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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 (@&N%) 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 A. 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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[. INTRODUCTION tems is clearly of great interest since they have been exten-
sively applied in electronic and optoelectronic devices.
It is well known' that transport properties of a two- It was indicatefi~*! that interface roughness gives rise to

dimensional electron gaDEGQG) in a semiconductor quan- drastic fluctuations in a strain field. As a result, Feenstra and
tum well (QW) can be strongly affected by the quality of Lutz® found that for Si/SiGe heterostructures, the roughness-
interfaces between the well and barrier layers. The QW caimduced strain variations cause a random shift of the conduc-
be in an unstrained or strained status in dependence on lattiten band edge. This, in turn, generates a perturbing defor-
match or mismatch of the well layer to the barriers. For anymation potential as a new scattering source, which yields
(unstrained or strainedQW, interface roughness was shdwn much better agreement with experimental athan surface
to produce random fluctuations in the well width, which roughness scattering does.
modulate the confinement energy and result in a scattering Recently, Quang and co-worké&t$*have proved that due
potential for the 2D motion of confined charge carriers.to interface roughness the strain field in a well layer of cubic
Hereatfter, this conventional treatment of interface roughnessymmetry has nonvanishing shear components even if it has
is, for short, referred to as surface roughness scattering aritben grown on 4001]-oriented substrate. Therefore, in an
has been considered by a number of autRots. actual strained zinc-blende structure QW there exists a large
It was pointed out that in combination with other scatter-fluctuating density of bound piezoelectric charges and a high
ing sources, viz. impurity doping and alloy disorder, surfacerelevant electric field. The random piezoelectric field must
roughness scattering is able to quantitatively describe experalso act as a scattering mechanism. In what follows, this is
mental findings about the low-temperature mobility of elec-simply referred to as piezoelectric scatterifmpt confused
trons in lattice-matched QW's, e.g., made from GaAs/AlAswith that due to acoustic phongrand, to date, has not been
(Ref. 4. Nevertheless, it has been shown that the wellconsidered within the area of transport theory.
known scattering mechanisms turn out to fail in the interpre- Thus, the goal of our paper is to develop a theory of the
tation of the electron mobility measured in some lattice-low-temperature mobility of charge carriers li@al lattice-
mismatched QW's, e.g., from §pGay sAs/GaAs(Ref. § and  mismatchedQW's, taking explicitly into the roughness-
INg.1£G & gsAS/Alg G & 7/ASs (Ref. 7). Therefore, Lyo and induced piezoelectric field. We will be concerned mainly
Fritz® had to assume another source of scattering whiclvith QW’s made of zinc-blende structure material, e.g., In-
stems from strain fluctuations due to a random distribution ofGaAs, especially grown on @01) substrate. However, we
In atoms. However, their theory was found to be unable tawill give a brief discussion on the possibility of applying our
explain a large difference in the mobility of the samples studtheory to describe transport in other lattice-mismatched sys-
ied in Refs. 6 and 7, in which the difference in the structuretems such as Si/SiGe heterostructures and nitride-based
and the In content is small. So far, this has remained as @W's.
challenging problem in the theory of electron mobility for =~ The paper is organized as follows. In Sec. Il below, we
lattice-mismatched InGaAs-based QW'’s. On the other handprmulate our model and the basic equations used to calcu-
a full understanding of scattering mechanisms in these sydate the low-temperature disorder-limited 2DEG mobility in
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terms of an autocorrelation function. This function is derived ( 1

in Sec. Ill for surface roughness scattering in a square QW, cos{sz exp(kz) for z<0,
taking adequate account of the finiteness of its potential bar-

riers. In Sec. IV, this function is derived for piezoelectric _ \F 1
scattering which appears as an effect due to both lattice misé(z)_C E< cogk| 2= EL
match and interface roughness, taking plausible account of

for 0=sz<L,

elastic anisotropy of cubic crystals. Section V is devoted to cos(EkL exd —x(z—L)] for z>L.
numerical results, conclusions, and application of the theory \ 2

to explain some experimental findings. Finally, a summary is ©)
presented in Sec. VI. HereC is a normalization constant determined by

sina 1+cosa

II. BASIC FORMULATION - b

=1, 4

A. Finitely deep square quantum well ) ) ) )
in whicha=kL andb= kL are dimensionless wave numbers

In plenty of semiconductor heterostructures of physicaly, the well and the barriers. These are fixed by both the well
interest, disorder is usually caused by some random fiel¢hi-knessl and the barrier height,, as follows:

associated, e.g., with impurity doping, surface roughness,

and alloying®®~° Hereafter, we restrict the discussion to the oy
case when the random fieldi(r,z) is Gaussian and it may be a= ﬂ)cos(la (5)
therefore completely characterized by an autocorrelation h 2
function. The random field is conveniently handled by a 2D4nd
Fourier expansion:
1
b=atar<§a , (6)

U(r,2)=2 U(q,2)e'"", @ _ _
q with m, as an effective mass of the charge carriers along the

growth direction.

wherer =(X,y) represents a 2D position vector in the plane o
of the 2DEG, andz the growth direction, e.g[001]. B. Low-temperature electron mobility
In order to allow for the finite extension of electron states At zero temperature the mobility is determined via the
along the growth direction, the disorder potential is to bemomentum relaxation time by a simple relation
averaged with the envelope wave function of a 2D subband:
pu=er/m*, (7)

+o0 where we assume a parabolic subband with an effective mass
U(Q)=f dZ{(2)[?U(9,2). (2)  of the charge carrierm*. A general expression for the re-
o laxation time of ad-dimensional electron gas subjected to a
disorder was derived by Gold and @&e'° within a multiple
scattering theory. In what follows, for simplicity, we will

The random field is normally assumed to be macroscopi: : .
ignore the multiple scattering effects.

cally homogeneous in the 2DEG plane. Its autocorrelation Within the linear transport theory, the inverse relaxation

. - . . 2
function in wave vector space is then given ()%, time for zero temperature is expressed in terms of the auto-
where the angular brackets stand for averaging over all con-

a . correlation function of disordet®2!
igurations of the randomness.

