
apan

PHYSICAL REVIEW B 68, 195316 ~2003!
Roughness-induced piezoelectric scattering in lattice-mismatched semiconductor quantum wells
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We present a theory of the mobility of electrons in real semiconductor quantum wells~QW’s! made from
lattice-mismatched epitaxial layers. In the case of zinc-blende structure QW’s, we prove that besides the
conventional scattering mechanisms, e.g., impurity doping, surface roughness, and alloy disorder there exists
an ad hocscattering source, which is due to a large fluctuating density of roughness-induced piezoelectric
charges. Scattering by their piezoelectric field is found to be a new important scattering mechanism limiting the
electron mobility of real strained QW’s, especially those with a well thickness of the order of or greater than
50 Å. By incorporating this scattering into the theory, we are able to provide a perfect explanation for the
low-temperature electron mobility measured in lattice-mismatched InGaAs-based QW’s, which has not been
understood starting from the so far-known scattering sources. The possibility of applying our theory to other
lattice-mismatched systems such as Si/SiGe heterostructures and nitride-based QW’s is outlined.
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I. INTRODUCTION

It is well known1 that transport properties of a two
dimensional electron gas~2DEG! in a semiconductor quan
tum well ~QW! can be strongly affected by the quality o
interfaces between the well and barrier layers. The QW
be in an unstrained or strained status in dependence on la
match or mismatch of the well layer to the barriers. For a
~unstrained or strained! QW, interface roughness was show2

to produce random fluctuations in the well width, whic
modulate the confinement energy and result in a scatte
potential for the 2D motion of confined charge carrie
Hereafter, this conventional treatment of interface roughn
is, for short, referred to as surface roughness scattering
has been considered by a number of authors.2–5

It was pointed out that in combination with other scatt
ing sources, viz. impurity doping and alloy disorder, surfa
roughness scattering is able to quantitatively describe exp
mental findings about the low-temperature mobility of ele
trons in lattice-matched QW’s, e.g., made from GaAs/Al
~Ref. 4!. Nevertheless, it has been shown that the w
known scattering mechanisms turn out to fail in the interp
tation of the electron mobility measured in some lattic
mismatched QW’s, e.g., from In0.2Ga0.8As/GaAs~Ref. 6! and
In0.15Ga0.85As/Al0.23Ga0.77As ~Ref. 7!. Therefore, Lyo and
Fritz6 had to assume another source of scattering wh
stems from strain fluctuations due to a random distribution
In atoms. However, their theory was found to be unable
explain a large difference in the mobility of the samples st
ied in Refs. 6 and 7, in which the difference in the structu
and the In content is small. So far, this has remained a
challenging problem in the theory of electron mobility f
lattice-mismatched InGaAs-based QW’s. On the other ha
a full understanding of scattering mechanisms in these
0163-1829/2003/68~19!/195316~12!/$20.00 68 1953
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tems is clearly of great interest since they have been ex
sively applied in electronic and optoelectronic devices.

It was indicated8–11 that interface roughness gives rise
drastic fluctuations in a strain field. As a result, Feenstra
Lutz9 found that for Si/SiGe heterostructures, the roughne
induced strain variations cause a random shift of the cond
tion band edge. This, in turn, generates a perturbing de
mation potential as a new scattering source, which yie
much better agreement with experimental data12 than surface
roughness scattering does.

Recently, Quang and co-workers10,11have proved that due
to interface roughness the strain field in a well layer of cu
symmetry has nonvanishing shear components even if it
been grown on a@001#-oriented substrate. Therefore, in a
actual strained zinc-blende structure QW there exists a la
fluctuating density of bound piezoelectric charges and a h
relevant electric field. The random piezoelectric field mu
also act as a scattering mechanism. In what follows, thi
simply referred to as piezoelectric scattering~not confused
with that due to acoustic phonons! and, to date, has not bee
considered within the area of transport theory.

Thus, the goal of our paper is to develop a theory of
low-temperature mobility of charge carriers inreal lattice-
mismatchedQW’s, taking explicitly into the roughness
induced piezoelectric field. We will be concerned main
with QW’s made of zinc-blende structure material, e.g.,
GaAs, especially grown on a~001! substrate. However, we
will give a brief discussion on the possibility of applying ou
theory to describe transport in other lattice-mismatched s
tems such as Si/SiGe heterostructures and nitride-ba
QW’s.

The paper is organized as follows. In Sec. II below, w
formulate our model and the basic equations used to ca
late the low-temperature disorder-limited 2DEG mobility
©2003 The American Physical Society16-1
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terms of an autocorrelation function. This function is deriv
in Sec. III for surface roughness scattering in a square Q
taking adequate account of the finiteness of its potential
riers. In Sec. IV, this function is derived for piezoelectr
scattering which appears as an effect due to both lattice
match and interface roughness, taking plausible accoun
elastic anisotropy of cubic crystals. Section V is devoted
numerical results, conclusions, and application of the the
to explain some experimental findings. Finally, a summar
presented in Sec. VI.

II. BASIC FORMULATION

A. Finitely deep square quantum well

In plenty of semiconductor heterostructures of physi
interest, disorder is usually caused by some random fi
associated, e.g., with impurity doping, surface roughne
and alloying.1,3–5 Hereafter, we restrict the discussion to t
case when the random fieldU(r ,z) is Gaussian and it may b
therefore completely characterized by an autocorrela
function. The random field is conveniently handled by a
Fourier expansion:

U~r ,z!5(
q

U~q,z!eiq"r, ~1!

wherer5(x,y) represents a 2D position vector in the pla
of the 2DEG, andz the growth direction, e.g.,@001#.

