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Electron mobilities in modulation-doped Al,Ga,_,As/GaAs/Al,Ga,_,As and pseudomorphic
Al,Ga,_,As/In,Ga,_,As/Al,Ga,_,As quantum-well structures with high electron concentration have
been measured in order to clarify their dependences on the quantum-well thickness. It has been found
that the 77-K mobilities show their highest values for quantum-well widths ranging from 80 to 100 A.
To understand the experimental results, mobility calculations were performed using a two-subband
transport model. The experimental dependences of electron mobility on the quantum-well thickness
were reproduced in the theoretical calculations and it has been found that the conditions for the highest
mobilities at 77 K correspond to the case when the Fermi energies of electrons in the ground subband
become maximum with almost all the electrons populating in the ground subband. For wider quantum-
well thicknesses, electrons begin to populate in the upper subband, which results in sudden reduction in
electron mobilities due to the sudden increase of intersubband scattering rate and reductions in Fermi

energies of electrons in the ground subband.

I. INTRODUCTION

Mobilities of the two-dimensional electron gas in
modulation-doped Al ,Ga,_,As/GaAs heterostructures
have been extensively researched both experimentally and
theoretically in recent years. Although quantitative com-
parisons between theory and experiment were performed
by many researchers, most of the previous works have
been concerned with the case where electrons occupy
only the ground subband.? In modulation-doped
quantum-well structures with high electron concentra-
tions, however, electrons can populate over several sub-
bands even at low temperatures and mobilities are expect-
ed to be greatly affected by the quantum-well width (L,)
because subband energy levels or their spacings change
drastically with L,. From the viewpoint of device appli-
cations, it will be important to understand how low-field
mobilities change with L, for modulation-doped
quantum-well structures. In order to calculate the mobil-
ity in such structures, a multisubband transport problem
must be treated. Such a problem was previously treated
by Mori and Ando® to analyze the low-temperature elec-
tron mobilities due to the interface roughness scattering
and ionized impurity scattering in Si metal-oxide-
semiconductor structures based on a theory devel-
oped by Sigga and Kwock.* For modulation-doped
Al,Ga,_,As/GaAs heterostructures, although simplified
calculations at 0 K and phonon-limited mobilities at 77
and 300 K have been reported so far,>~’ the dependence
of mobility on the quantum-well width has not been well
studied yet.

In this paper, we have studied the electron mo-
bilities in modulation-doped Al ,Ga,_,As/GaAs and
Al,Ga;_,As/In,Ga,_,As quantum-well structures both
experimentally and theoretically. For calculations, we
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have applied a two-subband model and solved coupled
Boltzmann’s equations using self-consistent wave func-
tions and temperature-dependent screening parameters.
For the polar optical scattering, we adopted the iteration
method developed by Nag.® The calculated results were
compared with the experimental data and the relative im-
portance of scattering mechanisms has been clarified in
these heterostructures.

II. OUTLINE OF MOBILITY CALCULATION

In this section, theoretical models and calculation
methods adopted in this work are briefly described. The
electronic state in the quantum well is characterized by
the subband index i and a two-dimensional wave vector
k=(kx,ky) parallel to the surface. The wave function
and energy are, respectively, given by

1{11,k(r,z)Z#Q‘i(z)exp(ik-r) , (1)
_ #2k?
Ei,k_—Ei+ 2m* ] (2)

where £;(z) denotes the quantized wave function, m * the
electron effective mass, and # the reduced Planck con-
stant. The set of Boltzmann equations for the electron
distribution function for subband i, ¢(”(k), may be writ-
ten as

= £V = 3 (PSR
JK

—P,(k, k)K= (KDY,
(3)

where P;;(k,k’) is the probability per unit time for an
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electron in a state k of subband i to transfer to a state k'’
of subband j and F is the electric field applied parallel to
the heterointerface. For a vanishingly small electric field,

we may expand the distribution function f‘”(k) for each
subband as
) _ OfolE; )
FOK)=f(E k)+iﬁ;F-k¢“’(k)§T’k ) @)
ik

where f(E; ) is the equilibrium Fermi-Dirac distribu-
tion function and f'”(k) is the perturbation function to
be determined from the Boltzmann equation. The princi-
ple of detailed balance is described as

