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We study the contribution of polar optic phonons to the inelastic scattering rate for the two dis-
tinct cases of a nonequilibrium electron initially moving parallel and perpendicular to semiconduc-
tor heterojunctions. Quantum mechanical reflections from the abrupt change in potential at the
heterointerface are found to change the inelastic scattering rate by spatially separating initial and
final electron wave functions. In this paper we explore this effect for typical heterojunction
geometries and discuss the influence of the phenomenon on the pei‘formance of devices, such as

field-effect and unipolar hot-electron transistors.

I. INTRODUCTION _

Currently there is little understanding of the dynamics
of nonequilibrium electrons moving in the abruptly
changing potentials of semiconductor heterojunctions.
However, knowledge of electron scattering in such struc-_
tures is of fundamental interest and has technological
significance by, for example, assisting in the design of
hot-electron transistors.! In the past, attempts have been
made to calculate polar-optic-phonon scattering rates,
1/7, for initial electron motion parallel to a heterojunc-
tion quantum well.> Recently, we reported calculations
of 1/ for initial electron motionh perpendicular to sermi-

abrupt interfaces at z=0 and z=z,. We aim to explore
the interplay between this quantum mechanical reflection
at the transistor’s heterointerfaces and inelastic scattering
by emission of polar-optic phonons as electrons traverse
the device. In order to find the inelastic scattering rate, it

is necessary to calculate the eigenstates of the potential

depicted in Fig. 1. One may then proceed and use
second-order perturbation theory to derive the lifetime of
these states due to phonon emission.

The wave functions are calculated by solving the
Schrédinger equation for an electron moving in the po-
tential shown in Fig. 1. Since the momentum parallel to
the interfaces, k", is conserved, the wave functions may

conductor heterojunctions.® Our work demonstrated, for~ be written in the form

the first time, the important role elastic scattering from
abrupt changes in potential has in determining total in-
elastic scattering rates. We found a reduction in 1/7
compared to the bulk value for a limited range of electron
energies. This effect is related to spatial separation of ini-
tial and final electron wave functions on either side of the
heterojunction caused by quantum mechanical reflection
at the interface. In this paper we present results of a de-
tailed study of this and related phenomena. Ultimately,
we wish to understand the nonequilibrium transport
properties of various heterojunctions devices. Here, how-
ever, we shall restrict ourselves to determination of 1/r
for typical heterojunction geometries and discuss the
influence our findings may have on the transport prob-
lem.

II. ELECTRON DYNAMICS IN HETEROJUNCTION _.
GEOMETRIES B

A. Calculation of the wave functions

In Fig. 1 we show a schematic diagram of the
conduction-band edge of a typical hot-electron transis-
tor."3 For simplicity, the potential energies in the emi-
tter, base, and collector region, U,,U,=0 and U;, re-

spectively, are assumed to be constant, In addition, we _

only consider the case for which U, > U; > U,. Electrons
traversing this structure suffer elastic scattering at the
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where ¢, describes the transverse motion and # is the
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FIG. 1. Schematic potential energy diagram of a double-
heterojunction hot-electron transistor. An electron traversing
the structure experiences a potential U, in the ‘emitter, U, in
the base, and U; in the collector. The emitter, base, and collec-
tor are of width z, z,, and z3, respectively. The effective elec-
tron masses are m , m¥, and m¥.
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subband index. In general, we wish to distinguish be-
tween the effective electron masses m jf' (j=1,2,3) in the
different transistor regions. In this case, however, the ki-
netic energy parallel to the interfaces (#°kj /2m}) is not
conserved and ¢, will depend on k| also. Since we are in-
terested in the effects of scattering on the transverse
motion, we avoid this complication by choosing different
transverse masses mj=m/ but equal parallel masses
mjl=m3. The one-dimensional Schrédinger equation for
¢, then reads

#  d? ;
{— 2m? —d—z7+ U; }d)nj(z)——-Em,,j(z), j=12,3,
2)
where E, is the transverse energy. The total energy is
PR S e
" amy .
Equation (2) is solved by using the ansatz
$jnlz)= Anjeik"jz+ane et (4)
wt\lere
Kny=[2m (B, — U] (5)

is the transverse wave number. The energy spectrum
{E,} and the amplitudes { 4,;,B,;} are determined by
using the boundary conditions

