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The mobility of a two-dixnensional (2D) electron gas in two different samples of a
GaAs/Al Gax As heterostructure is calculated as a function of temperature, electron concentra-
tion, and hydrostatic pressure and compared with previously published experimental data. It follows
from our discussion that, compared to the Thomas-Fermi method, the random-phase approximation
describes the screening of the scattering potentials much better. Separation of the acoustic phonon
scattering from other scattering mechanisms allows the determination of the conduction-band defor-
mation potential constant E~. The resulting deformation potential is found to be —12.0 + 1.0 eV,
which is in agreement with the most frequently reported data for GaAs/Al Gax As heterostruc-
tures. The hydrostatic-pressure dependence of the deformation potential is also studied (using the
heterostructure with higher electron mobility) and, contrary to the common assuxnptions about the
pressure independence of E~, we have found that its absolute value decreases with applied hydro-
static pressure. Polar optical phonon scattering is also considered, including the screening by a 2D
electron gas.

I. INTRODUCTION

Two-dimensional electron systems in semiconductors
have an increasing importance for application in solid
state electronics (high-speed logical circuits, laser diodes,
etc.). The interest in the electronic properties of a two-
dimensional electron gas (2DEG) con6ned at the inter-
face of the GaAs/Al Gax As heterostructure is moti-
vated by the large enhancement of the electron mobility
compared to three-dimensional semiconductors. Mobility
enhancement in the GaAs/Al Gax As heterostructure
represents one of the major goals of semiconductor tech-
nology.

An immediate improvement is associated with the
introduction of the concept of modulation-doped. het-
erostructures (MDH) for a GaAs/Al Gax As system.
This is because the 2DEG confined at the GaAs side of
the interface is separated by an undoped spacer &om par-
ent donors which are in Al~Gaq ~As. ' This causes a
large reduction of ionized impurity scattering, which is
usually the dominant scattering mechanism limiting the
electron mobility at low temperatures. The enhancement
of electron mobility in MDH now approaches four orders
of magnitude. Further progress can be achieved by im-
provement of epitaxy conditions and optimization of the
MDH structures, which requires a detailed study of the
physical processes limiting the mobility. The aim of our
paper is an investigation of the scattering mechanisms
limiting the mobility of the 2DEG in modulation-doped
GaAs/Al Gax As heterostructures.

To understand the importance of the various scatter-

ing mechanisms in a 2D system a systematic study of
mobility as a function of diferent parameters, especially
of the electron concentration, should be made. However,
it is dificult to compare theory and experiment Rom such
a study, since by nature practically each heterojunction
is unique. In this situation hydrostatic pressure exper-
iments are a very useful tool for 2D electron transport
efFect investigations, as they allow the electronic proper-
ties of the heterojunction to be precisely modified with-
out changing the intrinsic properties of the material. The
high-pressure freezeout (HPFO) method, combined with
the persistent photoconductivity (PPC) effect inducing
changes of electron concentration in a given sample, gives
an important advantage in comparison with the usual sit-
uation where a set of samples is employed.

The HPFO method has seldom been employed in this
kind of study whereas the PP C effect has become very
popular. The former method makes it possible to de-
crease drastically the concentration of the 2DEG. In con-
trast, the latter procedure is used to increase the density
of the 2DEG.

For the purpose of this work we employ experimen-
tal results published elsewhere. However, to enable
the reader to achieve a full understanding of the prob-
lems considered, we will include a short description of
the examined samples as well as the high-pressure meth-
ods used in the experiments.

The measurements we consider were carried out on two
different samples: a GaAs/Alo ssGao ssAs heterostruc-
ture with conventional bulk doping of the barrier (sam-
ple A) and a GaAs/Alo sGao yAs heterostructure with a
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h-doped barrier (sample B).
First (sample A), the electron mobility as a function

of temperature and the 2DEG concentration, n, Ec, was
studied. Owing to the use of the HPFO method and PPC
it became possible to obtain difFerent electron concentra-
tions using one sample of the considered heterostructure
only.

Next, the pressure dependence of electron mobility,
concentrating on the deformation potential behavior, was
examined. To this aim the higher-mobility sample (sam-
ple B) was used.

In our theoretical analysis we put the main empha-
sis on two disputable problems: (1) What is the mag-
nitude of the deformation potential E~, and a related
question —whether ED originating from acoustic phonons
should be screened or not? (2) Does ED depend on pres-
sure7 The third problem we want to consider is changes
in the mobility due to polar optical phonon scattering in-
cluding the screening by 2DEG. Some of the results were
publ jshed elsewhere 8—1o

The conduction-band ED value d.etermined in various
bulk GaAs materials ranges mainly &om —7 to —9.5 eV
(e.g. , Refs. 11 and 12). More recer.t studies of acoustic
phonon scattering (APS) in GaAs/Al Gaq As 2DEG
structures gave ED values ranging between —8 and —16
eV. 2 The values of E~ we obtained for two differ-
ent samples and for various 2DEG concentrations vary
between —11.5 and —12.5 eV.

