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heterojunctions with controlled electron concentrations
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%'e describe our systematic study of the two-dimensional electron mobilities p of n-type

Al„Gal „As/GaAs heterojunctions, in particular their dependence on the electron concentration X,
and the temperatures T, in a variety of field-effect transistors in which the impurity locations are
precisely controlled to vary p over the wide range of 5)& 10 to 1.5 & 10 cm /V s. It is found that p
increases with increasing X, in the temperature range of 10 to 300 K. The measured mobilities are
compared with theoretical calculations. The observed dependence of IM on N, at low temperatures is

shown to be in excellent agreement with the theory of ionized-impurity scattering, whereas the
high-temperature data disagree with the existing theory of polar-optical phonon scattering. A quan-

titative study has been successfully made on the effect of an undoped Al„Gal „As spacer layer,
which enhances not only p itself but also the slope in }ogp-log%, characteristics. The presence of
both positive and negative temperature dependences of p at low temperatures {T&40 K) is noted,
and its connection with the effects of nondegeneracy and lattice scattering is also discussed.

I. INTRODUCTION

The two-dimensional electron gas (2D EG) accurnulat-
ing on the GaAs side of a selectively-doped n-type
Al„Ga, „As/GaAs heterojunction is known to exhibit
very high mobility because of the spatial separation of
electrons from donor iinpurities in the Al, Gai, As
(Refs. 1 and 2). Although a large number of investiga-
tions have been done on the high-mobility nature of this
system, experiments have been concentrated mostly on the
temperature dependence of mobilities in samples with
fixed electron concentrations ' and, hence, provided only
limited understanding of the relative importance of vari-
ous scattering mechanisms. It has been suggested that the
mobilities at high and intermediate temperatures are
mainly dominated by the lattice scatterings due to polar-
optical phonons and acoustic phonons, whereas the low-
temperature mobilities are primarily determined by the
scattering by ionized impurities. Since all of these scatter-
ing mechanisms depend not only on the temperature, but
also on the kinetic energy and the quantized wave func-
tion of electrons, ' the relative importance of the
scattering mechanisms can be clarified only by making a
systematic measurement of mobilities as a function of
these parameters and by detailed comparison with theoret-
ical models. "-"

In this work, we measured the electron mobilities p in a
variety of heterojunction samples as a function of the elec-
tron concentration X, as well as the temperature T, and
compared them with theoretical calculations. The elec-
tron concentration X, was varied by gating electric fields
in a field-effect transistor (PET) configuration not only to
study all the possible situations encountered in FET
operations, but also to eliminate the possible experimental
ambiguities that might be present in former experimental
works, where N, was varied by persistent photoconduc-
tivity (PPC).' ' ' ' Note that the PPC effect may affect

the concentration of ionized impurities and/or the band
profiles. It will be shown in this work that p increases
with increasing N, in the entire temperature range studied
here (10—300 K), as long as the effect of parallel conduc-
tion of low-mobility electrons in the Al„Gai „As is made
negligibly small. Furthermore, we study the N, depen-
dence of the low-temperature electron mobility and its
dependence on the thickness IVY of the undoped
Al„Ga~ „As "spacer" layer. It will be shown that the
larger W,& leads not only to an enhancement in the mobil-
ity but also to a steeper slope in the p-X, characteristics,
in excellent agreement with theoretical predictions. 6 It is
also found that in low-mobility samples ionized-impurity
scattering plays a significant role, especially in the low-E,
region, and gives rise to a strong positive temperature
dependence for p.

4„i,(r,z) =f„(z)exp(ik r),
E„(k)=E„+Pik /2m', (2)

where f„(z) denotes the quantized wave function, m* the

II. SCATTERING THEORY
OF TWO-DIMENSIONAL ELECTRONS

IN Al Gal „As/GaAs HETEROJUNCTIONS

The scattering theories of the two-dimensional (2D)
carriers in the Al„Gai „As/GaAs heterojunction system
have been developed by several authors. ' The calculat-
ed mobilities, however, differ from each other, depending
on the theoretical models adopted in their calculations.
Therefore, we summarize briefly the theoretical models
adopted in our calculations.

The electronic state in the channel is characterized by
subband index n and a 2D wave vector k=(k„,k~) along
the heterointerface. Its wave function and energy are,
respectively, given by
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electron effective mass in GaAs, and fi the reduced Planck
constant.

In the scattering process of 20 carriers, the momentum
conservation in the z direction in the three-dimensional
(3D) case is replaced by the integral

Pl
11(q,0,$) = ' 1 —u(q —2kF) 1—

M2

2 ]/2
2

and II(q, 0,$} is the polarizability function at T=0, which
is given by

Mizi =fMizir
I
I(q )

I
zdq (3)

Here, Mqq and MI&& are the bare scattering matrix ele-
ments in two dimensions and three dimensions, respective-
ly, and q, is the wave vector normal to the heterointer-
face. I (q, ) is defined by

l(q, ) =I „(—q, ) =ff f„exp(iq, z)dz . (4)

In the following, we assume that electrons populate only
the lowest subband, neglecting the contribution of inter-
subband scattering. Unless otherwise specified, we adopt
for f(z) the Fang-Howard variational wave function, zz

f(z)=( ,'b z )—'~exp( —,'bz)—
with variational parameter b, which is given by

b =(12m'ez/Koeohz) i/3(xd. pl+ 32 N. )
i/3

where e is the elemental charge, eo the dielectric permit-
tivity, Ko the static dielectric constant of GaAs, Nd, pi the
areal concentration of depletion charges in the GaAs, and
N, the concentration of 2D electron gas. Substitution of
(5) into (4) yields