In order to allow for the finite extension of electron stat
along the growth direction, the disorder potential is to
averaged with the envelope wave function of a 2D subba

U~q!5E
2`

1`

dzuz~z!u2U~q,z!. ~2!

The random field is normally assumed to be macrosco
cally homogeneous in the 2DEG plane. Its autocorrelat
function in wave vector space is then given by^uU(q)u2&,
where the angular brackets stand for averaging over all c
figurations of the randomness.

It has been pointed out13–18that the height of the potentia
barrier in a semiconductor heterostructure may play an
portant role in certain phenomena. In particular, the sim
fying assumption of infinitely deep wells turns out to cons
erably overestimate surface roughness scattering, so tha
theory cannot explain some experimental data.15,16 In the
case of InxGa12xAs/GaAs and InxGa12xAs/AlxGa12xAs
QW’s which we will be dealing with, the barrier height
rather small~on the order of 0.1 eV!. Therefore, we must, in
general, start from the realistic model of finitely deep we

At very low temperature the electrons are assumed to
marily occupy the lowest conduction subband. For a squ
QW, the corresponding exact envelope wave function is p
vided by
19531
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z~z!5CA2

L5
cosS 1

2
kLDexp~kz! for z,0,

cosFkS z2
1

2
L D G for 0<z<L,

cosS 1

2
kLDexp@2k~z2L !# for z.L.

~3!

HereC is a normalization constant determined by

C2S 11
sina

a
1

11cosa

b D51, ~4!

in which a5kL andb5kL are dimensionless wave numbe
in the well and the barriers. These are fixed by both the w
thicknessL and the barrier heightV0 as follows:

a5
LA2mzV0

\
cosS 1

2
aD ~5!

and

b5a tanS 1

2
aD , ~6!

with mz as an effective mass of the charge carriers along
growth direction.

B. Low-temperature electron mobility

At zero temperature the mobility is determined via t
momentum relaxation timet by a simple relation

m5et/m* , ~7!

where we assume a parabolic subband with an effective m
of the charge carriersm* . A general expression for the re
laxation time of ad-dimensional electron gas subjected to
disorder was derived by Gold and Go¨tze19 within a multiple
scattering theory. In what follows, for simplicity, we wil
ignore the multiple scattering effects.

Within the linear transport theory, the inverse relaxati
time for zero temperature is expressed in terms of the a
correlation function of disorder:20,21

1

t
5

1

~2p!2\EF
E

0

2kF
dqE

0

2p

du
q2

~4kF
22q2!1/2

^uU~q!u2&

«2~q!
,

~8!

whereq5(q,u) means a 2D wave vector in thex-y plane
given in terms of polar coordinates,EF5\2kF

2/2m* is the
Fermi energy, andkF the Fermi wave number fixed by th
sheet electron density:kF5A2pns. The angle integral ap-
pears in Eq.~8! since the autocorrelation function of a ra
dom field may have a directional dependence as seen in
~46! below.

The dielectric function«(q) in Eq. ~8! allows for the
screening of a scattering potential by the 2DEG. There a
6-2
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number of possible choices for this function. Within the ra
dom phase approximation, this is supplied at zero temp
ture by1

«~q!511
qTF

q
C4FS~qL!@12G~q!# for q<2kF , ~9!

with C as the normalization constant from Eq.~4!. The in-
verse 2D Thomas-Fermi screening length is given by

qTF5
2m* e2

«L\2
, ~10!

where«L is the dielectric constant of the system, neglect
a small difference in its values for the well and the barrie

The screening form factorFS(qL) figuring in Eq.~9! ac-
counts for the extension of electron states along the gro
direction, defined by

FS~qL!5
1

C4E2`

1`

dzE
2`

1`

dz8uz~z!u2 uz~z8!u2 e2quz2z8u.

~11!

By means of Eq.~3! for the lowest subband, this may b
written in terms of a function of the dimensionless variab
t5qL, given by

FS~ t !5s1~ t !1s2~ t !1s3~ t !, ~12!

where by definition:

s1~ t !5
2

t S 11
sina

a D1
t

t214a2 S 112
sina

a
1

sin 2a

2a D
24e2t/2S 1

t
2

2a sina2t cosa

t214a2 D F2a sina

t214a2
coshS 1

2
t D

1S 1

t
1

t cosa

t214a2D sinhS 1

2
t D G , ~13!

s2~ t !58~11cosa!
e2t/2

t12b F2a sina

t214a2
coshS 1

2
t D

1S 1

t
1

t cosa

t214a2D sinhS 1

2
t D G , ~14!

and

s3~ t !52~11cosa!2F e2t

~ t12b!2
1

t22b

2b~ t224b2!
G , ~15!

with a andb as the dimensionless wave numbers from E
~5! and ~6!, respectively.

In the limiting case ofV0→`, we haveC51 and a
5p, so that Eqs.~12!–~15! reproduce the well-known for
mula for the screening form factor for infinitely deep wells22

Finally, the functionG(q) appears in Eq.~9! to include
the local field corrections connected with the many-body
19531
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teraction in the 2DEG. Within Hubbard’s approximation,
which merely the exchange effect is involved, it holds23

G~q!5
q

2~q21kF
2!1/2

. ~16!

In the case when the 2DEG experiences simultaneo
several sources of scattering, viz. surface roughness an
ezoelectric, the total relaxation time is determined by

1

t tot
5

2

tSR
1

2

tPE
, ~17!

in which we have introduced a factor of 2 on the right-ha
side to include the effects from both interfaces of the QW

III. SURFACE ROUGHNESS SCATTERING

As clearly seen from Eq.~8!, in the calculation of the
mobility limited by each scattering mechanism, we need
specify its autocorrelation function̂uU(q)u2&. This implies
that we ought to evaluate the Fourier transform of the sc
tering potential averaged with the envelope wave function
the lowest 2D subband.

