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We report the temperature dependence of the drift mobility in GaAs-Ga~ „Al„As modulation-
doped quantum wells. A theoretical model is formulated that includes scattering by residual impuri-
ties located in the well, in the barrier, and at the "inverted" interface, by Si donors and acoustic pho-
nons. Contributions to the total mobility arising from the segregated Si profile and background im-
purities piled up at the inverted interface are separated by secondary-ion mass spectrometry experi-
ments and measurements of the temperature dependence of the scattering rate. The density of
scattering centers trapped at the inverted interface increases with alloy composition x, independently
of the Gal „Al„As barrier thickness.

I. INTRODUCTION

The properties of two-dimensional electron gases have
been widely studied owing to the development of epitaxial
techniques; basic results in this field have been reviewed
by Ando, Fowler, and Stern. ' Because of its unique trans-
port characteristics, the two-dimensional electron gas con-
fined at a GaAs-Ga& „Al„As interface has received a
great deal of attention and has given rise to a new genera-
tion of high-speed semiconductor devices such as the
two-dimensional-electron-gas field-effect transistor.
Thus, in a modulation-doped GaAs-Ga& „Al„As hetero-
junction, electrons confined at the GaAs side of the inter-
face and separated from their parent donors located in the
Ga~ „Al„As side have exhibited low-field mobilities as
high as 2X 10 cm /Vs at 4.2 K.

The enhanced mobilities in these structures, however,
do not necessarily satisfy all device requirements. The
mobilities have been found to decrease drastically with an
increase of the electric field, limiting the maximum
current that can flow in the channel. In this respect, a
modulation-doped double-heteroj unction quantum-well
structure has various advantages such as an electronic
density twice as large as that of the single heterojunction
and a channel thickness which is well defined, eliminating
the short-channel effect. However, since the pioneering
work of Dingle et al., modulation-doped quantum wells
have stimulated far fewer experimental transport studies
than have single heterojunctions.

Actually, the molecular-beam-epitaxial (MBE) growth
of high-quality modulation-doped multiquantum-well
structures is not a trivial process, since the structures con-
tain the so-called "inverted" heterojunction, GaAs on
Ga~ „Al As. Very high electron mobilities are thought
difficult to achieve in the presence of the "inverted" inter-
face for two main reasons. Photoluminescence studies

suggest that an impurity (probably carbon) is pushed for-
ward in the growth direction as the Ga& Al„As-vacuum
interface advances, accumulates on this interface and is
then trapped in the first few unit cells of GaAs when the
Al flux is turned off. On the other hand, there is evi-
dence ' "of surface segregation of silicon occurring for
samples grown at a high substrate temperature, which
gives rise to a diffused profile of doped Si impurities.

Besides these points, the properties of a two-
dimensional electron gas are greatly affected by its screen-
ing behavior. The wave-vector and temperature depen-
dence of the screening dielectric function contributes to a
temperature-dependent part of the scattering rates that in-
creases with temperature. ' This contribution is also
impurity-position dependent screening of impurities de-
creases with temperature faster for impurities located far
in the barrier than for impurities within the electron gas,
and this effect is all the more pronounced when the elec-
tron concentration is low.

The aim of this paper is to investigate the drift mobility
as a function of the spacer width and temperature, espe-
cially for a rather-low-electron-concentration sample.
Thus, we expect to change the relative contributions to the
mobility of silicon and impurities trapped at the "inverted
interface. " In the studied samples, the spacer width varies
from 220 to 650 A and the electron concentration is about
3.2~ 10" cm with the exception of one sample where it
is 1.6)& 10" cm electrons. Mobilities have been mea-
sured between 4.2 and 77 K.

In Sec. II, the quantum background is described and we
calculate the electron eigen-wave-functions and their
eigenenergies. We give the relaxation times for impurities
and acoustic phonons screened by the random-phase-
approximation (RPA) dielectric function at finite tem-
perature. In Sec. III, we discuss the characterization of
the samples and we examine the different parameters af-
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fecting the electron mobility. Experimental and theoreti-
cal results are compared in Sec. IV A summary and con-
clusions are given in the last section.