F(q, z; ) =—f dz
I f (z)

I
exp( —q I

z; —z
I

) . (14)

Scattering by acoustic phonons has two coupling
modes; namely, deformation potential coupling and
piezoelectric coupling. Since both scattering processes are
virtually elastic, the screening effect is expected to be effi-
cient. When all the acoustic modes are fully excited, the
differential scattering cross section due to deformation
potential scattering vDP(8) is given by s

where u (x) is the usual unit step function and kp the Fer-
mi wave vector.

Differential scattering cross section vr(8) due to the
ionized impurities with the charge Ze is given by '

2m'Z'e' F(q,z; }
vz(8) =

3 z f dz;
'

N(z;)(1 —cos8}, (13)
8rrirz Ko o

where N(z;) is the impurity distribution, 8 the scattering
angle between ki and kz, and, then, q =2k

I
sin(8/2)

I

with k=
I k, I

=
I kz I. The form factor F(q,z;) is de-

fined by'6

g6
I I(q, )

I (b2+q2)3
(7)

3b D'm 'k, T(1 cos8)—
vDp(8) =

32M S(

Since the scattering matrix element M«i in three di-
mensions is well established, we can calculate Mii and
the differential scattering cross sections v(8) for various
scattering mechanisms. %e consider here the ionized-
impurity scattering, the acoustic-phonon scattering, and
the polar-optical phonon scattering.

In elastic scattering processes the screening effect is
taken into account by dividing Mii by S(q) (Ref. 24)

S(q)=1+e F(q)II(q)/2~oeoq,

where F(q) is the form factor defined by

F(q)= f dz f dz'[f(z)] [f(z')]'

xexp( —q Iz —z'I ) .

Here, q=kz —ki is the 2D scattering wave vector from
the initial state k, to the final state kz, and q =

I q I. If
we put the variational wave function (5) into (9), we
have'

X (1—cos8), (16)

where A~4 is the relevant piezoelectric tensor component
and cz the transverse elastic constant. fz (w) and fz(w)
are the dimensionless form factor for longitudinal and
transverse phonon modes, respectively, and are given by

fL(w) =(1+6w + 12w +2w )/(1+w )

fT(w)=(13+78w+72w +82w

(17)

where D is the deformation potential constant, and cL the
longitudinal elastic constant. For scattering through
piezoelectric coupling, we adopt the results of Price, '

(eli, 4)'m 'ke T
vps(8) =

4M

1 9 13x, f, (u )+ f,(w)
qS (q)2 32cL 32cy

F(q)=b(8b +9bq+3q )/8(b+q)

II(q) is the static polarizability function, which depends
on both T and q. Following Maldague, we calculate
II(q):

with

+36w +6w') /1 3( 1+w )

m =q/b .

(18)

(19)

II q, T, )=
4keT cosh [(g—f )/2keT]

where g is the Fermi energy, ks the Boltzmann constant,

Since scattering by polar-optical phonons is an inelastic
process, only an approximate form for the scattering rate
can be obtained in a closed form. In the relaxation-time
approximation, which neglects the "in-scattering" term in
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TABLE I. Values of GaAs material constants used in the
calculation.

200pm

Electron effective mass
Static dielectric constant
Optical dielectric constant
Deformation potential constant
LO-phonon energy
Piezoelectric constant
Longitudinal elastic constant
Transverse elastic constant
Band-gap energy

m'=0. 067 mo

xo——12.91
x„=10.92
D=13.5 eV
15coLp =36.5 meU

h)4 ——1.2& 10 V/m
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the scattering process, we have

m'e %cato
vpO ~ 8' fi ep

1 1

ao 1 —fo(E)
J

Front Gate

Si-doped AIGaAs

I 1(q.)
I

'
X [1 fp(E+—~Lo)]N» f, ', dqg

+ +gg

+[1 fp(E —foot o—)]u (E —WLo)(N» + 1)

undoped AIGaAs

2D EG

undoped GaAs

(20)

(21)

(22)

where ~Lo denotes the longitudinal-optical (LO) phonon
energy, x„ the optical dielectric constant, Nq the phonon
occupation number, fp(E) the Fermi-Dirac distribution
function, q+ and q the 2D scattering wave vectors in
the phonon absorption and emission process, respectively.
N» and fp(E) are, respectively, given by

1

exp(Ace Lo/k' T ) —1

fp(E)= 1

exp[(E EF )Iks T]+—1

Semi- insulating
GaAs Substrate

Back Gate

FIG. 1. (a) The geometrical pattern of the Hall-bridge device.
(b) Cross-sectional view of the selectively doped n-type
Al„Ga& „As/GaAs single heterostructure sample with gate
electrodes.

In the calculation we neglect the screening effect, because
the LO phonon frequency is high.

