODUCTION

Although the study of quantum size effects (QSE) in
solids (1}, including semiconductors(2), is not particularly
a new area of investigation, quantum-well laser diodes
(which exhibit QSE) have existed only since 1977{3].
Two kinds of quantum-well heterostructure laser diodes
have been constructed, the first in the InP-
Ini-.Ga.Pi_,As.[3,4] system and the second in the
more highly developed Al,Ga,.,As-GaAs system([5-7).
In the case of the latter, continuous room temperature
(CW, 300°K) laser operation has been achieved in both
single[6] and multiple-quantum-well heterostructures{7),
which, with promising reliability data[8), indicates that
this form of lasér diode is practical and more than a
curiosity.

The quasi-two-dimensional nature of quantum-well
heterostructures introduces several unique features to
semiconductor laser operation: A step-like density of
states replaces the usual bulk-crystal parabolic density of
states, and phonon participation in recombination, which
is not important below the bulk-crystal band edge. plays
an observable role in quantum-well lasers(9, 10). Among
other effects, the step-like density of states of a quan-
tum-well heterostructure changes the basic form of the
current threshold for laser operation. Experimental data
show that the current threshold, Ju(T), of a quantum-well
laser diode is less temperature sensitive than that of the
typical double heterojunction(7, 11}. In this paper the
step-like density of states of a quasi-two-dimensional
heterostructure is shown to be the basis of this improved
temperature behaviour.

The temperature dependence of theshold current
density is sensitive to both the form of the density of states
and the carrier (electron and hole) distribution functions.
Previous analyses of J,o(T) have employed a parabolic
density of states(12] to model a bulk semiconductor while
band tail effects have been incorporated in the form of a
Gaussian(13] or exponential [ 14) distribution. Fermi-Dirac

SSE V. 7] No. 6=F

carrier distributions have been used in previous analyses.
The use of a quasi-two-dimensional active region in a laser
diode produces fundamental changes in this model. Below
expressions for the temperature dependence of J, for a
quantum-well-heterostructure are determined assuming a
constant density of states in the limits of strong and weak
electron—¢lectron interactiors. Experimental evidence for
the weak dependence of J,, ontemperature is presented for
single-quantum-well heterostructure diodes with GaAs
regions of thickness L, ~ 200 A.

MODEL

The electronic energy spectrum of a confined carrier in
a thin GaAs layer sandwiched between AlGaAs confining
layers has been shown by absorption measurements{1S]
to correspond to that expected of 2 one dimensional
finite square potential weil defined by the GaAs and
AlGaAs band edges. Additionally, and of more im-
portance to this work, radiative recombination from the
lowest confined-particle tramsitions of a quantum-weil
hetero-structure can be moved up in energy as high as
~150 meV above Aw ~ E,(L, ~ 50 A), which agrees with
calculations [16). The parabolic energy-band dispersion in
the x-y plane normal to the direction of quantization
resuits in a constant density of states

gf.n = m:.’l(ﬂer) (l)

for each subband. As shown in Fig. 1, the first step in the
density of states begins at the lowest confined-electron
state and is followed by another subband (step) with a
constant (upward, E 1 Yblock of states, etc. This behaviour
also applies to heavy holes and to light holes (E }) as is
clear from the lower part of Fig. 1.

The energy distribution of electrons in the quantum
well during laser operation is difficult to calculate. Elec-
trons (and holes) cascade down (up) the quantum weil
by phonon emission and thermalize by electron-

T
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Fig. |. Density of states diagram for electrons, E,, and holes, E,,
for an Al,Ga,.,As-GaAs quantum-well heterostructure. The
half-parabolas that originate from the conduction band edge E,
and valence band edge E, correspond to the densities of state of
bulk crystai (thickness L. = 500 A). The step-like densities of
states are charactenistic of a two-dimensional or quantum-well
structure (e.g. L. <200 A). Also shown is the downward scatter-
ing of electrons via LO phonon emission (curved arrows, energy
increments hano) in 3 quantum-well heterostructure and in a
bulk semiconductor.

electron interactions. In the limit of strong electron-
electron interaction a Fermi-Dirac distribution is
established:

f-(e)=1/{1 +exp(e - F.)}, (4] .

where ¢ and F., the electron quasi-Fermi level, are
normalized to kT.. T, is the electron temperature, which
is always higher than the temperature of the crystal
lattice. A method to calculate T, has been described by
Shah{17). Applied to the quantum-well case, this method
gives T. =300 K also for rather low lattice temperatures.

Next, in the limit of weak electron-electron inter-
action, a distribution function composed of “spikes™
spaced Awg o ~ 36 meV apart is expected because of the
strong polar optical phonon scattering. (This can be
easily seen from the Boltzmann equation if only scatter-
ing by optical phonons is important.) These spikes shouid
occur at the locations of the arrow heads shown in Fig. 1.
The curved arrows represent the process of electrons
cascading downward by emission of LO phonons.
Modeling these spikes as delta functions results in the
following form for the distribution function

flo)= _2_0 Cable ~[0E, - mhanollKT.D, ()

where the C.. are constants determined by the scattering
rates, and normalization, and r=inl(AE /hw o). The
experimental basis for this model is shown in Fig. 2 of
Ref.{10), which shows laser emission peaks spaced at
kw, o intervals above the bottom of the lowest energy
subband. That these peaks are not associated with higher
energy subbands is based on the fact that the next
highest energy subband step is higher in energy than the
GaAs L minima. Since eqn (3) is just a weighted sum of
delta functions, it is sufficient to consider one of them to
determine the form of the temperature dependence of
Jun. Taking the spike with lowest energy, we simplify eqn
3)to

fr(() = {(ﬂnLghz)I(m'ch)}‘s(e - [AEe - m"’LO]/[thDO
O]

where n is the electron density in the well.