First, we treat scattering of confined charge carriers fr
a rough potential barrier of a finite heightV0 . The scattering
potential is due to fluctuations in the position of the barri
so that1

USR~r ,z!5V0D~r !d~z!. ~18!

Then, the average scattering potential in wave vec
space is determined by the value of an envelope wave fu
tion at the barrier planez50 as follows:

USR~q!5V0uz~0!u2Dq , ~19!

whereDq is a Fourier transform of the interface profile. B
means of Eq.~3! for the lowest subband, this reads

USR~q!5
\2C2a2

mzL
3

Dq , ~20!

with C, a, andL, as before, the normalization constant, t
dimensionless wave number in the well, and its thickne
respectively.

Thus, the autocorrelation function of interest depends
the spectral distribution of the interface profile. For simpl
ity, this is normally chosen in a Gaussian form1

^uDqu2&5pD2L2exp~2q2L2/4!, ~21!

whereD and L are a roughness amplitude and correlati
length, respectively.

For conventional surface roughness scattering from an
bitrarily high barrier, we may obtain the autocorrelatio
function in a simple analytic form:

^uUSR~q!u2&5S p1/2\2C2a2DL

mzL
3 D 2

exp~2q2L2/4!.

~22!
6-3
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In the limiting case ofV0→`:C51 anda5p, this re-
produces the well-knownL6-dependence of the mobility
governed by surface roughness scattering in infinitely d
wells.3,5,21 In the opposite case: C5a/2 with a
5LA2mzV0/\, this reproduces theL2-dependence for ultra
thin wells.15,16

It is to be noted that in the previous calculations6,15,16the
average scattering potential was supposed to be equal to
tial fluctuations in the confinement energy due to roughne
induced changes in the well thickness. Then, an analytic
pression for the autocorrelation function is obtained mer
in the two above limiting cases.

IV. ROUGHNESS-INDUCED PIEZOELECTRIC
SCATTERING

A. Strain fluctuations

We now turn to scattering related to piezoelectricity of t
well material. Let us examine a QW made from a strain
layer sandwiched between two unstrained layers, in wh
the well thickness is small but the barrier ones are la
compared with the critical thickness. The lattice mismatch
defined in terms of the lattice constants of the well and b
rier by

e i5
ab2aw

aw
. ~23!

It is well known24,25 that if the well layer is of cubic
symmetry, the substrate has been oriented along a high s
metry direction, e.g.,@001#, and the interfaces between th
well and barriers are assumed to be ideal, i.e., absolutely
the stress field inside of the well is uniform and biaxial.
what follows, the crystal reference system is, as usual, s
that thez axis coincides with the@001# growth direction. The
stress field is then supplied by

sF5@s,s,0,0,0,0#, s5
1

2
Ge i . ~24!

Accordingly, the strain field within the well is also un
form and has vanishing off-diagonal components, given

eF5@e i ,e i ,e',0,0,0#, e'52Ke i . ~25!

Here, the elastic constants of the strained layer are defi
by26

K52
c12

c11
, G52~K11!~c112c12!, ~26!

with c11, c12, andc44 as its elastic stiffness constants.
It should be emphasized27,28 that actual semiconducto

heterostructures always exhibit lateral feature in the form
interface roughness. The roughening of an interface, wh
imposes a boundary condition for elastic lattice deformat
in the well, is demonstrated8,9 to result in drastic fluctuations
of the stress and strain fields. On the other hand, the rou
ness forms during growth as an important mechanism
strain relaxation. Indeed, a fraction of the elastic strain
19531
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ergy in the well is transmitted via interfaces into the u
strained barriers, thus lowering the total energy of the w
and its strain fluctuations. The effect from a rough buri
~barrier/well! interface on the stress field was derived
Feenstra and Lutz,9 assuming that the system is of elas
isotropy.

Unfortunately, the elastic properties of almost all cub
crystals of interest are significantly anisotropic. It is we
known29 that the deviation of cubic symmetry from isotrop
is measured by an anisotropy ratio:

A52
c44

c112c12
, ~27!

which is generally somewhat large, e.g.,A51.83 and 2.79
for GaAs and InAs, respectively. It has been indicated30–33

that the isotropic approximation cannot precisely descr
these materials. Therefore, in the literature several impro
ments have been made for various low-dimensional semic
ductor heterostructures.32,33

Recently, it has been experimentally shown30 that the as-
sumption of elastic isotropy remarkably overestimated str
relaxation, so that this could give only a lower bound for t
values of strain in the well. Furthermore, in the case of mi
dislocation-induced relaxation the ratio of the measu
strain to this lower bound was found to likely be of the ord
of the anisotropy ratio. Therefore, one should incorporate
reduction of roughness-induced relaxation arising from e
tic anisotropy into the theory of Feenstra and Lutz.9 We will
assume that this reduction of strain relaxation gives rise to
enhancement of strain fluctuations by a factor equal to
anisotropy ratio. Consequently, the effect from a rough b
ied interface located atz50 on the status of stress inside
the well is plausibly described by a 2D Fourier expansion
the stress field as follows:

sxx~r ,z!5s1
As

2 (
q

qDqe
2qzcos2ueiq"r,

syy~r ,z!5s1
As

2 (
q

qDqe
2qzsin2ueiq"r,

szz~r ,z!52
As

2 (
q

qDqe
2qzeiq"r,

~28!

syz~r ,z!5
As

2 (
q

qDqe
2qzsinuei (q"r1p/2),

szx~r ,z!5
As

2 (
q

qDqe
2qzcosuei (q"r1p/2),

sxy~r ,z!5
As

4 (
q

qDqe
2qzsin 2ueiq"r,

where 0<z<L, andDq is as before a Fourier transform o
the interface profile withq5(q,u), as a 2D wave vector
given in polar coordinates. It is to be noted that in differen
6-4



t-

a
al
o
a
n

f
ia
uc

r

iz
b
p
ib
ce
n

za

s
ly

s is

ys
ac-
ith
ly

he
rms

he

’s

as

s of

f

the
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from the earlier theories,8–11we have included elastic aniso
ropy of the well layer in terms of an anisotropy factorA
.1.