Py(kK)fo(E; 1= fo(E; )]
=Pk, K)fo(E; 1= fo(E; )] . (5)

By using Egs. (4) and (5) in Eq. (3) and neglecting the
terms containing F of order higher than the second, Eq.
(3) is simplified to the following form:

—g%mmp%%mmemhm%w]
J»
efi
m*kgT
XF-{k¢' (k) —k'd(k")} | . (6)

Equation (6) is further simplified to the following
equivalent equation:

1= folEj )
1= 3 P,(kk) SolEy
™

$k)— ¢ (k) K

jk l_fo(E,’k)

where 6 is the angle between k and k’. If we consider an
elastic-scattering process and neglect the intersubband
scattering, we obtain the following familiar equation:

1
¢(i)(E)

The scattering mechanisms considered in this work are
ionized impurity, acoustic phonon, alloy disorder, inter-
face roughness, and polar optical-phonon scattering. The
polar optical-phonon scattering was treated as an
inelastic-scattering process and the screening effect for
this scattering mechanism was neglected. Other scatter-
ing mechanisms were treated as elastic processes as usual
and the screening effect was taken into account using the
following equation:’

V;j(q):Vij(q)+(e2/2€0K0q) 2 Hijmn(q)nmn(q)V;rin

m,n

=3 P, (k,k')(1—cosf) . ®)
<

(g),

©)

where g =|k—k'[, e is the elementary charge, g, the
dielectric permittivity, k, the static dielectric constant,

Vii(q) the unscreened matrix element, and V;j(q) is the
screened one. The form factor H;;,,(q) and the polariza-
tion part I1;;(g) are given as follows: 10
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Hin(@)= [ [ 620612005 (22)8,(25)

Xexp(—qlz,—z,|)dz,dz, , (10)
fo(Ejk')”‘fo(Eik)
I, (g)= - — . (11)
v § Eiy—Ejx
At zero temperature, I1;;(g) is calculated to be
I1,;(¢,0,Ef)
172
2
m* Cy E; ’ 2k,
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Th 2 E, q
172
NN N (12)
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where E;;=E,—E;, E,=#q*/2m*, Ci=sgn(E;*E,),

kF is the Ferml wave number for subband i, and Ej is

the Fermi energy. The temperature dependence of 11, i(q)

is given as!!

- 1,(g,0,E)
(g, T,Ep)= > dE
0 4kpT cosh®[(Ep—E)/2kyT]

(13)

The unscreened scattering matrix element due to the
ionized impurity (IT) located at z; is given by

Vilg,z;)=

[ &) (z)expl—qlz—z,)dz ,  (14)

280K q
and the scattering probability will be given by the sum of
contributions from the whole region as
_2

Plg)== [dzN(z)| V)l (q,2) PS(E; o —Ey ), (19)
where N(z,
ed at z,.

Scattering by acoustic phonons has two coupling
modes; one is deformation-potential (DP) coupling and
the other is piezoelectric (PE) coupling. The unscreened
matrix elements due to these scattering mechanisms are,
respectively, given by!

;) is a concentration of ionized impurity locat-

D2k T 172
vor = =2 1.
(9,9) c, (4., (16)
2 2 172
ek, TP
VEg,q,)= |—5— | I,(q,), (17)
74 2e0k0(g%+¢2) u 4z

where D is the deformation-potential constant, C; the
longitudinal elastic constant, P the piezoelectric constant,
and [;;(q,) is defined by

I(q,)= fé

For the alloy scattering in 4, B, _, C type mixed crystals,

z)exp( —ig,z)dz . (18)



47 ELECTRON MOBILITIES IN MODULATION-DOPED . . . 3773

the following unscreened matrix element given by Har-
rison and Hauser'? was employed:

Vilg,q,)=[37%a’x(1—x)(AE)* /641" I ,;(q,) ,  (19)

where AE is the alloy potential and a is the lattice con-
stant. The alloy potential of 1 eV was used for the
Al,Ga,_,As barrier layer and that for In,Ga; _,As was
calculated using the Philips’s electronegat1v1ty theory
The transition probabilities due to acoustic phonons and
alloy potentials are, respectively, given by the same for-
mula as
1] q)_ f' ij q qz” Ej,k’)dQZ . (20)

As for the interface-roughness (IR) scattering, it was
assumed that the roughness exists only at the bottom in-
terface (substrate side at z=z) and the following matrix
element given by Prange and Nee!* was used:

# | d&i(z) dE;(z)
VIR(g)= !
Y (@) 2m* dz dz z=zp
X [7A2AZexp(—q2A2/4)]'72 . @1

In the above equation, A and A are rms height and auto-
correlation length for the roughness, respectively. The
transition probability for this scattering is written as

217'|

PR(q) (@)*8(E; ,—E; ) . (22)

For the elastic-scattering mechanisms described above,
the perturbation function determined by each scattering
mechanism ¢'”( E) can be calculated as usual by introduc-
ing a symmetric matrix K whose elements are defined by

Ky(E)= 3 o) 5Pk = j(k,k’)%cose . @3

The perturbation functions are then expressed as

¢"(E)=3 K;E) . (24)
J
The mobility of the ith subband y; is given by
ui=(e/m*){¢'"(E)) , (25)

J

1= Ay(E)¢'°(E)—By(E )¢ UE +#wy o) —

df (E) af(E)
fo dE[fE fo

(i) E))= (1) E)E
(B = [ ¢ o L dE
(26)
Although the averaged mobility is often given by'°
(27a)

B=3 Nu; /N,

where N; is the electron concentration in the ith subband
and N, the total sheet electron concentration, the mea-
sured mobilities are Hall mobilities and the following
equation, which was used in this paper, is considered to
be more suitable for comparing the experimental results

with calculations: '’

= 3Ny} [ 3 N ]" : (27b)

The polar optical-phonon scattering is an inelastic pro-
cess accompanied by the absorption and emission of pho-
nons with relatively large energy and is the dominant
scattering process even at temperatures as low as 77 K.
Although accurate estimations of mobilities due to this
scattering mechanism require the solutions of a set of
Boltzmann equations for several subbands, the actual cal-
culation becomes more and more complex with the in-
crease in the number of subbands under consideration.
In this work, we have taken only two subbands into con-
sideration for simplicity. In spite of this simplification, it
is expected that the calculations will give good mobility
estimations for the heterostructures with narrow quan-
tum wells in which energy separations between subbands
are relatively large.

First, let us consider the scattering processes which
determine the perturbation function ¢*(E) for electrons
in the ground subband. Figure 1 shows a schematic
drawing of such processes, in which solid arrows indicate
out-scattering processes and dashed arrows indicate in-
scattering ones. A similar diagram can be drawn for elec-
trons in the first exited subband. Using Eq. (7), the fol-
lowing equations can be obtained with regard to the per-
turbation functions, ¢'°(E) and ¢'(E):

E)$"NE —#iwyo)—Do(E )¢ (E)

—Ey(E)¢""(E +iw o) —Fo(E)¢"(E —fiw ) , (282)
1=4,(E)¢'""(E)— B (E)$'"(E +#iw o) — C(E)'"VE —#iw o) — D (E)$'*(E)
—E(E)$'°(E +#w ) —F(E)$'°(E —#w. ) . (28b)

In coefficients 4;(E), all the contributions from the out-scattering processes and intrasubband in-scattering processes
are included. For example, in 4,(E), the scattering processes numbered from 1 to 7 in Fig. 1 are included. Other

coefficients are related with the in-scattering processes which are labeled as B, C, D, E, and F in Fig. 1. The out-
scattering term due to polar optical-phonon scattering, 4F°(E), is written as
2 2
mre*fo, [ 11 1 |7;(q.)|
AV E);=———— | ——— | —— 1— folExfo o) (N, + L F 1) [ "2 dq. | (29)
8l hi Ko Ko | 1= fo(E) 12—;[ To Lo JNg T2 %3 f 9% +q? o
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where N, is an occupation number of the phonons. The
forms for other in-scattering terms concerning polar opti-
cal scattering are easily obtained with small modifications
by referring to the second term of the right-hand side in
Eq. (7).