II. QUANTUM BACKGROUND AND MOBILITY

H =(p„+p» )/2m '+H, q+ V, (z),
H
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The well center is taken as the z origin and H is the
Heaviside step function. Assuming the continuity of the
eigenstates 4'q of (2) and of the corresponding probability
current at the interfaces, '" we obtain the well-known
eigenvalues and eigenstates of the square-well Hamiltoni-
an. The even bound states are
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Because of the barrier thickness, interactions between
adjacent wells are negligible and electron properties are
studied in one GaAs well surrounded by doped
Ga& „Al„As layers. Thus, we consider a quantum well of
width L and barrier height V while n, is the free-
electron-gas density. In the following, a uniform back-
ground dielectric constant ~ is assumed and the in-plane
electronic properties are described with a GaAs effective
mass m'. In the Hartree approximation, the electronic
Hamiltonian for the envelope function is given by

e,'q( —z) =a', q(z),

E' =A k /2m*

E =V —h K;/2m',

k; tan(k;L /2) lm *= (&;L /2) lmb,

where mb is the barrier effective mass. V, (z) is the Har-
tree potential due to the free-carrier charge. If we assume
that the ground subband is the only populated one, this
Hartree potential is related to the ground eigenfunction
via the Poisson equation. We solved the eigenstate equa-
tion and the Poisson equation self-consistently in the re-
stricted basis (Vo", O'P, %zq). V, is even and couples Voq

and 0'zq. If the second excited bound state +z does not
exist, we apply the first-order nondegenerated perturba-
tion V, on Eoq. Finally, the chemical potential p at the
temperature T is given by

p =kii T in[exp(pk T=o/kB T) —1],
with

p~ z- o ——m6 n, /m2

Electrons interact with different ionized impurities:
residual impurities in the whole structure, donors located
in the barrier, or interface impurities. Each of them gives
rise to a screened Coulombic potential and, thus, to an
energy-dependent scattering rate

I/i. ;(e)=(2rr/A)(e /4ireoic) (1/8) f dqg (q,z;)q /I [qeRp~(q)] (4e —q )

where g(q, z; ) is related to the screening Hartree potential undergone by an impurity located at z; and is given by

g(q, z;)= f %0(z) exp( —q ~

z —z;
~

)dz .

At low temperatures ( &70 K), the lattice scatters electrons essentially by acoustic mode phonons through the defor-
mation potential I and the piezoelectric field. ' Although it has been shown' that the dominant electron —optic-phonon
interaction involves phonon modes associated with the interfaces, acoustic phonons are supposed to be those of bulk
GaAs and isotropic. Since at very low temperatures, the mobility is dominated by impurity scattering, phonon-scattering
rates are calculated out of the Bloch range. This being granted, we have

I /~r, r()E=(3/ 4iri)ri(I' k&T/pv, L,ff)(1/e) f dqq /[[qeRPA(q)]'(4s —q')" I

where p is the mass density, U, the longitudinal velocity of sound, and L,~~ an effective well width given by
Qo

2
2

L ff =3rr dq dz+o(z) exp(iqz)

I/r;„, (E)=(1/4irfi)(eh&4) (k&T/pv, )[—,', +(v, /v, ) +](1/e) f dqq /[[qeap~(q)] (4e —q ) '],
where h &4 is the basic piezoelectric tensor component and U, is the transverse velocity of sound. Alloy disorder scatter-
ing arises from the wave-function extension into the Ga& Al As layer, '

1/r, &(e)=(1/2vrfi)x(1 —x)(a /4)bE, 2 f dz+p(z)(1/8) f dqq /I[qeRpp(q)] (4E —q ) I

where x is the percentage of aluminum, AE, the differ-
ence of the band conduction minima, a the lattice con-
stant. In the preceding equations, eRp~(q) is the RPA
dielectric function:

epp~(q ) = 1+(e /e~q )f(q )IIRpp (q ) .

