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Mobility in V-shaped quantum wires due to interface roughness and alloy scattering
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The low temperature mobility in V-shaped AlGaAs/GaAs quantum wires is theoretically investigated. The
energy eigenstates and the eigenvalues of the system under study are calculated using a finite difference
method. The cartography of the interface allows for realistic values of the rms value of the roughness fluctua-
tions in depth and the autocorrelation length. For one subband occupation we calculate the screened and the
unscreened mobility due to the interface roughness scattering. The corresponding mobility exhibits ultrahigh
values. We also evaluate the mobility due to alloy scattering. The interface roughness turns out to be the
dominant scattering mechanism. When the second electronic subband becomes populated, we investigate the
intrasubband and intersubband scattering due to interface roughness, taking into account or excluding screen-
ing effects. Comparison is made with other reports.

DOI: 10.1103/PhysRevB.69.075313 PACS number~s!: 73.63.Nm, 73.21.Hb
i
e
s

-
u

e

tic

e-
th
r-

e

a
n
ir
-
m
k-
o
t-
c
e
ri
rit
r

ed
-

om
r

te
in

-

-
D

For
mo-

g
i-

ted

ms
-
of

ted
an

nd

ure

the
the

ns.
ap-
nd
ed

ti-
e
s,

l,’’

al’’

lcu-
and
lly,

s in

ess
I. INTRODUCTION

The rapid development in molecular beam epitaxy and
metalorganic vapor phase epitaxy has made possible th
alization of one-dimensional~1D! semiconducting system
of various geometrical cross section such as V-shaped1–3 and
T-shaped quantum wires4,5 ~QWRs!. Other successful ap
proaches to the fabrication of high-quality homogeneo
single ~or arrays of! QWRs include cleaved edg
overgrowth6 and self-ordering on V-grooved substrates.7 The
existence of 1D electron gas has led to the expectation
systems with enhanced carrier mobilities. Pioneer theore
works predicted such enhanced mobilities.8,9

Different scattering mechanisms limit the mobility d
pending on the lattice temperature. At low temperatures
mobility is limited by the impurity scattering and the inte
face roughness scattering. The alloy scattering~AL ! pro-
duces an additional limitation.10,11 At low temperatures
Sakaki12 considered the scattering of the carriers by ioniz
impurities located at a fixed distance outside~remote impu-
rities! the one-dimensional rectangular wire. He found th
the impurity scattering limited mobility increased expone
tially as the distance between the impurities and the w
increased. Lee and Spector13 generalized Sakaki’s model tak
ing into account the scattering of the carriers in a real se
conducting thin cylindrical wire structure by both the bac
ground~in the wire itself! and the remote impurities and als
by a uniform distribution of impurities both inside and ou
side the wire. For the case of the scattering from the ba
ground impurities they found that the mobility decreas
with decreasing the wire radius. For the case of the scatte
from remote impurities, the size dependence of the impu
limited mobility depends upon how the remote impurities a
distributed outside the wire. When the distribution of ioniz
impurities outside the wire is uniform, the mobility is inde
pendent of the wire radius while, if they are separated fr
the wire at a fixed distance, they recovered the previous
sult obtained by Sakaki. When the impurities are distribu
uniformly both inside and outside the wire the mobility aga
is size independent.

Basu and Sarkar10 studied the alloy scattering limited mo
0163-1829/2004/69~7!/075313~8!/$22.50 69 0753
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bility in ultrathin, cylindrical wires of ternary semiconduc
tors. They concluded that the mobility increases with 1
concentration and also with increasing radius of the wire.
a degenerate gas, ignoring screening, they found that the
bility varies linearly with the Fermi wave vectorkF . Nag
and Gangopadhyay11 concluded a similar behavior studyin
alloy scattering in cylindrical wires of different compos
tions.

