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We calculate the contribution of polar optic phonons to the inelastic scattering rate for an
electron traversing semiconductor heterojunctions. In typical geometries, a dramatic reduction
in scattering rate compared to the bulk value is found for a limited range of electron energies.
This effect is related to spatial separation of initial and final electron wave functions either side
of the heterojunction caused by guantum mechanical reflection at the interface. The influence
of this phenomenon on the performance of devices, such as unipolar hot-electron transistors, is

discussed.

Little information exists about the dynamics of electron
transport across abrupt changes in potential in semiconduc-
tor heterojunctions. However, knowledge of electron scat-
tering processes in such structures is of fundamental interest
and has technological significance. For example, it might
explain the Hmited current gain of recently developed double
heterojunction unipolar hot-electron transistors.”

It is well known that polar optic phonon scattering
dominates nonequilibrium electron dynamics in typical in-
trinsic III-V compound semiconductors.” Therefore, as a
reasonable starting point, we calculate longitudinal optic
phonon scattering rates for perpendicular electron transport
in prototype heterojunction geometries. The simplest case is
that of a single potential step of energy U, inregion ! and U,

= 0 in region 2 shown schematically in Fig. 1{a). For the
purpose of discussion, we include a schematic sketch of the
probability densities [¢¢|* for three types of wave functions.
Wave function ¢, has energy E < U, and therefore has es-
sentiaily zero amplitude in region 1. Wave function i, is
obtained for £ > U/,. The amplitude of the wave function is
larger in region 1 because an electron has lower velocity in
region 1 than in region 2.> However, by applying the imped-
ance matching condition for the effective masses m ¥ and m¥
(see Ref. 1 and text below) the velocities on either side of the
barrier become equal and the corresponding wave function,
15, has the saime amplitude in both regions.

For our problem, the normalization of the wave func-
tions is conveniently achieved by placing infinite potential
barriers on either side of the structure. The wave functions
are then obtained by solving for the zeros of a function which
depends on the transverse electron wave vectors in each re-
gion.* We consider an eleciron of initial energy E,, with all
its momentum in the z direction, so that the wave vector
parallel to the plane of the potential stepis k| = 0. The zero
temperature optic phonon scattering rate, 1/7,,, is calculat-
ed by integrating over all final electron states, ¢/, consistent
with energy and momentum conservation:
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where £, = #k},/2m¥ and E, = (F#k}, + #k})/2m?.
In these expressions k, is the transverse momentum in region
2, Vis the volume of the system, and 1/¢* = (1/€,, — 1/¢;,),
where € and g, are the high- and low-frequency dielectric
constants, respectively. The matrix element # is

22 + 23

Mk, =f

where ¢ is the transverse part of the wave function, i.e.,
h(r,2) e Mg(2).

The results of calculating 1/7,,, as a function of initial
energy £, for electrons with initial k; | = 0 are shown in Fig.
1(b) [for comparison, the smooth curve in Fig. 1{b) is the
bulk phonon scattering rate]. We note that energy conserva-
tion requires that an electron of energy £, < fiw; o canuot
emit an optic phonon, consequently 1/7, =0 for
E, <#w,. For energies above this threshold the scattering
rate behaves similarly to that expected for phonon emission
in the bulk semiconductor unti} £, is the same as the energy
of the potential step, U,. Small, peaked deviations, which
occur with increasing energy, are due to the increasing sepa-
ration of energy levels. However, at K, = U, the scattering
rate changes abruptly from a finite value to approximately
zero. With increasing electron energy, 1/7,, shows some
rapid oscillatory behavior until E; > (U, + #iw;, ), above
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FIG. 1. (a) Schematic potential energy diagram of an abrupt heterojunc-
tion. 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.
(b) Inelastic optic phonon scattering rate, 1/7,, as a function of initial
electron  energy, £, 1/7, is in units of 2aw,,, where
a = (&°/fie*y (m¥ /2w, )"/* is the polaron coupling constant. The
smooth curve is the bulk phonon scattering rate. The parameters used in the
calculation were U, = 10fiw o, U, =0, m# = 0.021m,, where my, is the
free-electron mass, z, = 463 A, and z,=2,=24510 4.
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which 1/7,, again takes on the bulk value but shifted in
energy by U,;. The rapid oscillations in 1/7,, for U, <E,
< (U, + fw, ) are due to coherent interference effects aris-
ing from the presence of the infinite potential barriers used in
the electron wave function normalization procedure. Of
course, in a real solid, electron scattering ensures that coher-
ent interference effects of this type cannot occur over length
scales greater than a characteristic mean free path. So, at an
abrupt heterojunction, in the absence of such coherence ef-
fects, the phonon scattering rate is given by a smooth curve
close to the lower bound of the osciflatory curvein Fig. 1(b).