Equations (28a) and (28b) were solved by the iteration
method proposed by Nag.® The starting values of ¢'?(E)
and ¢'"(E) are obtained by taking only the first terms of
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the right-hand side in these equations. Thus,

SONE +ntiw )= Ag(E +ntfio o), (30a)
SVE +ntio )= A,(E+ntio o) (n=0,1,2,...).
(30b)

In the (m +1)th step of iteration, they were determined
from

& (E+ntio )= Ag(E +ntioy o) {1+ By(E +ntio o) Y[ E +(n+ 1w ]

+Co(E +ntio; o) 0 E +(n — 1o o]+

+Fy(E +ntio o)¢\VE+(n — Do o]} , (31a)
¢\ ((E +ntio o)= A(E+ntio o) Y 1+B(E+nfio o)) [E+(n+ 1o ]

+C(E +ntioy o)V [E +(n—1)iog o]+ -

+F(E+ntio o)¢0[E+(n — 1w o]} . (31b)

Various material parameters used in the calculations
are listed in Table I. The self-consistent wave functions,
§;(z) and each subband energy, E;, necessary for the mo-
bility calculations were calculated by solving the
Schrodinger equation and the Poisson equation simul-
taneously. 1617

ENERGY

SUBBAND INDEX

FIG. 1. Schematic diagram of scattering processes that con-
tribute to ¢o(E). Shaded circle represents a state k of ground
subband under consideration and open circles represent possible
states k' of either the ground or the first excited subband to
which an electron is transferred from the shaded state k or vice
versa. Two open circles on an equienergy plane with an energy
E are concerned with elastic-scattering processes and four other
open circles are concerned with polar optical-phonon scatter-
ings that associate with phonon emissions or absorptions. Solid
and dashed arrows indicate out-scattering and in-scattering pro-
cesses, respectively. E, and E, are the lowest energies in the
ground and first excited subband, respectively.

III. RESULTS AND DISCUSSIONS

All the samples used in this work were grown by
molecular-beam epitaxy on (001) GaAs substrates at a
substrate temperature about 530°C. Two kinds of experi-
ment were performed and the results were compared with
the calculations. The first experiment was on the mobili-
ty dependence on the quantum-well width in
modulation-doped Al Ga;_,As/GaAs/Al,Ga, ,As
heterostructures and a similar experiment was performed
using a pseudomorphic In,Ga,_,As quantum well as the
second experiment. The sample structure for the first ex-
periment is shown in Fig. 2. The AlAs mole fraction (x)
in Al,Ga,;_,As layers was 0.27 and the Si doping level
(N,) in n-type Al,Ga,_,As layers was 2X10'%/cm.3
The width of the GaAs quantum well was varied from 50
to 250 A and sheet electron concentrations and mobilities
were measured by Van der Pauw’s method at 77 and 300
K. Square samples of typically 6 mm X6 mm were used
for the mobility measurements. Ohmic contacts were
formed by using InSn (90% In, 10% Sn) solder and an-
nealing at 350°C for 1 min. Care was taken for the size

TABLE 1. Values of In,Ga,_, As material constants used in
the mobility calculation.

Electron effective mass
Static dielectric constant Kko=13.1+1.44x
Optical dielectric constant =10.9+0.83x
Deformation-potential constant D =8.6—2.8x (eV)
Piezoelectric constant P =0.052—0.0079x
Longitudinal elastic constant C;=13.97—3.99x
LO-phonon energy #fiw; 0=36.11—0.707x (meV)
Lattice constant a=5.65325 + 0.40515 x (A)
Height (A) and A=2.83 (A)

lateral spread (A) A=100 (A)

of roughness

m*=(0.067—0.044x )m,
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Si-doped GaAs 100A
Si-doped Al,GajyAs  500A
undoped AlyGaj.xAs 20A
undoped GaAs QW (L)
undoped AlGaj4As 50A
Si-doped Al,GajyAs  150A
undoped Al,Gaj;4As 2000A
undoped GaAs 10004

semi-insulating GaAs substrate

(x=0.27,Ng=2x108/cm?)