The inverse of the momentum relaxation time is given
by

with

vl(~) +vDp(~)+vpE(~)+vpo(~) '

The mobility is, then, given by

(24)

= f v(8)d8
q(E)

(23) p= e

PT
(25)

TABLE II. Structural parameters of the samples. 8' is the thickness of the undoped GaAs buffer
layer, 8'~ is the thickness of the undoped Al„Ga& „As spacer, O'D is the thickness of the Si-doped
Al„Ga~ „As layer, N~ is the Si-doping level in the Al„Ga~ „As layer, x is the A1As mole fraction in
the Al Ga~ „As alloy layer, FG is the front-gate electrode, and BG is the back-gate electrode.

$V~ (m) 8;~ (nm) 8'~ (nm) X, (10" cm-')

1A (R-98 FET-D)
1B (R-98-5TA)
2A (R-73 PET-A)
2B (R-73 PET-8)

3 (R-76 FET-B)
4 (R-248-5TA)
5 (R-249-5TA)
6 (R-250-5TA)
7 (R-251-5TA)

1.1
1.1
1.1
1.1
1.1
1.0
1.0
1.0
1.0

0
0
4.5
4.5

18.0
5.0

10.0
20.0
30.0

84.0
100
117.0
122.6
95.0

100
100
100
100

0.66
0.66
0.54
0.47
0.43
0.34
0.34
0.34
0.34

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

FG

FG
FG,BG

FG
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with

I gE)E dE
dfo(E)

Bfo(E)I E dE

(26)

Material parameters used in the calculation below are list-
ed in Table I.

mation of an electrically neutral region in the
Al„Ga, ,As layers, as quantitatively discussed else-
where. The saturation value X,~, decreases drasti-
cally as 8',

& increases, in accordance with the theoretical
prediction. 26

Pi%en T is raised above 135 K, however, the threshold
voltage Vi, starts to shift towards the negative direction.

III. EXPERIMENTAL METHOD
AND DEPENDENCES OF MOBILITY
ON ELECTRON CONCENTRATIONS

CV

1
LP

7D n-AlGaAs/GaAs

All the samples used in this study were grown on Cr-
doped semi-insulating (100) GaAs substrates by molecular
beam epitaxy (MBE). n-type Al„Gai „As/GaAs single
heterojunctions were prepared by growing successively a
1-/im thick undoped GaAs buffer layer, an undoped
Al„Gai „As spacer layer with thickness 8',~(=0—30.0
nm), a 80—120 nm-thick Si-doped Al„Gai „As layer
with the donor concentration ND(=3 —7X10' cm ),
and a 10-nm-thick undoped GaAs cap layer. The A1As
mole fraction in the Al, Gai, As is 0.3, and the growth
rate is typically 0.45 pm/h for GaAs. Using some of
these wafers, we fabricated depletion-mode FET's with
Hall-bar geometry (Fig. 1). First, AuGe was evaporated
and patterned using the lift-off technique to form the
source/drain and potential-probe electrodes. Alloying was
done at about 400'C for 1 min in Ar ambient to form
good ohmic contacts. The Hall-bar geometry was photo-
lithographically defined and mesa-etched in
1H3POz. lH20z. 8H20 solution for 2 min 30 sec at room
temperature. The channel is 50-pm wide and 600-pm
long and the potential-probe spacing is 200 pm. Then,
the Al, Gai, As layer was thinned by etching to remove
the electrically neutral region in the Al„Ga, ,As. The
gate electrode was formed by depositing Al, which was
patterned by the lift-off method. Table II summarizes the
structural parameters of the samples studied here. Hall
measurements were performed under low magnetic field
by supplying a constant current (typically —1 pA) in a
closed cycle refrigerator system. The mobility /i and the
electron concentration N, were determined as functions of
gate voltages.

To confirm FET actions, the electron concentration E,
was measured by the Hall effect as functions of gate volt-
age ( V~, ). Figure 2 shows two typical data. Figure 2(a) is
the result for the sample lA, in which the effect of paral-
lel conduction of the low-mobility electrons in the
Al„Gai „As is negligibly small, and Fig. 2(b) is, on the
other hand, for the sample 3, in which the effect of paral-
lel conduction cannot be neglected. In all the samples
studied here, no shifts of the threshold voltages V~ were
observed in the temperature range from 8.9 to 125 K.
This indicates that the electron occupation of the donors
in the Al„Gai „As is not affected by the temperature in
this temperature range. Hence, the Al„oa& „As layer
works as a simple insulator, resulting in the quasilinear in-
crease of X, with Vg, . The saturation of N, against V~
which is observed for large positive Vg„ is due to the for-
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FIG. 2. Sheet electron concentration X, is plotted as a func-

tion of gate-source voltage V~, with temperature T as a param-
eter. (a) Sample 1A with W,'~ =0; (b) sample 3 with fY,~ =18.0
IM1.
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Simultaneously, X,- Vg, curves become less steep, leading
to a reduction of the effective gate capacitance. These
phenomena are more pronounced in the sample 3 [Fig.
2(b)], which has a thicker Si-doped Al„Ga1 „As layer,
suggesting that these phenomena are related with the
thermal activation of the electrons trapped by the deep
donors in the Al Ga1 As (Refs. 29 and 30). A large in-

crease of N, in the sample 3 at around V~-0 and
T &203 K is due to the parallel conduction of the low-

mobility electrons in the Al„Ga1,As.