HRp~ is the RPA po1arizability and is calculated at finite
temperature using Maldague's method. ' f(q) is a form
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factor taking into account the finite extension of the func-
tion %o(z):

f(q) = f f dz dz'Oo(z)+o(z') exp( —q ~

z —z'
~

) .

Finally, the scattering time is calculated by integrating the
total energy-dependent scattering time over the Fermi dis-
tribution.

Dominant scattering mechanisms limiting the mobility
of a two-dimensional electron gas have been the subject of
many recent studies. The temperature dependence of the
electron mobility has been used to characterize the inter-
play between screened impurity scattering and acoustic
phonon scattering in a single modulation-doped hetero-
junction. ' ' To select between surface roughness and
remote impurity scattering, Harrang et al. calculated the
ratio of the quantum-to-classical scattering time. The
classical scattering time is derived from the drift mobility
and is given by

1/r, = f dk'Wk ), (1—cos8),

where 8'k k is the probability of scattering from state k
to state k' and 49 is the scattering angle. The classical
time favors large-angle scattering over small-angle scatter-
ing due to the weighting factor of 1 —cost9. The quantum
scattering time is deduced from the Shubnikov —de Haas
oscillation envelope and is expressed as

1/'Tq ——f dk'Wk k

Since we are interested in selecting the dominant impur-
ity scattering rate involved in the total mobility, a crude
calculation has been performed in order to estimate the
sensitivity of the quantum-to-classical scattering-time ra-
tio to the impurity position. The unscreened form of the
differential cross section is used and the eigen-wave-
function extension in the growth direction is ignored.
Then,

21T 7r

r~/r, = f d8o(8)[1 —cos(8)] exp[ —2sin(8/2)kz;]/2 f d8o(8) exp[ —2 sin(8/2)kz;]
C

where z; is the impurity position and cr(8) is the differen-
tial cross section in two dimensions:

o(8)=G tanh(mG)/2k sin (8/2),
where

G=m*e /k~6

For a two-dimensional-electron-gas density of 3&&10"
cm, the critical angle 8, is about 10' (Ref. 22) and k at
the Fermi level is 1.37)&10 cm '. The expected ratio
of rz/r, is 0.13 for an interface impurity (z; = 100 A) and
0.11 for a remote impurity (z;=400 A). The difference
between the calculated scattering-time ratios is rather
small and would not allow to measure the interplay be-
tween remote-Si-donor scattering and interface-impurity
scattering. In both cases small-angle scattering is favored
over large-angle scattering.

On the other hand, we have investigated the tempera-
ture dependence of the electron mobility. Because of the
wave vector dependence of the screening dielectric func-
tion, any impurity scattering rate increases as the tem-
perature is raised. ' However, the increase rate is
impurity-position dependent. Figure 1 shows the differ-
ences occurring for an impurity located at the center of
the well, at the interface or far in the barrier. The param-
eters used in the calculations are those of the low electron
density sample and the energy e is the Fermi level at
T=0 K. The scattering rate increase is all the more pro-
nounced as the impurity is out of the electron gas. Since
the RPA is a linear approximation, the screening potential
is weaker for a potential weakly interacting with the elec-
tron gas than for an impurity located inside or near the
well. Thus, the temperature influence on the strong
screening potential associated with an impurity located in
the well is weak. What is more, the temperature depen-
dence of screening increases as electron density decreases
since screening is no more saturated at the Thomas-Fermi
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FIG. 1. Dependence of the normalized scattering rate
[I r;/(T)]/[1 /(r10 K)] for an impurity located at the well
center (z; =0), at the edge (z; =L /2) and in the barrier
(z;=L/2+Lb/2). Scattering rates are calculated for an energy
v=5. 8 meV. The parameters used are (sample No. 6): L =161
A, Lb ——783 A, n, =1.63&10"cm, Eo ——19 meV.