Since the valence-band discontinuity (AE, =AE, -
AE,) between AlGaAs and GaAs is of the order of
~ hwLo. the hole distribution function is expected to be
close to a Fermi-Dirac distribution even for weak hole-
hole interaction. Thus we assume

fle—EY=1/{1+exple - E - F.)}. 5)

The hole quasi-Fermi level, F., is normalized to k7. and
is measured with respect to the minimum of the lowest
energy confined-electron state. Of course, generaily the
hole temperature is not equal to T,, but the use of T,, for

15 1 T T 1 T T 1)

Al,Geay_ As-GaAs- Al Gay _, As
x~05
L,~20A

b)
¢}

Jin = Jynl0) exp (T/T,)

Normalized Current Density, Jyp,/ Jyp, (0)

31 T, = 437 °C (8560 A}
bl 7, = 212°C (8560 A)
€l T, = 180°C (8435 A)

0 s - e A A 1 A Il
-0 —40 -20 0 20 4 60
Temperature (°C)

Fig. 2. Normalized threshold current density as a function of
temperature for three single-quantum-well Al,Ga.,As-GaAs
heterostructure laser diodes with GaAs active regions of size
L, ~200A. The sofid lines represent the least squares fit of the
data to the expression Jo(T) = J(0)exp (T1T,). The device of
curve (a) demonstrates that values of T, as high as 437°C are
possible in quantum-well diodes. The decreased (emperature
dependence of J,, in all three diodes is consisteat with caiculated

expressions for Jo(T).
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the hole temperature would give only more complicated
expressions and no important new features. Therefore
we assume T, = T..

Using the densities of states and distribution functions
described above. we calculate tassuming An =0 tran-
sitions) the net rate of stimulated emission, r,(E), and
the rate of spontaneous emission, #,,(E), using the “no
k-selection-rule™ model of Lasher and Stern(12}. Thus

E—-Eq,
r,.(E)=kaBL deg.(€)g.(e — E){f.(¢)
-fle-=E} (6)

E-Ey
rolE)=kT. B L deg.(€)g.(¢ - E)
x{l-fle=BE}fle) (D

R,, = kT. f " dEr, (B, ®)
0

where B is related to the average of the matrix element
squared, E,, is the energy difference between the lowest
energy confined-electron and confined-hole states. and £
is the photon energy.

ANALYSIS
Following the method of Adams{14), we begin with the
rate equations for the electron density, n, and the num-
ber of photons, Ny, in the Mth lasing mode or

dnidt = JieL) = Ruplm = {mNura(ExI{L W L. Q(E)}
]

dNwJdt = = Nudry +{L WL, R, )M’
+{Nu ru(EwHS(E),  (10)

where n is the internal quantum efficiency of the spon-
taneous radiation, m is the number of lasing modes, L
and W are the length and width of the device, ry, is the
photon lifetime in the lasing mode, and M’ is the num-
ber of spontaneous modes. The number of modes per
unit energy per unit volume is given by

O(E) = {(uwEM{n*Hc?), (n

where u is the refractive index. For simplicity one lasing
mode is assumed (m = 1) and since M’ is typically quite
large, the second term on the right side of eqn (10) is
neglected. Now a steady state condition is assumed so
that at threshoid the two rate eqns (9) and (10)
become:

Jan=RyeL.ln (12

r{En) = HE) s (13)

These two equations contain two unknowns, 7,.(Ex) and
R,,, which contain the unknown quasi-Fermi levels F,

and F,. F, and F, can be used to relate r,,(Ep) and R,,
s0 that an expression for Ji, can then be obtained.

(3) Strong electron-electron interaction (Fermi-Dirac
distribution)

In the limit of strong electron-electron interaction
eqns (1), () and (5) can be used in eqns (6) and (7) and
result in

r,=-kT.Bg.g. - InA (14)
I = ~{kT.Bg.g, In AY/{1 —exp (E'+ F. - F.)}. (15)
where

A ={lexp(F.)+exp(EMlexp(F,+ E)+ 1]}/
{exp (F, + E") + exp (E)][exp (F.) + 1}} (16)

and where F,= F,+E,, EEsE-E, anda=F, - F,,
In order to calculate R,,, InA is approximated in a
piecewise linear fashion, giving

In(A) = BE' for E'=0 (17a)
=(E'-a)2 for E'~a (17b}
=E'-in(y) for E'»a. (17¢)

where

B ={exp(F)llexp(F)+ 1]—exp (F.)exp(F.)+ 1]}
(18)

and

ya[l+exp(-F)I{l +exp (F)L. (19)

Typically F,=0and F, > 1 so that 8 = - 1/2. Evaluation
of eqn (8) yields

R., =(kT.)*Bg.g.{3ald + exp (- a)2a + 1 - In(y)]
- (8a*)/[8(1 - exp (— ad}}. 20)

If the exponential term in eqn (20) dominates, we are teft
with

R., = (kT.)*Bg.g.[2a exp (- a)]. n

This gives the strongest temperature dependence of the
threshold current. As can be seen from the following, the
threshold current is almost independent of temperature if
the a? term dominates. We now have to express 7,, as a
function of the quasi-Fermi levels, eliminate these terms,
and solve for Ji». This can easily be done numerically.
However, an explicit solution, which contains ail the
essential features, can be obtained by assuming that
Eu= a2, so that

ru(Ei) = (kT.)Bg.g.alé. 2

Relating eqns (12) and (13) through eqns (21) and (22)
resuits in the following expression for Ji:

S = {{8eL, K EN/{nru INKT,) exp(=T*/T),  (23)
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where
T* = [4&(E)J[kBg.& 7w ]. (24

Thus. in the limit of a strong electron-electron inter-
action, Jy, vanes linearily or weaker) with 7, for large
T.. Note, however, that as mentioned earlier the carrier
temperature, T., depends only weakly on the lattice
temperature, T, for high densities of electrons scattering
down in the quantum well by phonon emission. The
result is a very weak dependence of J,,, on lattice tem-
perature,

It is difficuit to assess which of the two effects (the
step-like density of states or the higher carrier tem-
perature. T.) reduces the temperature density of J
most. Comparing the result of eqn (23) with the cal-
culations of Adams{14] for exponential band tails, we
find a much weaker temperature dependence for the
case of the step-iike density of states evenif T, =T, the
lattice temperature. The difference between eqn (23) and
similar calcalculations for a parabolic density of states
(3-D) is less pronounced. However, the parabolic density
of states gives still a stronger temperature dependence.