It has been pointed ot *8that the height of the potential
barrier in a semiconductor heterostructure may play an im- 1 1 fZKF fz” 9 (lU(@?)

: ) . T dq| dé

portant role in certain phenomena. In particular, the simpli- 7 (27)24E:Jo 0 (4k§— a?)¥?  £?(q)
fying assumption of infinitely deep wells turns out to consid- 8
erably overestimate surface roughness scattering, so that the
theory cannot explain some experimental dat¥.In the Whereq=(q,#) means a 2D wave vector in they plane
case of InGa,_,As/GaAs and IpGa,_,As/Al,Ga_,As  given in terms of polar coordinate&g=7%2kZ2m* is the
QW’s which we will be dealing with, the barrier height is Fermi energy, andg the Fermi wave number fixed by the
rather smallon the order of 0.1 e\ Therefore, we must, in sheet electron densitke=+27ns. The angle integral ap-
general, start from the realistic model of finitely deep wells.pears in Eq(8) since the autocorrelation function of a ran-

At very low temperature the electrons are assumed to pridlom field may have a directional dependence as seen in Eq.
marily occupy the lowest conduction subband. For a squaré6) below.
QW, the corresponding exact envelope wave function is pro- The dielectric functions(q) in Eq. (8) allows for the
vided by screening of a scattering potential by the 2DEG. There are a
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number of possible choices for this function. Within the ran-teraction in the 2DEG. Within Hubbard’s approximation, in
dom phase approximation, this is supplied at zero temperawhich merely the exchange effect is involved, it héfds
ture by

o G(q) a (16)

s(@)=1+-"CFAL[1-G(Q)] for a=2ke, (9) T 2P+ kD

In the case when the 2DEG experiences simultaneously
several sources of scattering, viz. surface roughness and pi-
ezoelectric, the total relaxation time is determined by

with C as the normalization constant from Ed). The in-
verse 2D Thomas-Fermi screening length is given by
2m* e? 1 2 2
(10 —- = (17

Qrer=—5 >
2 1
g h Ttot TSR TPE

whereg, is the dielectric constant of the system, neglectingin which we have introduced a factor of 2 on the right-hand

a small difference in its values for the well and the barriersside to include the effects from both interfaces of the QW.
The screening form factdfg(qL) figuring in Eq.(9) ac-

counts for the extension of electron states along the growth Ill. SURFACE ROUGHNESS SCATTERING

direction, defined b
y As clearly seen from Eq(8), in the calculation of the

1 o e , mobility limited by each scattering mechanism, we need to
Fs(qL)= —4f dzJ dz'|¢(2)|?|¢(2')|2 e 971, specify its autocorrelation functiof{U(q)|?). This implies
CHJ—e — that we ought to evaluate the Fourier transform of the scat-
11 tering potential averaged with the envelope wave function of
the lowest 2D subband.
First, we treat scattering of confined charge carriers from
a rough potential barrier of a finite heighff. The scattering

By means of Eq(3) for the lowest subband, this may be
written in terms of a function of the dimensionless variable

t=qL, given by potential is due to fluctuations in the position of the barrier,
Fe(t)=8,(1) +5,(1) + 5q(1), (1 S0 that
where by definition: Usr(r,2)=VoA(r)8(2). (18)
2 sina ¢ sina  sin2a Then, the average scattering potential in wave vector
sy(t)= _<1+ 5 5 + space is determined by the value of an envelope wave func-
t a t°+4a a 2a tion at the barrier plane=0 as follows:
1 2asina—tcosa)|2asina 1 U =V,|£(0)|?A4, 19
_4et/2<?_ na_c ) : 2cosk<§t) S0 = Vol £(0) 24, (19
t“+4a t“+4a whereA is a Fourier transform of the interface profile. By
means of Eq(3) for the lowest subband, this reads
1 N tcosa | | 1t 13
t 121432 sinn St (13 #2022
Usr(@)= ——="Aq, (20)
m,L
~U21 2asina 1 _ o
sz(t)=8(1+cosa)m ———C0s Et with C, a, andL, as before, the normalization constant, the
t“+4a dimensionless wave number in the well, and its thickness,
1 1 respectively.
+ =+ tcﬂ sinl-(—t (14) Thus, the autocorrelation function of interest depends on
t 124432 27/ the spectral distribution of the interface profile. For simplic-
and ity, this is normally chosen in a Gaussian fdrm
(|Ag)%)=mA2Aexp — q*A%/4), (21)
e ! t—2b

s3(t)=2(1+ cosa)?

