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Acoustic phonon scattering in modulation-doped heterostructures
W. Walukiewicz
Center for Advanced Materials
-Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

We use recently determined values of conduction and valence band edge
deformation potentials to analyze two dimensional electron and hole mobilities
in GaAs/Al1GaAs modulation-doped heterostructures. Contrary to the commonly
accepted view, it is shown that a consistent description of low temperature
mobility can be given only if the short range deformation potehtia] scattering

is not screened by free carriers.
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Scattering by lattice vibrations plays a major role in limfting carrier
mobility in pure semiconductors. In ionic semiconductors polar optical phonon
scattering 1is the major scattering process at room temperature whereas at
lower temperatures, acoustic }phonon scattering dominatesl. In such

semiconductors, free carriers interact with acoustic phonons through a short

range deformation potential as well as through a long range electrostatic

potential resulting from the piezoelectric effect. The parameters determining
strengths of the polar optical and the piezoelectric interactions are known
from independent experiments unrelated to charge transport. On the other
hand, until recently the band edge deformation potentials could not be
measured separately. Only the difference between the conduction band and the
valence band deformation potentials was known from the hydroétatic pressure
dependence of the energy gang In the absence of directly measured values,
the conduction or valence band deformation potentials were determined by
fitting of theoretical calculations to the é%isting free carrier mobility
and/or free carrier absorption data. In many instances, this led to a
situation where deficiencies of theoretical models and/or poor quality of
experimental data were accommodated by fitting the value of the deformation
potential. Therefore, it is not surprising that the deformation potentials
obtained from such procedures varied substantially. In the case of GaAs, the
‘conduction band deformation potentials ranged from -7 eV3 to -16 eV4.

The introduction of modulation-doped heterostructures (MDH)S’6 led to a
large reduction of ionized dimpurity scattering, dramatically enhancing
sensitivity of the low temperature carrier mobility to the acoustic phonon
scattering. Most recently, n- 7 and p-type8 GaAs /A1GaAs MDHs were

fabricated with extremely high mobilities exhibiting Tlinear temperature
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dependence of the inverse low temperature mobility. This indicated that
acoustic phonon scattering dominates in these MDHs. Also a new method for a
direct measurement of the values of the band edge deformation potential has
been proposedg. The method based on the existence of universal reference
energy levels given by the transition metal impurities has been used to
measure absolute conduction and valence band deformation potentia]s in GaAs
and InP. These new determinations completed the set of parameters necessary
for full description of the carrier transport in these materials. In this
paper, we use this set of parameters to analyze the effects of acoustic phonon
scattering on the mobilities of two-dimensional electron and hole gases in
GaAs /A1GaAs MDHs. We show that an internal consistency for the set of GaAs
parameters 1is obtained only if the long range piezoelectfic scattering is:
screened by free carriers and the short range deformation potential is not.
The commonly used free carrier screening of the deformation potential leads to
values of the déformation potential constants which are much larger than those
measured directly.

A detailed analysis of the acoustic phonon scattering of the
two-dimensional electron gas in the triangular well was given by Pricelo.

For the screened deformation potential scattering the inverse relaxation time

is:
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.k is the electron wavevector,
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NS is the electron gas density, a. is the deformation potential constant,

and € is the dielectric constant. In the absence of the free -carrier
screening, qs = 0 and Eq. 1 reduces to:

2
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where CQ is the longitudinal elastic constant.

The relaxation time for piezoelectric scattering is given byl0,

L 1,2 - (3)
e LT
where e
2 W
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L,T k T k
For GaAs

*
ar = 3.21 104(g;) (cm™2)

*
4.m -1
GL = 1.66 x 10 (Eo-) (cm )
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The function of f, and f; are given in Ref. 10.

The degeneracy of the GaAs valence band leads to substantial complicatiohs
of the energy level structure of the.two-dimensional hole gas. It has been
shown, however, that the energy separating the two uppermost subbands from
lower lying levels is large enough so that only these tWo subbands have to be
considered.n’12 Also, it has been argued13 that since the 1light holes
located in the spin-down subband are very efficiently scattered by the heavy
holes from the spin-up subband, one can neglect light hole contribution to the
hole transport. In the present calculations we assume that an isotropic
cyclotron effective mass calculated in Ref. 12 provides a proper description
of the heavy hole spin-up subband in GaAs. With these assumptions, Egq. 1 and
4 for the acoustic phonon scattering can be modified to account for‘p-type
symmetry of the valence band. In the case of piezoelectric scatterihg, the
integral function in eq. 4 has to be multiplied by the overlap function
1/4 (1+3cosze). For the short range deformation potential both longitudinal.
and transverse phonons contribute to the scattering. Also, the interaction of
the holes with the transverse phonons can lead to spin-flip transitions
between heavy and light hole subbands. The effective deformation potential

for holes can be divided into two parts representing intra- and intersubband

contributions to the scattering:14
2 2 2
Edp = Eintra * Einter (5)
where:
' C,.C C _
2 2+t[ 2, 2 L 2
E = —— |(1*m)%+n ] + m (6)
intra t ZC: :
N
: m, C, _ :
E%nter = 2* n2 (7)
3m, C
1t