I

limit. ' Then the impurity position dependence is all the
more well-marked as the electron concentration is low
(Fig. 2). This behavior is qualitatively independent of the
electron energy e. However, its amplitude increases with
e and then with temperature, since the electron mean en-

ergy increases as the temperature is raised. Bearing in
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FIG. 2. Dependence of the normalized scattering rate
[1/~;(T)]/[1/~;(10 K)] for an impurity located at the well
center (z; =0), at the edge (z; =L /2) and in the barrier
(z; =L/2+Lb/2). Scattering rates are calculated for an energy
c.= 11.1 meV. The parameters used are (sample No. 5):
L =158 A, Lb ——856 A, n, =3.11X10"cm, Ep ——23. 1 meV.

mind the above considerations, the experimental mobility
will be now analyzed.

III. SAMPLES CHARACTERIZATION

The samples were grown in a home-modified MBE
Riber reactor equipped with a multiple sample interlock,
on Cr-doped semi-insulating GaAs(100) at a substrate
temperature of 690'C. A 1-pm GaAs buffer layer is fol-
lowed by 1000 A of undoped Ga~ „Al„As to avoid elec-
tron accumulation at this heterointerface. Then comes an
11-period selectively doped multiple-quantum-well
(MQW) structure made of a Si-doped Ga, „Al„As layer
and a GaAs well surrounded by undoped Ga& „Al„As
spacers (see the inset in Fig. 1). Finally there is a surface
layer of 300 A of doped Ga& „Al„As and 220 A of doped
GaAs where should be confined the surface band bending
due to surface defects. The same doping level Nd was
used in the whole structure.

X-ray diffraction methods allow us to directly obtain

the average Al composition x, =xLb/(L+Lb), where Lb
is the barrier thickness, and the period L+Lb. The
values of x, L, and Lb are then determined by fitting cal-
culated and experimental intensities of x-ray peaks.
From Lb, we infer the spacer and the doped-Ga& „Al„As
thicknesses. Results are reported in Table I.

Mobility and sheet electron concentration were mea-
sured first on the whole sample, by the Van der Pauw
method at 4.2 K. Then samples were photolithographi-
cally made into Hall bridges 300 pm long. Comparing
Van der Pauw and Hall results allows us to infer sample
homogeneity. Magnetic field strength never exceeded 500
G and voltages were kept below 10 mV. Ohmic contacts
were made by alloying In at 450'C in an H2 atmosphere.
Measurements were performed in the dark and under il-
lumination at 4.2 K. A weak persistent photoconductivity
effect was recorded.

In addition, Shubnikov —de Haas measurements were
performed on all samples. Apart from spin splitting at
high magnetic fields, no evidence of oscillations other
than those of the main period was found. This shows that
only a single sheet of electrons per well contributes to the
mobility and that the electron concentration is similar in
all the wells. This allows us to calculate electron density
per well from 4.2-K Hall data and to compare it to
Shubnikov —de Haas results. A good agreement appears
from the results in Table I that show that at least 10 wells
are connected by In contacts.

Assuming a complete depletion of the barriers, we get
from the doped Ga& „Al„As thickness Ld and the elec-
tron density, the doping level for each sample:
Xd ——n, /Ld. From this value and with AE, being 60% of
the band gap, it is easily established that the Fermi level
is below the Si donor level in the barrier, confirming our
previous hypothesis, excepted for sample No. 4. In this
case, the barrier is partially depleted. Moreover, the dop-
ing levels of Table I are consistent within 5%%uo, with a
reference doped Ga~ „AI„As bulk sample measured by
the Van der Pauw method and secondary ion mass spec-
troscopy (SIMS). They both give Nd ——2.6X10' cm
SIMS measurements were performed to determine the Si
depth profiles. The determination were carried out with a
cesium primary beam which gives a good sensitivity for
Si, above 10' cm, and avoids the deleterious effect of
the A1H interfering ions. The data were calibrated by
integrating the areas of Si profiles registered in nonan-
neal=d Si-implanted standards. The precision on the im-