FIG. 2. Cross-sectional diagram of the modulation-doped
Al,Ga,_,As/GaAs/Al,Ga,;_,As heterostructure (x=0.27)
used in the experiment.

and shape of Ohmic contacts so as to keep the errors in
Hall voltage measurement less than 10% by referring to
Ref. 18. The reproducibility of the Hall measurements
was good; the variation of the measured results was
within 5% for the two Van der Pauw chips from the
same epitaxially grown wafer.

Calculated sheet electron concentrations and Fermi en-
ergies for each subband at 77 K as a function of
quantum-well width are shown in Fig. 3 together with the
measured N, values. The agreement between experimen-
tal and calculated N, values was found to be excellent
when the value of conduction-band discontinuity (AE,)
of 270 meV was used. This value of AE, is somewhat
larger than the value of 200 meV that was determined by
what is called Miller’s rule'® of AE,/AE,=0.57-0.60,
where AE, is the difference of energy gap between the
two materials. In Fig. 3, it is seen that almost all the

77K ® --- measured

Ng (1022 cm™?)
)
T
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(meV)
T
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0 100 200
WELL WIDTH (A)

FIG. 3. Calculated sheet electron concentration and Fermi
energy for each subband in Al ,Ga,_,As/GaAs/Al,Ga,_,As
heterostructures (x =0.27) at 77 K as a function of GaAs
quantum-well width. Measured values of sheet electron concen-
tration are plotted by solid circles.
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electrons populate in the lowest subband for the
quantum-well width less than 100 A at 77 K. For the
quantum-well width from 100 to 200 A, electrons popu-
late in both the ground and first exited subbands and a
negligibly small fraction of them in the second exited sub-
band. Thus, the two subband transport model will be at
least valid for quantum-well width less than 200 A and at
low temperatures below 77 K. In this paper, we have
adopted this model also for higher-temperature regions as
an approximation.

The calculated and experimental results on the mobili-
ty variations at 77 K as a function of quantum-well width
are shown in Fig. 4. The agreement between them is seen
to be good. As expected from the Fig. 3, a clear drop in
electron mobility was observed in_ the region of
quantum-well width from 100 to 150 A. This is due to
the fact that with the increase of quantum-well width, a
transition from single-subband transport to two-subband
transport occurs at a quantum-well width of about 100 A
and intersubband scattering probabilities increase drasti-
cally around this quantum-well width. From the figure,
it is seen that the most dominant scattering process in
these heterostructures is ionized impurities and that polar
optical phonons are of second importance. Since the mo-
bility limited by polar optical-phonon scattering is almost
constant for a wide range of quantum-well width, the
dependence of total mobility on the quantum-well width
is largely determined by the change of the ionized impuri-
ty limited mobility. It should be noted here that the mo-
bility peak due to the onset of a two-subband transport
appears at a relatively narrow quantum-well width for

7
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FIG. 4. Calculated and measured electron mobility in
Al,Ga,_,As/GaAs/Al,Ga,_,As heterostructures (x =0.27) at
77 K as a function of GaAs quantum-well width.
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polar optical-phonon scattering limited mobilities. This
is because the energy of the polar optical phonon is large
(about 36 meV) and consequently the intersubband
scattering can easily occur when the separation of the
Fermi level and the level of the first exited subband ener-
gy is large but smaller than the phonon energy.

The alloy scattering is caused by the penetration of
wave functions into the Al ,Ga,_,As barrier layers.
Thus, the mobility determined by this scattering mecha-
nism becomes lower with the decrease of quantum-well
width.