Using these FET samples, we measured the electron
mobility p as functions of electron concentration X, with
temperature T as a parameter. Figures 3(a)—3(c) show
the results of such measurements for three samples with
different thicknesses of the spacer IV~ (=0, 4.5, and 18.0
nm). It is noted that p increases with increasing X, in the
entire temperature range studied here (10—300 K), except
the high-temperature data of the sample 3. In sample 3
the reduction of p is observed with increasing N, at
T & 203 K, which is caused by the parallel conduction of
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the low-mobility electrons in the Al„Gai „As. It should
be noted that p increases with increasing N, even at 300
K, where electrons are mainly scattered by polar-optical
phonons. This fact is in contrast with the Si-MOS inver-
sion layer case, in which p varies as p (x:N, ' at around
300 K (Refs. 31 and 32), where electrons are mainly scat-
tered by acoustic phonons through deformation potential
coupling.

%e examine below more closely the p-X, characteris-
tics in each temperature range.

A. Low-temperature range ( T-10K)

In the low-temperature range, p is strongly dependent
on N, and varies as p oc N, "for W+ ——0 nm (sample 1A),
p, cc N, '3 for 8',~ =4.5 nm (sample 2A), and p cc N, ' for
W,» = 18.0 nm (sample 3), respectively. Such strong posi-
tive N, dependences suggest that the dominant scatterers
are characterized by the potential V(r) whose Fourier
component V(q) diminishes strongly when q is raised.
Hence, the scatterers are most likely the ionized-impurity
ions in the Al, Ga& „As. This can be confirmed by com-
parison with theoretical calculations. Figure 4(a) shows
the N, -dependence of p at 11.7 K in sample 2A. The re-
sults of numerical calculations are also plotted in the fig-
ure. Note that electrons are predominantly scattered by
ionized impurities in the Al Ga&, As and that scattering
by acoustic phonons has its effect only when p&106
cm /V s. Detailed discussions of the p-N, characteristics
at low temperatures and, in particular, of their depen-
dences on W~ will be made in Sec. IV.

B. Intermediate-temperature range (10 K ~ T &40 K)

l08 f I i )1 II+

T I l 7K:
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lO~ ~

4A

ca+ l06 .—
E
V

lo5

l04
lO"

) i i I ii))

l OI2
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(a)

lO

8lQ e s s 1 iisi

T l05K:

I I
I

T 40.2K:

l0~ =
PE~-

c

l06 =- OP

la4
lOI I lOI2

Na (cm )

tb)

PK

l06 =-="

7l0 sr' i iss&

T 300K:

In this temperature range, p, is described as p a: N, r, the
exponent y being a function of temperature. As shown in
Figs. 3, y decreases with increasing T, from 1.1 to 0.5 for
8',z ——0 nm, from 1.4 to 0.5 for W» ——4.5 nm, and from
1.7 to 1 for 8',z ——18.0 nm. This tendency reflects the in-
creasing contribution of acoustic-phonon scattering with
the rise in T, since the acoustic-phonon scattering is less
dependent on N, (pDP~N, '~ for deformation potential
coupling, ppF acN, '~ for piezoelectric coupling) than the
ionized-impurity scattering (pi a:N, ' ' ).

This situation is shown in Fig. 4(b), where N, depen-
dence of p at 40.2 K in sample 2A is plotted together with
the result of numerical calculations. In the acoustic-
phonon scattering process, the deformation potential cou-
pling dominates over the piezoelectric coupling. Al-
though the slope of measured p-N, characteristics is a lit-
tle steeper than that of calculated ones, the agreement be-
tween experiments and theories is rather good. The
polar-optical phonon scattering has negligible contribu-
tion to p at this temperature.

C. High-temperature range (40 K & T ~ 300 K)

In the high-temperature range, where scattering due to
the polar-optical phonon increases its strength exponen-
tially with the rise in T, p still increases with N, as

p ~ N, ~ with the exponent y being 0.3—2.

pg
00

W

10N J/
J

4II

4 ""'" ~PO
- TOTAL

IO4
lo" lOI2

N (em 2)

(c)

tom
lO"

i I I l i i ill

lo'2

Ns {cm 2)
(d)

FIQr. 4. Electron mobility in sample 2A versus electron con-
centration N, at different temperatures; (a) 11.7 K, (b) 40.2 K„
(c) 103 K, and (d) 300 K. Measured nobilities are plotted by
full circles. Calculated mobilities limited by individual scatter-
ing mechanisms are also plotted in the figure' , ionized-impurity
scattering (ION), acoustic-phonon scattering via deformation-
potential coupling (Dp), acoustic-phonon scattering via
piezoelectric coupling (PE), and polar-optical phonon scattering
(PO). The total mobility (TOTAL) is plotted by solid lines.
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Figure 4(c) shows the p-X, characteristics at 103 K in

sample 2A. Although theoretical calculation predicts that
phonon scattering dominates p in the high-N, range and
gives rise to a negative N, dependence in p, measured mo-
bility increases monotonically with X, and somewhat
lower than that predicted. The origin of such a discrepan-
cy is not clear at present.