P —21)=¢,(z,+23)=0, 6)
$,1(0)=6¢,5(0) , (7)
¢n2(22)=¢n3(22) > (8)
1 d¢n1 1 d¢n2
i dz (0)_m; = 0y, 9)
1 dén, 1 dé,s
i dz (22)—m; - (z,), (10)
and
22—}-13 N
[ Tdzi,2)|=1. (11)
—z, :

The normalization of the wave functions is conveniently
achieved by placing infinite potential barriers at distances
—z; and {z,-+z;) from the base region. The energy spec-
trum is finally obtained from Eqgs. (6)~(11) by solving for
the zeros of a function which depends on the transverse
electron wave numbers in each region. This equation for
the transverse energies, E, =(#k%/2m% ), is

0=f(k,)

as, a,
=“_"tan(k121 )+tan(k222)+—tan(k323)
a, a3

2; a,
— | —“tan(k,z;) {[tan(k,z;)] |——tan(k;z;) | ,
a, as;

(12)
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where the transverse velocities are given by a;=(#ik;)/
mj. For z;,z3>>z;, one has two quasi-continua of
scattering states for U; < E, < U, and U, <E,, and typi-
cally a few states of electrons bound to the base region
with E, < U;.

Conceptually, the simplest problem is that of a single
potential step of energy U, in region 1 and U,=U;=0in
region 2, shown schematically in Fig. 2. To aid our dis-
cussion, we include a skeich of the probability densities
[4]? for three types of wave functions. Wave function
1, corresponds to E, <U; and is therefore essentially
zero in region 1. 1, is obtained for E, > U,. Because of
the lower velocity in region 1, the probability density in
region 1 is larger than in region 2. However, by apply-
ing the impedance matching condition for the effective
electron masses m } and m3,"?

U,

Ejoo————
" 1—m¥/m}

oo (13)

the velocities a; on either side of the barrier become
equal, and there is no quantum mechanical reflection at
the interface. The corresponding wave function i, there-

fore, has the same amplitude in both regions.

B. The electron-phonon scattering rate

An electron of initial energy E and parallel wave vector
k, can be scattered into a final state of energy
E'=F —fiw, o and wave vector k;=k;—qy by emission of
an optical phonon of energy #w;o, and wave vector q.
We wish to calculate the electron-phonon scattering rate
/7, ky? where 7, Ky is half the lifetime of an electron in

the nth subband. Adopting the low-temperature limit
(T =0), one finds
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FIG. 2. Schematic potential energy diagram of an abrupt
heterojunction. The potential energy in region 1 is U, and that
in region 2 is U, =0. Also shown are the probability densities
of three types of wave functions.
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A7%e%wi o | M, Aq,)|?
W1, , =————— - ———8 |\E, +
mk) Ve* n'»%,qz q|2| +q?2 " _ 2m3

21,2
#k}

Here, V is the volume of the system and

L e —(15)

where €., and € are the high- and low-frequency dleler—" ‘

tric constants, respectively. The matrix element M,,,,. is
given by

Myig,)= [ dz $3(2)e ", (2) (16)

We note that an analytical, but rather lengthy, expression 7

for 1/7, ey Can only be obtained for k; =0.

In this study, we are interested in comparmg the re-

sults of calculating scattering rates in restricted hetero-
junction geometries with the bulk value. The bulk inelas-
tic scattering rate 1/7y,y is given by’

EHEabI

Foo | BV (B o, o)
1/ Ty =00r0 E EI/Z_(E ﬁm )1/2 ’
17
where « is the polaron coupling constant, 1
o2 " 1/2
#ie* | 2Hwio

III, RESULTS AND DISCUSSION

A. Initial electron motion perpendicular to the
heterointerfaces )

We focus on GaAs/Al Ga,_,As because of its
widespread use as a semiconductor heterojunction. GaAs
has a conduction-band effective electron

*=0.07my, the optic-phonon energy is #w;o=0.036

eV, and the high- and low-frequency dielectric constants

are €, =11 and €;=13, respectively. -

As a startlng point, consider an electron with initial
ky,=0 moving in a single-step potential similar to that
shown schematically in Fig. 2. Making use of Eq. (14) we

may calculate 1/7, , o as a function of electron energy

E. The results of such a calculation are shown in Fig. 3
for the potential shown in the inset of the figure. Also_

shown as the smooth curve in the figure is the bulk-
phonon scattering rate. Notice that energy conservation
requires that an electron of kinetic energy E < #w;q can-
not emit an optic phonon, so that 1/7, k"_0=0 for

E <#wro. An electron with energy above this threshold

has a scattering rate which is similar to that of a bulk
The small peaked deviations, which

semiconductor.
occur with increasing energy, are due to the increasing
separation of energy levels. However, at E=U, the
scattering rate changes abruptly from a finite value to ap-
proximately zero. Then, with increasing electron energy,

mass.