Discussing different models for screening by 2DEG we
prove that, contrary to some suggestions, ' the defor-
mation potential has to be screened by free carriers. It
turns out that the Thomas-Fermi method is unable to de-
scribe the screening effects properly, so in order to achieve
an agreement between theory and experiment we use the
random-phase approximation (RPA) to account for this
phenomenon.

In Sec. II the details of samples and experiments we
discussed are given; in Sec. III the method of calcula-
tions is outlined, and the results are presented in Sec. IV.
Discussion and comparison with other experimental and
theoretical results together with some conclusions are in
Sec. V.

II. SAMPLES

To investigate the temperature dependencies of mo-
bility for different values of 2DEG concentration n, D

the sample with high electron concentration n, DE
2.6 x 10 cm and electron mobility at 4.2 K equal
to p, = 4.7 x 105 cm2/V s was chosen (sample A). This
sample was characterized by the possibility of changing
the n, values in a wide range due to the HPFQ pro-
cedure (decreasing of n, DE~), and using the PPC effect
(increasing of n, DE~). The sample was grown by molec-
ular beam epitaxy. ' It was a GaAs/Alo s5Gao ssAs het-
erostructure consisting of Si-doped Al Ga1 As, an un-
doped Al Ga1 As spacer, and undoped GaAs grown
on a semi-insulating GaAs substrate [see Fig. 1(a) for
the detailed schemej. The HPFO procedure consists of
applying pressure at room temperature, which leads to
the capture of carriers by localized Si-donor states in
Al Ga1 As. Releasing pressure at T (100 K does not
change the occupancy of donors, and one can thus pro-
duce an arbitrary change of n, DE~, which persists at am-
bient pressure. The higher the value of pressure applied
at high temperatures, the lower the magnitude of n, DE~.
At low temperatures an increase of n, DE may be induced
after shining a light on the sample. This effect (PPC)
persists after the light is turned off, if the temperature
does not exceed 100 K. The measurements of Hall con-
centration and mobility were performed. at atmospheric
pressure.

The mobility of the sample described above was too
low for a precise determination of the pressure effects, so
that the sample with a much higher value of p was chosen
(sample B) to investigate the temperature dependence of
p, with hydrostatic pressure as a parameter. The high
electron mobility enables us to easily extract the APS
mechanism, which is dominant under these conditions.
However, the technique of growing high-mobility samples
leads to low electron concentration. In view of the fact
that the optimum condition for our study was a high elec-
tron concentration —high mobility (as will be explained in
more detail in Sec. IV), the PPC procedure was used to
get a maximum 2DEG concentration. The resulting
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n, for sample B was 1.9 x 10 cm . The sample
was prepared by molecular beam epitaxy with the imple-
mentation of the doping in the Alp qGaq 7As using two 6-
doped layers of Si. They are separated by a large spacer
to create a structure with high electron mobility by re-
moving the scattering due to the potential Huctuations
associated with the surface space charge. A scheme of
the sample is given in Fig. 1(b). The described growth
procedure leads to a large reduction of ionized impurity
scattering, thus the obtained 2DEG Hall mobility p, was
as high as 2.7 x 10s cm /V s (at atmospheric pressure
and T = 4.2 K). The employed experimental data con-
sist of results of the measurements of n, DK~ and p as a
function of temperature between 4.2 and 70 K and for
four diferent hydrostatic-pressure values (0, 0.53, 0.8,
and 1.1 GPa). All the results were obtained in the dark,
after illumination of the sample (at 30 K) by a red-light-
emitting diode in order to get the maximum concentra-
tion n, DK~ at every value of the used pressure (PPC). In
this situation n, D~~ shows a very weak dependence on
temperature. A decrease of n, D~~ with pressure —about
40% for 1 GPa is observed.

III. THEORY'

j p, (E) E ( d—fp/dE) dE

j E ( df—p/dE) dE

with

1 m ~ 1 vp
(1 —cos p) dy +

p(E) e -
vr p e'(q) u t(E)

(2)

p (z) = 6 (z)
~

—
~

bz exp (—bz),

we have

v; „=4vr — n(z) p (z') e ~ ' ' dzdz', (4a)h~ q2

where n(z) is the 2D ionized impurity concentration,

where Ep is the energy of the subband bottom, and q =
2 (2m)E —Ep~)'~'sin ~z.