With the use of Hooke’s law,24,34the strain field within the
well is readily determined from Eq.~28! to be

exx~r ,z!5e i1
~K11!Ae i

2 (
q

qDqe
2qzcos2ueiq"r,

eyy~r ,z!5e i1
~K11!Ae i

2 (
q

qDqe
2qzsin2ueiq"r,

ezz~r ,z!5e'2
~K11!Ae i

2 (
q

qDqe
2qzeiq"r,

~29!

eyz~r ,z!5
GAe i

8c44
(

q
qDqe

2qzsinuei (q"r1p/2),

ezx~r ,z!5
GAe i

8c44
(

q
qDqe

2qzcosuei (q"r1p/2),

exy~r ,z!5
GAe i

16c44
(

q
qDqe

2qzsin 2ueiq"r.

It is obviously seen from Eqs.~28! and ~29! that in com-
parison to the case of ideal interfaces described by Eqs.~24!
and~25!, the stress and strain fields within the well of a re
lattice-mismatched semiconductor QW are fundament
changed, being random in nature and microscopically n
uniform. Moreover, it is distinctive of the system with
rough interface that the strain field is of both hydrostatic a
shear origins, havingnonvanishingoff-diagonal components
although grown on a~001! substrate.

B. Piezoelectric charge density

Next, we are dealing with macroscopic properties o
well layer which is made of zinc-blende structure mater
The nonzero off-diagonal components of a strain field ind
a polarization vector inside of the well:34,35

Pi52e14e jk ~ iÞ j Þk!, ~30!

with e14 its piezoelectric constant.
So far, it has been demonstrated25,28,35that a strained laye

which is made of zinc-blende material and grown on a@001#-
oriented substrate exhibits neither a piezoelectric polar
tion nor any piezoelectric field. Nevertheless, it should
emphasized that this conclusion was, in fact, drawn sim
for the case of ideal interfaces. All experimentally access
structures are real semiconductor QW’s with rough interfa
and, as quoted above, have nonzero shear strains. Upo
sertinge jk ( j Þk) from Eq. ~29! into Eq. ~30!, one may ar-
rive at a 2D Fourier expansion for the piezoelectric polari
tion
19531
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Px~r ,z!5
e14GAe i

4c44
(

q
qDqe

2qzsinuei (q"r1p/2),

Py~r ,z!5
e14GAe i

4c44
(

q
qDqe

2qzcosuei (q"r1p/2), ~31!

Pz~r ,z!5
e14GAe i

8c44
(

q
qDqe

2qzsin 2ueiq"r.

Equation~31! reveals that in difference from the previou
studies,27,28 the roughness-induced polarization is strong
nonuniform in space. Therefore, a density of fixed charge
generated within the well according to

r~r ,z!52“P~r ,z!. ~32!

With the aid of Eq.~31!, it holds

r~r ,z!5
3e14GAe i

8c44
(

q
q2Dqe

2qzsin 2ueiq"r. ~33!

It is clearly observed from Eq.~33! that in opposition to
the earlier theories,25,28,35because of roughness there alwa
exist bound piezoelectric charges in the well layer of an
tual lattice-mismatched zinc-blende structure QW even w
a ~001! substrate. The charges are bulklike and random
distributed in a region inside of the well and near to t
interface plane with a zero average but a nonzero
density.10,11

C. Random piezoelectric potential

The bulk piezoelectric charges create an electric field. T
unscreened potential energyUPE(r ,z) of an electron of
charge2e in this field is derived as a solution of Poisson
equation:

“

2@UPE~r ,z!/2e#5~4p/«L!r~r ,z!. ~34!

The screening of an electric field by the 2DEG is,
quoted before, described by the dielectric function«(q). The
piezoelectric potential energy may be represented in term
an integral extended over the well layer by

UPE~r ,z!5E dr 8dz8r~r 8,z8!v~r 82r ,z82z!, ~35!

where v(r 82r ,z82z) stands for the Green’s function o
Poisson’s equation:

v~r 82r ,z82z!5
2e

«L@~r 82r !21~z82z!2#1/2
. ~36!

On the substitution of Eqs.~33! and ~36! into Eq. ~35!,
and the subsequent use of a 2D Fourier transform of
Coulomb potential1

E dr 8
eiq"r8

@~r 82r !21~z82z!2#1/2
5

2p

q
e2quz82zueiq"r,

~37!
6-5
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we are able to get the 2D Fourier expansion for the pie
electric potential as given by Eq.~1! with

UPE~q,z!52
3pee14GAe i

4«Lc44
qDqFPE~q,z;L !sin 2u,

~38!

in which the form factor for the piezoelectric field is define
by

FPE~q,z;L !5E
0

L

dz8e2q(z81uz82zu). ~39!

Equation~38! reveals that the piezoelectric field is rando
with a zero average but a nonzero rms potential.10,11

On a straightforward integration, the form factor is ca
into a simple form:

FPE~q,z;L !

