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Mobility enhancement in quantum wells by electronic-state modulation
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A wave-function modulation induced by insertion of several thin barrier layers inside a quantum well
is proposed as a method of enhancement of the electron mobility limited by scattering from optical pho-
nons. Numerical calculations demonstrate appreciable enhancement for appropriate values of the pa-
rameters for which intersubband scattering processes are suppressed.

I. INTRODUCTION

Realization of high electron mobility is one of the most
challenging subjects in semiconductor physics and is im-
portant for device applications. The modulation doping
technique is one of the most successful examples that
have worked well at low temperatures. ' In this paper, we
propose a method to increase the electron mobility limit-
ed by optical-phonon scattering in quantum wells by a
modulation of wave functions along the direction perpen-
dicular to the layers and demonstrate the mobility
enhancement by a numerical calculation.

In modulation doped heterostructures, polar-optical-
phonon scattering is the most important mechanism that
limits electron mobility at room temperature. Optical
phonons in heterostructures can be strongly modified by
the presence of heterointerfaces as has already been dis-
cussed in many review articles. This has led to the ex-
pectation that optical-phonon scattering is reduced and a
high room-temperature mobility is realized in quantum
wells and superlattices. In fact, numerous calculations of
scattering strength have been reported so far. In
these calculations various models of optical phonons were
used and some ' actually predicted a reduction of the
scattering rate with decreasing well thickness. Recent
more reliable calculations based on lattice displacements
obtained in lattice-dynamical calculations have given a
disappointing result that the scattering strength is essen-
tially independent of such phonon modulation due to the
presence of heterointerfaces.

It is now well established that the scattering strength
decreases with increasing layer thickness in GaAs/A1As
quantum wells as long as contributions from intersub-
band scattering are negligible. This is due to a change in
the form factor for the interaction with phonons deter-
mined by the electron wave function along the direction
perpendicular to the layer and suggests that the scatter-
ing strength is more sensitive to the electron wave func-
tion than the phonon modulation. The long-range
Coulombic nature of interaction with optical phonons
suggests another possible way of reducing the scattering
strength through a modulation of the electron wave func-
tion.

In this paper, we calculate the electron mobility of
CsaAs/A1As quantum wells with several thin barrier lay-
ers being inserted and show that the scattering strength
can be reduced due to a wave-function modulation in-
duced by such thin barrier layers. Because phonon
modulation due to the presence of heterointerfaces affects
the scattering strength only very weakly, we shall employ
a bulk-phonon model in which optical phonons in bulk
material constituting the well layer are assumed. The
model and the method of calculating the electron mobili-
ty are discussed briefly in Sec. II, the result is presented
in Sec. III, and a short summary is given in Sec. IV.

II. SCATTERING FROM OPTICAL PHONONS

We consider the following two structures consisting of
GaAs and A1As: One is a conventional single quantum
well and the other is a single quantum well with thin
A1As barrier layers being inserted. The former will be
denoted as SQW and the latter as wave-function-
modulated SQW or WFMSQW. Figure 1 shows the band
diagram of these systems and the wave function of the
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FICi. 1. Band diagram and wave function of the lowest sub-
band of SQW (solid line) and WFMSQW (dashed line) with lay-
er thickness 124 A.
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ground subband for the total layer thickness d =124 A.
The height of all barriers is 800 meV. Three thin barriers
with thickness 11.3 A corresponding to four monolayers
of A1As are inserted in equal spacing. These barriers
modulate the electron wave function in such a way that it
has an appreciable amount of short-wavelength com-
ponents. Note that this structure is similar to that used
recently in the experiments by Zhu et al.

The presence of such barrier layers tends to raise the
energy of subbands whose wave function does not have a
node at the position of the barrier. This leads to a bunch-
ing of several subbands into groups. In the presence of
three equally spaced barriers, for example, four adjacent
subbands tend to have energies close to each other. Con-
sequently, the introduction of barrier layers gives rise to
extra intersubband scattering in addition to the desired
wave-function modulation. Thus, explicit numerical cal-
culations are required to see whether such a wave-
function modulation can really enhance the mobility.