0845
p—————— —*# 14
Zm;‘ Wy 0 ( )

[ .
/T, k=0 shows oscillatory behavior until E > (U,

|
+#iwy o), above which 1/7, ky =0 agdin takes on the bulk

_value, but shifted in energy by U,. The rapid oscillations
in 1/7, ky=0 for U;<E <(U,+%w. o) are due to

coherent interference arising from the existence of the
infinite potential barriers used in the electron wave-
function normalization procedure. We note that in a real
solid interference effects of this type cannot occur over
length scales greater than a characteristic mean-free path.
Therefore, within this length scale, the phonon scattering
_rate is given by a smooth curve close to the lower bound
“of the oscillatory curve in Fig. 3.

An explanation of why an abrupt change in scattering
rate occurs when E = U is found by considering the elec-

“tron wave functions shown schematically in Fig. 2. An

electron described by a wave function ¥ and having ener-
gy in the range U, < E < (U, +%w. o) can only lose ener-

“gy by making a transition to an electronic state ' which

is essentially localized in region 2 in Fig. 2. Because of
the spatial separation of ¥ and ¢, it follows that the ma-
trix element M,, given by Eq. (16) is small, hence
/7, ky =0 is small in the range U < E < (U, +#iwy o). In

* addition, due to the significant difference in electron ve-
“locity either side of the step potential, the transmission

probability for an electron of energy E 2 U, (see Fig. 2) is
low and an electron in state ¥ spends most of the time in
region 1 where the potential has a value U;.%

Having established what happens for the case of a sim-
ple step potential it is natural to extend our study and
calculate 1/7, ky=0 for more complicated structures.
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FIG. 3. Inelastic optic-phonon-scattering rate, 1/7, , _o, a8
a function of initial electron energy E. 1/7, p _o is in units of

2awy o, Where o is the polaron coupling constant. The smooth
curve is the bulk-phonon-scattering rate. The parameters used
in the calculation were U, = 10#wy o, U,=U;=0, ni; —0 07my,
where my 1is the free-electron mass, zz-—200 A, and

Z1=2Zy =7000 A.
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The potential energy diagram for a typical asymmetric
quantum-well unipolar-hot-electron transistor’? is shown
in the inset in Fig. 4(a). In this structure the emitter bar-
rier has energy U, the collector barrier has energy Us,
and the transistor’s quantum-well base has a width z,.

The result of calculating 1/7, ky=0 for this geometry is

shown in Fig. 4(a) and 1/7, K,
quantum-well structure with U,=U; is shown in Fig.
4(b). The scattering rate for electrons confined to the
discrete electronic states in the transistor base is indicat-
ed with x’s. Just as with the simpler case of a single po-
tential step, there is a dramatic reduction in 1/7,, ky=0 at

—o for a symmetric

electron energies E=U, and E=Uj3.

Obtaining transport properties, such as the nonequili-
brium electron distribution function in transistor struc-
tures, involves finding a solution to the quantum kinetic
equation for the Wigner distribution function. This is a
difficult task about which we chose not to comment and
instead we discuss the physical importance of our results
for 1/7, ey =0- Our data might suggest that the

significant decrease in 1/7, ky=0 for electrons with ener-
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FIG. 4. (a) 1/7,, §=0 for an asymmetric quantum-well struc-
ture with U] = loﬁa)]_o, Uz ?50, U3 =5ﬁ(DLo, mj* =0.07I7lo,
z, =200 A, and z; =2z;=7000 A. (b) 1/7,, ky=0 for a symmetric

quantum-well structure with U;=U;= 107w, 0, U, =0,
m*=0.07mg, ;=200 A, and z, =2; =7000 A.
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gy in the range U, < E < (U, +#iw, o) leads to a reduction
in scattering in the transistor base and hence an increase
in transistor performance. However, there is no net in-
crease in performance due to the effect since, for those
nonequilibrium electrons injected into the base region the
scattering rate is similar to that of the bulk semiconduc-
tor. As we have already discussed, the decrease in
/7, k, =0 occurs because of the spatial separation of ini-

tial and final electron wave functions between emitter (re-
gion 1 in Fig. 2) and base (regijon 2 in Fig. 2). Because the
confinement of the initial wave functions to region 1is a
direct consequence of the velocity mismatch across the
abrupt change in potential, the quantum reflection at the
heterojunction results in a small probability that the elec-
trons are injected into the base. However, those that are
injected scatter at a rate close to the bulk value.