, (15 whereA and A are a roughness amplitude and correlation
length, respectively.

with a andb as the dimensionless wave numbers from Eqsb. Fo_rl cohr!vEnttl)one_ll surface roughtr:ess SEattermg frorr: an ar-
(5) and (6), respectively. itrarily high barrier, we may obtain the autocorrelation

In the limiting case ofVy—«~, we haveC=1 anda function in a simple analytic form:
=, so that Eqs(12)—(15) reproduce the well-known for-

+
(t+2b)?  2b(t?—4b?)

125 2~2,2 2
mulg for the screeni_ng form factor for _infinitely degp wetfls. (JUse(@)|2)= 772hC—aAA exp(—q2A%/4).
Finally, the functionG(q) appears in Eq(9) to include m,L3
the local field corrections connected with the many-body in- (22
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In the limiting case ofVy—®~:C=1 anda=, this re- ergy in the well is transmitted via interfaces into the un-
produces the well-knowr8-dependence of the mobility strained barriers, thus lowering the total energy of the well
governed by surface roughness scattering in infinitely deepnd its strain fluctuations. The effect from a rough buried
wells®2! In the opposite case:C=a/2 with a (barrier/wel) interface on the stress field was derived by
=L\2m,V,/#, this reproduces the?-dependence for ultra- Feenstra and Lutz,assuming that the system is of elastic
thin wells>16 isotropy.

It is to be noted that in the previous calculati®fs®the Unfortunately, the elastic properties of almost all cubic
average scattering potential was supposed to be equal to spaystals of interest are significantly anisotropic. It is well
tial fluctuations in the confinement energy due to roughnessknowrt® that the deviation of cubic symmetry from isotropy
induced changes in the well thickness. Then, an analytic exis measured by an anisotropy ratio:
pression for the autocorrelation function is obtained merely
in the two above limiting cases. A=2 Cas , 27

€11~ C12

IV. ROUGHNESS-INDUCED PIEZOELECTRIC

SCATTERING which is generally somewhat large, e.§=1.83 and 2.79

for GaAs and InAs, respectively. It has been indicite®
A. Strain fluctuations that the isotropic approximation cannot precisely describe

We now turn to scattering related to piezoelectricity of thethese materials. Therefore, in the literature several improve-

well material. Let us examine a QW made from a strainedNents have been made for various low-dimensional semicon-

33
layer sandwiched between two unstrained layers, in whictffuctor heterqstructuré%. , o
the well thickness is small but the barrier ones are large R€cently, it has been experimentally shownat the as-

compared with the critical thickness. The lattice mismatch jSSUmMption of elastic isotropy remarkably overestimated strain
relaxation, so that this could give only a lower bound for the

defined in terms of the lattice constants of the well and bar* o . o
rier by values of strain in the well. Furthermore, in the case of misfit
dislocation-induced relaxation the ratio of the measured

ap—ay, strain to this lower bound was found to likely be of the order
of the anisotropy ratio. Therefore, one should incorporate the

(23 fth tropy ratio. Theref hould porate th
reduction of roughness-induced relaxation arising from elas-

It is well knowr?*?S that if the well layer is of cubic tic anisotropy into the theory of Feenstra and LUwe will

symmetry, the substrate has been oriented along a high syr@SSume that this reduction of strain relaxation gives rise to an
metry direction, e.g.[001], and the interfaces between the enhancement of strain fluctuations by a factor equal to the

well and barriers are assumed to be ideal, i.e., absolutely flafnisotropy ratio. Consequently, the effect from a rough bur-
the stress field inside of the well is uniform and biaxial. Ini€d interface located @=0 on the status of stress inside of

what follows, the crystal reference system is, as usual, sucit® well is plausibly described by a 2D Fourier expansion for

that thez axis coincides with th001] growth direction. The the stress field as follows:
stress field is then supplied by

1= "a,

Ao )
1 Tl 2) =0+ —= >, qAqe YcodedT,
0¢=[0,0,0000, o=5Ge. (24) a

Ac e
Accordingly, the strain field within the well is also uni- oy(rz)=o+—- > qAqe Psirf el
form and has vanishing off-diagonal components, given by d

er=[€),€,€,,0,0,0, €, =—Kg. (25

Ao .
o,{r,z)=— - 2 qAe 9%,
Here, the elastic constants of the strained layer are defined a
by?® (28

c oyA1,2)= AZ—U > qAqe 9%inge T2,
K=2C—12, G=2(K+1)(Cy1—C12), (26) a
11

with ¢;;, ¢15, andc,, as its elastic stiffness constants. 0,(1,2)= A—U > que*chosaei(q'””’?),

It should be emphasiz&d?® that actual semiconductor 2 7q
heterostructures always exhibit lateral feature in the form of
interface roughness. The roughening of an interface, which
imposes a boundary condition for elastic lattice deformation
in the well, is demonstratéd to result in drastic fluctuations
of the stress and strain fields. On the other hand, the rouglwhere O<z<L, andA is as before a Fourier transform of
ness forms during growth as an important mechanism fothe interface profile withq=(q, ), as a 2D wave vector
strain relaxation. Indeed, a fraction of the elastic strain engiven in polar coordinates. It is to be noted that in difference

Ac —QZaj iqer
o012 = Eq: gA e 9%sin 20€'97,
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from the earlier theorie%;* we have included elastic anisot- e1GAe| o /2

ropy of the well layer in terms of an anisotropy factar Py(r,z)= ac,, Eq qAqe ¥sin ge' @ 72,

>1.