Because optical-phonon scattering is dominant above
77 K, other scattering mechanisms such as impurities
and acoustic phonons are completely ignored. The
effective-mass approximation is employed for electronic
states and the difference in the effective mass of well and
barrier layers is neglected. Furthermore we consider the
case of low electron concentration (N, =2 X 10" cm )

for which band bending is not important. We shall
neglect the screening effect because of high phonon fre-
quency ( )36 meV), low electron concentration, and high
temperatures.

We employ a bulk-phonon model for optical phonons.
It has been shown in previous papers that the com-

pleteness of phonon modes leads to the conclusion that
the scattering rate does not depend on details of individu-
al phonon modes. In fact, the scattering strength is
determined essentially by spatial distribution of the prod-
uct of the Frohlich constant a, LO-phonon frequency
A'coLo, and the average phonon number n (AcoLo). When
a part of GaAs is replaced with AlAs, therefore, we can
roughly estimate the change of the scattering rate by sub-
tracting the contribution of the GaAs at the part and add
that of A1As there. In Table I, we summarize a, AcuL&,

n(hco„o), and the Polaron damPing rate I ( =cczrzcoLon ) at
300 and 120 K for GaAs and A1As LO phonons. The
electron effective mass is chosen as that in GaAs for both
cases. It is found that I in AlAs at 300 K is almost the
same as that in GaAs. Thus, the bulk-phonon model is
quite accurate for GaAs/AlAs systems at 300 K and may
slightly overestimate the scattering strength at 120 K.

The electron mobility will be calculated in the
relaxation-time approximation. We have

(2.1)
me

with —e being the electronic charge and m, the effective
mass (m, =0.067mo, mo being the free-electron mass).
The momentum relaxation time ( r ) is given by the aver-
age over different subbands,

g(~z &N,
1

(2.2)

1

where (rz ) and Nz are the relaxation time and the elec-
tron sheet density of the subband I. We have
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where f (E) is the Fermi distribution function. The relaxation time for state (kll, l ) with energy Ez(kll ) is given by
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TABLE I. Frohlich coupling constant a, LO-phonon energy AcoLo, phonon number n, and polaron
damping rate I, in the bulk at 300 and 120 K. For AlAs, we assume the effective mass of GaAs.

GaAs
AlAs

0.07
0.11

ACOLo

(meV)

36.2
50.1

0.32
0.17

300 K

I (me V)

0.83
0.89

0.031
0.008

120 K

I (me V)

0.079
0.041
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where q=(qii, q, ) is the wave vector of bulk phonons,

kii+qii l q, ) is an electron-optical-phonon matrix
element between initial state (kii, I ) and final state
kll+qll'l'), and 8 kll'kll+qll) is the angle between kll and

kII+qII. The relaxation-time approximation is known to
give only a crude estimate of the mobility for scattering
from polar optical phonons, but is expected to be
sufficient for the present purpose in which we are in-
terested only in the relative difference between SQW and
WFMSQW.

III. NUMERICAL RESULTS

t)I~Lo+ka T~ E» ——Er(0) —E, (0) . (3.1)

In Fig. 3 we show the layer-thickness dependence of the
electron mobility at 300 K (same as in Fig. 2) and sub-
band energies measured from the bottom of the lowest
subband Ert for (a) SQW and (b) WFMSQW. It is clear
that the mobility peak roughly corresponds to the thick-
ness where Eq. (3.1) is satisfied.

For the layer thickness smaller than the first peak
(d —102 A), the mobility in WFMSQW is larger than

Figure 2 shows the layer-thickness dependence of the
mobility at 300 K in SQW and WFMSQW. The electron
sheet density, N, =Q INt, is 2 X 10" cm . For
WFMSQW, the thickness of each thin barrier layer is
kept constant and their spacing is varied in proportion to
the thickness d of the quantum well. The mobility of
SQW has a sharp peak at d = 136 A and becomes nearly
independent of the thickness with small oscillations for
d &200 A. In WFMSQW, there is a sharp peak at
d = 102 A and a large and broad peak at d =543 A.