The clectron temperature T, is determined mainly by
the power input per cm® which is of the order of
10'® Watts/cm’ for an active layer width of 100 A. Under
these circumstances the electron temperature can be
shown to be larger than about 200 K no matter how smail
the lattice temperature{{0}. For lattice temperatures
around 300K electron temperatures of 350-400K are
tvpically expected. Accurate calculations are difficult to
perform, however, because of many uncertainties
concerning the phonon distribution function and scatter-
ing rates. R

(b) Weak electron-electron interaction (8-function dis-
tribution)

In the limit of a weak electron-electron interaction,
eqns (1), (4) and (5) can be used in eqns (6) and (7) and
vield

r.(EY = kT.Bg g {{mnL.hD(m*kTI - ET (25

rplEY = kT Bp.g {(anL A)(m*kT.)}{1 + exp(F.+ E
~{3E, - ran ol KT )" (26)
(Since T, has been assumed (after eqn 5) equal to T,
for simplicity and to follow convention the symbol T, is
used in the expressions of this section.)
The integrated spontaneous emission rate is then

R, =kT.Bg.g.{mnL H*/m*}
In{l +exp(~F,+{AE, ~ ManollkT.]).. (2D

The easiest case to evaluate is for small E s so that
rul Exd = Becg.(maL A7) m*. (28

Equations (12) and (13) may be related in this limit by
eqns (27) and (28) yielding for |Fi] < (AE. - rhano)/kT.,

Jin = {leL. ENnru 1}
(kT ) In[1+exp (AL, - M o)T.)). 129

Again it can be seen that J, varies approximately
linearily with T, and thus only very weakly with the
lattice temperature.

EXPERIMENT

That the threshold current density of quantum-well
heterostructure laser diodes is relatively insensitive to
temperature variation, as indicated by eqns (23) and (29),
is demonstrated by Jn(T) data on diodes with single
layer (L,~200A) active regions. As described
previously[S. 6], these heterostructures consist of five
epitaxial layers that are grown by metalorganic chemical
vapor deposition (MO-CVD) at ~750°C employing
growth rates of ~0.25 ummin. In the present work
diodes are fabricated from a wafer with the following
layers: (1) ~2um GaAs:Se (ns~10"%cm?), ()
~2um Al,Ga,_,As:Se (x ~0.52, ng ~2x10""[cm®, (3)
~ 200 A GaAs (4 = na €10%/cm?), 4)
~1umAl,Ga,_,As:Zn (x ~0.52, n, ~2x 10""fcm?), and
(5) ~ 1 um GaAs: Zn (n, ~ 2 x 10'"*/cm?). The first layer is
grown on an na-type {100} GaAs:Si substrate. The quan-
tum-well wafer is fabricated into stripe configuration
diodes that are capable of continuous room temperature
operation{6. 7).

Threshold current density for these diodes is deter-
mined by emission-intensity vs current-density measure-
ments made at 8 heat-sink temperatures between
-45°C and +45°C with the heat-sink temperature heid
stable to within =0.5°C. Laser threshold is defined as the
intercept of the linear extrapolation of the high level
emission segment of the emission vs current curve with
the current-density axis. To avoid heating effects, the
diodes are pulse excited.

The variation in threshold current density as a function
of heat sink temperature for three single-quantum-weti-
heterostructure diodes is shown in Fig. 2. In order to
compare the temperature dependence of J,, for these
devices with that of regular double-heterojunction (DH)
diodes, the solid lines of Fig. 2 represent the least-
squares fit of the data to the conventional expression

Jn(T)=Jin(0) exp (TI To) (30)

that is used to characterize DH performance. A high
value of T, is a figure of merit of relative temperature
insensitivity. For conventional DH diodes T, is in the
range 120-165°C{18]. Note that in quantum-well struc-
tures T, values as high as 437°C (a} can be observed,
with To=200°C being reproducibly attanable. For (b}
and (¢) of Fig. 2 T, is lower than for (a). This is thought
to be a consequence of a shallow Zn diffusion process
that was applied to the wafer of diodes (b) and () to
attempt improvement of the p-type diode contacts. It is
possible that the quantum-weil heterostructure wafer
was damaged during the diffusion process.

CONCLUSION

An analysis of the threshold current density, Jo(7),
for the case of a quasi-two-dimensional active region
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tvpical of a quantum-well heterostructure laser diode has
been presented. In this analysis a step-like density of
states has been used, and not the usual bulk-crystal
parabolic density of states, which does not fit quantum-
well heterostructures. Two limiting cases of weak and
strong electron—electron interaction of the injected car-
riers have been considered. In both limits the threshold
current density has been found to vary approximately
linearly with carrier temperature. and to be only weakly
dependent on lattice temperature which agrees with
experiment. Data on single-quantum-well Al,Ga,_,As-
GaAs heterostructure diodes (L, ~ 200 A) have been
presented showing that in the conventional expression
Jul D = J0) exp(TITo) the temperature parameter To
can be as high as at least 437°C.
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Data are presented on photopumped metalorganic chemically vapor-deposited

Al Ga, _ ,As-GaAs quantum-wel! heterostructures with active regions consisting of a large
GaAs quantum well (L,, ~200, 500 A) coupled to a phonon generating array of seven small
GaAswells(L_, ~50 A). 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-A GaAs quantum well (4.9 meV) and directly to the GaAs
LO-phonon energy fiw, o =41.0 —4.9 = 36.1 meV.

PACS numbers: 42.55Px, 78.55. — m, 71.38. + 1. 81.15Gh

14

In contrast to the usual bulk crystal form of double-
heterostructure (DH) lasers. quantum-well heterostructures
(QWH’s), as recently shown,'* are capable of laser oper-
ation on phonon sidebands. This is a consequence of the qua-
si-two-dimensional nature of quantum-well heterostruc-
tures and their steplike density of states.>>* In previous
work the possibility has been raised that stimulated phonon
emission can occur in QWH lasers® ** and should be most
apparent in a multiple-well structure that forms a phonon
resonator or cavity. To study these effects, in the present
work we have constructed (and photopumped) two different
metalorganic chemically vapor-deposited (MO-CVD)

Al Ga,  ,As-GaAs multipie-quantum-well heterostruc-
tures, one with a single large GaAs well of size L, ~200 A
coupled to a phonon generating array of seven small GaAs
wells of size L, ~50 A) and the second the same in form but
with a single Jarge well of size L, ~ 500 A. As shown below,
in both heterostructures laser operation is observed one
phonon below the lowest confined-particle states of the large
wells, which is a much weaker or even nonexistent effectin a
single-large-well heterostructure.®” The induced phonon-
sideband laser operation of the larger wells leads to the result
fuw, , = 36.1 meV, which is in good agreement with other
measurements of fiw, , (GaAs).*"’