The envelope functions of the QWR cannot be calcula
analytically except for the case of a cylindrical QWR14 and a
QWR with infinite potential barriers.15 Additionally, studying
the effect of screening, the dielectric function in 1D syste
exhibits a 2kF-singularity.16 Fishman8 investigated the elec
tron mobility in 1D semiconducting systems for the case
one subband scattering when the dominant mobility-limi
mechanism was the ionized impurity scattering. He used
envelope function constant inside a cylindrical QWR a
zero outside, and in order to soften the 2kF-singularity, he
used a static dielectric function, where the finite-temperat
effect was taken into account. Sakaki9 also studied the influ-
ence of the interface roughness on the mobility when
electrons are in the lowest subband. He assumed that
wave function was separable in the two confining directio
The dielectric function expressed in the random phase
proximation was evaluated in terms of the form factor a
the static polarizability. The form factor was approximat
by a Bessel function of the second kind.9

The above-mentioned investigations deal with ‘‘theore
cal model-QWRs.’’ It is of particular interest to examin
whether the expectation of high mobilities in 1D system
reported above, is indeed a physical property of ‘‘rea
‘‘man-made’’ QWRs.

V-shaped QWRs are included among the latest ‘‘re
QWRs. Recently, Tsetseri and Triberis17 developed a finite
difference approach applied to a nonuniform mesh to ca
late the electron and heavy-hole energy eigenvalues
eigenstates of V-shaped AlGaAs/GaAs QWRs. Additiona
the cartography of the interface roughness18 allows for real-
istic values of the rms values of the roughness fluctuation
depth and the autocorrelation length~islands’ extent!, which
are important parameters in the study of interface roughn
limited mobility.
©2004 The American Physical Society13-1
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FIG. 1. The geometrical structure of th
V-shaped AlGaAs/GaAs QWR.D andL are the
depth and the extent of the ‘‘interface roughne
islands,’’ respectively.
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Carriers in a QWR are generated either by modulat
doping19,20 or by short laser pulses.21 As we increase the
laser intensity the electron concentration increases leadin
the occupation of the second subband of the structure u
study. Therefore, one has to take into account the effec
the intersubband and intrasubband scattering due to the
teraction of the electrons in the two subbands,22 which im-
plies an appropriate modification of the dielectric function23

In the present work we investigate the behavior of the l
temperature mobility in Al–GaAs/GaAs V-shaped QWR
taking into account the interface roughness and alloy dis
der scattering mechanisms. The paper consists of the fol
ing: The theoretical analysis is presented in Sec. II. Spe
cally, the one subband case is investigated in Sec. I
Particularly, in Secs. II A 1 and in II A 2 the interface roug
ness and alloy scattering are examined. In Sec. II B we st
the two subband case. In Sec. III we present and discuss
results. In Sec. IV our conclusions are given.

II. THEORY

A. One subband

1. Interface roughness

Figure 1 presents the structure under study. It is an
doped V-shaped AlGaAs/GaAs QWR. GaAs is grown on
x5x0 , z5z0 planes of AlGaAs along the directionû with
û5 x̂1 ẑ whereû, x̂, ẑ are unit vectors in the correspondin
directions.

At low temperatures, with no impurities present, t
dominant scattering mechanisms are the interface rough
and the alloy scattering.

Taking y to be the direction of the ‘‘free’’ motion of the
carriers, fluctuationsdu, due to penetration of GaAs int
AlGaAs and vice versa, form ‘‘islands’’ of interface rough
ness of depthD and extentL. The statistical properties o
the roughness are expressed via the autocorrelation fun
of a Gaussian form:

^du~y!du~y8!&5D2expS 2
(y2y8)2

L2 D , ~1!
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where D is the rms value of the roughness fluctuations
depth andL is the autocorrelation length which is interprete
as the smallest island extent.18

The local variation of the potential due to the interfa
roughness~IR! is described byU IR(y,u), given by

U IR~y,u!5U0Q@2u1u01du~y!#2U0Q~2u1u0!,
~2!

whereQ is the step function andU0 is the conduction band
discontinuity between GaAs and AlGaAs.

If the scattering occurs between the statesun,ky&
5zn(x,z)eikyy and um,ky8&5zm(x,z)eiky8y, the local scatter-
ing matrix elements have the form

E dxE dzzn* ~x,z!U IR~y,u!zm~x,z!, ~3!

wheren andm indexes the corresponding subbands. Integ
ing over the direction that exhibits the roughness we obt
the scattering matrix elements

Hnm
IR ~qy!5U0@zn* ~x,z!zm~x,z!#x5x0 ,z5z0FD2L

A2
e2qy

2L2/4G 1/2

,

~4!

whereqy5ky2ky8 is the difference between the final and th
initial statesky8 andky , respectively.