5
1

2q H eqz~12e22qL! for z,0,

e2qz~112qz!2e2q(2L2z) for 0<z<L,

2qLe2qz for z.L.
~40!

D. Autocorrelation function of the piezoelectric field

Upon averaging Eqs.~38! and ~40! by means of the
lowest-subband envelope wave function from Eq.~3!, we
arrive at an analytic expression for the weighted piezoelec
potential in wave vector space

UPE~q!52
3pee14GAe iC

2

8«Lc44
DqFPE~qL!sin 2u, ~41!

with C, as before, the normalization constant fixed by E
~4!. Here we have introduced a dimensionless form factor
the piezoelectric field as a function of the dimensionless v
able t5qL such that

FPE~ t !5p1~ t !1p2~ t !sina1p3~ t !cosa, ~42!

where by definition:

p1~ t !5
12e22t12te2t

t12b
1

31e22t22~ t12!e2t

t
,

~43!

p2~ t !5
2a

t214a2 F12e22t12te2t14
t2~11e2t!

t214a2 G ,

~44!

and

p3~ t !5
12e22t12te2t

t12b
1

t

t214a2 F11e22t22~ t11!e2t

12
~ t224a2!~12e2t!

t214a2 G , ~45!

with a andb the dimensionless wave numbers from Eqs.~5!
and ~6!.
19531
-

t

ic

.
r
i-

Thus, for piezoelectric scattering we may obtain the f
lowing autocorrelation function:

^uUPE~q!u2&5S 3p3/2ee14GAe iC
2DL

8«Lc44
D 2

FPE
2 ~qL!

3exp~2q2L2/4!sin22u. ~46!

An examination of Eqs.~46! and~22! shows the probabil-
ity for piezoelectric scattering depends quadratically on
lattice mismatche i and the roughness amplitudeD, whereas
the one for surface roughness scattering merely on the la
Moreover, it is interesting to note that in the difference fro
the so far-known scattering sources due, e.g., to impu
doping, surface roughness, and alloy disorder, the autoco
lation function for piezoelectric scattering depends not o
on the magnitude of the wave vector but its polar angle
well. Such a directional relation is characteristic also for
ezoelectric coupling due to acoustic phonons in the 3D c
of bulk semiconductors.36

V. RESULTS AND COMPARISON WITH EXPERIMENT

A. Numerical results and conclusions

To illustrate the theory presented in the preceding s
tions, we have carried out numerical calculations for lattic
mismatched QW’s which are made from InxGa12xAs grown
pseudomorphically on a GaAs or AlGaAs substrate. Su
systems have been intensively investigated both theoretic
and experimentally. The material parameters in use are li
in Table I, where the values for the binary compounds
taken from Refs. 37 and 38, while those for the ternary o
estimated by the virtual crystal approximation.39 The effec-
tive mass of electrons in the growth direction is taken to
equal to their in-plane one:mz5m* . The barrier height of
QW’s for electrons is the conduction band offset, which d
pends on the In content asV050.6(1144x2255x2) meV,40

e.g.,V05131 meV forx50.2.
As an example, we have evaluated the electron mobili

of a QW made from In0.2Ga0.8As/GaAs, which are limited
by interface roughness via both piezoelectric scatter
connected with strain fluctuations,mPE, and surface rough-
ness scattering associated with well-width fluctuatio
mSR. The roughness amplitudeD enters into the theory sim

TABLE I. Material parameters used:m* is the effective mass
(me), a the lattice constant~Å!, ci j the elastic stiffness constant
(1010 Pa), «L the dielectric constant, ande14 the piezoelectric con-
stant (C/m2).

Material m* a c11 c12 c44 «L e14

GaAs 0.067 5.64191 11.88 5.38 5.94 13.1820.16
InAs 0.024 6.0584 8.0 5.1 4.05 14.5520.045
In0.2Ga0.8As 0.058 5.72521 11.10 5.32 5.56 13.4520.137
In0.15Ga0.85As 0.061 5.70438 11.30 5.34 5.66 13.3920.143
6-6
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ply as a scaling factor on which the mobilities exhibit
inverse square dependence, so we may chose some v
sayD55 Å.

We now estimate the effect due to the finiteness of
potential barrier height on electron mobilities. This is to
measured by the ratio between the values of the mob
calculated with a finite and an infinite barrier. In the case
surface roughness scattering, the finite-barrier effect on
scattering probability is described by Eq.~22! and is evi-
dently large compared with the one on the dielectric fu
tion. For the ratioQSR5mSR

fin /mSR
infin , we may then immedi-

ately obtain as a good approximation:

QSR5S p

CaD 4

. ~47!

From this simple relationship and Eqs.~4!–~6!, we ob-
serve that the finite-barrier effect on the surface roughn
limited mobility, QSR, shows up in a quite rapid increas
when reducing the sizes of the well~depth and thickness!
and the effective electron mass along the growth direction
is interesting to note that this functional dependence on
well depth and that on the effective mass are identical. Ho
ever, the effect is independent of the surface profile.
piezoelectric scattering,QPE is dependent on the well size
the surface profile as well as the carrier density and the
fective mass.

The ratiosQSR andQPE are depicted in Fig. 1 vs the we
thicknessL under a correlation lengthL550 Å, a sheet
electron densityns51012 cm22, and different barrier heights
V050.1, 1, and 5 eV.