The Al,Ga, _ ,As-GaAs QWH’s of interest here are
grown by metalorganic chemical vapor deposition'®'? on
{ 100] GaAs substrates. Layer reproducibility is insured by
electronically controlled gas flow rates and growth times.
Following the growth of a GaAs buffer layer, a ~ [-um-
thick Al Ga, _  As(x~0.35) confining layer is grown. Next
follows the multiple-quantum-well active region as de-
scribed above with Al Ga, _  As barrier layers of composi-
tion x ~0.32. The resuiting effective electron potential in the
active regton 1s shown in the inset of Fig. {. Lastisa ~0.3-
um Al Ga, _ As confining layer (x ~0.35) like the first. Ail

L Appl Phys. Lett. 37(1), 1 July 1380
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layers are undoped (n, — n, £ 10'*/cm"): their sizes in all
cases have been verified by SEM photomicrographs of shal-
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F1G. |. Emission spectra (77 K) of a photopumped maltiple-quantum-well
Al Ga, | As-GaAs heterostructure grown by MO-CVD. The rectangular
sampie is undoped (1, — n, $10"*/cm "} and contains an active region con-
sisting of one 200- and seven 50-A GaAs wells coupled by seven S0-A

Al Ga. | As(x~0.32) barrters as illustrated in the inset. The confined-
electron energy levels of the 200-A GaAs weil (feft-hund side. 1~0) and the
50-A multifayer (right-hand side. | and 1) are shown in the inset. With
ncrease 1n photopumping (4 ~ 145 A) from (a) 6.2« 1 W/em® to1hy
70+ 1Y W/emithen = | transiton begins to lase while semuitaneousiv
spuntanacus bump appears (4, ;) one phonoa below the 2 = 1 lransition.
With higher pump power (¢, 10° Azem’) the induced phonon-sideband
transition {-LO also lases.
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FIG. 2. Pulsed laser operation (77 K) of the same sample as in Fig. ). with
the excitation adjusted to permit observation of induced phonon-sideband
emisston fiw, , below both the n = 1 and n' = |’ transitions {(a) 6.9 x 10*
W/em®]. With an increase in pump power along with a slight adjustment of
the excitation spot on the sampie the i-LO'sideband can be made 10 lase {{b)
1.7 10* W/cm®). From the expanded part of the spectrum in the inset the
light-hole-heavy-hole energy difference is determined o be 4.9 meV for a
200-A GaAs layer and, as shown, fw, o =41.0 ~4.9 = 36.1 meV.

low-angle cross sections,'? which agree with experimental
observations (spectra) of the confined-particle transitions
(identified on narrow samples 10-20 zm).*¢

The MO-CVD Al, Ga, _ , As-GaAs quantum-well het-
erostructures described above and shown in part in the inset
of Fig. | are a design modification of the six-well (L, ~ 50 A)
quantum-well heterostructure corresponding to curve (b) of

Energy (eV)

Fig. 1 in Ref. 2. These and related data,>* as well as recent
analytical results and further data,'* show that the nonther-
mal phonon occupation number V7' can. in quantum-well
heterostructures, be increased well above ( 2 500x, 77 K) the
equilibrium value. This behavior has a profound effect in the
present case because the large nonthermal phonon density
generated in the ciosely coupled small wells can influence
(stimulate) phonon generation and carrier scattering to low-
er energies in the larger coupled auxiliary (or “detector™)
quantum well(s). For example, a highly excited large lone
quantum well delivers recombination radiation from collect-
ed hot carriers from near E, to high above the band edge, as
high as ~ 300 meV,” 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).

The muitiple-quantum-well heterostructures of interest
here do not deliver appreciable recombination radiation
higher than one phonon below the lowest states of the small
wells, which in Figs. 1-3isat A ~7750 A (or E, +90 meV).
The coupled small wells cut off recombination from higher
in the larger single 200-A well (Figs. 1 and 2) or single S00-A
well (Fig. 3). Photogenerated higher-energy carriers are col-
lected (from the confining Jayers) in the active region and
tunnel into the small-well section: scatter downward, gener-
ating phonons in an efficient layered structure (seven coup-
led 50-A GaAs wells) that can act as a phonon cavity*3-%
and then at much lower energy tunnel back into the big well
for further scattering and recombination. The phonons gen-
erated in the small-well section assist the further downward
scattering in the single large well, and lead to the unique
form of low-energy laser operation shown at 4 =8343 A in
Figs. 1 and 2 and A =8400 A in Fig. 3.

The data of Fig. [ are unique. The high-level spontane-
ous emission intensity, obtained by photopumping across
part of the width of a rectangular sample.' > is given by
curve (a). When the photopumping is slowly increased from
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FIG. 3. Induced phonon-sideband laser op-
eration (77 K) of a 500-A GaAs well closely

x~032 coupled to a phonon-generating multiple-
Ly1 ~ 5004 quantum-well heterostructure consisting of
L,7~504 seven GaAs wells coupled with 50-A
7K Al Ga, . ,As (x~0.32) barriers (see inset

2 1.2 % 103 wiem? of Fig. 1). With cw excitation [(a) 1.2% 10°
(cw_\/\ W/cm®] the phonon sideband of the n” = 1

- transition lases from end to end along the
L.. LO — rectangular sample (254 % $9 um°). The
emission peak at A~ 7750 A occurs on the
phonon sideband of the n° = |’ iransitions
of the small-well section, which are degener-
ate with the larger well n" = 6’ transition.
With pulsed excitation of § x 10* W/em® (b)
the sample lases on 1-LO, 1'-LQ,
2-LO, 2'-LO, and edge to edge in the range

L ]
2 3-LOto 3’-LO. A narrower sample [(c) 23
K] o 8x 1080 pm, 8> 10* W/em?], with large cavity end
" . losses, shows that laser operation can be
¥ &5 65 741 §-1 forced up in energy to the confined carrier
Detart Curve ) 1 L Il .LT transitions while phonon sideband emission
— 5 s is still observed in the range I-LO 10 1'-LO.
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6.2 10" t0 7.0 10* W/cm?, a single laser mode emerges
abruptly on the first electron-to-light-hole (n’ = 1") transi-
tion and simultaneously a prominent bump appears on the
(b) curve one phonon below the first electron-to-heavy-hole
(n = D transition (E, — #w, ). At still higher pumping (¢)
the n° = 1" mode still predominates, and the transition at
E, — fiw, narrows into stimulated emission. The excita-
tion can be adjusted on the sample slightly, giving the data of
Fig. 2. The n" = 1" mode is still identifiable and an LO
phonon below n” = |’ and below n = | fwo bumps appear
due to rapid light-hole-to-heavy-hole relaxation (~10 "2
s). We can expand this portion of the spectrum (inset) and
measure, accurately, as shown, the 1’ —1 spacing and in
turn the LO phonon energy, which is

fiw, , =+41.0 =49 = 36.1 meV.