The probability per unit time for transition between stat
un,ky& and um,ky8&, Pnm

IR (qy), is calculated using the Fermi’
Golden rule

Pnm
IR ~qy!5

2p

\
uHnm

IR ~qy!u2d~En,ky
2Em,k

y8
!. ~5!

The total scattering rate is calculated summing over
the final statesum,ky8&, i.e.,

1

t (n)
IR ~E!

5 (
m,ky8

2p

\
uHnm

IR ~qy!u2d~En,ky
2Em,k

y8
!, ~6!

wheret (n)
IR is the relaxation time referred to thenth subband.

For our one-dimensional case the summation overky8 con-
sists of only two terms:24
3-2
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ky856Aky
21

2m*

\2
~Em2En!, ~7!

wherem* is the carrier’s effective mass.
Specifically, for the case of one subband occupation,ky8

takes the values6ky therefore,qy50 or qy52ky . Back-
scattering is the only possible scattering process that cha
the momentum of the particle; thereforeqy52ky

(1) ~Fig. 2!.
Then Eq.~6!, for the case of one subband occupation, re

1

t (1)
IR ~E!

5
2pm*

\3ky
(1)

U0
2z (1)

4 ux5x0 ,z5z0

D2L

A2
e2(ky

(1))2L2
. ~8!

For a degenerate semiconductor,12 ignoring screening, Eq
~8! leads to the expression of the mobility due to scatter
by interface roughness,m (1)

IR ,

m (1)
IR 5

e

m*
^t (1)

IR ~E!&5
e

m*
t (1)

IR ~EF!

5
e\3A2

2pm* 2z (1)
4 ux5x0 ,z5z0

kFekF
2L2

~U0D!2L
, ~9!

whereEF is the Fermi energy.
According to Eq.~9!, the mobility in QWRs due to scat

tering by interface roughness depends on the extentL and
the depthD of the islands and also on the 1D electron co
centration,N1D , through the relationkF5pN1D/2. It also
depends on the geometrical shape and the width of the Q
through the value of the envelope function on the cornerx
5x0 ,z5z0) of the triangular. The envelope functionz (1) ,
appeared in Eq.~9!, has been evaluated solving the tw
dimensional Schro¨dinger equation, for a two-dimensiona
confining potential, using a finite difference scheme appl
to a nonuniform mesh.17

When the effect of screening is taken into account
have to replace the scattering matrix elementsHnm(qy) by

FIG. 2. The initial and final scattering states in inter- a
intrasubband scattering.
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Hnm(qy)/e(qy), wheree(qy) is the 1D dielectric function.24

For one subband occupation the screened mobility,m (1)
scr(IR) ,

reads

m (1)
scr(IR)5m (1)

IR e2~2kF!. ~10!

At zero temperature the static dielectric function in t
random-phase approximation is given by

e~qy!512F~qy!P~qy!. ~11!

Here,F(qy) is the form factor expressed as

F~qy!5
2e2

eBG
F (1)~qy!

5
2e2

eBG
E dxE dzz (1)

2 ~x,z!E dx8E dz8z (1)
2 ~x8,z8!

3K0„uqy@~x2x8!21~z2z8!2#1/2u…, ~12!

where the superscript~1! in F (1)(qy) denotes that we have
only one subband occupied,eBG is the background dielectric
constant.K0 is the Bessel function of the second kind, a
P(qy) is the static polarizability function given by25

P~qy!52(
ky

f 1
(0)~ky1qy!2 f 1

(0)~ky!

\2

2m*
@~ky1qy!22ky

2#

. ~13!

For the case of degenerate QWRs the static polarizab
takes the form16

P~qy!52
2m*

p\2qy

lnU kF1
qy

2

kF2
qy

2

U . ~14!

The dielectric function at zero temperature reads

e~qy!511
4e2m*

p\2eBG

F (1)~qy!

qy
lnU kF1

qy

2

kF2
qy

2

U . ~15!