In the calculation of interface roughness limited mobil-
ity, we assumed the height of roughness is one monolayer
(2.83 A) and the lateral size was chosen to be 100 A, a
value near the minimum mobility in this scattering con-
tribution. It is well known that the interface roughness
limited mobility increases in proportion to the power of 6
of quantum-well width according to a simple calculation
for a single-subband transport in a quantum well with
infinitely high barriers.?>?! For a quantum-well width
smaller than 100 A in the present case, the calculated
mobility increases rapidly with the increase of the well
width as expected from such a previous theory. When
the two-subband transport initiates, however, a severe de-
crease in the calculated mobility is seen to occur. This is
explained as follows. In the present case, it is assumed
that the roughness exists only at the bottom heterointer-
face as described in the previous section and the potential
of the quantum well is slightly asymmetric. This asym-
metry makes electrons in the first excited subband more
likely to accumulate near the bottom heterointerface
where the interface roughness exists. Therefore, the elec-
tron mobility in the first excited subband limited by the
interface roughness will show quite low values at the on-
set of the two-subband transport when the quantum-well
width is not so large. The electron mobility in the
ground subband is also deteriorated by the low mobility
in the first excited subband through intersubband scatter-
ing. For example, when the quantum-well thickness was
120 A the calculated electron mobility for the first excit-
ed subband was 4.6X10* cm?/Vs, while that for the
ground subband was 3.3 X 10°%cm?/V s. Since this scatter-
ing mechanism is not dominant in the present hetero-
structures, no clear evidence supporting the above calcu-
lated results has been obtained in the experimental re-
sults.

All the calculated mobilities are seen to be higher than
the experimental ones by about 30% or more. These
discrepancies are considered to be caused mainly by the
fact that the doping profile of Si in n-type Al,Ga;_,Asis
not ideal due to the surface migration effects of dopants
during the molecular-beam-epitaxy growth.?? If such an
effect is included properly, the agreement between the
calculated and experimental results will be improved.

Figure 5 shows the calculated and experimental results
on the mobility variations at 300 K as a function of
quantum-well width. At this temperature, quantum-size
effects are almost blurred out and no clear-cut reduction
in mobility is seen. The mobilities are almost determined
by the polar optical-phonon scattering and the calculated
mobilities are almost constant for all the quantum-well
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FIG. 5. Calculated and measured electron mobility in

Al,Ga,_,As/GaAs/Al,Ga,_,As heterostructures (x=0.27)
at 300 K as a function of GaAs quantum-well width.

width. For the quantum-well width about 100 A, the
agreement between the calculation and the experiment is
better than that at 77 K. The differences between them,
however, tend to become larger in the regions of
quantum-well width smaller than 80 A and larger than
150 A. The cause for the differences in the wider well-
width region is probably due to limitation of the two-
subband transport model itself as described previously.
For the differences in the narrower well-width region,
however, it is not clear but a parallel conduction in n-
type Al,Ga,_, As layers may affect the measured mobili-
ty values of the two-dimensional electron gas at 300 K.

Next, similar experiments and calculations were per-
formed for the modulation-doped pseudomorphic
Al ,Ga, ,As/In,Ga; ,As/Al,Ga,_,As quantum-well
heterostructures. The sample structure is the same as
that shown in Fig. 2 except that the GaAs quantum well
was replaced by an In,Ga,_,As pseudomorphic layer
with an InAs mole fraction (y) of 15%. The calculated
sheet electron concentration and Fermi energy for each
subband at 77 K are shown in Fig. 6 as a function of
quantum-well width. The conduction-band discontinuity
was calculated including the strain effect>> and we have
used the AE /AE, value of 0.8 in order to fit the calcu-
lated electron concentrations to the measured ones.
Thus, the AE, value of 395 meV was used. In these het-
erostructures at 77 K, the two-subband transport must be
taken into consideration for the quantum-well width wid-
er than 80 A and the three-subband transport for 180 A
for the mobility calculations.

Figure 7 shows the calculated and measured electron
mobilities for the modulation-doped Al ,Ga,_,As/
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FIG. 6. Calculated sheet electron concentrations and
Fermi energy for each subband in Al,Ga, ,As/

In,Ga,_,As/Al,Ga,_, As heterostructures (x =0.27, y=0.15)
at 77 K as a function of In,Ga,_, As quantum-well width. Mea-
sured values of sheet electron concentration are plotted by solid
circles.