The v„value depends on the particular scat tering
mechanism (v; „,vg, r, v~;„), and on the form of wave
function we assume. For example, if the electron density
is (8 is the Heaviside step function)

The temperature dependence of the electron mobility
is evaluated theoretically in the temperature range 4.2—
70 K, and 2DEG density range 0.5—5 x 10 cm, and
for four values of hydrostatic pressure: 0, 0.53, 0.80, and
1.1 GPa. To calculate the mobility we solve the Boltz-
mann equation in the relaxation time approximation. In
our study we take into account all relevant scattering
mechanisms that limit the mobility: (1) Ionized impurity
scattering (IIS) corresponding to (i) background resid-
ual impurities in GaAs, (ii) impurities from the undoped
spacer layer of Al Gaq As, (iii) ionized Si donors from
the Al Gaq As barrier, (iv) compensated acceptors in
Al Gaq As. (2) Acoustic phonon scattering (deforma-
tion potential and piezoelectric scattering). (3) Polar op-
tical phonon scattering.

We neglect here contributions given by the interface
roughness and the alloy-disorder scattering. As it was
shown in Ref. 23, these two mechanisms can be eKec-
tive in determining the mobility in GaAs/Al Gaq As
at electron concentrations n, D~~ higher than 10 cm
Moreover, the alloy-disorder scattering can play a role at
small Al content x only (x 0.1). Note that in our
case the highest n, D~~ is 4.6 x 10 cm and x = 0.35
for sample A and 0.30 for sample B.

With decreasing temperature, below about 70 K, the
major mechanism limiting the 2DEG mobility changes
&om optical phonon scattering (OPS) to acoustic phonon
scattering (APS). The APS contribution, composed of
the deformation-potential scat tering and piezoelectric
scattering of the 2DEG, decreases with lowering tem-
perature, and ionized impurity scattering becomes the
dominant mechanism.

The electron mobility (averaged over energy) is given
by (see, for example, Ref. 24, Sec. IV.3)

3mkgy TED
16h~C,

(C~ is the longitudinal elastic constant).
The piezoelectric contribution consists of two parts,

longitudinal and transverse:

&piez = &pieFL + 2&piezT ~ (5)

They are 6

m 2k~T91
~,'-r. = —,(ebi4) fs. (V),——

h3 2+L 32q (5a)

m 2 k~T 131
+p' T (e~14) fr (V) . ——

h3 2K~ 32 q
(5b)

Here KL and r~ are the longitudinal and transverse elas-
tic constants, respectively, and 6~4 is the appropriate
piezoelectric tensor component (see Table I). Functions
fr, and fz are

f»r = Os( )~(* )~xr (
—vl» —'*l)

xpr, ~ (q ~zz —z2]) dzzdz2

with pL z given by

pL, (u) = (1/3) (3+ 3u —u ) exp (—u), (5d)

pz (u) = (1/13) (13+13u —14u + 3u ) exp (—u) . (5e)

Usually when deriving vg g the Hose-Einstein distribu-
tion for phonons, i.e. , 1V = [exp (bur/k~T) —1],is ap-
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TABLE I. Parameters determined and employed in the present calculations.

Carrier concentration (cm )

Effective mass
Dielectric constants

Elastic constants

Piezoelectric coupling
parameter

Ng
N, p
ND

C11

C12

h, 14

Sample A

8 x 10
1x10
3 x 10'4

0.067mo
12.7
10.8

11.8 x 10 dyn/cm
5.32 x 10 dyn/cm

1.45 x 10 V/cm

Sample B
5x10
1 x 1014

1x10

proximated by K~T/her not only at high temperatures,
where these should be nearly the same, but for all T val-
ues. This leads to the formula (4b) and finally causes
some error in v~, f which is shown in Fig. 5(b). To avoid
this error in our calculations we used the actual form of
the Bose-Einstein distribution function in the very-low-
temperature region and therefore vg g in this region can
only be determined numerically.

To calculate the relaxation time it is necessary to take
into account a screening of the scattering potentials. A
&equently occurring situation is that where the screened
potential (i.e., the potential experienced by electrons) dif-
fers only slightly &om the bare or external potential. In
such a case the relation between the screened (V,ir) and
the external (V,„t) potentials can be expressed by a di-
electric function:

V. (q) = V- (q) / (q)

In the approach where the screening by 2DEG is ig-
nored the dielectric function reduces to a constant, i.e. ,

e(q) = ep. A simple way of including the 2DEG con-
tribution consists of replacing ~o by the Thomas-Fermi
(TF) expression, which turns out to be the small-q
limit of the more accurate formula for the dielectric
function obtained within the random-phase approxima-
tion. Recently, while analyzing experimental data, sev-
eral authors ' came to the conclusion that, in con-
trast to the RPA, both the Thomas-Fermi approach and
that with screening by eo are not satisfactory in the case
of 2DEG in GaAs/Al Gai As heterostructures. It is
worthwhile to mention that the importance of the correc-
tions introduced by the RPA method as compared with
the Thomas-Fermi theory was already emphasized and
confirmed in the case of silicon inversion layers.