At 300 K the electron distribution is classical and elec-
trons are thermally distributed in energy roughly up to
about k~T, where k~ is Boltzmann's constant. Conse-
quently, the appearance of intersubband scattering due to
phonon absorption into the subband l is roughly deter-
mined by the condition
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that in SQW. This enhancement is the result of the
reduction in the electron-phonon interaction due to the
wave-function modulation. Unfortunately, however, this
enhancement disappears quickly once the strong inter-
subband scattering starts to play a role, and the mobility
of WFMSQW becomes smaller than that of SQW for
Gj) 120 A.

In SQW, intersubband scattering starts to be important
around d=136 A corresponding to the mobility peak.
For thicker SQW's, the thickness where the condition
(3.1) starts to be satisfied for subband l increases linearly
with l. Consequently, there is essentially no special range
of layer thickness for which the mobility can be particu-
larly enhanced and the mobility is nearly independent of
d )200 A. In WFMSQW, the presence of large intersub-
band scattering due to barrier-layer insertion reduces the
mobility below that in SQW for 120 &d &350 A. Be-
cause no new intersubband scattering contributes, the
mobility increases continuously in the region
250 & d & 540 A and exceeds that of SQW around d -350
A.

The peak mobility of WFMSQW at d =543 A is two
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FICx. 2. Calculated mobility as a function of the layer thick-
ness in SQW (solid line) and WFMSQW (dashed line) at 300 K.
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FIG. 3. Calculated subband energy measured from the bot-
tom of the lowest subband (dashed lines) and mobility (solid
line) as a function of the layer thickness. (a) SQW and (b)
WFMSQW.
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FIG. 4. Calculated and observed mobility at T= 120 K. The
solid and dashed lines show the calculated mobility in SQW and
WFMSQW, respectively, and the filled and open circles show
the measured mobility in SQW and WFMSQW, respectively.

overestimated for WFMSQW in which the number of op-
tical phonons in the thin A1As layers inserted is smaller
than that in the GaAs layer. A rough estimate of the
scattering rate may be obtained by making an arithmetic
average of the I"s given in Table I weighted by the rela-
tive thickness of the GaAs well layer and the thin A1As
inserted layers. This leads to an enhancement of the mo-
bility only by about 16%%uo at most over the present result
for WFMSQW, which does not change the conclusion
that the mobility for WFMSQW is smaller than that for
SQW at d = 124 and 210 A. Zhu et al. suggested that the
observed enhancement of the mobility in WFMSQW is
due to modulation of optical phonons. This is quite un-
likely, however. Although individual phonon modes can
be strongly modified by the presence of heterointerfaces,
their completeness leads to the scattering strength in-
dependent of the modification as has been discussed in
the previous section. A more detailed calculation is high-
ly desirable to settle this intriguing problem.

IV. SUMMARY AND CONCLUSION

times as high as that in SQW with the same layer thick-
ness and is nearly the same as that of SQW at 136 A.
This is to be expected because four miniwells become
nearly independent of each other for suKciently thick
WFMSQW's. In fact, for d = 543 A, the thickness of
each miniwell is 127 A, only slightly smaller than that of
SQW corresponding to the mobility peak.

In Fig. 4 the results of the calculation at T =120 K are
compared with the experiments of Zhu et al. The
theoretical result is almost one order of magnitude larger
than the experimental result. This is partly because of
the present relaxation-time approximation which gives
rather inaccurate mobility. However, the most
significant cause of the discrepancy lies in the fact that
the measured mobility is much lower than the known mo-
bility in such systems. The measured mobility in
WFMSQW is —1.5 times as large as that in SQW for
d = 124 A, where the calculation gives a lower mobility in
WFMSQW than in SQW. The same is applicable to
d =210 A.

As the bulk-phonon model is used in the present calcu-
lation, the calculated scattering rate may be slightly

A mobility enhancement through the electron wave-
function modulation was proposed and tested in actual
numerical calculations. A wave-function modulation
gives rise to two competing effects on the mobility. The
first is the reduction in the strength of the electron-
phonon interaction, leading to a mobility enhancement,
and the second is the introduction of inter subband
scattering, leading to a mobility reduction. An apprecia-
ble amount of the mobility enhancement can be achieved
for appropriate values of parameters for which intersub-
band scattering is reduced as much as possible.
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