This fact may be illustrated by calculating 1/7,, ky =0

for an electron of energy E when the electron velocity in
the emitter is the same as in the base (see Fig. 2). This
impedance matching condition"? (for which the transmis-
sion coefficient is wunity) given by Eq. (13) is
m3/m{=E/(E—U,), where m{ are the effective elec-
tron masses in the emitter and base, respectively. The re-
sults of calculating 1/7,, ky=0 for electrons impedance-

matched at an energy E=(U,+%w;y/2) are shown in
Fig. 5(a). As can be seen, impedance matching has the
effect of increasing the heterojunction-phonon-scattering
rate to around half the bulk value because when the elec-
tron velocities are similfar in region 1 and 2 the electron
spends approximately half its time in region 2.

The current gain of a transistor is defined as B=j,./j,,
where j. and j, are the collector and base currents, re-
spectively. High-current gain 8 occurs when j, is small.
Clearly it is of interest to develop a model which esti-
mates the energy dependence of base current in a
unipolar-hot-electron transistor. We begin by consider-
ing the potential depicted in Fig. 5(b). An electron of en-
ergy E injected from the emitter side is represented by a
traveling plane wave . We assume that once the elec-

tron is in the collector region it contributes to the collec-

tor current. Hence, in our model, the base current is re-
lated to the base-capture rate obtained by restricting the
summation in Eq. (14) to those states ¢* which are bound
to the base region. In Fig. 5(b) we show the results of cal-
culating the base-capture rate with and without im-
pedance matching at the base-to-collector interface. In
the absence of impedance matching the capture rate {(dot-
ted curve in the figure) peaks at the virtual cavity reso-
nances of the base. Resonances of this type are detrimen-
tal to the transistor’s current gain because, in the trans-
port problem, current flows mainly via resonances where
the average velocity of electrons is low and the base-
capture probability is high. The effect of impedance
maiching at the base-to-collector junction is to smoothen
the resonance characteristics by decreasing the maxima
and increasing the minima in the capture rate. In the
transport problem the average velocity of electrons is
high and the probability of an electron contributing to
base current is low. For this situation we expect the
transistor’s current gain to be high.
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B. Initial electron motion parallel to the heterointerfaces

We now consider motion of an electron with initial
wave vector parallel to the plane of the heterojunction.
Understanding electron dynamics in these circumstances
has direct bearing on the operation of field-effect transis-
tors. In this case an electron is accelerated from the
lowest subband in the transistor’s source. Electron veloc-
ity increases parallel to a heterojunction forming the
transistor gate and finally the electron is in a high-energy
state in the transistor’s drain. )

Figure 6 shows a sketch of the electron energy E as a
function of parallel wave vector k; for the abrupt hetero-
junction geometry depicted in the inset. Also shown are
the scattering processes an electron accelerated in the
lowest subband #n=1 can undergo. The scattering rate
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FIG. 5. (a) 1/7, ky =0 for a heterojunction 1mped.mce

matched at an electron energy £ =10.5%0, 5. The smooth curve
is the bulk-phonon-scattering rate. The parameters used in the
calculauon were U,=10#w o, U,=0, m; =0.0476m 3,
my =0.07mg, z,=200 A, and zy=23=T7000". "A.7(b) Base-
capture rate as a function of initial electron energy for an asym-
metric quantum-well structure. The dotted line corresponds to
an impedance-mismatched base-to-collector junction -with
mi= 10m2 The solid line corresponds to impedance matching
with m¥ =0.68m¥. The other parameters used in the calcula-
tion were U, = 10w, o, Uz——o U3—5ﬁa)Lo, m2 =0.07 'mg,
Z,=200 A and z, =2, =7000 A. B
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FIG. 6. Schematic diagram of electron energy E plotted as a
function of parallel wave vector kj for the heterojunction

"geometry depicted in the inset. Also shown are the scattering

processes an electron in the lowest subband can undergo.

/Ty, K, for this geometry is shown in Fig. 7 as a func-

tion of initial electron energy E. The result is close to the
bulk curve, except for the discontinuities occurring at the
energies £ =E, +#iwr . At these energies scattering into
the subsequent subbands becomes possible, i.e., additional
scattering channels open up. The discontinuities become
smaller with increasing energy E, because—as evident
from Fig. 6—increasing momentum transfers q are in-
volved and large-|q| values only make small contribu-
tions to 1/7, ky [see Eq. (14)]. For the same reason and in

“ contrast to k=0 injection above U,, almost no effect

shows up for n=1 in the energy range
U <E <U,+%iwog. The dashed line in Fig. 7 gives
/7Ty, kp? but with the final states restricted to E, < U,.
Obviously, there is only little difference to the full result,
i.e., “real-space transfer” out of the well is not very im-
portant, at least for energies close to U;.