Figure 4(d) shows the p-X, characteristics at 300 K in
sample 2A together with the results of the theoretical cal-
culations. It is noteworthy that measured p increases
with X, even near the room temperature, where electrons
are predominantly scattered by polar-optical phonons.
This is in contrast with the two-dimensional electron mo-
bility in Si-MOS inversion layers, where p decreases with
N, as p ~ N, '~ due to the enhancement of electron-
phonon coupling. 3'3 This positive N, dependence of p,
cannot be understood by the existing theory of polar-
optical phonon scattering 3'5 the experiments shown in
Figs. 4(c) and 4(d) suggest that the mobility hmited by
polar-optical phonon scattering should increase with X,
or, at least, be almost independent of N„calli ng for the
further refinement of the theoretical study. Also note in
the figure that the calculated mobilities are somewhat
lower than the measured ones. This is due to neglecting
the in-scattering term in the calculation of the polar-
optical phonon scattering process.

In Figs. 3(a)—3(c), a remarkable increase of the ex-
ponent y is clearly seen in the temperature range of
around 150 K and higher. This temperature range coin-
cides with the range where the threshold voltage V,I, starts
to shift towards the negative direction. This fact suggests
that the increase of y is possibly ascribed to the increasing
rate of ionized-impurity scattering through the gate-
voltage induced thermal ionization of the deep donors in
the Al„Ga& „As at around 150 K.

IV. SYSTEMATIC COMPARISON
OF LOVE-TEMPERATURE MOBILITIES

%ITH THE THEORY OF THE
IONIZED-IMPURITY SCATTERING

It is often suggested that the low-temperature mobility
of electrons in n-type AI„Gai „As/GaAs heterojunctions
is dominated by the ionized-impurity scattering. Indeed,
the suppression of the ionized-impurity scattering by use
of a spacer layer leads to a dramatic and systematic im-
provement of p at low temperatures, reaching 1.5X10
cm /V s at 1.0 K when Wz ——30 nm (Fig. 5). In spite of
the importance of the ionized-impurity scattering, only a
few works have been done on detailed comparison of ex-
perimental data with theoretical predictions. In this sec-
tion, we make a systematic comparison between experi-
ments and theories and discuss, in particular, the X,
dependence of p for three FET sainples with different
spacer thicknesses.

First, we measured the mobilities at 1 K for four sam-
ples with different spacer thicknesses ( W~ =5.0, 10.0,
20.0, and 30.0 nm), which were grown in rapid succession
within 20 hours to minimize possible fluctuations of the
growth conditions. The doped Al„Ga& „As layers are
100-nm thick and thick enough not to be completely dep-
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FIG. 5. Temperature dependence of electron mobility p.
Thickness of spacer layer 8',~ is a parameter.

leted. The donor concentration XD in the A1„Ga~ „As is
calibrated to be 3.4)&10' cm by Hall measurements on
the bulk GaAs sample, which was grown in the same run.
In Fig. 6, measured mobilities are plotted as a function of
8',&. It is noted that p increases monotonically with in-
creasing W~ in the range of Wz studied here. Calculated
mobilities are also plotted in the figure by solid lines for
different residual-impurity concentrations N„,. Here, we
assume that the residual impurities are acceptors and uni-
formly distributed both in the GaAs buffer layer and in
the Al, Gai „As spacer layer (X,~=Nii ——X~). In the
calculation, the electron wave function was approximated
by Eq. (5) (Ref. 22). We assume that the effect of inter-
face charges is negligibly small. Note in the figure that as
the residual impurities increase, p decreases moootonical-
ly and tends to show its peak, when plotted as a function
of W~. The good agreement between measured data and
theoretical results in Fig. 6 indicates that the residual im-
purity level in our heterojunctions is as low as 1X10'
cm, and that electrons are predominantly scattered by
the ionized donor impurities in the A1„Gaj „As at ow
temperatures. Concurrently, the measured electron con-
centrations N, (shown by triangles in Fig. 6) are in excel-
lent agreement with the calculated results (dashed line in
Fig. 6), supporting the validity of our theoretical model.

Next, we discuss mobilities at 12 K as functions of X,.
Since the low-temperature mobility in high purity n-type
Al„Ga& „As/GaAs heterojunctions is dominated by the
scattering due to the intentionally doped donor impurities
in the Al„Ga& „As and is inversely proportional to the
donor concentration Xn (as long as N, is kept constant),
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Ns (cm-2)
FIG. 7. Normalized mobilities p„(=pND) are plotted as

functions of N„with spacer thickness W,~ as a parameter; tri-
angles for W,~ =18.0 nm (sample 3), squares for W,~ =4.5 nm
(sample 2A), and circles for W,~=O (sample 1A). Calculated
normalized mobilities are also plotted in the figure by dashed
lines.

we define for the sake of convenience the normalized
mobilities by p„=—pXND. In Fig. 7, we plot p„by cir-
cles, squares, and triangles for the three samples with
%~=0, 4.5, and 18.0 nm, respectively. Three features
are to be noted: (1)p„ increases monotonically with E, as
mentioned in Sec. III; (2) p„ is greater for samples with
thicker spacer layers; and (3) the slopes in logy, „-N,
characteristics become steeper, when W,z is increased.
All of these features can be qualitatively understood by
considering the following natures of the Coulomb poten-
tial. When an ionized impurity is located (in the
Al„Gai „As) at some distance z; away from the heteroin-
terface, then the bare Coulomb potential is proportional to
1/R =1/(x +y +z; )'r . The 2D Fourier decomposi-
tion of this term can be expressed as

1/R =fd q exp(iq r)exp( —q ~
z;

~
)/2nq . (27)

Here, r=(x,y) is the 2D coordinate vector along the
heterointerface, q is the 2D wave vector, and q=