Since, in our case,qy52kF , a 2kF-singularity appears. In
order to overcome this singularity we have to consider th
mal broadening.8,26 Then, the static polarizability is ex
pressed as
3-3
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P~qy!52
2m*

pqy
E

0

`

dE lnU 2A2m* E1qy

22A2m* E1qy
U

3
1

4KBTcosh2S E2EF

2KBT D , ~16!

whereKB is the Boltzmann’s constant.
For qy52kF , the static dielectric function,e(2kF), is

written as

e~2kF!511
4e2m*

p\2eBG

F (1)~2kF!

2kF
SS EF

kBTD . ~17!

For the evaluation of the integral

S~x!5
1

2E0

`

dt lnUAt1Ax

2

At2Ax

2

U 1

cosh2S t2
x

2D , ~18!

we follow the approximations used by Fishman,8 i.e., for x
@1, EF@KBT,we approximateS(x)5 ln(8egx/p) whereg is
the Euler’s constant which is equal tog50.577 while forx
!1, EF!KBT, S(x)51.346Ax. Under these approxima
tions, substituting Eq.~12!, for qy52kF , in Eq. ~17!, we
calculate the dielectric function.

2. Alloy scattering

When the wire width allows the penetration of the env
lope function into the AlcGa12cAs surrounding alloy (c is
the Al mole fraction!, scattering becomes an additional lim
tation for the mobility and therefore the alloy scattering h
to be considered as an additional mobility-limited mech
nism.

For scattering between the statesun,ky&5zn(x,z)eikyy and

um,ky8&5zm(x,z)eiky8y, the alloy scattering matrix elemen
have the form25

Hnm
AL ~qy ,q!5FV0

L
c~12c!~dV!2

1

2pG1/2

I nm~q!, ~19!

where n and m indexes the corresponding subbands, 4V0
5a3, wherea is the lattice constant.c is the Al fraction,dV
is the alloy potential,L is the macroscopic length of the wire
andq is the two dimensional component ofq in the confining
directions.11 I nm(q) is the 1D analogue of the correspondin
quantity in the two-dimensional~2D! case.22 It reads

I nm~q!5E dqzn~x,z!zm~x,z!e2 iq•(x• x̂1z• ẑ). ~20!

The scattering rate, for thenth subband, and a degenera
semiconductor, is given by
07531
-
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t (n)
AL ~EF!

5Fa3

4
c~12c!~dV!2

m*

\3kF
G E

S(x,z)
zn

4~x,z!dz dx,

~21!

where the areaS(x,z) refers to the AlcGa12cAs surrounding.
In practice it is determined by fabrication and in the calc
lations it has been taken into account for the construction
the two-dimensional mesh17 for the evaluation of the
eigenenergies and eigenvalues of the system under stud

Thus, ignoring screening, the mobility due to alloy diso
der, when one subband is occupied, reads

m (1)
AL 5

e

m*
t (1)

AL~EF!

5
e\3kF

~m* !2 Fa3

4
c~12c!~dV!2E

S(x,z)
z1

4~x,z!dz dxG21

.

~22!

When screening is taken into account,

m (1)
scr(AL)5m (1)

ALe2~2kF!. ~23!

B. Two subbands

When the electron concentration permits the occupa
of the second subband, the scattering time,t (n)(E), for the
nth subband @n5(1),(2)#, is calculated from t (n)(E)
5(mKnm

21(E), where,Knm
21(E), denotes the matrix element

of the inverse of the matrixK .22

The matrix elementsKnm(E) are given by

Knm~E!5(
k8

Fdnm(
l

Pnl~k,k8!2Pnm~k,k8!
k8

k
cosuG .

~24!

When the second subband~first excited! is occupied the
calculation of the matrixK , for the 1D case, comes in
straightforward way from the 2D case taking cosu561. We
obtain

F t (1)~E!

t (2)~E!
G5FK11

21~E!1K12
21~E!

K21
21~E!1K22

21~E!
G , ~25!

where t (1)(E) and t (2)(E) are the scattering times in th
ground and in the first excited state, respectively.

~i! The intersubband scatteringoccurs between:u1,ky1&
→u2,2ky2&, u1,ky1&→u2,ky2&, u2,ky2&→u1,2ky1&, and
u2,ky2&→u1,ky1& states.