Itis 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 confined-particle transitions (to still lower
energy) and with them the induced phonon-sideband emis-
sion lines. This is what is observed in Fig. 3 for a larger well
of size L, ~ 00 A. At a fairly high level just above the
threshold for stimulated emission ((a) 1.2 X 10" W/cm?, cw],
length-to-length (/ ~ 254 um) laser modes appear abruptly
onn’ = 1" (or 1'-LO). Then at higher pulsed excitation [(b),
5N 10* W/cm?). further end-to-end modes appear at 1-LO,
2-LO. 2’-LO, which is quite remarkable, and still one more
set of modes appears (edge to edge, w~ 59 um) at A ~ 8260
A. which is in the range one phonon below transitions 3 and
3. These transitions (3, 3') have a higher density of states and
higher oscillator strength, which could expiain their involve-
ment in edge-to-edge laser operation.

Note that the laser emission on the phonon sidebands in
(b) of Fig. 3 is the dominant recombination radiation, i.e., is
not a weak effect if the sample is of sufficient size. If we
reduce the sample width sufficiently (to w~ 23 #m) and thus
increase the cavity end losses, as in Fig. 3(c). the main laser
operation. on widely spaced edge-to-edge modes, moves up
to the region of the lowest confined-particie transitions and
the band edge. which is nearby (~ 2.4 meV). Even in this
case weak end-to-end (/ ~ 211 um) laser modes are observed

[ Appl. Phvs. Lett.. Val. 37, No. 1, 1 Julv 1980

in the region 1'-LO, 1-LO.

Weinterpret the unique location and manner of turn-on
of the spectral bump and emission line marked by the arrow
in Fig. | and the various LO arrows on Fig. 3(b) as a sign of
stimulated phonon emission. In addition, we have been able
to measure the first-state light-hole-heavy-hole quantum-
well energy separation and measure directly the LO phonon
energy in GaAs (fiw, = 36.1 meV).
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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
computers—are used more and more
widely in almost all areas of endeavor
and daily life, the semiconductor tech-
nology on which they are based is being
pushed to ever larger-scale integration
and ever greater miniaturization. As
the devices get smaller, and smaller,
new problems (and maybe new opportu-
nities) appear.'

One consequence of the reduction in
size is that the fields accelerating elec-
trons and holes through the crystal
become very large, so that the carriers
acquire large kinetic energies. The
equations of motion for an energetic
electron in the lattice can be apprecia-
bly different from Newton’s laws; its
(inertial) mass can, for example, appear
to be infinite or even negative. This
has nothing to do with relativistic ef-
fects but is due to Bragg reflection. The
non-linearity of the equation of motion
is illustrated in figure 1, which shows
lines of equal energy in momentum
space (k-space) for the semiconductor
gallium arsenide.> For a free particle,
these lines would be circles, as they are
near the origin in figure 1, because the
energy depends only on the magnitude
of the momentum. The complicated
shapes of the curves for large » indi-
cates that the relation between energy
and momentum is anisotropic and not
quadratic. Electrons then do not nec-
essarily move in the direction of the
electric field and their average speed is

The authors are professors of Electrical Engi-
neenng at the University of lllincis, Urbana.
Karl Hess 18 also a member of the Coordinated
Science Laboratory and Nick Holonyak is also
a member of the Materiais Fesearch Labora-
tory at the University.

not simply proportional to the field
strength; that is, Ohm’s law breaks
down. We shall discuss this point more
extensively later.

To illustrate the reduction in size
that has accompanied the progress of
semiconductor technology, we show in
figure 2 the original point-contact tran-
sistor and a modern layered quantum-
well heterostructure. (We should
point out, though, that the point-con-
tact transistor was a much smaller
device than the junction transistors
that were subsequently most widely
used in practical devices.)

As we mentioned, the electric fields
in small devices can become very
large. If we assume that operating
voltages of semiconductor devices are
around 5 V, then the maximum electric
fields in a typical device of twenty years
ago was on the order of 10-100 V/cm.
In a present-day integrated circuit the
average fields are 10° V/em and maxi-
mum fields are an order of magnitude
larger. At such field strengths silicon
and germanium become non-Ohmic at
room temperature.® Fields on the or-
der of 10° V/em are encountered be-
tween neighboring gates of charge-
coupled devices and in quantum-well
layered devices. Such large fields may
also be approached in the very-large-
scale integrated circuits that are now
being developed.

At fields larger than 1000 volts/cm
the charge carriers in a semiconductor
are accelerated far above their ther-
mal-equilibrium energy (given by the
lattice temperature). Under these cir-
cumstances so-called “hot-electron ef-
fects” become important and many of
the familiar concepts of semiconductor
physics lose their validity. In this

I§

article we will discuss some of the
effects that will be important in future
very-large-scale integrated circuits and
in optoelectronic devices.

Hot electrons

As electrons move through the crys-
tal lattice, they interact both with each
other and with the lattice. In electron-
ic devices, the applied electric field
supplies energy to the electrons. If
electron~electron collisions randomize
the carrier energy, one can define a
temperature for the electrons even for
very high fields. This temperature T,
is always higher than the temperature
of the crystal lattice T} . The differ-
ence between T, and T, depends
strongly on the electric field (actually
on the square of the field because rever-
sal of the field must not lead to negative
temperatures) and on the details of how
the electrons loge their energy. In all
practical cases the electrons lose their
energy to lattice vibrations. We thus
have a picture of a highly mobile fluid
at high temperature (the “electron
gas”) moving through the cooler crystal
lattice and losing energy to it.