~ q ~.
Equation (27) indicates that the high-frequency com-
ponent of the Coulomb potential decreases very rapidly
with q. This implies that %vhcn thc Fermi MomcntuQ1 ls
increased by raising N„ then the effe:tive scattering po-
tential becomes weak, resulting in the increase in mobility,
in accordance with the observations. Equation (27) also
indicates that the use of a spacer layer of thickness W,z
increases z; and, thereby, reduces the Coulomb potential
by a factor of exp( —qW&), resulting directly in the in-
crease of p, . This explains the monotonic increase of p

with Wz. The same factor exp( —qW&) explains also the
observed increase of slopes in p„-N, characteristics, since
the reduction of the potential by the spacer layer is partic-
ularly effective for the high-q component, which dom-
inates the mobility at high electron concentration.

In order to make quantitative comparison in details, the
theoretical calculations of mobility limited by the
ionized-impurity scattering were performed. In this cal-
culation the electron wave function f(z) is approximated
by the modified variational wave function which takes
into account the penetration of the wave function into the
Al„Ga& „As layer. In the calculation, we need to know
the following quantities: the thicknesses WD, W~, and
W~, and the impurity concentrations ND, E,~, and Ns of
three constituent layers, where the subscripts D, sp, and 8
stand, respectively, for the Si-doped Al, Gai „As layer,
the undoped Al„Ga& „As spacer layer, and the undoped
GaAs buffer layer. We determined ND from the max-
imum value of N, which can be induced by the gate elec-
tric field. %e assume here that the spacer and the
buffer layer are nearly free from ionized impurities, and
set N,~=Ms ——0. Note that the contribution of residual
impurities to

p
is negligibly small when Ns ——X,z=1&10'"cm, as long as 8',p is in the range studied

here (0—18 nm). The heterointerface was assumed to be
free from interface charges. The depth-integrated concen-
tration Nd, ~i of the depletion layer charges in the GaAs
was evaluated to be 0.6&10" cm, by assuming that
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Xdzpf is determined not only by the residual impurity Xq
in the GaAs but by the Fermi level at the interface be-
tween the epilayer and the semi-insulating substrate,
which is clamped at the middle of the GaAs bandgap, as
noted by us previously. The total Al„Ga& „As thick-
ness ( WD+ W,„) was determined by measuring the low-
temperature gate capacitance, and 8',z was determined
from the growth rates. Since the value of WD thus deter-
inined is in the range from 84 to 120 nm, we set WD used
in the calculation to be 100 nm for simplicity. This can
be justified, because p is primarily dominated by the
scattering due to impurities which are located within the
distance of 50 nm from the spacer and, hence, does not
depend on WD sensitively. Wii was determined from the
growth rates.

The mobility thus calculated is plotted by the dashed
lines in Fig. 7. Note that the overall agreement between
the theory and the experiment is very good, although no
fitting parameters are used. A closer look at the figure re-
veals small but interesting discrepancies. It is clear that
the measured mobilities (circles for Wp=0 nm and
squares for Wp =4.5 nm) are a little higher than the cal-
culated ones. Since the slight adjustment in the choice of
8',z resolves the discrepancies, they are most likely to ori-
ginate from the surface segregations of Si during the
MBE growth, as suggested by Heiblum, Mendez, and
Stern and the authors' group. Although the Si segre-
gation process depends on the growth conditions, it
gives rise to "extra setback" of the ionized impurities. In
the present growth condition, the actual spacer is expected
to get thicker than the designed value by about 2 to 3 nm,
in good agreement with our result of secondary ion mass
spectroscopy (SIMS) measurement. 3 Although the slopes
of log@-log%, characteristics are rather in good agreement
with the theory with the exponent y-l. 1 for Wp —0 nm
and 1.3 for Wp —4.5 nm, we note that the measured data
for Wp ——0 deviate from the theoretical results when
X, &5X10" cm . This may be attributed to the onset
of the intersubband scattering, which is neglected in the
calculation. We note also that the exponent y for
Wp=18.0 nm is 1.7 and greater than that predicted
thceretically (y-1.5). The origin of such a discrepancy is
not clear at present but is possibly related with the inho-
mogeneity in the channel, which might result in the extra
reduction of p in the low-N, region.

Next, we discuss the effects of the substrate bias [or
backgating (BG)] on low-temperature mobilities. When
the back-gate voltage Vao is applied, it is expected to af-
fect the shape of the wave function and, therefore, p. To
study such effects systematically, we studied p as a func-
tion of both the front-gate (FG} and the back-gate (BG)
electric field in a single heterojunction I"ET structure. In
Fig. 8, p is plotted as a function of X„which was varied
by the FG electric field, with BG voltage Vno as a pa-
rameter. Here, Vq~ is indicated in parentheses so that,
for example, p( —200 V) denotes the mobility at
Vao= —200 V. It is noted that the deformation of the

wave function towards (Vao ———200 &) or away from
( Vao ——+ 120 V) the heterointerface leads to the substan-
tial modulation of p; p(+120 V) and p( —200 V) differ
by as much as 56% at N, =2&(10" cm even when X,

$0
sample 2B
R-73 FET 8

I I I I

20—
th

E

CD
1

20V)-
V)

200V)

I I l i I & I

2 3 4 6 6 76910
Sheet Carrier Concentration Ns (10"crn-2)