The behavior of the calculated mobilities is in detail d
scribed in Figs. 2, 3, and 4. Figure 2 displays, according

FIG. 1. RatioQ5mfin/m infin between the electron mobilities fo
a QW made from In0.2Ga0.8As/GaAs, calculated with a finite and a
infinite potential barrier vs well widthL under a sheet electro
densityns51012 cm22, a correlation lengthL550 Å, and different
barrier heightsV0 denoted on lines in units of eV. The solid an
dashed lines refer toQPE andQSR, respectively.
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Eqs.~7!, ~8!, ~22!, and~46!, the electron mobilitiesmSR and
mPE as a function of the sheet carrier densityns. In Fig. 2~a!
this is plotted under a well widthL5100 Å and different
correlation lengthsL525, 50, and 100 Å, whereas in Fig
2~b! under a correlation lengthL550 Å and various well
widthsL550, 100, and 200 Å. Figure 3 sketches the mob
ties against the correlation lengthL. In Fig. 3~a! this is plot-
ted under a carrier densityns51012 cm22 and different well
widths L550, 100, and 200 Å, while in Fig. 3~b! under a
well width L5100 Å and various carrier densitiesns
51010, 1011, and 1012 cm22. Finally, Fig. 4 depicts the mo-
bilities vs the well widthL. In Fig. 4~a! this is plotted under
a carrier densityns51012 cm22 and different correlation
lengthsL550, 100, and 150 Å, while in Fig. 4~b! under a
correlation lengthL550 Å and various carrier densitiesns
51010, 1011, and 1012 cm22. From the lines thus obtaine

FIG. 2. Mobilities mPE ~solid lines! andmSR ~dashed ones! for
the QW in Fig. 1 vs sheet electron densityns under a roughness
amplitudeD55 Å and ~a! a well width L5100 Å and different
correlation lengthsL denoted on lines in units of Å, and~b! a
correlation lengthL550 Å and various well widthsL denoted on
lines in units of Å.
6-7
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we may draw the following conclusions.
~i! Figure 1 reveals that the model of infinitely deep we

always overestimates surface roughness scattering:QSR.1.
In accordance with the above statement, the finite-barrier
fect may become very large for narrow wells, especially u
der a rather low barrierV0,1 eV and/or a rather thin wel
L&100 Å:QSR@1. For instance, QSR;17 under V0
50.1 eV andL5100 Å. The effect is found to be signifi
cantly larger than that in Si/SiGe QW’s,15,16 since the effec-
tive electron mass along the growth direction
InxGa12xAS/GaAS QW’s is remarkably smaller~by a factor
of ;16). However, the effect on piezoelectric scattering
not so large:QPE;1. Further, the simplifying model ma
slightly underestimates this scattering, e.g., underV0
50.1 eV andL*125 Å.

~ii ! It follows from Fig. 2 that for a fixed correlation
lengthL and well widthL, the mobilitiesmPE andmSR ex-

FIG. 3. Mobilities mPE ~solid lines! andmSR ~dashed ones! for
the QW in Fig. 1 vs correlation lengthL under a roughness ampl
tude D55 Å, and ~a! an electron densityns51012 cm22 and dif-
ferent well widthsL denoted on lines in units of Å, and~b! a well
width L5100 Å and various electron densitiesns denoted on lines
in units of cm22.
19531
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hibit similar functions of the electron densityns. These
reach a minimum at some value ofns. With an increase ofL
andL, the minima are shifted towards lowerns.

~iii ! An inspection of Fig. 3 indicates that the mobilitie
mPE and mSR represent similar functions of the correlatio
length L. These reach a minimum at some value ofL. In
addition, for a wide well:L*100 Å, mPE,mSR, i.e., piezo-
electric scattering is predominant over surface roughn
scattering for all correlation lengths ranging fromL525
2200 Å. In contrast, for a narrow well:L550 Å, mPE
.mSR.

~iv! Figure 4 shows that with an increase of the well wid
L the surface roughness-limited mobilitymSR is elevated
very rapidly in accordance with Eq.~22!, while mPE exhibits
a much weaker dependence onL. The functionmPE reaches a
minimum at some value ofL, which becomes larger whe
increasingL. In addition, the solid and dashed lines formPE

FIG. 4. Mobilities mPE ~solid lines! andmSR ~dashed ones! for
the QW in Fig. 1 vs well widthL under a roughness amplitudeD
55 Å and~a! an electron densityns51012 cm22 and different cor-
relation lengthsL denoted on lines in units of Å, and~b! a corre-
lation lengthL550 Å and various electron densitiesns denoted on
lines in units of cm22.
6-8
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ROUGHNESS-INDUCED PIEZOELECTRIC SCATTERING . . . PHYSICAL REVIEW B68, 195316 ~2003!
and mSR belonging to one and the same sample intersec
someL0 so that forL,L0 :mSR,mPE, and forL.L0 :mSR
.mPE. For instance, underns51012 cm22 and L550 Å
@Fig. 4~a!#: L0572 Å, and mSR/mPE;2.5 and 6.5 forL
5100 and 150 Å, respectively. Thus, piezoelectric scatter
is found to be an important scattering source for real strai
QW’s with a well widthL*50 Å and predominant over sur
face roughness scattering withL*100 Å as quoted before.

The dependence of the piezoelectric scattering-limi
mobility mPE on the well thicknessL, showing up in Fig. 4, is
governed by the following factors. First, in the lowest su
band the majority of electrons are located at the center of
well. Consequently, when increasingL the distance betwee
the electron system and the interface is increased, thu
evating the mobilitymPE ~and alsomSR). Second, an increas
of L leads obviously to a corresponding increase of the t
number of piezoelectric charges present in the well, wh
act on the 2D motion of confined carriers, thus reducing
mobility mPE. In a narrow well, this overwhelms the firs
effect, leading to an overall decrease ofmPE. However, as
indicated in Refs. 10 and 11, the piezoelectric charges
located mainly in a near-surface region of a few correlat
length with a density decaying rather rapidly far from t
interface plane. Therefore, with a subsequent increaseL
the total number of piezoelectric charges remains almost
changed and the first effect is predominant, leading to
overall increase ofmPE.