~ii ! The intrasubband scatteringoccurs between:u1,k1&
→u1,2k1&,u1,ky1&→u1,ky1&, u2,ky2&→u2,2ky2&, and
u2,ky2&→u2,ky2& states.ky1 and ky2 are determined from
EF5E11\2ky1

2 /2m* andEF5E21\2ky2
2 /2m* ~Fig. 2!.
3-4



s

r-

m

-

MOBILITY IN V-SHAPED QUANTUM WIRES DUE TO . . . PHYSICAL REVIEW B69, 075313 ~2004!
Using Eq. ~5! we calculate the transition probabilitie
with matrix elements given by Eq.~4!. The envelope func-
tionsz (1) andz (2) are calculated using the same finite diffe
ence scheme.17

In this case the dielectric function has the for
e i j lm(qy)5d i l d jm2Fi jlm(qy)P lm(qy) with

P lm~qy!52(
ky

f l
(0)~ky1qy!2 f m

(0)~ky!

El1
\2

2m*
~ky1qy!22Em2

\2

2m*
ky

2

~26!

and
-

e

07531
Fi jlm~qy!5
2e2

eBG
Fi j lm

(2) ~qy!

5
2e2

eBG
E dxE dzz i* ~x,z!z j~x,z!

3E dx8E dz8z l* ~x8,z8!zm~x8,z8!

3K0„uqy@~x2x8!21~z2z8!2#1/2u…, ~27!

where the superscript~2! in Fi jlm
(2) (qy) denotes the two sub

band occupation.
For the case of symmetric QWR23
e5F 12F1111P11 2F1122P22 0 0

2F1122P11 12F2222P22 0 0

0 0 12F1212P12 2F1212P21

0 0 2F1212P12 12F1212P21

G , ~28!

while the inverse dielectric function is

e2153
12F2222P22

eintra

F1122P22

eintra
0 0

F1122P11

eintra

12F1111P11

eintra
0 0

0 0
12F1212P21

einter

F1212P21

einter

0 0
F1212P12

einter

12F1212P12

einter

4 ~29!
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eintra5@12F1111~qy!P11~qy!#@12F2222~qy!P22~qy!#

2~F1122!
2~qy!P11~qy!P22~qy! ~30!

and

einter512F1212~qy!@P12~qy!1P21~qy!#. ~31!

The screened potentialsH̃ i j are given by

H̃ i j ~qy!5 (
i 8, j 8

Hi 8, j 8~qy!e ( i 8, j 8),(i , j )
21

~qy!. ~32!

The form factorFi jlm
(2) (qy) is evaluated calculating the in

tegral appeared in Eq.~27! while for the static polarizability
we use Eq.~26!. For specific values ofqy the polarizability
diverges. We approximateP lm(qy) using its one subband
expression. The screened mobility due to interface roughn
scattering is evaluated using Eqs.~5!, ~24!, and~25!.
ss

III. RESULTS AND DISCUSSION

We apply our theoretical approach for the evaluation
the interface roughness limited mobility, presented earl
first to two V-shaped AlcGa12cAs/GaAs QWRs withc
50.3 and widthsY15100 Å andY2555 Å. The first (Y1
5100 Å) allows us to justify our approach comparing o
results with theoretical results reported by Sakaki.9 The sec-
ond (Y2555 Å) has been used in previous experimental a
theoretical investigations27,18 and it serves to show the effec
of wire width variations on the mobility. The sample tem
perature, here and thereafter, is taken8,9 equal to 4.2 K.

Applying the finite difference method for the solution o
the 2D-Schro¨dinger equation17 we evaluated the normalize
wave function of the triangular QWR of widthY15100 Å.
Equations~9! and~10! allow us to calculate the mobility due
to interface roughness, when only one subband is occup
as a function of the 1D electron concentration,N1D , for dif-
ferent values of the island extent,L.

Our results are shown in Fig. 3 where the solid lines re
resent the mobility under the effect of screening, while t
3-5
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dotted lines represent the unscreened mobility, for four
ferent values ofL (200, 150, 100, and 50 Å).

The mobility increases rapidly withN1D and the effect of
screening is weakened asN1D increases. The mobility is en
hanced considerably as the extent of the islandsL increases.
We notice that asN1D increases the mobility increases mo
rapidly for islands of larger extent.