We know that conducting wires begin
to glow if too much energy is trans.
ferred from the electron gas to the
crystal lattice. We would like to em-
phasize, however, that even if the lat-
tice remains cold (a situation that often
can be arranged), the temperature of
the electrons can be exceedingly high
and cannot be controlled by any cooling
mechanism (other than the slow heat
loss to the lattice). A typical example
would be a piece of silicon. let us say, to
which an electric field of 2> 10* V/em
is applied; the electron temperature
rises to 1000 K no matter what the
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Surfaces of equal energy in the Brillouin zone of gailium arsenide
calcuiated by the empirical pseudopotential method. (The Brillouin
zone 15 the hexagonal area; the figure shows a somewhat extended

temperature of the surrounding medi-
um or heat sink attached to the sam-
ple. One consequence of this rise in
temperature is that the conductivity
drops because of the Bragg reflection
mentioned earlier and because hot elec-
trons can excite more lattice vibrations
than cooler (lower-energy) electrons.
The electrons are thus less mobile,
being scattered more often. The con-
ductivity therefore depends on the field
strength and Ohm's law is not valid at
these high fields. It is worth mention-
ing that the heating of the electron gas
(not the lattice) is very fast: Typically,
the time constant is 10~'? sec.*
Keeping the electron gas in equilibri-
um with the lattice would mean using
smaller electric fields. As the devices
get smaller, the voltages would thus
also have to get smaller. However, for
various reasons it is unlikely that the
supply voltages applied to semiconduc-
tor devices can be reduced below one
volt. One reason is the variation in
threshold voltages of the component
devices. Another is that the built-in
voltages (or potentials) of semiconduc-
tor devices are of the order of the
semiconductor energy gap, which is a
property of the crystal, and cannot be
scaled down. We can therefore expect
that future semiconductor devices will
inevitably involve hot-electron effects
in their operation. It is not clear,
however, which of the various hot-
electron effects will be most important.
Current device concepts that might

mimims wmEm . . A sEmame . ana

involve hot-electron effects are carrier
(electron or hole) drift, diffusion, gen-
eration-recombination, and thermionic
emission over potential barriers.®

Clearly it will not be possible to cover
all possibilities in a short article. We
therefore concentrate, as examples, on
effects specific to hot electrons in po-
tential wells. The reason for this
choice is that with shrinking crystal
size the charge carriers become increas-
ingly confined to narrow potential
wells as defined by the size of the
components.

Layered devices

To illustrate ‘he effects one expects
with narrow potential wells and high
electric fields, consider the layered
structure shown in figure 2. The gen-
eral properties of such a structure are
sketched in figure 3. The layers could
be InP and InGaPAs (as in the sample
shown in figure 2) or (as in figure 3)
GaAs and Al,Ga, _, As; these layers
have now been produced by several
different methods, including moiecu-
lar-beam epitaxy, metal-organic chemi-
cal vapor deposition and liquid-phase
epitaxy. The layers in these structures
range from 107° to 10-% em in thick-
ness. Such structures are in many
ways prototypes of a variety of devices
including field-effect transistors and
charge-coupled devices.

On the small scale of these layers,
charge-neutrality is not preserved be-
cause electrons move from one layer

zone.) Ohm's Law holds only for electrons at the lowest energy (dark
gray). The carrier energy increases from gray (center) to white to red
to dark red in steps of 0.5 eV.

Figure 1

into another without creating substan-
tial electric fields, that is, they leave
regions of high potential energy and
move into potential minima.

In the sandwich shown in figure 3,
Al Ga; _, As-GaAs-Al, Ga, _, As, the
praperties of the electrons change sub-
stantially in the middle layer:

» Because of the constraining AlGaAs
layers the electrons are not free to
move perpendicular to the layers and
hence form a two-dimensional gas. As
a consequence, their minimum energy
(remember the famous quantum-me-
chanical problem of a particle in a box)
lies above the GaAs conduction band
edge (E.). We refer to this effect as
“size quantization.”® .

» The electrons in their motion are
scattered either by lattice vibrations
(phonons) or by various impurity cen-
ters, which can be small in number in
the GaAs. The “remote” impurities
(electron donors or acceptors) in the
layers of Al, Ga, _, As do not influence
the electron motion. As a conse-
quence, the electrons in the GaAs layer
are more mobile as compared to buik
material if the donors are mainly in the
Al,Ga, _, As layers. This notion was
proposed originally by Raphael Tsu
and Leo Esaki (IBM) and recently dem-
onstrated by Raymond Dingle, Arthur
Gossard, Horst Stormer and William
Wiegmann (Bell Labs).’

Less well known than the impurity-
scattering case above is the fact that
the scattering of electrons by lattice




vibrations also is different in layered
structures from what is normally ex-
pected® As an example consider a
GaAs-Ge heterostructure, that is, a
germanium layer epitaxially grown on
gallium arsenide. A polarized lattice
vibration propagates in the gallium
1 arsenide and creates macroscopic elec-
tric fields that extend near the inter-
face into the germanium. This behav-
ior is reminiscent of the fringing fields
of a parallel-plate capacitor. The fields

fringing from the gallium arsenide
scatter the electrons in the neighboring
germanium, which is a covalent non-
polar material and normally would not
exhibit polar scattering. In other
words, the electrons in the germanium
are scattered by the “‘remote” lattice
vibrations of the gallium arsenide.
In some systems (such as the InSb-
Si0, structures designed for infrared
applications) the remote scattering
mechanism may reduce significantly
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the interface mobility of electrons and
hence the device speed.

Let us return to the layers of GaAs
and Al, Ga, _, As(figure 3) and assume
the electrons are in the middle layer
(GaAs) before we apply an electric field
parallel to the interfaces. As long as
the applied electric field is small, the
electrons will stay in the GaAs. For
large electric fields, however, the elec-
trons will be heated, and move up in
energy, and finally when their energy
approaches the band edges in the sur-
rounding Al, Ga, _, As, they can trans-
fer out into the adjacent layers. It is
clear that this effect has a close analogy
to thermionic electron emission out of
glowing wires, as in a vacuum tube, or
to the momentum-space electron trans-
fer that occurs in the Gunn effect,
which is the basis for useful microwave
devices. A Monte Carlo simulation of
the electron trajectory for carrier
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
into the surrounding Al,Ga, _,As. A
variety of effects perhaps can be cre-
ated using the mechanism of hot-elec-
tron transfer out of thin layers.® Some
of these have just recently been verified
experimentally.

Very-iarge-scale integration

At this point let us turn to more
established ground and consider the
hot-electron effects that occur in very-
large-scale integrated circuits. Tak H.
Ning at IBM has shown!® that in the
metal-oxide-semiconductor system (so
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
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-
gy profile shown in the lower part of
the figure. Asin the case of the GaAs~
AlGaAs layers discussed above, the
electrons are at minimum potentiai
energy (between x, and x,) far away
from the silicon-silicon-dioxide inter-
face. Structures such as this are used
for charge-coupled devices and metal-
oxide-semiconductor transistors. If
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-
erate and heat the electrons. The con-
sequence is that electrons can be ther-
mionically emitted to the interface,
again as occurred for the GaAs-Al-
GaAs layers. The device then loses its
advantage of being a buriedchannel
device; we have reached a limit in how
much we can reduce the size of the
device.