With the use of Hooke’s laf**the strain field within the o GAe
well is readily determined from Eq28) to be Py(r,z)= 1:‘17” E que—qzcosgei(q'Hw/Z), (31)
4 q
(K+1)AEH .
R Ao ~qz i e, GAe o
elr2)=€ 2 zq: GAqe cosge' ", Pz(r,z)z—lgc44 ” Eq: qAqe 9%sin 2¢e'9".

(K+1)Ag ~42gir? el Equation(31) reveals that in difference from the previous
eyy(r2)=¢+ 2 Eq qAqe” Ysin ge', studies’”?® the roughness-induced polarization is strongly
nonuniform in space. Therefore, a density of fixed charges is

generated within the well according to
(K+ 1)AE”

€Az =€ ———5 — % qAqe e, p(r,z)=—VP(r,2). (32)
(290 With the aid of Eq.(31), it holds
GAEH .
rz)=—- A e 9%inge(ar+m2) 3e,,GAe . .
€ydr.2) 8Cyy zq: 934 p(r,z)=LII > g°Aqe 9%sin20€'9". (33
8Ca g
GAg _ Q42 It is clearly observed from Eq33) that in opposition to
€x(1,2)= 8Cu % qAge” Fcosge' (), the earlier theorie&?®*because of roughness there always
exist bound piezoelectric charges in the well layer of an ac-
GA tual lattice-mismatched zinc-blende structure QW even with
_ € —QZei igr a (001 substrate. The charges are bulklike and randomly
=— A e %%sin 26e'9T,
€xy(1:2) 16Cy4 Eq: GAqe sin2oe distributed in a region inside of the well and near to the

interface plane with a zero average but a nonzero rms

It is obviously seen from Eq$28) and(29) that in com- density:%t*
parison to the case of ideal interfaces described by &45.
and(25), the stress and strain fields within the well of a real C. Random piezoelectric potential

lattice-mismatched semiconductor QW are fundamentally The pylk piezoelectric charges create an electric field. The
changed, being random in nature and microscopically nongnscreened potential enerdypg(r,z) of an electron of

uniform. Moreover, it is distinctive of the system with & charge—e in this field is derived as a solution of Poisson’s
rough interface that the strain field is of both hydrostatic a”dequation:

shear origins, havingonvanishingff-diagonal components
although grown on #001) substrate. V2[Upgr,2)/—e]=(4mle )p(r,z). (34)

The screening of an electric field by the 2DEG is, as
quoted before, described by the dielectric functiqq). The
Next, we are dealing with macroscopic properties of apiezoelectric potential energy may be represented in terms of
well layer which is made of zinc-blende structure material.an integral extended over the well layer by
The nonzero off-diagonal components of a strain field induce
a polarization vector inside of the wéft:*®

B. Piezoelectric charge density

UPE(r,z)zfdr’dz’p(r’,z’)v(r’—r,Z’—Z), (35
Pi=2ep€6)  (I#]#k), B0 wherev(r'—r,z’ —2z) stands for the Green’s function of

. L . Poisson’s equation:
with e, its piezoelectric constant.

So far, it has been demonstrateéf*°that a strained layer
which is made of zinc-blende material and grown d0@ud]- v(r'—=r,z’—2)= - 5 , T
oriented substrate exhibits neither a piezoelectric polariza- e [(r'=r)+(Z2' ~2)7]

tion nor any piezoelectric field. Nevertheless, it should be _ .
emphasized that this conclusion was, in fact, drawn simply ©On the substitution of Eqs33) and (36) into Eg. (35),
nd the subsequent use of a 2D Fourier transform of the

for the case of ideal interfaces. All experimentally accessiblé lomb il
structures are real semiconductor QW’s with rough interface$Oulomp potenti
and, as quoted above, have nonzero shear strains. Upon in-

(36)

.
e'd’ 2w

sertingej, (j #k) from Eq. (29) into Eq. (30), one may ar- dr’ = 27 e-dz ~Zgiar
rive at a 2D Fourier expansion for the piezoelectric polariza- [(r'=n2+(z'—2)%1*2 q ’
tion (37
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we are able to get the 2D Fourier expansion for the piezo- TABLE |. Material parameters usedn* is the effective mass

electric potential as given by E@l) with

3me el4G AE”

ds,c,,  0AdFeeldiZziL)sin20,

(39

UPE(q!Z): -

in which the form factor for the piezoelectric field is defined GaAs

by

L ’ ’
Fee(Q.z;L) = fo dz e @ +Z'=2) (39)

Equation(38) reveals that the piezoelectric field is random

with a zero average but a nonzero rms potenfiat.

(my), a the lattice constantA), c;; the elastic stiffness constants
(10'° Pa), ¢, the dielectric constant, are{, the piezoelectric con-
stant (C/m).

Materia.l m* a Cll 012 C44 EL el4

0.067 5.64191 11.88 5.38 594 13.180.16
InAs 0.024 6.0584 80 5.1 4.05 14.550.045
Ing,GaygAs 0.058 5.72521 11.10 5.32 5.56 13.450.137
INo 153 gAS 0.061 5.70438 11.30 5.34 5.66 13.390.143

Thus, for piezoelectric scattering we may obtain the fol-

On a straightforward integration, the form factor is cast©Wing autocorrelation function:

into a simple form:
FPE(qu;L)

. ed%(1—e2ah) for z<0,
=50 e 9(1+2qz)—e 9272 for O=<z<L,

2qLe %2 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 E8), we

37¥%ee,GAeC?AA |2
8e Caq

X exp — q2A%/4)sirf26.