For D51 ML52.83 Å9,18 and Y15100 Å, our results,
for the unscreened mobility as a function ofN1D , presented
in Fig. 3, are in a very good agreement with Sakaki’s wor9

The small enhancement in our screened mobility, compa
with Sakaki’s result, may come from the errors introduced
the approximation for the form factor, as he also points o
instead of our exact evaluation using Eq.~12!. We both con-
clude that smoother surfaces lead to ultrahigh mobilit
compared with those of quantum wells.

In Fig. 4 we present the dielectric function,e(2kF),
evaluated using Eq.~17! as a function ofN1D , for two tri-
angular QWRs of widthsY15100 Å andY2555 Å, respec-
tively.

It is shown that the dielectric function is enhanced
narrow QWRs and therefore as the width of the wire dim
ishes the effect of screening gets stronger. According to
~12!, this is due to the dependence ofF(2kF) on the wire
width, Y. The dielectric function converges to the dielect
constant of the wireeBG as N1D increases. Therefore th
effect of screening is less important forN1D larger than
106 cm21. We compare our results for the dielectric consta
with Fishman’s,8 who studied cylindrical QWRs with radii o
50 and 100 Å. We notice that the behavior of the dielec
function as a function ofN1D is the same while a sma
enhancenent in the value ofe(2kF) we obtain comes from

FIG. 3. The screened~solid lines! and the unscreened~dotted
lines! mobility due to the interface roughness scattering as a fu
tion of N1D , for four different values of the island extentL ~200,
150, 100, and 50 Å! for a QWR of 100 Å width.
07531
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the fact that we have chosen a different wire’s cross-sectio
geometry. Our calculation has been performed for triangu
QWRs for which the envelope function is numerically calc
lated while in Ref. 8 the envelope functions are of step-l
form and certain approximations have been used for the
culation of the form factor.

Vurgaftman and Meyer28 studied roughness-limited mo
bilities in disorder quantum wires and evaluated relaxat
times as a function of the electron energy for a QWR
100 Å width, takingD510 Å andL530 Å. Using Eq.~6!,
for D510 Å andL530 Å, we obtain relaxation times com
parable with their results.

Figure 5 presents the IR mobility as a function of t
island extent,L, for two different wire widths ~a! Y1
5100 Å and~b! Y2555 Å and for three different values o
the carrier concentration,N1D51, 5, and 103105 cm21.
With the solid lines we present the mobility when screen
is taken into account while with the dotted lines we pres

c-

FIG. 4. The dielectric functione(2kF) as a function ofN1D , for
two QWRs of widthsY15100 Å andY2555 Å. eBG is the back-
ground dielectric constant.

FIG. 5. The mobility due to interface roughness scattering a
function of the island extentL, for two different wire widthsY1

5100 Å ~a! and Y2555 Å ~b! and three different values ofN1D

5(1, 5, and 103105 cm21).
3-6
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the unscreened mobility. According to our results:~i! The
mobility strongly depends on the extent of the islandsL. For
smooth heterointerfaces the mobility takes huge val
~larger than 108 cm2/V sec). ~ii ! The mobility is enhanced a
the width of the wire is increased. This was expected sin
according to Eq.~9!, the mobility is inversely proportional to
the fourth power of the envelope function at the corner of
wire which increases as the wire width decreases. Furt
more, from Eq.~10! we see that different wire width valuesY
have minor effect on the screened mobility than on the
screened case. This is due to the fact that for the scree
mobility the dielectric function, for narrow wires, increas
with the wire width but it does not become large enough
overcome the value of the mobility of wider wires.

Our theoretical results for the mobility by alloy scatterin
agree with those of Refs. 10 and 11.