TABLE I. This table gives the structural parameters of the samples deduced from x-ray measurements, the calculated lower eigen
energies, the calculated doping level, the measured electronic densities and the segregation length deduced from Si SIMS profiles. The
precisions of x-ray derived parameters is about 10%.

%'ell Barrier Doped
Sample thickness thickness Gai „AI„As Spacer

No. L (A) Lb (A) Ld (A) (A)
Ep

x (me V)

n, Mobility
El Nq n, (Hall) (Shubnikov) (4.2 K) L,

(meV) (10' cm ) (10" cm ) (10" cm ) (m /V s) (A)

220
252
274
274
158
161

548
875

1089
1412
856
784

110
125
121
128
122
60

219 0 28
375 0 25
484 0.24
642 0.21
367 0.21
362 0.223

21
22.3
21.9
19
23.1

19

44.8
40. 1

37
34
63.1

59.5

2.76
2.76
2.75

2.56
2.72

3.01
3.25
3.15
2.5
3.09
1.64

3.18
3.65
3.51
2.74
3.13
1.62

6.4
19.4
29
9.24

19.7
12.6

105
110
100
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purity concentration is estimated to be about 20% and to
be reached after 20 A of doped material.

To characterize bulk materials, several unintentionally
doped GaAs samples have been measured by the Van der
Pauw method. The samples were always p-type with p
ranging from 1 && 10' to 4)& IO' cm and mobility
varies between 380 and 400 cm /Vs at 300 K. Then, to
analyze experimental quantum wells mobilities, we esti-
mate the GaAs total residual impurity level to be 5&10'
cm . An unintentionally doped Ga& „Al„As layer with
x=0.28 was grown. This sample is also p type with
1.25 )& 10' cm holes and a 300-K mobility of 300
cm /Vs. The Ga~ „Al„As total residual impurity level
has been evaluated to be 10' cm . We will come back
to these points later.

The last impurity contribution to mobility comes from
potential interface scattering centers. Photoluminescence
of unintentionally doped quantum wells, reveals the in-
corporation of acceptors (C or 0) near the interfaces while
transmission electron microscopy performed on quantum
well superlattices relates interface roughness to trapped
impurities at the quantum well interfaces. They should
originate either from the substrate or from the
Ga& „Al As MBE layers. We will suppose in the follow-
ing, that they are incorporated in the first 20 A of GaAs
following Ga& Al„As layers. This value seems reason-
able and is not crucial.

The deformation potential I" has been reported to range
between 7 and 16 eV in GaAs. A deformation potential
of 13.5 eV in modulation-doped single heterojunctions has
been shown consistent with a theoretical model for the
acoustic-phonon limited mobility that includes screen-
ing. ' ' From the analysis of the energy relaxation of
two-dimensional hot electrons, it has been recently derived
a deformation potential constant of 11 eV. On the other
hand, the electron mobility in two-dimensional electron
gas has been successfully accounted for assuming a defor-
mation potential of 7 eV and ignoring screening of the
acoustic-phonon scattering potentials. ' In our ap-
proach, I is a fitting parameter determined by mobility
analysis in the same way as the interface impurity level.
Other numerical material values are collected in Table
II 15

IV. MOBILITY ANALYSIS

~ Piezoelectric

IO'—
- Deformation~

Potential

Barrier Impurity W +

Welt Impurity

)
E" 10'