The RPA dielectric function for 2DEG at T = 0 K is
of the form (see, for example, Ref. 24)

2me
e (q, T, Ep ) = ep + I"' (q) II (q, T, Ey ),

q

where

P(q) = ff p(z) ezp( —q~z —z'~) p(z') dzdz

and'9

j', dE'II(q, T =O, E')
II q, T, EJ;

4k~T cosh [(E —E~) /2k~T]

with30

II (q, T = 0, E') = (1 —6 (q —2k) [1 —(2k/q) ]'/

(1o)

where

k' = (2m ~E' —Ep~) /h, .

As can be seen &om the above, the dielectric function
at finite temperature is obtained &om the expression for
T = 0 by simple numerical integration.

For the unscreened case (without screening by 2DEG,
i.e., II = 0) the dielectric function reduces to the dielec-
tric constant of the medium surrounding the 2DEG, i.e.,
e (q, T, E+) = ep In the. case of Thomas-Fermi screening
(small-q limit of RPA dielectric function):

II (q, T = 0, E) = (12)

II (q, T, E~) = [1+tanh (E~/2kgyT)] .

Note that the acoustic phonon scattering involves
phonons with low energies, which means that it can be
treated as an elastic process (Ru -+ 0). Consequently,
considering the screening, we ignored, as it is commonly
treated, the dependence of the dielectric function.

The theoretical evaluation of the mobility faces diKcul-
ties due to the uncertainty of IIS, which includes contri-
butions &om different regions of the heterostructure. The
general situation for a modulation-doped heterostructure
is schematically presented in Fig. 2, where the ionized im-
purity profile of a "bulk-doped" heterostructure is shown
for two values of hydrostatic pressure [Figs. 2(a) and
2(b)]. The GaAs layer (b) is nominally undoped and
contains only background residual impurities Np, while
the mixed Al Ga~ As crystal is selectively doped, i.e.,
it contains the undoped region —spacer (s) with a very



I. GIORCZYCA AND J. KRUPSKI 52

I. l pl

p=—0

(b)

p)0

dependent on pressure is the amount of ionized impuri-
ties in the b-layer, instead of the width I of the depletion
I eglon.

In principle, the momentum relaxation time does not
exist for polar optical phonon scattering, which is an in-
elastic process. However, in the very special cases, e.g. ,
kT Q( MLQ such a relaxation time can be introduced
to a good approximation. To determine p ~t we derived
the two-dimensional version of the formula proposed in
Ref. 31 for the three-dimensional case. Assuming that
the phonons are not influenced by the layered structure
and using the Frolich Hamiltonian, we get

N me k (k„ Io —Ii)
p p, (E) 8ir hc' k (k2+ kL2o) k2Io

FIG. 2. The conduction-band diagram for modula-
tion-doped heterojunction. (a) Ambient pressure case; (b)
with hydrostatic pressure applied. DifFerent regions are de-
noted as follows. 6: nominally undoped GaAs; s: undoped
A1~Gai ~As layer (spacer); r: doped Al Gai As layer with
the donor impurities located high above the Fermi level; f:
the rest of the doped Al GaI As layer.

where k = [2m(E —Ep)]' /5, kz, o = (2mRuz, o)' /h,
and e* = (1/e —1/eo) (e and eo are optical and
static dielectric constants, respectively),

small ionized impurity concentration N, ~
—and the re-

gion highly doped with Si. The latter consists of two
parts: The first part is the depleted region (r) with
the ionized impurity concentration N„= N~ + ND, N~
being the concentration of compensated acceptors (the
Al Gaq As material is assumed to be partially compen-
sated) and ND being the concentration of ionized donors
(as a result of the electron affinity difFerence between
GaAs and Al Gaq As materials, the electrons from the
donors in the doped Al Gaq As layer are transferred
to GaAs). The second part (f) has the concentration
of ionized impurities N~ ——2N~, and contains also the
neutral Si donors. The width L of the depletion region
is determined from the neutrality condition

(~D —~~) L = ri2DEG + rim. i i,

where ng, ~l is the 2DEG ionized impurity concentration
in the depleted region of GaAs.

The application of hydrostatic pressure causes a down-
ward shift of the DX centers. When they are below
the bottom of the conduction band the deionization of
Si donor states takes place. The free electron concen-
tration n, DE~ in the quantum well decreases and, as a
consequence [as is seen from (9)], the width of the deple-
tion region, I, decreases. This situation is illustrated in
Fig. 2(b). Decreasing the temperature causes a nonequi-
librium metastable keezeout of electrons on impurities
sites, and the charge distribution remains the same while
releasing pressure.