In,Ga,_,As/Al,Ga, ,As pseudomorphic quantum-well
structures at 77 K. The mobilities limited by ionized
impurity scattering are higher than those in
Al ,Ga,_,As/GaAs/Al,Ga,;_,As structures by a factor
of about 2 due to the lighter effective electron mass and
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[ In,Ga;yAs QW (y=0.15) 77K A
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FIG. 7. Calculated and measured electron mobility

in Al,Ga,_,As/In,Ga, ,As/Al,Ga;_,As heterostructures
(x=0.27, y=0.15) at 77 K as a function of In,Ga,_,As
quantum-well width.
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larger Fermi energies. The most dominant scattering
mechanism in this case is the alloy disorder, the mobili-
ties limited by which show the same dependences on the
quantum-well width as those limited by the acoustic
deformation-potential scattering. As a result, the mobili-
ty drop at the onset of the two-subband transport is seen
to be rather small. Nevertheless we can observe a clear
dip in the experimental data in Fig. 7. The overall agree-
ment between experimental and calculated mobilities is
excellent. The differences between them, however, tend
to become larger for the quantum-well width larger than
190 A, which is due to the onset of the three-subband
transport.

Figure 8 shows the results at 300 K and the total mo-
bility is almost determined by the polar optical-phonon
scattering. As compared with the case for the GaAs
quantum well, the variations of mobility with the change
of quantum-well width are more conspicuous. This is
considered to be due to the larger energy separation of
subband levels of E, and E; that resulted from the larger
conduction-band discontinuity AE,. Although the agree-
ment between the calculated and measured results is fair-
ly good, all the calculated results showed higher mobili-
ties than the measured ones by about 30% when the
effective mass of 0.0604m, was used. So far we did not
take the nonparabolicity effect on electron mass into con-
sideration, but this effect may become important in the
pseudomorphic quantum-well system. Contrary to our
assumption of electron mass (that it becomes lighter with
increasing InAs mole fraction), the reported electron
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FIG. 8. Calculated and measured electron mobility

in Al,Ga, ,As/In,Ga; ,As/Al,Ga,_,As heterostructures
(x=0.27, y=0.15) at 300 K as a function of In,Ga,_,As
quantum-well width.
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mass measured by a cyclotron resonance method shows
no InAs mole fraction dependence.?* Such constancy of
electron mass can be also obtained by using the first-
order k-p theory.? Therefore, in order to clarify the
effect of electron mass, we have recalculated the electron
mobilities by setting the effective electron mass in an
In,Ga,_,As quantum well to that of bulk GaAs
(0.067m). The results are shown in Fig. 8 by dashed
lines and it can be seen that the agreement between the
calculated and measured mobilities has been very much
improved. From this result, the inclusion of nonparaboli-
city effects into the mobility calculations seems to be
necessary and important, especially for pseudomorphic
heterostructures. Although the two-subband transport
model is considered to be applicable for low-temperature
regions, this result shows that, in some cases, it can be
applied to wider temperature regions when the energy
separation of subbands in the quantum well is relatively
large.

IV. SUMMARY

In summary, electron mobilities in modulation-doped
Al,Ga,_,As/GaAs/Al,Ga,;_,As and pseudomorphic
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Al,Ga;_,As/In,Ga,_,As/Al,Ga;_,As quantum-well
heterostructures with high electron concentrations were
analyzed using two-subband transport model. The exper-
imental variations of mobilities with the change of the
quantum-well width in these heterostructures were well
explained by theoretical calculations based on this model.
It has been found that the highest mobility at 77 K is ob-
tained for the quantum-well widths from 80 to 100 A, at
which almost all the electrons populate in the ground
subband and their Fermi energy has a maximum value.
The two-subband model has been shown to be applicable
also to the mobility calculations at 300 K for some cases
when the separation of subband energies is relatively
large.
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