Fae(al)

(lUpe(a)]?) =

(46)

An examination of Eqs46) and(22) shows the probabil-
ity for piezoelectric scattering depends quadratically on the
lattice mismatche; and the roughness amplitude whereas
the one for surface roughness scattering merely on the latter.
Moreover, it is interesting to note that in the difference from

arrive at an analytic expression for the weighted piezoelectrithe so far-known scattering sources due, e.g., to impurity

potential in wave vector space

3’7Tee14GA€HC2

8,0, AqFpelgl)sin 20,

Upg(a)=— (41)

doping, surface roughness, and alloy disorder, the autocorre-
lation function for piezoelectric scattering depends not only
on the magnitude of the wave vector but its polar angle as
well. Such a directional relation is characteristic also for pi-
ezoelectric coupling due to acoustic phonons in the 3D case

with C, as before, the normalization constant fixed by EQ.qf b1k semiconductord®
(4). Here we have introduced a dimensionless form factor for
the piezoelectric field as a function of the dimensionless vari-

ablet=qL such that

Fpe(t)=pa(t) + p2(t)sina+ ps(t)cosa, (42)
where by definition:
_1-e?+2te”t 3+e H-2(t+2)e
Pa(t)= t+2b t ’
(43
2a t’(1+e™ Y
t)= 1-e 2+2te ' +4————|,
P 2+ 422
(44)
and
t—l_e_2t+2te_t+ t 1+e 2—2(t+1)e !
P3(t)= t+2b 27 202 e ( e

2_ 2 _ At
+2(t 4a“)(1—e )

45
t2+4a2 49

with a andb the dimensionless wave numbers from EGs.
and(6).

V. RESULTS AND COMPARISON WITH EXPERIMENT
A. Numerical results and conclusions

To illustrate the theory presented in the preceding sec-
tions, we have carried out numerical calculations for lattice-
mismatched QW'’s which are made from@g, _,As grown
pseudomorphically on a GaAs or AlGaAs substrate. Such
systems have been intensively investigated both theoretically
and experimentally. The material parameters in use are listed
in Table I, where the values for the binary compounds are
taken from Refs. 37 and 38, while those for the ternary ones
estimated by the virtual crystal approximatiohThe effec-
tive mass of electrons in the growth direction is taken to be
equal to their in-plane onen,=m*. The barrier height of
QW's for electrons is the conduction band offset, which de-
pends on the In content a&=0.6(1144— 255¢%) meV,*
e.g.,Vp=131 meV forx=0.2.

As an example, we have evaluated the electron mobilities
of a QW made from Ip,Ga gAs/GaAs, which are limited
by interface roughness via both piezoelectric scattering
connected with strain fluctuationg,pg, and surface rough-
ness scattering associated with well-width fluctuations,
Msr- The roughness amplitude enters into the theory sim-
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FIG. 1. RatioQ= ™/ "M between the electron mobilities for 10
a QW made from Ip,Ga, jAs/GaAs, calculated with a finite and an
infinite potential barrier vs well widtiL under a sheet electron
densityn,=10'? cm™ 2, a correlation lengtth =50 A, and different
barrier heightsvV, denoted on lines in units of eV. The solid and
dashed lines refer tQpe and Qgg, respectively.

~
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ply as a scaling factor on which the mobilities exhibit an

inverse square dependence, so we may chose some value

sayA=5 A. ~ L7
We now estimate the effect due to the finiteness of the 10t T -

potential barrier height on electron mobilities. This is to be

measured by the ratio between the values of the mobility 1" 12

calculated with a finite and an infinite barrier. In the case of 10 10 10 10

surface roughness scattering, the finite-barrier effect on the -

scattering probability is described by E2) and is evi- ng (cm )

dently large compared with the one on the dielectric func-

tion. For the ratioQgg= it/ uot" we may then immedi-

ately obtain as a good approximation:

FIG. 2. Mobilities upg (solid lines and ugg (dashed ongsfor
the QW in Fig. 1 vs sheet electron density under a roughness
amplitudeA=5 A and (a) a well width L=100 A and different
4 correlation lengthsA denoted on lines in units of A, antb) a

(47) correlation lengthA =50 A and various well width& denoted on
lines in units of A.

a

Qsr= Ca

From this simple relationship and Eqgl)—(6), we ob-
serve that the finite-barrier effect on the surface roughnesg=0s.(7), (8), (22), and(46), the electron mobilitiegsg and
limited mobility, Qsr, Shows up in a quite rapid increase upeas a function of the sheet carrier density In Fig. 2a)
when reducing the sizes of the wetlepth and thicknegs this is plotted under a well width =100 A and different
and the effective electron mass along the growth direction. I€orrelation lengths\ =25, 50, and 100 A, whereas in Fig.
is interesting to note that this functional dependence on th@&(b) under a correlation length =50 A and various well
well depth and that on the effective mass are identical. HowwidthsL =50, 100, and 200 A. Figure 3 sketches the mobili-
ever, the effect is independent of the surface profile. Foties against the correlation length In Fig. 3a) this is plot-
piezoelectric scatterinddpe is dependent on the well sizes, ted under a carrier density,=10'? cm™2 and different well
the surface profile as well as the carrier density and the efwidths L=50, 100, and 200 A, while in Fig.(B) under a
fective mass. well width L=100 A and various carrier densities