The change in scattering rate when E;, = U, is most
easily explained by considering the electron wave functions
shown schematically in Fig. 1(2). An electron of energy
U, <E, < (U, + #iw, o) with initial wave function 3, can
only lose energy by making a transition to an electronic state
¥, which is essentially localized in region 2 in Fig. 1(a)
where the potential U, = 0. The matrix element 3 [Eq.
{2)1 is therefore small. Additionally, because of the mis-
match in electron velocity across the step potentizl, thereisa
fow transmission probability® for an efectron of energy £,
~ U, fsee Fig. 1(2)] and the electron spends most of the
time in region 1 where the potential has a value U, . Etis this
spatial separation of initial and final electron states which
gives rise to the decrease in 1/7, in the range
Ui<E, <{(U; + fim o).

We now calculate nonequilibrium electron scattering
rates for typical double hetercjunction unipolar transistor
structures. The insetin Fig. 2(a) shows the potential energy
diagram for one type of unipolar hot-electron transistor. The
emitter barrier has energy U/, , the collector barrier has ener-
gy U;, and the width of the guantum well forming the tran-
sistor base region is z,. The result of calculating 1/7, for
this asymmetric quantum well structure is shown in Fig.
2(a}. In Fig. 2(b) the result of calculating /7, for a sym-
metric guantum well structure with U, = ¥/ is given. The
scattering rate of the electronic states confined to the guan-
tum well of width z, is indicated with X’s. For both struc-
tures, as with the case of a single potential step, there is a
dramatic reduction in /7, at clectron energies £, = U,
and £, = U,.

Relating 1/7,, tothe transport properties of nonequilib-
rium electron transistor structures is a difficult task involv-
ing, in principle, a solution of the guantum kinetic equation
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FIG. 2. {a) 1/7’ph for an asymmetric quantum well structure with
U, = 10w ,, U, =0, U, = 3o, mf=0021m,, z, =463 A, and z,
=z, =24 510 A (b)Y 1/ Ton for a symmetric guantum welf structure with
U, = U, = 106w, U, =0, m¥=0.02tm,, z, =463 A, and z, =z,
=24 510A.
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for the Wigner distribution function. Rather than persuing
this involved procedure, we comment on the physical signifi-
cance of our determination of 1/7,, . Naively, one might ex-
pect that the decrease in 1/7,, for electrons with energy in
therange U, < £, < (U, + #w; o } leads to a dramatic reduc-
tion in scattering in the transistor base and hence a strong
increase in current gain. In fact, this is not so. It is intuitively
ciear that for those nonequilibrium electrons injected into
the base region the scattering rate is similar to that of the
bulk semiconductor. The decrease in 1/7,;, arises due to the
spatial separation of electron wave functions between emit-
ter [region 1in Fig. 1(a)] and base [region 2 in Fig. 1(a)].
The confinement of the initial wave functions toregion lisa
direct comseguence of the velocity mismatch across the
abrupt change in potential. The quantum refiection at the
heterojunciion which tends to localize the initial electron
wave function on the emitter side of the heterojunction re-
sults in a small probability that the electrons are injected into
the base. However, those that are injected scatter at a rate
close to the bulk value.