In the case of a b-doped heterostructure all the impuri-
ties that give electrons to the 2DEG are at the same dis-
tance &om the heterostructure, and now the parameter

and q;„= (kL2~+ k ) —k, q „=(kfo+ k2) +k.
Function u depends on the form of the electron density

dzp (z) e'~"

and for p given by (3) can be calculated analytically.
The &equency-dependent dielectric function takes here
the form

276 e
~ (q~, ~, T) = 1 + — Il (q~) II (q~, u—), T, Ep ), (18)

&oo gZ

where I" (q~) is given by (8) and the temperature-
dependent polarization part, II (q, u, T, E), can be cal-
culated according to (9) with II(q, m, T = 0, E) given in
Refs. 24, 30, and 32. Note that ImII = 0 when ~ = 0
and the polarization part reduces to (10).

So far p ~q for polar optical phonon scattering was cal-
culated by ignoring the screening by 2DEG and taking
either the scattering rate instead of the momentum relax-
ation time or by assuming the validity of the relaxation
time approximation in a wide range of temperatures.
The importance of the screening of scattering potential
due to the polar optical phonons was emphasized already
in Ref. 37. The dynamic screening of the interaction of
the electrons with the polar optical phonons was exten-
sively discussed in papers by Ridley and co-workers,
where it was pointed out that for higher carrier densities
the screening becomes of considerable importance and its
dynamic nature must be taken into account. In previous
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papers we used a three-dimensional approach to po-
lar optical phonon scattering (see, for example, Ref. 40).

Since our purpose is to study the deformation-potential
behavior, we will concentrate on the APS mechanism.
However, the procedure of extracting APS from the mea-
sured low-temperature mobility data requires a precise
determination of the IIS contribution. Thus, the distri-
bution of ionized impurities in the 2D channel of GaAs
and in the doped as well as undoped (spacer) region of
Al Ga~ As have to be determined unequivocally. For
this purpose, in the absence of directly measured values
of the charge concentration in all three regions, we had
to Gt our calculations to the existing p against n, DE~ ex-
perimental data at lowest temperatures. Details of this
procedure will be described in Sec. IV.

10
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IV. RESULTS

A. Mobility versus temperature. Determination
of the deformation-potential constant

We start by discussing the results obtained for sample
A. , i.e. , calculated and experimental mobility as a func-
tion of temperature for different values of n, DE~. At equi-
librium conditions the 2DEG concentration was found to
be 2.6 x 10 cm . The HPFO method gave the fol-
lowing set of n, DE~: 2.03, 1.73, 1.04, 0.55 x 10~~ cm
while using the PPC effect made it possible to get the
two highest ones: 3.63 and 4.60 x 10 cm . Thus, the
procedures used allowed seven different values of elec-
tron concentration to be obtained in one sample. For
the purpose of the performed analysis we limited the ex-
perimental data to the Ave highest concentrations. We
rejected the tw'o lowest ones &om our detailed study for
the following reasons.

(1) For small n2DE~/n~, p~ ratios the variational wave
function we use may not be sufHciently accurate (see
Ref. 21 and references therein).

(2) Analyzing different scattering mechanisms which
limit the electron mobility, one can see that the main
contribution in the case of low values of n, DE~ comes
from IIS, whereas other scattering mechanisms are much
weaker in the whole considered range of temperature.
The calculated electron mobility against temperature is
shown in Fig. 3 for an electron concentration n, DE~ =
0.55 x 10 cm . Contributions corresponding to differ-
ent scattering mechanisms are drawn separately. A de-
termination of the IIS contribution can give pronounced
errors due to the uncertainty of the charge distribution
in various layers of the heterostructure, so a much more
convenient situation &om our point of view is the case in
which the IIS contributian is small, and APS is dominant.

The role of the particular scattering mechanisms will
be discussed in the intermediate case of n, D~~ = 2.6 x
10 cm, as an example. In Fig. 4 the calculated
electron mobility versus temperature with contributions
corresponding to difFerent scattering mechanisms is pre-
sented for the considered electron concentration. Be-
low 70 K APS is the dominant mechanism limiting the

2DEG mobility. The contribution &om optical phonons
is smaller and negligible below 40 K. IIS is dominant at
low temperatures. One can see &om the decomposition
in Fig. 4 that it is easy in our case to separate contri-
butions &om different scattering mechanisms: IIS causes
almost a uniform vertical displacement of the total mo-
bility curve, OPS causes the nonlinearity over 40 K, and
the change of the APS contribution due to the difFerent
possible values of the deformation potential infiuences
the slope of the total mobility curve.