~ ~

density is determined at the same time with the 4.2-K mo-
bility value. Should Si donors segregate, it would not
matter since all impurities give rise to similar temperature
profiles for this 3.5&10" cm electron density sample.
Moreover, this hypothesis will be tested back. We get a
deformation potential I of 12.8 eV which is very close to
the value of 13.5 eV obtained for single heterojunc-
tions' ' ' and slightly lower than the GaAs value of 16
eV deduced from transport experiments. Fitting, now,
the mobility of the low-electron-density sample No. 6,
without introducing Si segregation, we get a theoretical
mobility which slightly increases with temperature from
its 4.2-K value whereas the experimental mobility slightly
decreases (see Fig. 3). So, we are led to raise the donor
contribution to the mobility, since this contribution in-
creases with temperature more slowly than others due to
screening effects. The total donor scattering rate is in-
creased by introducing Si dopant segregation in the
growth direction. So, the effective spacer width is re-
duced for one side of the quantum well, near the "invert-
ed" interface, whereas it is enlarged on the other side. In
consequence, scattering on ionized silicon occurs mainly
from dopants located at the "inverted" interface side.
However, if the dopant segregation is overestimated, Si
will be located mainly near the GaAs quantum well.
Then, the related scattering rate will increase too slowly
with temperature and the theoretical model will fail again
in accounting for the experimental data.

Barnett et aI. have elaborated a general model describ-
ing the incorporation of dopants into crystal films, grown
by MBE which accounts for dopant surface segregation
during deposition. ' The model needs as input data, ther-

We now use the preceding results to compare the calcu-
lated and experimental values of the drift mobility. To
determine, first of all, the deformation potential value, we
fit the sample 3 experimental mobility to the theoretical
one. Indeed, its high mobility implies that phonon dif-
fusion quickly becomes the prevailing mechanism in-
volved in the total scattering time. The interface impurity 1O'—

Donor (segragaied Sil

Interface Impurity

Total with g
Si segragation

Total without

Si segragation

TABLE II. CxaAs material parameters (see Ref. 15).
t I I I I I

100

m */mo
K

PU&

pV

~i4

0.067
12.90

1.40 & 10' erg/cm'
0.48 & 10' erg/cm
1.2 &( 10 V/cm

Temperature ( K j

FIG. 3. Temperature dependence of the electron mobility for
the low electron density sample {No. 6). Solid circles correspond
to experimental data measured in the dark. Theoretical total
mobilities with and without Si segregation are reported. The in-
terface impurity density is 0.65& 10' cm
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modynamic and kinetic parameters. Following the gen-
eral idea of this model, we make the hypothesis that the Si
incorporation probability is proportional to the Si surface
density during the growth. Then we have

r(r ) =L,D(r ),
d~ =I'dt —Ddr,

dr =v dt,
which gives

D(r)=Nd[1 —exp( rlL, )—], 0&r &Ld

D(r ) =D,„exp( r IL, ),—r ~ Ld

D,„=Nd [1—exp( Ld /L, —)] .

r is the Si surface density, D(z ) the doping level, F the net
Si impinging flux, and v the Ga& „Al„As growth speed.
We have

f drD(r ) =NdLd,

since segregation acts as an incorporation lag. This model
can be used to analyze the dopant depth distribution pro-
file and gives the maximum doping level D,„as a func-
tion of the unique unknown parameter L, . Consequently,
we have analyzed by SIMS experiments, three superlattice
Si profiles (Fig. 4) and inferred L, from D,„(Table I).
The deduced value of 105 A ranges between the respective
values 60 and 175 A of Ref. 8 and 32, for a growth sub-
strate temperature of 690'C. Assuming the same

behavior of Si in GaAs, the analysis of binding energies of
Si donors confined in GaAs-Ga& Al„As quantum wells,
leads to a segregation length of 50 A. The density of Si
impurities incorporated in the GaAs well reaches
2.5&(10' cm for sample No. 1 and the question arises
whether or not these donors are ionized. For high-carrier
concentrations ( & 10" cm ), the impurity binding ener-

gy is reduced to a very small value ( & 1 meV) by screen-
ing effects. ' The overlap between electron bound states
broadens the impurity band which merges into the con-
duction band. Therefore the random-phase approxima-
tion (RPA) linear screening theory should be a correct ap-
prroximation even for impurities located near and in the
GaAs quantum well. Then, whether Si acts as a donor or
an acceptor, it behaves as an ionized impurity scattering
center.