That this is a correct interpretation is best illustrated by
calculating 1/7, for an electron of energy £, when the elec-
tron velocity in the emitter is the same as in the base | see Fig.
1{a)]. This impedance matching condition' (for which
the transmission coefficient is unity} is mi/m¥

= E,/(E, — U}, where m} and m¥ are the effective elec-
tron masses in the emitter and base, respectively. In Fig.
3(a) we plot 1/7, for the case of impedance matching for
electrons of energy E, = (U, -+ fiw, ,/2}. As can be seen,
the impedance matched heterojunction phonon scattering
rate is close to half the bulk value since the electron spends
kaif its time in region 2.

To estimate the energy dependence of base current in a
unipolar hot-electron transistor (which is related to the cur-
rent gain 7 = j./j,, wherej. andj, are the collector and base
currents ), we consider the potential depicted in Fig. 3(b).
U,, U,, and U, are the emitter, base, and collector potentials,
respectively. An electron injected from the emitter side is
represented by a traveling plane wave, ¢,. Once transmitted
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FIG. 3. (a) 1/7,, for a heterojunction impedance matched at an electron
energy E, = 10.5%w, . The smooth curve is the bulk phonon scattering
rate. The parameters used in the calculation were U, = 10w, U, =0,
m¥ = 0.048m¥, m¥ = 0.021m,, z, = 463 A, and z, =z, = 24 SIG A. (b)
Base capture rate as a function of initial electron energy for an asymmetric
quantum well structure. The dotted line corresponds to an impedance mis-
matched base/collector junction with m¥ = 10m¥*. The solid line corre-
sponds to impedance matching with m¥ = 0.63m¥. The other parameters
used in the calculation were U == 10w, U, =0, U, = 5w, mf
=002lmy, 2, = 463 A, and z, =z, = 24 510 A.
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into the coliector region the electron is expected to contrib-
ute to the collector current. Hence, in our model, the base
current is related 1o a base capture rate obtained by restrict-
ing the summation in Eq. (1) to those states ¢/, which are
bound to the base region. The result of such a calculation
with and without impedance matching at the base/collector
interface is shown in Fig. 3(b). Without impedance match-
ing (dotted line) the capture rate peaks at the virtual cavity
resonances of the base. We expect these resonances to be
detrimental to current gain because, in the transport prob-
lem, current flows mainly via resonances where the average
velocity of electrons is low and the base capture probability is
high. The effect of impedance matching at the base/collector
junction is to smoothen the resonance characteristics by re-
ducing the maxima and increasing the minima in the capture
rate. In the transport problem the average velocity of elec-
trons is high and the probability of an eleciron contributing
to base current is low.

In conclusion, quantum mechanical reflection at an
abrupt semiconductor heteroiunction can localize initial and
final electron states either side of the junction. 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 can-
celed by the decrease in transmission probability. Neglect of

238 Appl. Phys. Letl,, Vol. 52, No. 3, 18 January 1988

this phenomenon will cause significant errors in device mod-
eling. We have also demonstrated that resonances in elec-
tron scattering rates may be removed by impedance maich-
ing electron states across the base/collector junction. The
removal of these resonances should increase the current gain
of unipolar hot-electron transistors.
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“Consider three regionsj = 1,2,3, with potential U (U, =0),width z; [see
Fig. 2{(a)}, and transverse effective electron mass m}, bounded on either
side by infinite potential barriers. For simplicity we assume the effective
masses parallel to the interface to be equal, ie., mf, = m¥. The energy
eigenvalues for the system are found by solving for

flhy) =0= —23 tan &z, + tan k,z, + %5 tan k32,
1 3

a a
— 2 tan k,z, tan k,z, —= ian k;z,,
2, @y
where g, -= #ik /m* sre the transverse velocities and
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are the transverse momenta.
It would be interesting to consider the effect dissipative processes, such as
phonon scattering, have on this transmission probability. See, e.g., R.
Bruinsma and P. M. Platzman, Phys. Rev. B 35, 4221 (1987).
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