As was already mentioned in Sec. III, the main diK-
culty in the theoretical evaluation of the mobility consists
of an uncertainty of the IIS contribution. This results

E
U

I

C3

2-

00 20 40 60

FIG. 4. The same as Fig. 3, but for n2DE~ —— 2.6
x10 cm

FIG. 3. Reciprocal mobility versus temperature for 2DEG
concentration n, oao ——0.55 x 10 cm (sample A). Vari-
ous theoretical curves correspond to the difFerent scattering
mechanisms: ionized impurities, acoustic phonons, and opti-
cal phonons. The upper curve corresponds to the total mo-
bility according to the rule 1/IMT~&

——1/p;o~ + 1/p~, + 1/@opt.
Experimental points are indicated by crosses.
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from the lack of knowledge of the exact charge distribu-
tion in various layers of the heterostructure. Fortunately,
due to the fact that IIS gives in our case a small contribu-
tion to the total scattering, the rough data on the charge
distribution (obtained during the growth process) and a
fit of the calculated mobility to the experimental results
at the lowest temperatures permitted us to determine the
IIS in the whole temperature region. Our procedure is
the following.

(1) First we try to fit the calculated electron mobil-
ity at lowest temperature to the experimental curves
for di8'erent n, DE~, treating charge distributions as fit-
ting parameters —the input values are Ng, N, ~, and ND,
known approximately Rom the growth procedure. The
results are independent of ED, because it inHuences only
the slope of the curve, but not its value at the lowest
temperature.

(2) Next, having the IIS contribution, we fit the elec-
tron mobility in the whole temperature range, treating
ED as a parameter.

(3) Additionally, trying to get the best fit (simulating
the total mobility) above 40 K, we can establish the OPS
contribution. The resulting &equency of the longitudinal
optical phonons, involved in this scattering process, is
33.5 eV, which is in good agreement with the values re-
ported in the literature (32—36 eV).

The same procedure can also be applied to the cal-
culations based on data describing sample B. Here,
in contrast to the first case, we focus our attention on
the pressure dependence of mobility, keeping n, DE~ con-
stant. The established charge distributions for both het-
erostructures together with other parameters and con-
stants used in our calculation are given in Table I.

Calculated and experimental electron mobilities for
sample A are presented in Fig. 5, where the tempera-
ture dependence of 1/p for various n»so is shown. In
Fig. 5(a) the results obtained using the original Bose-
Einstein distribution function to derive vg, g are pre-
sented. In Fig. 5(b) the comparison of these results with
those obtained &om the approximate formula for the dis-
tribution function (see Sec. III) is given.

Fitting the experimental curves p versus T for diferent
values of n, DE~, we can hand the value of ED. In the erst
approach, we assumed, in accordance to the suggestion
in Ref. 18, that ED was not screened by the 2DEG. This
leads to the result shown in Fig. 6 by crosses. Consid-
erable changes of the deformation potential constant ED
with n, DE~ showed that the used assumption is unlikely.
A significant decrease of ED with increasing 2DEG con-
centration strongly suggests the importance of screening.
Thus in the next step of our analysis we took into account
the effect of screening employing (i) the temperature-
dependent Thomas-Fermi dielectric function and (ii) the
dielectric function obtained within the kamework of the
random-phase approximation. ' ' The ED values ver-
sus n»«obtained within model (ii) gave E~ much more
stable, relative to the other two 6ts, in the whole range
of n, o«(see Fig. 6) and equal to 12.0+0.5 eV. As can be
seen in Fig. 6, model (i) leads to less satisfactory results.
Assuming that the value of E~ is between —12.5 and
—11.5 eV, one can see that the Thomas-Fermi method,
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FIG. 6. Deformation potential R~ as a function of 2D

electron concentration obtained without screening by 2DEG,
with screening in the Thomas-Fermi model and with screen-
ing within the framework of the RPA. Lines ar'e to guide the
eye (see text).

FIG. 5. The temperature dependence of reciprocal mobil-
ity for sample A for various n&DEc . The results of calcu-
lations are represented by lines. (a) The results using origi-
nal Bose-Einstein distribution function. (b) The comparison
of the above-mentioned results with those obtained from ap-
proximate formula for distribution function (dashed lines) in
lower temperature range as indicated by inset in Fig. 5(a).
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which overestimates the screening, leads to these values
in the high-concentration limit, whereas, neglecting the
screening by 2DEG, one gets ED close to the region men-
tioned above for low concentrations.

Finally, we would like to check the accuracy of our cal-
culations for the two lowest n, DE~ concentrations, which
we rejected at the beginning. The results are given in
Fig. 7. We can see that the fits are worse than those in
Fig. 5. Also, the values of ED extracted Rom these curves

(—10.5 and —13.5 eV) differ from the values assumed for
the other curves, but they are still reasonable since we
estimate that the total error of ED is about 1 eV.