The ratiosQsg and Qpg are depicted in Fig. 1 vs the well =10, 10"}, and 182 cm™2. Finally, Fig. 4 depicts the mo-
thicknessL under a correlation lengtth=50 A, a sheet bilities vs the well widthL. In Fig. 4(a) this is plotted under
electron density=10"2 cm~2, and different barrier heights a carrier densityns=10'2cm 2 and different correlation
Vy=0.1, 1, and 5 eV. lengthsA =50, 100, and 150 A, while in Fig.(8) under a

The behavior of the calculated mobilities is in detail de-correlation lengthA =50 A and various carrier densitieg
scribed in Figs. 2, 3, and 4. Figure 2 displays, according to=10'"°, 10", and 16% cm 2. From the lines thus obtained
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FIG. 3. Mobilities upe (solid lines and ps (dashed ongsfor FIG. 4. Mobilities upg (solid line9 and usg (dashed ongsfor
the QW in Fig. 1 vs correlation length under a ;ouggless ampli-  the QW in Fig. 1 vs well width_ under a roughness amplitude
tudeA=5 A,_ and(a) an electron density= 10 cm 2 and dif- =5 A and(a) an electron densitp.=10"2 cm 2 and different cor-
ferent well widthsL denoted on lines in units of A, arith) a well  relation lengthsA denoted on lines in units of A, an) a corre-
width L= 100_/32~ and various electron densitisgdenoted on lines  |ation lengthA =50 A and various electron densitiagdenoted on
in units of cn*. lines in units of cm2.
we may draw the following conclusions. hibit similar functions of the electron density;. These

(i) Figure 1 reveals that the model of infinitely deep wellsreach a minimum at some valuemf. With an increase oA
always overestimates surface roughness scatteQgg=>1. andL, the minima are shifted towards loweg.