In Fig. 8(a) is shown again 1/7,_; ky for the same

geometry, while 8(b) shows 1/7, K for an electron in the
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FIG. 7. /T, K asa function of initial electron energy E.
The dashed line gives 1/7,-1, ky with the final states restricted

to E, <U,. The parameters used in the calculation were
U1=10ﬁwLo, U2=U3:07 mj-*=0.07m0, z, =200 A,
Zy=2Z3= IOOO A.

and
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FIG. 8. (a) Same as solid line in Fig. 7. (b) I/T"'kﬁ for an

electron in the lowest subband above U;. (c) Same as (b) but
with impedance matching at E =11%w o (m f =m¥/11).

The latter is again close to the
bulk value, but shifted in energy by U;. In addition, the
scattering rate is essentially zero for U, <E
< U, +7iw; o, because the initial state is localized on the
left site of the interface, while for this energy region
scattering is only possible into states with E, < U, which
are localized on the right side, as discussed above. Figure
8(c) again shows the scattering rate for the lowest sub-
band above U;, but the effective mass m} was now
chosen to be mf=m3 /11, so that according to Eq. (13)
impedance matching occurs at E=11#w; 5. The effect of
the impedance matching is substantial. There is now.a
finite-scattering rate for U; < E < U, +fiw g, since the in-
itial state is extended over the whole device, while for
U, + %o o < E the bulk-scattering rate corresponding to
the reduced density of states is approached. The effect of
impedance matching on 1/7,_, ky is negligible because

lowest subband above U,.

real-space transfer is not important, as discussed above.
Figures 9 and 10 show the scattering rates for asym-
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FIG. 9. /7, x| for an asymmetric quantum-well structure

with U, =10fw.o, Uy =0, Us="5fiwyo, m=0.07Mo, z,=200

A, and z,=z3= 1000 A. (@) /7, L kg (0) 1/7,, ok for an elec-
tron in the lowest-subband above Us. (c) 1/7, K for an electron

in the lowest subband above U 1-
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FIG. 10. i/7,, ey for a symmetric quantum-well structure

with U;= U3_10ﬁa),_0, U,=0, m, =0.07mg, 2,=200 A, and
z,=2;=1000 A. (a) 1/Tha, k| . (b) 1/7,, for an electron in

I
the lowest subband above U,.

metric and symmetric hot-electron-transistor structures
with equal effective electron masses in the emitter, base,
and collector, respectively. Figures 9(a) and 10(a) are for
electrons in the lowest, n =1, subband, 9(b) and 10(b) for
electrons in the lowest subband above U;, and 9(c) for an
electron in the lowest subband above U,. In all cases, the
overall behavior is similar to that of the bulk-scattering
rate, except for (i) shifts by the potential discontinuities
and (ii) nearly collision-free regions U; < E < U; +#iw; o-

1IV. CONCLUSIONS

In conclusion, quantum mechanical reflection at an
abrupt semiconductor heterojunction can localize initial
and final electron states on either side of the junction.
For an electron with initial kII =0, this spatial separation,
due to scattering from a potential step, strongly reduces
inelastic polar-optic-phonon-scattering rates for a limited
range of electron energies. However, the influence of this
phenomenon on the current gain of hot-electron transis-
tors is small, because the increase in scattering time is
canceled by the decrease in transmission probability.
Neglect of this phenomenon will cause significant errors
in device modeling. We have also demonstrated that res-
onances in electron-scattering rates may be removed by
impedance matching electron states across the base-to-
collector junction. The removal of these resonances
should increase the current gain of unipolar-hot-electron
transistors.

Scattering rates for an electron with all its initial
momentum parallel to the heterojunction’s plane are little
changed by the presence of the heterojunction. This is
because the probability of large-angle scattering (large-
| q[ transfers) is small. As a result, the inelastic scatter-
ing of hot electrons by polar-optic phonons in a field-
effect transistor will not result in significant transfer of
electrons into states spatially localized above the barrier.
This should not be confused with the real-space transfer
introduced by Hess and co-workers,” which involves
different scattering mechanisms.
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