FIG. 8. The electron mobility as a function of electron con-
centration X, under different back-bias conditions. Squares for
back-gate voltage V~6 ——+120 V, circles for V&& ——0 V, and tri-
angles for VBG ———200 V. N, was varied by the front-gate volt-
age.

is kept constant. It is also noted that electron confine-
ment enhances the slopes y of the p, N, charac-teristics. y
increases from 1.25 to 1.47, when Viio is changed from
+ 120 to —200 V, which corresponds to the change in

Nd, p~ from 0 to 1.76&&10" cm . These data in Fig. 8 are
in excellent agreement with the results of theoretical cal-
culations, which are plotted by solid, dashed, and dotted
lines. Hence, the observed substrate-bias dependence of p,
is well ascribed to the deformation of the electron wave
functions, which infiuences the electron interaction with
the scattering potential of the ionized donors.

V. TEMPERATURE DEPENDENCE
OF THE MOBILITY

vapo~ T; P)2, T(300 K,
pAc~ T

(28}

(29)

In this section, we study the temperature dependence of
the electron mobility mainly below 125 K, where the ef-
fect of parallel conduction of the low-mobility electrons in
the Al„Ga& „As is negligibly small.

It is generally accepted that the temperature-dependent
part of the electron mobility is mainly dominated by pho-
non scatterings, since the ionized-impurity scattering pro-
cess in the highly-degenerate electron system is indepen-
dent of temperatures. In fact, the mobility limited by
polar-optical phonon scattering @pe and that limited by
acoustic-phonon scattering @Ac are theoretically predicted
as10, 12, I 5
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phonon scatterings giving rise to a large and negative tem-

perature coefficient in the electron mobility. In Fig. 9(a),
inverse mobilities p ' are plotted as functions of tempera-
ture for four different high-mobility samples whose p is
higher than 2X10 cm /V s at low temperatures. ' It is

clearly seen that p
' increases linearly with T and can be

expressed as (po+aT) when T & 35 K. This suggests the
dominance of the acoustic-phonon scattering in the
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FIG. 9. {a) Temperature dependences of inverse mobilities

p
' in high-mobility samples (p&2&10 cm /V s) with dif-

ferent electron concentrations. The mobilities and the electron
concentrations are controlled only by varying the thickness of
spacers, and other structural parameters are identical among
these samples (4: R-248-5TA, 5: R-249-5TA, 6: R-250-5TA, 7:
R-251-5TA). (b) Temperature coefficient a is plotted by trian-
gles as a function of electron concentration. The results report-
ed by Mendez, Price, and Heiblum (Ref. 18) are also plotted by
circles. Dashed lines are theoretical calculations for different
values of the deformation-potential constant.

temperature-dependent part of p, as noted by Mendez,
Price, and Heiblum. ' The temperature coefficient a is
determined and plotted as a function of E, by triangles in

Fig. 9(b). The data reported by Mendez, Price, and Heib-
lum' are also plotted by circles for comparison. Despite
a large variety in structural parameters of samples, the
data points of a fall on a single curve and are almost
uniquely determined as a function of X„as long as the
strength of the ionized-impurity scattering is small. This
fact suggests the universal nature of phonon scatterings.
The determined values of a are somewhat smaller than
those calculated with D=13.5 eV. This is probably as-
cribed to the contribution of ionized-impurity scattering,
which gives a positive temperature dependence to p. This
will be discussed in the following paragraph. When
T & 35 K, p ' increases superlinearly with T due to the
increasing contribution of the polar-optical phonon
scattering in the scattering process.

Although the lattice scattering dominates the tempera-
ture dependence of p, in high-mobility samples, the situa-
tions in low-mobility samples could be substantially dif-
ferent. It is because the ionized-impurity scattering pro-
cess remains relatively important over the wider tempera-
ture range and is expected to play a significant role in the
temperature dependence of mobility. ' ' The mobility
limited by the ionized-impurity scattering becomes tem-
perature dependent, when electrons are nondegenerate and
their energy varies with temperature. Since the
momentum-relaxation time rl(E) due to the ionized-
impurity scattering can be expressed approximately as
rl(E) ~Er, it can be shown from preliminary calculation
that the mobihty pl(T) limited by the ionized-impurity
scattering is expressed as

pi(T)=pl(0)[1+ir y(y+1)(k Ts/EF)2/6j,

y= 1 —1.5, (30)

where EF is the electron Fermi energy, and p, l(0) is the
mobility limited by the ionized-impurity scattering at
T=O K, which depends on EF and the distribution of
scatterers. Equation (30) indicates that the temperature-
dependent part of the mobility is positive and a parabolic
function of (k~T/EF). Hence, this term is strongly
dependent on EF (or carrier concentration N, ) and cannot
be neglected unless (k~T/EF) is sufficiently small or the
pl(0) term is so large that other scattering mechanisms
(phonon scattering, in particular) dominate the
temperature-dependent part of p.