In accordance with the above statement, the finite-barrier ef- (iii) An inspection of Fig. 3 indicates that the mobilities
fect may become very large for narrow wells, especially un-upe and ugg represent similar functions of the correlation
der a rather low barrie¥ ;<1 eV and/or a rather thin well length A. These reach a minimum at some valueAaf In
L=100 A:Qgg>1. For instance, Qsg~17 under V, addition, for a wide wellL=100 A, upe<usg, i.€., piezo-
=0.1 eV andL=100 A. The effect is found to be signifi- electric scattering is predominant over surface roughness
cantly larger than that in Si/SiGe QW3¢ since the effec- scattering for all correlation lengths ranging from= 25
tive electron mass along the growth direction in —200 A. In contrast, for a narrow wellL=50 A, upge
In,Ga, -, AS/GaAS QW's is remarkably smalléby a factor > ugg.
of ~16). However, the effect on piezoelectric scattering is (iv) Figure 4 shows that with an increase of the well width
not so large:Qpe~1. Further, the simplifying model may L the surface roughness-limited mobilifysg is elevated
slightly underestimates this scattering, e.g., undé  very rapidly in accordance with ER2), while upg exhibits
=0.1eV andL=125 A. a much weaker dependencelorilThe functionupg reaches a
(ii) It follows from Fig. 2 that for a fixed correlation minimum at some value dof, which becomes larger when
length A and well widthL, the mobilitiesupg and usg €x-  increasingA. In addition, the solid and dashed lines fogg
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and ugg belonging to one and the same sample intersect avas found to be able to reproduce the experimental data for
somelg so that forL<Lg:usg<mpg, and forL>Ly:ugy  the Iny16Gay gAS/Alg ,dGay 77AS system, but not for the
> upg. For instance, undeng=102cm 2 and A=50 A  Iny.Ga gAs/GaAs oné. Hence, these authors had to invoke
[Fig. 4@]: Lo=72 A, and ugr/upe~2.5 and 6.5 forL an idea of clustering of In atoms into one unit in the strained
=100 and 150 A, respectively. Thus, piezoelectric scatteringn,Ga, _,As layer. They claimed the average cluster size for
is found to be an important scattering source for real strainethe Iny ,Ga gAs and Iy 1:Gay gsAS layers to be 3 and 1, re-
QW's with a well widthL=50 A and predominant over sur- spectively, assuming its dependence on the growth condi-
face roughness scattering with=100 A as quoted before. tions. The clustering effect was actually confirmed by a re-
The dependence of the piezoelectric scattering-limiteccent experimeritt where clusters containing23 In atoms
mobility wpg on the well thicknesk, showing up in Fig. 4,is  were observed by using a cross-sectional scanning tunneling
governed by the following factors. First, in the lowest sub-microscope in combination with its spectroscopic capability.
band the majority of electrons are located at the center of the Nevertheless, the theory due to Lyo and Fritz with inclu-
well. Consequently, when increasihgthe distance between sion of In clustering turns out to be, to some extent, still
the electron system and the interface is increased, thus elnsatisfactory. Indeed, it was reported in Ref. 41 that in the
evating the mobilityupg (and alsousg). Second, an increase Iy GaygAs layer, a large majority of the cluste(sip to
of L leads obviously to a corresponding increase of the totahbout 80% contain two In atoms, whereas only about 15%
number of piezoelectric charges present in the well, whickcontain three In atoms as claimed by the Lyo-Fritz theory.
act on the 2D motion of confined carriers, thus reducing thélhus, this theory is able to provide only a crude description
mobility upg. In a narrow well, this overwhelms the first of the result in Ref. 6. Furthermore, basing on the experi-
effect, leading to an overall decrease wfc. However, as mental observation that the In clustering occurs simply in an
indicated in Refs. 10 and 11, the piezoelectric charges art,Ga,_,As layer under strain and preferentially along the
located mainly in a near-surface region of a few correlatiorgrowth direction, Zheng and co-work&tshave shown that
length with a density decaying rather rapidly far from thelocal strain dominates the formation of clusters in the layer.
interface plane. Therefore, with a subsequent increade of This means that we may ignore the other clustering mecha-
the total number of piezoelectric charges remains almost urnisms such as random clustering, chemical, and correlation
changed and the first effect is predominant, leading to aeffects. Also, the cluster size may be dependent on the
overall increase Oftpg. growth conditions, but primarily fixed by the strain in the
layer. Therefore, the difference in cluster size between the
Ing .Gay gAs and Iny 1:Ga& g5AS layers must not be so large as
claimed in Ref. 6, since their difference in lattice mismatch,
i.e., in strain, is small. Thus, the large difference in the mo-
We are now trying to apply the above-developed theory tgyjlity of the systems reported in Refs. 6 and 7, despite a
explain some experimental findings about the low-small difference in their structure and the In content, might
temperature mOblIlty of electrons in |attice'mismat0hedsti” remain as a Cha"enging prob|em in the theory of elec-
InyGay - xAs-based QW's. tron mobility for strained IpGa, _,As QW's.
The mobility in a QW made from §rGa gAs/GaAs with Starting from the foregoing theory, we suggest that the
a well width L=120 A and a sheet electron density  observed difference in the mobility is due mainly to a
=1.2x10" cm 2 were reported in Ref. 6 to bp{)=3  roughness-induced random piezoelectric field. Accordingly,
x10* cm?/Vs.  The data for a QW from we have evaluated the overall mobility of the systems in
INg 1:G & gAS/Alg 26Ga 7As with L=130 A and ng=1.5  question,u,, which is to be limited by both piezoelectric
X 10'? cm~2 were reported in Ref. 7 to be much higher: and surface roughness scattering, employing &@). The
,ugig)t:7.3>< 10* cm?/Vs. results thus obtained are presented in Figs. 5 and 6 as a
It should be noted that the samples in question show thé&unction of the correlation length. In Fig. 5 this is plotted
experimentally observed mobilities much smaller than thosdor the In, ,Ga, gAs/GaAs sample with a lattice mismatch
expected from the existing theories. Moreover, they exhibit &= —1.48%, while in Fig. 6 for the
large difference in the mobility, viz. with a ratio of about Ing 14Ga, gsAS/Alg ,dGa 77As system withey=—1.11%.
240%, although the differences in their structure and the In In the calculation of the total mobility in strained InGaAs-
content are smal{only 5%). These cannot be understood, based QW's we have included the clustering effect arising
starting from the so far-known scattering mechanisms. Infrom strain. Zheng and co-workéfshave indicated that In
deed, it was pointed olithat for the I ,Ga, /As/GaAs QW, clustering and segregation are the main reasons for the
scattering by ionized dopants would yield a mobility muchroughness in strained |83 _,As QW's. Therefore, these
larger than the observegip=3x10° cn?/Vs. Also, the  exert a crucial influence on the interface properties. Within a
mobility dominated by alloy disorder was estimatéd be  continuum model for the interface of a semiconductor het-
large: uap=2.4X 10° cnm?/Vs. erostructure, the effect may be taken adequately into account
Therefore, to explain the low measured mobility of elec-in terms of the parameters characteristic of the interface pro-
trons in the above samples, Lyo and Fiitrad to propose file, in particular, the roughness amplitude. Indeed, Xie and
another scattering source which stems from strain fluctuaeo-workeré? have shown with the use of atomic force mi-
tions due to a random distribution of In atoms. With a bestcroscopy that the roughness amplitude is elevated when in-
choice of the deformation-potential constants, their theorncreasing the strain, i.e., the lattice mismatch. The experimen-

B. Comparison with experiments on strained InGaAs-based
quantum well
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14 N , . — , . ing to In clustering and segregation, the interfaces of a
L S /// i strained InGa, _,As-based QW become very rough, so that
nL T —Mpg | the roughness amplitude must be chosen much larger than
————— TS the one for an unstrained JgGa 47AS/INP QW. Indeed,
[ e, i based on the experimental data of photoluminescence line-
- 10F . widths from a strained i,Ga, gAs/GaAs surface QW, Drey-
= L - brodt and co-workef€ have reported a roughness amplitude
e 8 | i A=12 A. It turns out that the measured mobility reported in
< Ref. 6 may be exactly reproduced with=8.5 A and A
o i | =49 A, while the one in Ref. 7 with=8.2 A and A
Z 6F ] =45.2 A. The good quantitative agreement between our
- . theory and the experimental data supplies an evidence for the
4 k. ] importance of the clustering effect in strainedGa, _,As
e ] QW's. It is worth noting that the roughness amplitude in use
» . | . "'I . | . is also larger than the 4one for other unstrained systems, e.g.,
30 20 50 50 -0 A=3 A for GaAs/AIAS’