A very good agreement between theory and experiment,
occurs from the preceding conclusions for sample No. 6
(Fig. 3). The mobility profile of, sample No. 3 used in the
deformation potential determination, is also displayed
(Fig. 5). The unique fitting parameter is, now, the impuri-
ty interface density N; which has been determined for
each sample. A typical temperature dependence of the to-
tal electron mobility, resulting from the contributions of
all scattering mechanisms, is shown on Fig. 6. It is seen
that the interface impurity scattering is the dominant
mechanism for T lower than 60 K before phonons prevail.
No correlation comes out between N; and the
Ga& Al As thickness but N; increases almost linearly
with the alloy composition x (Fig. 7). Finally, changing
the residual impurity level or the Si segregation length in
the GaAS up to 75 A, does not strongly modify our con-
clusions. As an example, increasing the Ga& „Al„As
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Eo 101s
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10" =
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Well impurity
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Deformation . "LPiezoefectric

potential

Donor (Sit

Interface impurity
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FIG. 4. Si and Al depth profiles analyzed by SIMS for sam-
ple No. 3. The recorded ions are polyatomic ions A12 and

Si . The maximum level reached by Si concentration is re-
ported.

Temperature ( K j

FIG. 5. Temperature dependence of the electron mobility for
sample No. 3. Solid circles correspond to experimental data
measured in the dark. Theoretical mobilities are reported. The

10 —2interface impurity density is 2.25& 10 cm
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O
X

Barrier impurity

Piezoelectric

Deformation ~.
Potential

+

I

Well impurity

Donor ( Si l

values of N; as compared to n„ the electronic ground
function should be weakly modified.

In order to determine whether interface impurities are
located at both interfaces or not, we have calculated the
mobility limited by interface ionized impurities in a single
modulation doped heterojunction. We assume that elec-
trons populate only the lowest subband and we adopt for
the eigen-wave function f(z) the Fang-Howard variation-
al wave function,

f(z ) = (b z l2) ' exp( bz l—2) .

The variational parameter b is given by

Interface impurity

Total

10'—

a s & r r I

10 100

Temperature C K j

FIG. 6. Temperature dependence of the electron mobility for
sample No. 2. Solid circles correspond to experimental data
measured in the dark. Theoretical mobilities are reported. The
interface impurity density is 3.25&(10' cm

where Nd, ~l is the areal concentration of depletion charges
in the GAs. If we assume that the interface impurities are
located at both interfaces in a quantum well, the area den-
sity of interface scattering centers is about 3.75)&10'
cm in a single heterojunction where the aluminum con-
centration of the barrier is 0.3. In Fig. 8, the zero-
temperature mobility limited only by these interface ion-
ized impurities, is plotted as a function of the electron
density n, . Previously reported measurements are also in-
cluded. The theoretical curve lies about one order of mag-
nitude below the experimental data recorded from "nor-
mal" heterojunctions except for two values. In conse-

background impurities level up to 5 X 10' cm decreases
the interface density of sample 2 from 3.3 to 3&&10'
cm

The diffused profile of doped-Si impurities and the
charged centers located at the inverted interface, break the
structure symmetry and couple +0 and 4&". However be-
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cause of the large width of the spacers and of the small
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FIG. 7.G. 7. Dependence of the interface impurity density with
the be arrier aluminum concentration. Solid circles correspond to
values deduced from the mobility analysis.
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FI~. &IG. 8. Zero-temperature mobility as a function of the elec-
tron density in a single modulation-doped heterojunction. The
area concentration of depletion charges in the GaAs is 6&(10'
cm and the aluminum concentration in the barrier is 0.3. The
mobility is limited by 3.75 & 10' cm interface scattering
centers. Also included are previously reported experimental
data: Hiyamizu et ai. (Ref. 2), Mendez et al. (Ref. 19), and
Sano et al. (Ref. 35).
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quence the incorporation of impurities at the "normal" in-
terface Ga& „Al„As on GaAs is ruled out. So, interface
impurities densities reported on Fig. 7 are concerned only
with the "inverted" interface.