Of course, high electric fields also
influence the electron drift within the
potential wells themselves, even before
thermionic emission occurs. In metal-
oxide~semiconductor devices, there-
fore, the drift velocity of electrons al-
ways saturates with increasing electric
field. The reason for this is the en-
hanced scattering of hot electrons by
lattice vibrations, as has long been
known.

The mechanisms described above
have drastic effects on device proper-
ties. We should also expect a dramatic
influence of high fields on carrier diffu-
sion. Steep concentration gradients
and high electric fields totally invali-
date the basic concept of particle diffu-
sion as described by the classic Einstein
relation, D =yukT/e. Preliminary in-
vestigations show that the usual diffu-
sion constant, D, has to be replaced by a
rather complex expression even if the
device is large enough that the electron
is not able to traverse it without colli-
sions, which clearly violates the basic
ideas about diffusion .!! This brings us
to the limiting size of small devices: If
we shrink the size still further, how
long do we have enough electrons to
apply familiar statistical concepts, and
what is the limit of size for ballistic
transport of charge carriers? That is,
where does the semiconductor become
like a vacuum for the electron? The
answers to these questions are urgently
needed; a number of commercial semi-
conductor products touch these borders
already, and clearly many more will in
the near future.

Before turning to opto-electronic lay-
ered-structure devices, specifically
quantum-well lasers, which so clearly
show a strong deviation from bulk crys-
tal behavior, we summarize in the box
on the right the deviations from well-
known physics and engineering princi-
ples that we expect for small devices.
We cannot give a comprehensive de-
scription of all the effects we list. We
have discussed quantization, velocity
saturation, and hot-electron emission.
The overshoot effects listed in the box
are connected with energy and momen-
tum relaxation by collisions. Some of
the effects (such as the Franz-Keldysh
effect) have been known for a long time
but up to now have been unimportant
in device applications. The rest are
connected with the unusual boundary
conditions (interfaces) in small devices
and layers, and with the small number
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of charge carriers and impurities in the
extremely small volume.'

Opto-electronics

So far we have discussed hot-electron
effects that are driven or engendered
by an applied electric field, as in a
transistor or Gunn-effect oscillator.
As a prototype for various forms of
semiconductor lasers, and perhaps oth-
er optoelectronic or integrated-optics
devices, let us assume that the.middle

Effects expected
for smaill devices

Drift

Deviations from Ohm's Law
Saturation of current
Velocity overshoot

Ballistic transport

Mobility increased or decreased by size ef-
tects (remote point charges, phonons)

Scattering—high electric fields
Generation of high phonon intensities

Diffusion

Hot-electron diffusion and invalidation of
the Einstein relation

Enhancement of diffusion constant by high
electric fields

Anisotropy of diffusion
Diffusion and reduced dimensionaiity
Diffusion overshoot

Carrier generation and recombination

Poole~Frenkel enhancement of emission
out of potential wells (traps)

Hot electron “"thermionic” emission

Effects of hot electrons on the Lax cas-
cade mechanism

Franz-Keldysh effect

impact ionization (inverse Auger proces-
sess) can determine ultimate limits of
speed, and so forth.

Generation—recombination noise for non-
stationary case (Langevin)
Size effects

Size quantization (two-dimensional, one-
dimensional electrons)

Quantum resonances

Interfaces, surfaces, metal boundaries and
influence of these boundaries on impor-
tant semiconductor parameters.

Image force (metal boundaries)

Non-ideal interfaces

Contacts as boundanes

Density-size reiations

Steep concentration gradients and high
electric fieids. (See aiffusion)

Alloy efiects (atom disorder)

Low-level radiation effects (a-particies
from package)

interconnection probiems (sheet
resistance)
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Layered structure, consisting of gallium ar-
senide and aluminum gallium arsenide. The
graphs show the impurity doping concentra-
tion, the carrier mobility and the energy of the
edge of the conduction band of this modula-
tion-doped structure. Figure 3
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Electron motion, computed by a Monte Carlo
simulation, in a potential well formed by a
gaitlum arsenide layer. The weils are broad
enough (400 A) that they show no effects dus
10 size quantization. On the left the field
strength is 2 kV/cm, below the threshoid for
jumping out of the well; on the right the field is
8 kv/cm. Figure 4
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A buried-channel metal-oxide-semiconductor structure. The structure of the device is
shown in the upper diagram. The graph below shows the potential as a function of depth. Cold
electrons reside at the potential-energy minimum, between x, and x,,. If the electrons become
“hot” (because of, say, high electric fields), they can spread to the interface, that is, they

overcome the potential barrier AVg.

layer of GaAs in figure 3 is 200 A thick
and that the Al _Ga, _, As layers on
either side are 0.5-1 micron thick. If
we put the structure in contact with a
good heat sink and photopump it with
an intense light source, electrons and
holes are generated in the Al, .
Ga, _, As layers and will be collected
(in a very short time) in the GaAs
potential well. Relative to the bottom
of the GaAs well, however, these elec-
trons are “hot,” that is, they are high
above the GaAs band edge E; in energy
and can either scatter downward to the
bottom of the GaAs well, releasing
lattice vibrations (phonons) in the pro-
cess, or, while still hot and high in the
well, they can recombine with holes,
releasing high-energy photons (red, not
the usual infrared of bulk GaAs!). This
is a remarkable effect; a crystal system
that normally (in bulk) emits infrared
light, when made into a quantum well,

Figure 5

emits (via the recombination of hot
electrons and holes) true red light.'>-'*
This is shown in figure 6 by the laser
emission near 7000 A.

The hot-carrier red-light emission
from GaAs shown in figure 6 was first
observed by Robert Kolbas and Holon-
yak'? on quantum-well crystals first
grown by their coworkers at Rockwell
International, Russell Dupuis and Dan-
iel Dapkus and, later, James J Cole-
man. We should mention that the
quantum-well structure that emits the
red light (as well as the longer-wave-
length infrared laser light) of figure 6
can be constructed by putting doped p-
type material on one side of the GaAs
quantum-well and n-type on the other
side; it then operates as a unique form
of injection laser: a hot-carrier quan-
tum-well semiconductor laser.

It is also possible to insert, or couple
together, more than one quantum wel}

I\
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WAVELENGTH (10° A)

Stimuisted emission due 10 the recombination of photogenerated hot electrons and holes in a
200 A thick GaAs quantum well. The hot-camer emission occurs fugh in the quantum well above
the the GaAs energy gap (£, ), in the visible (red) portion of the spectrum. This visible radiation

is possible only from such a thin (quantum-well) layer.