B. Comparison with experiments on strained InGaAs-based
quantum well

We are now trying to apply the above-developed theory
explain some experimental findings about the lo
temperature mobility of electrons in lattice-mismatch
InxGa12xAs-based QW’s.

The mobility in a QW made from In0.2Ga0.8As/GaAs with
a well width L5120 Å and a sheet electron densityns

51.231012 cm22 were reported in Ref. 6 to bemexpt
(1) 53

3104 cm2/Vs. The data for a QW from
In0.15Ga0.85As/Al0.23Ga0.77As with L5130 Å and ns51.5
31012 cm22 were reported in Ref. 7 to be much highe
mexpt

(2) 57.33104 cm2/Vs.
It should be noted that the samples in question show

experimentally observed mobilities much smaller than th
expected from the existing theories. Moreover, they exhib
large difference in the mobility, viz. with a ratio of abou
240%, although the differences in their structure and the
content are small~only 5%!. These cannot be understoo
starting from the so far-known scattering mechanisms.
deed, it was pointed out6 that for the In0.2Ga0.8As/GaAs QW,
scattering by ionized dopants would yield a mobility mu
larger than the observed:m ID533105 cm2/Vs. Also, the
mobility dominated by alloy disorder was estimated5 to be
large:mAD52.43105 cm2/Vs.

Therefore, to explain the low measured mobility of ele
trons in the above samples, Lyo and Fritz6 had to propose
another scattering source which stems from strain fluc
tions due to a random distribution of In atoms. With a b
choice of the deformation-potential constants, their the
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was found to be able to reproduce the experimental data
the In0.15Ga0.85As/Al0.23Ga0.77As system,7 but not for the
In0.2Ga0.8As/GaAs one.6 Hence, these authors had to invok
an idea of clustering of In atoms into one unit in the strain
InxGa12xAs layer. They claimed the average cluster size
the In0.2Ga0.8As and In0.15Ga0.85As layers to be 3 and 1, re
spectively, assuming its dependence on the growth co
tions. The clustering effect was actually confirmed by a
cent experiment,41 where clusters containing 223 In atoms
were observed by using a cross-sectional scanning tunne
microscope in combination with its spectroscopic capabil

Nevertheless, the theory due to Lyo and Fritz with inc
sion of In clustering turns out to be, to some extent, s
unsatisfactory. Indeed, it was reported in Ref. 41 that in
In0.2Ga0.8As layer, a large majority of the clusters~up to
about 80%! contain two In atoms, whereas only about 15
contain three In atoms as claimed by the Lyo-Fritz theo
Thus, this theory is able to provide only a crude descript
of the result in Ref. 6. Furthermore, basing on the expe
mental observation that the In clustering occurs simply in
InxGa12xAs layer under strain and preferentially along t
growth direction, Zheng and co-workers41 have shown that
local strain dominates the formation of clusters in the lay
This means that we may ignore the other clustering mec
nisms such as random clustering, chemical, and correla
effects. Also, the cluster size may be dependent on
growth conditions, but primarily fixed by the strain in th
layer. Therefore, the difference in cluster size between
In0.2Ga0.8As and In0.15Ga0.85As layers must not be so large a
claimed in Ref. 6, since their difference in lattice mismatc
i.e., in strain, is small. Thus, the large difference in the m
bility of the systems reported in Refs. 6 and 7, despite
small difference in their structure and the In content, mig
still remain as a challenging problem in the theory of ele
tron mobility for strained InxGa12xAs QW’s.

Starting from the foregoing theory, we suggest that
observed difference in the mobility is due mainly to
roughness-induced random piezoelectric field. According
we have evaluated the overall mobility of the systems
question,m tot , which is to be limited by both piezoelectri
and surface roughness scattering, employing Eq.~17!. The
results thus obtained are presented in Figs. 5 and 6
function of the correlation lengthL. In Fig. 5 this is plotted
for the In0.2Ga0.8As/GaAs sample with a lattice mismatc
e i521.48%, while in Fig. 6 for the
In0.15Ga0.85As/Al0.23Ga0.77As system withe i521.11%.

In the calculation of the total mobility in strained InGaA
based QW’s we have included the clustering effect aris
from strain. Zheng and co-workers41 have indicated that In
clustering and segregation are the main reasons for
roughness in strained InxGa12xAs QW’s. Therefore, these
exert a crucial influence on the interface properties. Withi
continuum model for the interface of a semiconductor h
erostructure, the effect may be taken adequately into acc
in terms of the parameters characteristic of the interface p
file, in particular, the roughness amplitude. Indeed, Xie a
co-workers42 have shown with the use of atomic force m
croscopy that the roughness amplitude is elevated when
creasing the strain, i.e., the lattice mismatch. The experim
6-9
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tal result illustrating this relation was reported in Refs.
and 43 for the case of strained Si/Si12xGex QW’s, e.g.,D
515.5 Å for x50.2.

It is well known44,45 that the interfaces of a lattice
matched ~unstrained! InxGa12xAs QW, e.g., made from
In0.53Ga0.47As/InP are extremely flat, so that the roughne
amplitude is very small (D,1 Å), and surface roughnes
scattering was ignored in the mobility calculation.5,46,47Ow-

FIG. 5. Mobilities calculated for the QW in Ref. 6, made fro
In0.2Ga0.8As/GaAs with a well widthL5120 Å and an electron
densityns51.231012 cm22 vs correlation lengthL for a roughness
amplitudeD58.5 Å. The solid, dashed, and dotted lines refer
mPE, mSR, andm tot , respectively. The experimental datamexpt

(1) 53
3104 cm2/Vs are marked by a horizontal.