* *
m, and m, are heavy and ‘light hole effective masses, respectively,

Cp and C, are longitudinal and transverse elastic constants, 1, m and n
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are parameters related to the valence band deformation potentials a,» b,
| A5 7 - =

and d ;°° 1 =2b*a, m=a-b,n= /3d /2.
The macroscopic mobility can be expressed 1in terms of the average

relaxation time:

w = S22 (8)
m
af
_/;3;-9 T(x)dx
<T> = =% (9)
0
x;;—dx

and fo is the Fermi-Dirac distribution function. The GaAs parameters used
in the calculations are listed in Table I. In Fig. 1 the inverse electron and
hole mobilities in GaAs/A1GaAs MDHs are shown. The solid lines represent the
mobilities calculated without free carrier screening of the deformation
potential scattering.' Excellent agreement wifh a recent experimenf for an
n-type MDH with highest ever reported low temperature mobility was obtained.
The contribution of the screened piezoelectric scattering to the total
é]ectron mobility represented by the solid line is about 30 percent. It has
to be emphasized that no fitting parameters are used in these calculations.
If the deformation potential is screened by free carriers, then the resulting
total scattering shown by the upper dashed curve in Fig. 1 is too low. To

account for this discrepancy, a value of -13.5 eV for a
17

c had to be adopted

in previously reported calculations. This value is, however, in obvious

disagreement with directly measured 3. = -9.3 ¥1 eV (9) and recently

calculated values of -8.8 eV18 and -7.3 eV.19 Also, such a high value of

a. could not be reconciled with an existing mobility data on high purity

GaAs.20,21

As is seen from eqs. (5-7), the determination of the effective deformation

*
potential for holes requires the knowledge of both Tlight m, and heavy
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hole m1 effective masses. Recent calculations have shown that

m; = 0.19 my and is independent of the carrier concentration.
Therefore the only parameter necessary for the dgscription of thé hole
mobility is the heavy hole effective mass. As is shown in Fig. 1, a good
agreement between theory and experiment 1is obtained for the screened
piezoelectric and unscreened deformation potential scatterings with the heavy

*

hole effective mass of m; = 0.68 m,. This value is only slightly below

the range of mI calculated for a p-type MDH12 with the total hole
concentration of -2.7x1011 cm’2 corresponding to the experimental data of
ref. 8. Also we find that with this value of mI the intersubband
contribution to the total deformation potential scattering given by eg. (7)
does not exceed 15 percent and the piezoelectric contribution is less than 10
percent. Isotropic heavy hole mass mI‘ has been employed in the above
calculations. In order to estimate the accuracy of this approximation, we
assume that the angular dependence of the effective mass can be written in the
form,12 mI(e) = A+Bsin229, where A and B are constants. The
anisotropy of the heavy hole effective mass measured by the ratio B/A does not
exceed 0.5.12 To account for the anisotropy in the case of unscreened

deformation potential'scattering one has to compare the integrals:

2 T
mI /(l-cose)de
0
m
]kA + Bsin229) (1-cose)de
0

and

where mI = (A + 1/2B) is the average cyclotron mass. It can be shown
that the relative difference between those .two integrals is

0.1382/(A+B/2)2. Thus, for B8/A<0.5 an error introduced by the isotropic

mass approximation does not exceed 2 percent.
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The lower broken curve in Fig. 1 represents hole mobi]ity for the case
where both piezoelectric and deformation potential scatterings are screened by
free holes. The resulting acoustic phonon mobility is not only more than two
times higher than the experimental mobility but also shows much different
temperature dependence vfor the temperatures lower than 30K. Therefore the
agreement between the theory and experiment cannot be improved by adjusting
heavy hole effective mass and/or the effective deformation potential. We may
conclude from the above analysis that for both two dimensional electrons and
holes a vgood agreement with the experiment 1is obtained only when the
deformation potential is not screened by free carriers.
| The problem of whether the short range deformation potential scattering

22 It has

should be screened has been analyzed for the case of 3D electrons.
been found that although the arguments used to introduce free carrier
screening of Jlong-range potentials are not app]icabie in the case of
deformation potential, however, the effective matrix element obtained by an
inversion of the full dielectric matrix has the same form as for the potential
screened by free carriers. This finding could not be tested previously since
for a 3D electron gas the screening effects are significant only at high
electron densities at which ionized impurity scattering 1is a dominant
scattering mechanism. The present analysis shows that a simple Thomas-Fermi
screening of the deformation potential cannot be used in the case of 2D
electron and hole gases and that reconsideration of the screening of short
range interactions is needed.

In summary, acoustic phonon electron and hole mobilities were calculated
using recently determined GaAs conduction and valence band edge deformation
potentials. A consistent description of the temperature dependence of the

mobilities in GaAs/A1GaAs MDHs can be given only if the short range

deformation potentials are not screened by free carriers.

N
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Table I. Parameters Employed in Present Calculations

MOH n-type p-type .
Parameter , v
Effective mass ms = 0.066my (a) . m* = 0.68m,
1

m* = 0.19m, (b)

ay = -0.7ev (¢)

Deformation Potential ac = -9.3eV (c) by = -1.7eV (d)
| dy = -4.4ev (d)
Carrier concentration Ne = 1.6x101lcm-2 (e) Np = 2.7x10llem-2 (f)
Static dielectric
constant e,= 12.9 (3)
C = 1.4x1012 dyn/cme (d)
Elastic constants
Ct = 0.49x1012 dyn/cm? (d)
Piezoelectric coupling
parameter h1g = 1.2x107 V/em (d)
a Ref. 1 e Ref. 7 ¢
b Ref. 12 f Ref. 8 | Y
C Ref. 9

d Ref. 18
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Figure caption

'Fig 1 Inverse electron and hole mobilities. The experimental points are the

data of ref. 7 (o) and 8 (o). The solid lines and broken 1lines
represent the mobilities calculated for unscreened and screened
deformation potentials, respectively. The parameters used in the

calculations are listed in Table I.
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