Figure 6

in the center of the structure as the
layered structure of figure 2 shows. In
that case, the hot-carrier collection and
the downward scattering into the quan-
tum wells can be much more efficient.
If the number of these quantum wells is
not too great and the wells are not too
thick, say six wells, each 50 A thick, one
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-
est) quantum states of the coupled
GaAs wells, the carriers will scatter
down even further and produce laser
emission 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
more than one quantum well is em-
ployed, carrier scattering to lower ener-
gies in a single potential well is con-
strained—and, in fact, makes possible
the hot-carrier electron-hole recombi-
nation observed!?!5 over the unusually
large wavelength range of figure 6. If
the rather large (200 A thick) well that
produced this spectrum is reduced in
thickness to much under 100 A, then
the size constraint does not permit
carriers to scatter down to the lower
quantum states before recombination
occurs. When a single potential well
becomes as small as 80 A, the highly
mobile electrons can travel all the way
across the potential well before collid-
ing with the lattice. For excessively
thin layers, then, the hot electrons tend
to travel right across the very narrow
well instad of scattering, losing energy,
and descending into the well.'s!?

If these ideas and observations have
much validity, it should be possible to
verify them by still other means. Hot
carriers lose energy by collisions with
the crystal lattice, thereby converting
some of their energy to increased lat-
tice vibrations, or, equivalently, an in-
creased phonon density. The process is
strong when the coupling between the
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'®/em? or more) of positive holes—
which can be introduced by diffusing
zinc atoms to serve as acceptors into
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
cuts off the carrier scattering into the
well: the hot carriers no longer scatter
into the (rather large) quantum weil,
and the laser spectrum vanishes.'?

We have to construct a much bigger
active region to be able to see that the
zinc doping merely screens the elec-
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Comparison of laser spectra of (a) an un-
doped and (b) a zinc-doped (hole density
10'97cm?3) layered heterostructure consisting
of six 120-A GaAs guantum wells coupled by
five 120-A AlGaAs barriers. In (a) the photo-
generated hot carriers thermalize to low ener-
gy while with the zinc impurity, in (b}, the
electron—phonon interaction is screened, so
the carriers remain hotter and recombine at
higher energy (100 meV). Figure 7

tron-phonon interaction and does not
in fact damage the layered structure,
and thus “kill” the light emission of the
GaAs quantum wells. The screening
effect of the doping is seen in figure 7.
The device that produced these graphs
consists of six layers (120 A thick) of
GaAs separated by five equally thick
layers of AlGaAs. The top spectrum
shows the laser emission from the un-
doped sample one phonon below the
lowest quantum states (1'). When zinc
doping is introduced into the sample
{generating, as we said, a large back-
ground of holes), the photogenerated
hot carriers cannot thermalize to as
low an energy before recombination
(because of screening and a weaker
electron-phonon coupling), and the la-
ser operation (curve b) shifts up in
energy by 100 meV to the region of the
second quantum states (2') of the coup-
led quantum wells. That is, the high-
er-energy laser operation at 7655 A of
curve b involves the recombination of
carriers that are hotter than those
leading to the laser operation (8180 &)
at the lower energy of curve a.

It is worth mentioning that the re-
sults of figure 7 are in excellent agree-
ment with the hot-electron effects men-
tioned earlier. The quantum-well
laser operation occurring at 7655 A in
curve b of figure 7 corresponds to an
electron temperature of about 1330 K
compared to a lattice temperature of
about 77 K (the copper heat sink for the
crystal is immersed in liquid nitro-
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gen). In essence, the impurity screen-
ing has switched off some of the carrier
energy loss to the lattice (to phonons),
and, as a consequence, more of the
input energy emerges from the crystal
as higher energy recombination radi-
ation (crystal laser output).

Small devices

Although the ideas and examples
presented here concerning hot-electron
effects in semiconductors are not ex-
haustive, they are representative and
show clearly that newer semiconductor
devices, as well as a higher level of
integrated circuit development and
smaller sizes, will inevitably make hot-
carrier effects more and more impor-
tant. Making semiconductor elements
smaller and closer together to increase
the number of active elements per
square centimeter or per chip, is not a
matter of just finding methods of reduc-
ing device size and generating a micro-
scopic system of element interconnec-
tions. New physical effects and
processes will appear.

The increased power densities in-

volved in small-device operation makes
higher-order processes important. For
example, we mentioned above in some
detail the phonon sidebands that ap-
pear in quantum-well heterojunction
lasers. It is clear, however, that high
phonon densities are also generated:
» during material processing such as
laser annealing
» by the exceedingly high local current
densities possible in VLSI elements
» in research such as picosecond spec-
troscopy.
The simple statement in solid-state
textbooks that indirect optical pro-
cesses (involving phonons) are unim-
portant ceases to be true even in the
case of direct semiconductors.

Another class of new effects is con-
nected with the unusuai boundary con-
ditions in small structures. The cyclic
(Born-von Karman) boundary condi-
tions, which are 3o convenient in solid-
state theory, are inappropriate for
quantum-well heterostructures and for
very small devices. Instead of finding
a “repeated crystal” after a large num-
ber of atoms, the electron can, as we
know, transfer out of the silicon into
the silicon dioxide and thereby limit
the functioning lifetime of semiconduc-
tor devices. This process involves elec-
tron energies of about 3 eV above the
conduction-band edge. The interesting
question therefore arises whether this
emission process can be avoided by
using supply voltages lower than 3
volts or by using band-structure effects
such as Bragg reflection. This ques-
tion is also relevant for the possibility
of high-speed, low-temperature silicon
circuits but is too complicated for us to
discuss here in detail.

The effect of hot-electron emission

can possess positive aspects, as it can
clearly be used to construct ultra-fast
electronic switches® The issue of
boundary conditions and size effects
also opens fascinating possibilities for
optoelectronic devices, which are illus-
trated, for example, by the red-light
emission of gallium arsenide.

Small integrated semiconductor de-
vices already have had a strong impact
on our daily lives; the impact promises
to continue and, in fact, increase in
scope. This will in turn further stimu-
late research in the field of “‘ultra-small
electronics.”

L] . L]
We are indebted to John Bardeen and
Charles B. Duke for helpful comments, and
to the NSF, the Navy, and the Army for
support.
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