In addition, an inspection of Figs. 5 and 6 indicates that
A (A) piezoelectric scattering dominates, in fact, the electron mo-
bilities under study. The larger mobility of the sample made
FIG. 5. Mobilities calculated for the QW in Ref. 6, made from from InO.l5GaO.8$S/AIO.23GEb.77A‘S is evident'y seen to be
Ino .Gay pAs/GaAs with a well widthL=120 A and an electron  connected with a larger well thickness, a higher electron den-
densityns=1.2x 10" cm™ 2 vs correlation lengttA for aroughness ity and also a weaker strength of piezoelectric scattering.
amplitudeA=8.5 A. The solid, dashed, and dotted lines refer t0|Gead the ratio of the autocorrelation function for piezo-
Kpe, Mg, and o, respectively. The experimental datdih=3  glectric scattering in this sample to that in the
X 10f en/Vs are marked by a horizontal Ing ,Gay PAS/GaAs system is found, according to E46), to
be 0.79.
Next, we are examining the validity of the linear transport
theory adopted in our mobility calculation for the samples
studied in Refs. 6 and 7. The theoretical estimates are exact

It is well knowr**° that the interfaces of a lattice- h with il o effect. ndeed thi
matched (unstrainedl InGa,_,As OW, e.g., made from enough with no multiple scattering effect. Indeed, this was
X- X Lo showr? to be noticeable only for a low electron density

Ing 54Gay 4AAS/INP are extremely flat, so that the roughness<1x1011 om-2
amplitude is very small £<1 A), and surface roughness ~ '
scattering was ignored in the mobility calculatidtf:*” Ow-

tal result illustrating this relation was reported in Refs. 42
and 43 for the case of strained S¥SiGe, QW’s, e.g.,A
=15.5 A forx=0.2.

C. Further applications
25 N ' o ' ' ' To end this section, we will give a brief discussion on the
L e - possibility of applying our theory to understand transport in
_____ other lattice-mismatched semiconductor heterostructures.
20 | Her First, we are concerned with the low-temperature mobility
"""""" Hiot of holes in Si/Sj ¢Ge, , heterostructures, where conduction
- T takes place in the strained 3G, layer. It was pointed
out®>!that the well-known scattering mechanisms are un-
151 7 able to account for their low measured hole mobility. There-

fore, a special scattering source due to a high density of
i ] interface charges must be invoked. It was argl#uat this is
10 b i an intrinsic phenomenon not associated with unintentional

.............. doping of the alloy and might be piezoelectric in origin. Sev-
e . eral experimental evidences for piezoelectricity of strained

w (10% cm?/Vs)

- SiGe layers have recently been fouttd®®
5 L L L L L L L Following the above idea, we suggest that this might be
30 40 50 60 70 random piezoelectric charges, which are generated as a result
AA) of the combination of both lattice-mismatch and surface-

roughness effects in an actual strained Qi¢Sk, , system.

FIG. 6. Mobilities calculated for the QW in Ref. 7, made from Indeed, piezoelectric charges which are generated in a
INg 4G gsAS/Alg .85 -As with a well widthL=130 A and an  Strained  heterostructure ~ with ideal interfaces was
electron densityn=1.5x 102 cm™2 vs correlation length\ for a demonstrated to be nonrandom, and uniformly distributed
roughness amplitudé =8.2 A. The solid, dashed, and dotted lines on the interfaces. Therefore, their piezoelectric field is non-
refer to upg, msr, and ., respectively. The experimental data random and points along the growth direction. This implies
p&h=17.3x10* cn?/Vs are marked by a horizontal. that the piezoelectric charges created merely by a lattice-
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mismatch effect can only modify the confining potential for The random piezoelectric field turns out to be a new im-
the quantized motion. This also means that they present ngortant scattering mechanism for real zinc-blende structure
scattering source in the in-plane motion of confined charg&)w’s, especially those with a well width of the order of or
carriers, exerting no influence on their mobility. greater than 50 A. This is found to be predominant over

Second, it is worth mentioning that in the last few yearssurface roughness scattering when the well width is larger
there has been great interest in strained nitride heterostrughan about 100 A. In combination with the latter, the former
tures, e.g., InGa, _,N/GaN and AIN/GaN QW's, in view of  provides an accurate way to explain a large difference in
their high potential for fabrication of high frequency and gjectron mobility despite a small difference in In content
high power electronic devices. The low-temperature mobility,pserved in lattice-mismatched InGaAs-based QWss.
of electrons in, e.g., AIN/GaN systems was repottétito be Scattering by a random piezoelectric field might be one of
qU|te2Iow_(27.2><102 cm?/Vs at an electron density of 4.8 o principal processes limiting the low-temperature hole
>.<101 cm ). We specula_te that .the randqm p!ezoelectrlcmobi”ty measured in real strained Si/SiGe heterostructures.
T:?lr?it(rjizjisstlﬁi\l/é?gfcés }2%;;%2%2;%‘32%;% since grOUp'Moreover, it might be mandatory to take into account the

gep ' impact of the random piezoelectric field in the interpretation

of observable properties as well as the design and develop-
ment of new strained nitride-based electronic devices.

To summarize, in the present paper we have proved that in
real lattice-mismatched QW's there always exist random
fluctuations in the strain field. In the case of zinc-blende ACKNOWLEDGMENTS
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