In order to evaluate the possible influences of the
ionized-impurity scattering on the temperature depen-
dence of mobility, some of the mobility data are extracted
from Figs. 3(a)—3(c) and replotted in Figs. 10(a) and 10(b)
as functions of temperature for three samples with

W~ =0 nm (circles), 4.5 nm (squares), and 18.0 nm (trian-
gles). Figure 10(a) shows the mobility data of these sam-
ples at N, =3X 10"cm, whereas Fig. 10(b) summarizes
the data at %,=1.S)&10" cm . Since X, is kept con-
stant by the gate-electric field in each set of data, both the
spatial extensions of the wave function f(z) and the elec-
tron Fermi energy EF are kept nearly constant. Hence,
the contribution of the phonon scatterings within each set
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the figure by dotted hnes. Notations in the figure are the same
as in Fig. 4.

of mobility data should be identical, as indicated by
theoretical curves in Figs. 10(a) and 10(b). Consequently,
the observed differences within each set of data are due
exclusively to the differences in the strength of the
ionized-impurity scattering among these three samples.

Figure 10(a) indicates that p of the two samples with
thick spacer layers [W~ = 18.0 nm (triangles) and

W~ =4.5 nm (squares)] is rather high (p & 10' cm /V s)
and decreases with increasing T when X,=3.0)&10"
cm [EF—10 me—V; TF 120——K (Fermi temperature)].
This suggests that the temperature dependences of p, in

these samples are still dominated by phonon scatterings.
The mobility of the sample with no spacer layer (circles),
on the other hand, is rather low (p & 3 X 10 cm /V s) and
shows a slight increase with T when T is raised up to 40
K, indicating a greater role of the ionized-impurity
scattering.

VAen X, is reduced down to 1.5X10" cm and the
kinetic (Fermi) energy EF of electrons is small (EF 5——
meV; TF 60 K),——the ionized-impurity scattering is ex-

pected to be more effective and give rise to more enhanced

positive temperature dependence in mobility, Indeed, Fig.
10(b) clearly shows such a tendency, where a substantial
rise of p, is seen at low temperatures (T & 50 K) not only

in the sample with W» =0 nm (circles), but also in the
sample with 4.5-nm spacer (squares). This tendency is

qualitatively in accordance with what Eq. (30) predicts for
the ionized-impurity scattering of nondegenerate elec-

trons. Such a dependence, however, is absent in the sam-

ple with 8"» ——18.0 nm, since the ionized-impurity
scattering is still efficiently suppressed by the use of a
thick spacer layer and overridden by the phonon contribu-
tion.

As suggested in Figs. 10(a) and 10(b), the temperature
dependence of mobilities depends strongly on the electron
concentration N, (or electron Fermi energy EF). It is be-
cause the reduction of N, (or EF) in a single sample leads
not only to the enhancement of the (k+T/EF)~ term, but
also to the reduction of the pr(0) term in Eq. (30), which
enhances the role of the ionized-impurity scattering with
respect to other scattering mechanisms. To make a sys-
tematic study of such N, dependence of p, p, in the sam-
ple with no spacer layer [sample 1A] is plotted in Fig. 11
as a function of T with N, as a parameter. It is clearly
seen that the temperature dependence of

IM
for T between

10 and 50 K is negative when N, & 5 X 10 ' cm (EF & 16
meV), but it becomes increasingly positive as N, is re-
duced below 3X10"cm (EF &10 meV). This indicates
that the temperature dependence of p is still dominatai by
the phonon scatterings at the high N, region, but con-
trolled by the ionized-impurity scattering in the case of
low X,. It should be emphasized that most of the previ-
ous experiments have overlooked the presence of such
positive temperature dependences, because the simultane-
ous achievement of low electron concentrations and high
impurity concentrations (or thin spacer layers) is difficult
unless X, is controlled by the gate voltage as done in this
work. The tendencies shown in Fig. 11 are in accordance
with our theoretical predictions and demonstrate the irn-

portance of the temperature-dependent part of the
ionized-impurity scattering in the case when the electron
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the ambiguities of the impurity distributions and realize
all the possible situations encountered in FET operations.
Consequently, it is found that:

(i) p increases with increasing X, in the entire tempera-
ture range studied here (10 K & T & 300 K), as long as the
effect of parallel conduction of the low-mobility electrons
in the Al„Ga& „As is negligibly small.

(ii) The slopes of the p-N, characteristics become
steeper with decreasing T when Tg125 K, suggesting
that the ionized-impurity scattering becomes more dom-
inant at lower temperatures.

(iii) The mobility p and its dependence on X, measured
at low temperatures are found to be well explained by the
existing theory of the ionized-impurity scattering.

(iv) When r&40 K, the temperature dependence of p
is negative in the samples with larger W» and/or higher
X, and is dominated by the acoustic-phonon scattering.
When N, is reduced in samples with smaller W&, howev-
er, the ionized-impurity scattering dominates the tempera-
ture dependence of p, resulting in a substantial increase of
p with increasing T.

(v) Some of the unresolved problems are pointed out, in-
cluding the substantial rise of p with the increase of X, at
intermediate and high temperatures, which appear to call
for further developments in the theory of phonon scatter-
ings.

concentration is reduced in the samples with thin spacers.
Although this situation appears to be rather unusual, it is
a situation commonly encountered in practical heterojunc-
tion FET's whenever they switch from on-state to off-
state, or vice versa, in electronic circuits.

VI. IN SUMMARY

The mobility p, of the two-dimensional electron gas is
systematically studied as a function of electron concentra-
tion X, as well as temperature rwith the thickness of the
spacer Wz as a parameter. E, is varied by using the gate
electric field in FET configurations in order to eliminate
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