Sample No. 4 has not been included in the precedings
results; its mobility clearly does not fit the theoretical
study: a weak aluminum concentration and a large spacer
should not lead to a poor mobility. An additional scatter-
ing mechanism must obviously be introduced. Every sam-
ple has been found to be homogeneous except sample No.
3. In this case, its 4.2-K mobility ranges between 200000

and 300000 cm /V s. In order to test whether the poor
mobility of sample No. 4 and the lack of homogeneity ob-
served on sample No. 3 are related to the surface rough-
ness of quantum wells, we have calculated the scattering
effects of the discontinuities present at the interfaces. As-
suming that the surface deviates from a plane by a dis-
tance 5z(r) in the z direction at the point r in the plane
and assuming that these deviations have an autocorrela-
tion function with rms height 6 and autocorrelation
length A, then the scattering rate experienced by electrons
is given by'

R/r(c)=(bAI') (1/c) f dqq exp( —q A /4)/I[qcRp~(q)] (4c —q )

Here the deviations are not correlated from one inter-
face to the other and the interfaces are supposed to behave
similarly since the aluminum concentration is lower than
0.3. F is an effective field including the modification
due to the change of effective mass at each interface:

F= V„+o(L /2)+Pi /2m [d'410/dz(L /2)](1 —mb /m *) .

Interface growth steps have been shown to be of the or-
der of one atomic monolayer high in samples grown in

10'

0
similar conditions. Assuming a rms height 6 of 2.86 A,
the mobility limited by interface roughness has been cal-
culated for three autocorrelation lengths (Fig. 9). Mobili-
ties quickly increase with the well width and show mini-
ma values for an autocorrelation length A=100 A. How-
ever theoretical mobilities are quite high and this model of
interface roughness scattering is unable to explain the
discrepancies of our experimental data. Moreover the
treatment used here implicitly assumes that the deviations
from a flat interface are small and smoothly varying.
High steps could occur at the "inverted" interface
because of the large thickness of the Ga& „Al„As barrier
(L& ~ 1000 A) of samples No. 3 and No. 4. It seems
that this theoretical treatment cannot account for large
deviations from a flat interface.
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V. CONCLUSION

We have performed an analysis of the different scatter-
ing mechanisms affecting the modulation-doped
quantum-well mobility. Scattering occurs mainly from
silicon segregation over about 105 A and background im-
purities piled up at the inverted interface. It seems likely
that carbon is trapped at the Ga& Al As-vacuum inter-
face and would float on the Ga& „Al„As film during
growth giving rise to an interface impurity layer indepen-
dent of the Ga& Al„As thickness. These impurities
could inhibit Ga& „Al As growth by preventing lateral
propagation of the atomic layer, leading to important in-
terface roughness for large Ga& Al„As layer. In our
samples, the Ga& Al As layer is at least 550 A thick
and it would be of interest to check these conclusions for
thin Ga& Al„As layers. In this respect, a clarification of
thin superlattice spacer influence, in inverted heterojunc-
tions, is needed since Si as C are likely to be trapped by a
superlat tice spacer.

FIG. 9. Calculated mobility limited by interface roughness in
a modulation-doped quantum well as a function of the well
width. The standard deviation height is one atomic layer0(5=2.86 A) and the results are reported for three auto correla-
tion length A. The electron density is 3&10" cm and the
barrier height is 200 meV.
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