FIG. 6. Mobilities calculated for the QW in Ref. 7, made fro
In0.15Ga0.85As/Al0.23Ga0.77As with a well width L5130 Å and an
electron densityns51.531012 cm22 vs correlation lengthL for a
roughness amplitudeD58.2 Å. The solid, dashed, and dotted lin
refer to mPE, mSR, and m tot , respectively. The experimental da
mexpt

(2) 57.33104 cm2/Vs are marked by a horizontal.
19531
s

ing to In clustering and segregation, the interfaces o
strained InxGa12xAs-based QW become very rough, so th
the roughness amplitude must be chosen much larger
the one for an unstrained In0.53Ga0.47As/InP QW. Indeed,
based on the experimental data of photoluminescence
widths from a strained In0.2Ga0.8As/GaAs surface QW, Drey-
brodt and co-workers48 have reported a roughness amplitu
D512 Å. It turns out that the measured mobility reported
Ref. 6 may be exactly reproduced withD58.5 Å and L
549 Å, while the one in Ref. 7 withD58.2 Å and L
545.2 Å. The good quantitative agreement between
theory and the experimental data supplies an evidence fo
importance of the clustering effect in strained InxGa12xAs
QW’s. It is worth noting that the roughness amplitude in u
is also larger than the one for other unstrained systems,
D53 Å for GaAs/AlAs.4

In addition, an inspection of Figs. 5 and 6 indicates th
piezoelectric scattering dominates, in fact, the electron m
bilities under study. The larger mobility of the sample ma
from In0.15Ga0.85As/Al0.23Ga0.77As is evidently seen to be
connected with a larger well thickness, a higher electron d
sity, and also a weaker strength of piezoelectric scatter
Indeed, the ratio of the autocorrelation function for piez
electric scattering in this sample to that in th
In0.2Ga0.8As/GaAs system is found, according to Eq.~46!, to
be 0.79.

Next, we are examining the validity of the linear transpo
theory adopted in our mobility calculation for the sampl
studied in Refs. 6 and 7. The theoretical estimates are e
enough with no multiple scattering effect. Indeed, this w
shown5 to be noticeable only for a low electron densityns
&131011 cm22.

C. Further applications

To end this section, we will give a brief discussion on t
possibility of applying our theory to understand transport
other lattice-mismatched semiconductor heterostructures

First, we are concerned with the low-temperature mobi
of holes in Si/Si0.8Ge0.2 heterostructures, where conductio
takes place in the strained Si0.8Ge0.2 layer. It was pointed
out49–51 that the well-known scattering mechanisms are u
able to account for their low measured hole mobility. The
fore, a special scattering source due to a high density
interface charges must be invoked. It was argued51 that this is
an intrinsic phenomenon not associated with unintentio
doping of the alloy and might be piezoelectric in origin. Se
eral experimental evidences for piezoelectricity of strain
SiGe layers have recently been found.51–55

Following the above idea, we suggest that this might
random piezoelectric charges, which are generated as a r
of the combination of both lattice-mismatch and surfac
roughness effects in an actual strained Si/Si0.8Ge0.2 system.
Indeed, piezoelectric charges which are generated i
strained heterostructure with ideal interfaces w
demonstrated25 to be nonrandom, and uniformly distribute
on the interfaces. Therefore, their piezoelectric field is n
random and points along the growth direction. This impl
that the piezoelectric charges created merely by a latt
6-10
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mismatch effect can only modify the confining potential f
the quantized motion. This also means that they presen
scattering source in the in-plane motion of confined cha
carriers, exerting no influence on their mobility.

Second, it is worth mentioning that in the last few yea
there has been great interest in strained nitride heteros
tures, e.g., InxGa12xN/GaN and AlN/GaN QW’s, in view of
their high potential for fabrication of high frequency an
high power electronic devices. The low-temperature mobi
of electrons in, e.g., AlN/GaN systems was reported56,57to be
quite low (7.23102 cm2/Vs at an electron density of 4.
31012 cm22). We speculate that the random piezoelect
field drastically affects their electric properties since grou
III nitrides have large piezoelectric constants.58–60

VI. SUMMARY

To summarize, in the present paper we have proved th
real lattice-mismatched QW’s there always exist rand
fluctuations in the strain field. In the case of zinc-blen
structure QW’s, the strain variations can produce a la
fluctuating density of piezoelectric charges even with a h
symmetry growth axis, e.g.,@001#. Their piezoelectric field
arises as a combined effect from both lattice mismatch
surface roughness and is random in nature, whereas the
ventional piezoelectric field in ideal QW’s is only due
lattice mismatch and non-random.
ue
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The random piezoelectric field turns out to be a new i
portant scattering mechanism for real zinc-blende struc
QW’s, especially those with a well width of the order of o
greater than 50 Å. This is found to be predominant ov
surface roughness scattering when the well width is lar
than about 100 Å. In combination with the latter, the form
provides an accurate way to explain a large difference
electron mobility despite a small difference in In conte
observed in lattice-mismatched InGaAs-based QW’s.

Scattering by a random piezoelectric field might be one
the principal processes limiting the low-temperature h
mobility measured in real strained Si/SiGe heterostructu
Moreover, it might be mandatory to take into account t
impact of the random piezoelectric field in the interpretati
of observable properties as well as the design and deve
ment of new strained nitride-based electronic devices.
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