In Fig. 6 we plot the screened mobilities due to alloy~AL !
and to interface roughness~IR! scattering as a function of th
wire width, Y, for two different electron concentrations~a!
N1D5105 cm21 and~b! N1D5106 cm21. For the case of the
alloy scatteringdV51 eV,29 while the value of Al mole
fraction is takenc50.3. The value ofc for the structure
under study is structurally varying along the surroundin
taking values in a range of@0.24,0.4#.27 We have performed
calculation forc varying in this range of values and we co
cluded that we do not have significant changes. For the
mobility we have usedL5100 Å. From Fig. 6 it becomes
clear that at low temperatures, for the system under st
and especially for large wire widths alloy scattering add
comparable~depending on the value ofL) contribution to
that of interface roughness. For small wire widths the int
face roughness scattering governs the behavior of the sys

In Fig. 7 we plot the heavy-hole,mhh and electronic,me ,
IR mobilities as a function of the wire width. The same fin
difference scheme on a nonuniform mesh along with Eqs.~9!
and ~10! are used for the calculation of the heavy-hole m
bility. Here, U0 is the valence-band discontinuity. Under th
conditions of our study only the heavy-hole subband is

FIG. 6. The screened mobilities due to alloy~AL ! and interface
roughness~IR! scattering (L5100 Å) as a function of the wire
width, for electron concentrations~a! N1D5105 cm21 and ~b! N1D

5106 cm21.
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cupied. For the calculation ofmhh, we have usedmhh*
50.45m0 ~Ref. 30! andU0556 meV.17

We notice that especially for small wire widths the ele
tronic mobility characterizes the charge transport.

In Fig. 8 we present the electronic IR mobility~screened
and unscreened! as a function of the 1D electron concentr
tion for a QWR of widthY5100 Å and island extentL
5100 Å. We varyN1D in such a way to populate succe
sively the ground and the first excited subbands.

Following Ref. 17, we concluded that the energy diffe
ence between the ground and the first excited state foY
5100 Å is E015E12E0577 meV, which corresponds to
carrier concentrationN1D52.353106 cm21. For N1D less
than 2.353106 cm21, only the first subband is occupied an
the mobilities are calculated using Eqs.~9! and ~10!. For
N1D52.353106 cm21 the second subband becomes pop
lated and therefore we have to use Eq.~25!, where the un-

FIG. 7. The heavy hole~hh! and the electronic~e! screened
~solid lines! and unscreened~dotted and dashed! mobilities as a
function of the wire width.

FIG. 8. The electronic screened~solid line! and unscreened~dot-
ted line! mobility as a function ofN1D for a QWR of width Y
5100 Å and island extentL5100 Å. N1D is varying in such a way
to populate successively the ground and the first excited subba
3-7



ob

lity
rts
th
ti

i-
i

on

um
ti-
c-

the
il-

ion
y as
d
in-

le

nd
th
e
alu-

M. TSETSERI AND G. P. TRIBERIS PHYSICAL REVIEW B69, 075313 ~2004!
screened matrix elements are given by Eq.~24!, and the
screened matrix elements are given by Eq.~32!. When the
second subband becomes populated the values of the m
ties presented in Fig. 8 are the mean mobilities31 m̄
5( (n)N1D

(n)m (n)
2 @( (n)N1D

(n)m (n)#
21, where m (n) and N1D

(n) are
the mobility and the electron concentration in thenth sub-
band (n51,2). As the concentration increases the mobi
increases up to the point where the second subband sta
become populated. There an expected discontinuity of
mobility appears and as we increase the subband popula
the mobility continues to increase.

IV. CONCLUSIONS

The mobility of V-shaped AlGaAs/GaAs, free of impur
ties, QWRs, at low temperatures and small wire widths
governed by the interface roughness scattering of electr
s
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exhibiting ultrahigh values compared with those of quant
wells. This justifies former expectations based on ‘‘theore
cal model-QWRs.’’ When only one electronic subband is o
cupied the IR mobility increases rapidly withN1D while the
effect of screening is weakened with increasingN1D . The
mobility is enhanced considerably with the increase of
islands’ extent. As the wire width becomes larger the mob
ity exhibits higher values. When the carrier concentrat
permits the occupation of the second subband the mobilit
a function of N1D shows a discontinuity when the secon
subband starts to become populated and continues to
crease withN1D . The alloy scattering adds a comparab
limitation to the mobility of the system~depending on the
islands’ extent! especially at high carrier concentrations a
in wires of large wire width. Both mechanisms, along wi
the impurity scattering limitation, when impurities ar
present, have to be taken into account for a complete ev
ation of the total mobility at low temperatures.
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