Considering ED values as obtained by RPA it seexns
that the lower values of ED are more reliable, since
they were obtained for higher mobilities (smaller IIS
contribution easier separation of APS). The above ef-
fect is demonstrated in Fig. 8, where 1/p versus n, oso is
plotted. We can see &om this 6gure that the agreement
between calculated and observed mobilities is good for
all but the lowest value of n, DE~.

The calculated and experimentally obtained tempera-
ture variation of mobility for sample B is shown in Fig. 1
of Ref. 10. One can see &om that figure that IIS is signif-
icant only at helium temperature and between 10 and 70
K APS is the dominant mechanism limiting the 2DEG
mobility. The best Gt to the experimental results is ob-
tained for ED ———11.5 + 0.5 eV, which is in agreement
with values of ED obtained for higher values of n, D« for
the erst heterostructure. As it was already mentioned,
these lower values of ED obtained for high 2DEG concen-
trations are more reliable than those obtained for lower

+2DEG
Moreover, the RPA approach to the screening efFects

describes well the experimental results of Harris et al.
leading to the value of ED equal to —12 eV. The same
result was obtained in a theoretical paper by Kawamura
and Das Sarma2~ (see also Refs. 8 and 9), where the
experimental data of Harris et al. were analyzed by an

~ T = 5 K
*T = 50 K~T=50K

K

1
1 2

~2DEG

I I ~ I I I I I I I I I I I J I I I I I I I

4
(1CI'"crn )

FIG. 8. Reciprocal mobility plotted against the carrier den-
sity for difFerent temperatures (sample A).

identical screening model, i.e. , the RPA approach.
The dependence of a = 1/p, T on n, oso given by Har-

ris et al. in comparison with our experimental and theo-
retical results for both heterostructures is shown in Fig. 9.
Various curves correspond to difFerent models for screen-
ing in 2DEG. Our experimental points are de6ned in the
following manner:

(19)

(i.e., we assume here that the discrepancy between theory
and experiment arises mainly &om the acoustic phonon
contribution). Our results, contrary to those of Refs. 21
and 42, are temperature dependent, so for the above com-
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FIG. 7. Reciprocal mobility versus temperature for sam-
ple A for 2DEG concentrations: n2DE~ —— 0.55 and
1.04 x 10 cm . The results of calculations are represented.
by solid lines.

FIG. 9. Reciprocal mobility plotted against carrier den-
sity for T = 30 K. Theoretical curves correspond to different
models for screening in 2DEG and were fitted with R~ values
as follows: unscreened, —9.8 eV; RPA and Thomas-Fermi,
—12.5 eV.
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parison we have taken T = 30 K.
Again it follows that only the RPA with E~ be-

tween —11.5 and —12.0 eV describes properly both
Harris et a). and our experiments. However, other
values of ED were also recently reported and the
problem of screening is still discussed. In Table II
we collect the most important recent data on the
deformation-potential value of GaAs obtained for the
GaAs/Al Gaq As heterostructure. The reported val-
ues are screened by Thomas-Fermi, or RPA, or un-
screened by 2DEG. There is only one recent paper in
which the authors claim that the screening factor should
not be included for the electron —acoustic phonon inter-
action via the deformation-potential coupling. They
obtain ED ———8 eV, concluding that there is no dis-
crepancy between the electron-phonon interactions in the
GaAs/Al Gaq As heterojunctions and the bulk GaAs.
Another unscreened value of ED = —9.3 eV is ob-
tained by Walukiewicz, with the conclusion that a sim-
ple Thomas-Fermi screening of the deformation poten-
tial cannot be used in the case of 2DEG and a recon-
sideration of the screening of short-range interactions is
needed. In other papers the authors either suggest that
the theories of the scattering of 2D electrons by acoustic
phonons in GaAs cannot neglect screening ' ' or
they present results for both the unscreened and screened
cases. The differences in the values of E~ result mainly
&om the fitting to the different experimental data. We
would like to point out that our E~ value is also very
close to the one obtained by Hirakawa and Sakaki from
a completely different experiment, based on an investiga-
tion of the electron heating process in selectively doped
GaAs/Al Gaq As. Due to the discrepancies between
the bulk value for E~ and the value measured in het-
erojunction, there are some suggestions that they may
stem from additional scattering mechanisms in hetero-
junctions, or &om the differences in the phonon modes,
caused either by the GaAs/Al Gaq As interface, or by
the proximity of the surface. Concluding, it is still un-
clear whether the obtained values of E~ are unique to
GaAs/Al Gaq ~As heterostructures, or whether they are
also more appropriate for bulk GaAs than the traditional
value (E~ —7 eV) based on less accurate measure-
ments in bulk material. Note that a similar problem
exists for other types of heterostructures, e.g. , the value

TABLE II. The absolute values of deformation potentials
Eo (in ev) as obtained by different authors.
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FIG. 10. Experimentally obtained dependence of the
2DEG concentration on temperature for sample B for dif-
ferent values of hydrostatic pressure.

of E~ obtained for Si MOS (metal-oxide semiconductor)
is almost twice as large as that derived &om electron mo-
bility in bulk Si.

B. Mobility versus temperature for difFerent values
of pressure. Pressure dependence

of the deformation potential

The pressure dependence of the electron scatter-
ing mechanisms in a specially prepared high-electron-
mobility GaAs/Al Gaq As heterostructure (sample B)
was already described in Ref. 10. To obtain an agree-
ment between theory and experiment we had to assume
that the deformation potential (so far treated as pres-
sure independent) depends on pressure. It follows that
the absolute value of ED decreases by about 10%/Gpa.
One can see &om Fig. 3 in Ref. 10 that at higher pres-
sure values (0.8 and 1.1 Gpa) and in the temperature
range 20—40 K there is a certain disagreement between
our theory and the experimental results. In this region of
pressure and temperature n, DE~ shows a gradual increase
as a function of temperature; as it follows &om Fig. 10,
the respective change An»so does not exceed 10% of
n, DE~. The inclusion of this effect in our calculations
leads to weak changes in the resulting mobility.

~Ro~ (unscreened)

8.0
9.3
11.5

~Eo~ (screened)
12+ 1

11.5 + 12
11 + 13.5

16.0
11+ 1
12.0
13~ 5
13.5

(RPA)
(RPA)
(TF)

(TF)
(RPA)

(TF)

Source
Our result

Ref. 21
Ref. 20
Ref. 19
Ref. 18
Ref. 17
Ref. 16
Ref. 15
Ref. 14
Ref. 13

V. CONCLUSIONS

In conclusion, we have demonstrated that the proper
approach to the electron scattering mechanisD&s in com-
bination with the experimental method of tuning the
2DEG concentration (in one sample) enables us to ob-
tain good agreement between theoretical and experimen-
tal values of mobility in a sample characterized by an un-
necessarily extremely high value of p. In particular, we
have determined the value of the conduction-band ED for
GaAs crystal to be about —12.0 eV for one sample and
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—11.5 eV for the other. These values are in the range of
the most commonly reported values of ED. We found it
interesting that practically the same value (—116 1 eV)
was obtained by means of a quite different experimen-
tal method the measurements of the energy-loss rate in
2DEG. This result once more points out the difference
in ED for bulk and. 2DEG systems. A good. example of
even more pronounced differences can be the Si MOS-
FET, where the suggested value of ED is almost twice as
large as in bulk Si.

The difFerences mentioned above, as well as some dis-
crepancies between the theoretical results and the exper-
imental data for mobility in the range of temperature
where the polar optical phonons scattering plays a sig-
nificant role, suggest that the interface phonon modes
might play some role and should be taken into account.
It was proved also that ED is screened by the 2DEG and
for the proper description it is better to use the RPA,
which is more general than the Thomas-Fermi approach.

The other result of this work is a finding of the pressure
sensitivity of ED. Its absolute value decreases with in-
creasing pressure by approximately 10'%%up/GPa. The cor-
responding measurements were performed up to 1.1 GPa.
This pressure value also gives the upper limit of our the-
oretical analysis. We cannot go to higher pressure values
for the following reason: The variational wave functions
we have used in our calculations may not be suKciently
accurate for small (less than 1) n, oao/ng, ~i ratios (ng, ~i
is the 2D concentration of charge in the depleted region in
GaAs and in our case equals about 0.8 x 10 cin 2). At
the same time n decreases with pressure —about 40% for

1 GPa—and for pressures higher than 1 GPa it becomes
close to nd p$.

Two aspects of the problem of the accuracy of dED/dp
determination can now be discussed. First, uncertain-
ties in the pressure dependencies of the parameters used
in the performed fitting procedure (i.e. , efFective mass,
dielectric constant, elastic constants) cause an error of
dEri/dp not exceeding 2%/GPa. Second, there are also
efFects which are dificult to evaluate properly. For exam-
ple, we have used the pressure dependence of elastic con-
stants determined for a bulk GaAs sample. Moreover, a
certain contribution to the discussed accuracy may origi-
nate in efFects of 2DEG scattering at the heterostructure
interface (interface roughness, interface-phonon scatter-
ing). However, we do not expect a significant modifica-
tion of this contribution after applying pressure. There-
fore we point out that the magnitude of dED/dp is signifi-
cant and should not be ignored in examination of pressure
efFects in heterostructures (as well as in bulk semiconduc-
tors where the direct measurements of dED/dp are more
difficult). This presents an important message for consid-
erations of strained heterostructures consisting of lattice
mismatched semiconductors. The internal strain charac-
teristic for these systems can modify ED significantly.
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