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Effect of impurity correlation in modulation-doped quantum wires
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A theory is given of the electronic properties of modulation-doped quantum wires which undergo a thermal
treatment, taking into account the Coulomb interaction among ionized impurities in the sample preparation. It
is pointed out that the correlation among impurities weakens their field and is enhanced when elevating the
doping level, lowering the freezing temperature for impurity diffusion, and reducing the size of the impurity
system. The screening of the ionic correlation by charge carriers in the sample growth is of minor importance.
In the limiting case of a one-dimensional impurity system, the correlation may totally suppress the random
field at any doping level, so that a finite electron mobility is governed by other scattering mechanisms than
impurity doping, e.g., interface roughness and alloying. It is found that the ionic correlation changes the
electron mobility of quantum wires as regards not only its magnitude but its dependence on the doping
conditions as well. For impurity systems of a small size, the mobility may be increased by up to more than one
order of magnitude at a doping level ofé1eém*.
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I. INTRODUCTION lated completely ordereB+3x /3 two-dimensional struc-
tures at the interface between(&il) anda-Si during MBE

Recently, there has been an increasing interest in semicogrowth. Moreover, at a high doping level, the correlation
ductor quantum wire(QQWR) structures. These structures effect is expected to significantly alter the doping profile as
have opened up the potential for various device appliwell as the characteristics of the impurity field seen by elec-
cations! In practice, intentional or unintentional doping is trons. Experimentally, Schubert and co-work&réobserved
often inevitable in a wire, which determines its quality. Thean apparent correlation-induced deviation frond aoping
quasi-one-dimensional electron geDEG) in the wire is  profile of the sample GaAs:Be grown by MBE. The effect is
generally violently affected by disorder arising from impu- to be distinguished from the low-temperature ionic correla-
rity doping. The disorder has been shown to lead to remarktion that develops during a sample measurement and was
able changes in the observable properties of the wire, e.gwell studied in Refs. 15 and 16. There, the ionic correlation
the electron mobility> and the density of staté®09).6~° is related to the migration of electrons between impurities at

It should be mentioned that all existing theoti€sof the  low temperaturegchanging the positions of charged impuri-
disorder effect from impurity doping in QWR’s were estab- tieg) if not all of the impurities are ionized.
lished by assuming that the ionized impurities are absolutely So far, a number of theories of heavily doped bulk semi-
randomly distributed in the sample. Nevertheless, it is wellconductors have been established, starting from the assump-
known'%~*2that the assumption of the random impurity dis- tion of the correlated impurity distribution. The theories were
tribution fails to be valid at a high doping level, e.g., in capable of explaining several experimental data, say, on the
heavily doped 3D(bulk) semiconductors, and in order to optical propertie¥ and mobility**"-*8|n addition, the ionic
understand phenomena occurring in such a sample one hasaorrelation was shown to lead to an appreciable modification
invoke an impurity correlation. The effect is due to the Cou-in the DOS of heavily doped materids?°
lomb interaction among charged impurities in both the prepa- It is well known that with a reduction of the dimension-
ration of a sample and the measurement of its observablglity of the electron system the effect of an interaction, e.g.,
properties during whose course they could move freely andisorder and many-body interactions, becomes generally
interact to each other. In the sample preparation, this devebtronger. So the influence of impurity correlation in a 1D
ops during a sample growth and results in a correlation irstructure is thought to likely be larger than that in 2D and 3D
realization of a given impurity configuration which is frozen systems. Further, it is also believed that in the case of strictly
after the growth. The effect is referred to as high-temperaturene dimension, an interaction appears to exhibit some strik-
ionic correlation. The situation is met when the sample uning behavior which is often of great physical interest. Thus
dergoes a thermal treatment, e.g., prepared by moleculdar, this has been theoretically proved for 1D electron sys-
beam epitax}’~12 (MBE) or pulling from the melt>**Ob-  tems. Indeed, in one dimension due to any small disorder all
viously, the correlation tends to drive the impurities to beelectronic states are exponentially Anderson localfZed,
uniformly distributed so that their configuration is of the whereas due to any small electron-electron interaction the 1D
lowest potential energy. Indeed, such ordered impurity distrielectrons make up a singular Tomonaga-Luttinger lidaid.
butions were experimentally observed by Headrick andSo the ionic correlation in a 1D impurity system is thought to
co-workers® using x-ray diffraction. They reported corre- likely assume some peculiar property. Thus, the aim of this
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paper is to supply an estimate of the effect from high-the impurity charge, and, the dielectric constant of the
temperature ionic correlation in the sample preparation omackground lattice. The Debye screening radius is fixed by
the electronic properties of the 1D structure based on QWR’the charge carrier density, in the high-temperature plasma:
and to explore the behavior of correlated-impurity systems i\ ;= \/¢ kg T /4me?N..

one dimension. The first term on the right-hand side of E®) describes
the random distribution of independent impurities, whereas
Il. AUTOCORRELATION FUNCTION FOR CORRELATED the second one is connected with the minimum work to be
IMPURITIES done against the Coulomb attraction or repulsion between

the charged impurities to realize the configuratégn). The

To start with, we derive the autocorrelation function for a S X -
, . o second term clearly diminishes its probability and, hence,
random field created by correlated impurities. It has been : o . 4
. ) . -~ describes statistical screening of the random field. The prob-
pointed out that this plays the key role as the input function

for disorder interaction in the calculation, e.g., of theabIIIty functional(3) with Ap— e was first employed by Sh-

i 3,14 ; Fni _
mobity* and the DOSIRels. 0 nd 280f QWR'. For that 9151 00 E10%, To ssmate e efect for o cor
purpose, we need to specify our model by choosing a cylin- 9 g

drical QWR and confining the motion of electrons in the screening of the impurity-impurity interaction by charge car-

wire by an infinitely high potential barrier at its boundary. riers in the sample growth. The screening of ionic correlation

The wire has been so modulation doped that the impuritiegvas also neglected by Schubert and co-workefswhen

are chaotically located on an infinitely thin cylindrical tube e?;wéngr;gt:‘gezcgrgﬂ'cig"ggi(::g:e\:?xgnbfrol\r/?;s p:ggthe
coaxial with the wire. The motion of the electrons along theP P b€ g y '

axis of the wire(chosen as thg axis) is affected by disorder present paper, we _incl_ude explicitly the screening of the in-
due to a random field)(x) created by fluctuations(r) in terimpurity interaction in the h|gh-temper_ature plasma.

e impurty densiy. A usual i what ollows we assume, ) 0701 1 PO e path legras n 6 ve must
that these fluctuations and, hence, their random field obe y

Gaussian statistics. Therefore, it may completely be characPanston in cylindrical coordinates= (p, ¢,x). For impu-

terized by an autocorrelation function, defined by {lrztdensny fluctuations, on the tube of radips a, it holds

W(x=x")=(U(x)U(x")), &) i}
where the angular brackets denote averaging over all the Er)= 2 & Mo (4)
k,m=—o

configurations of the randomness. This function depends

merely on the coordinate difference, the disordered electron ith k 1D tor al the wi o Th lit
system being macroscopically homogeneous. Wi asa wave vector along the wireé axix. The reality

It is well known that configuration averaging may be rep-©f €(r) requires that the real and imaginary parts of its Fou-
resented in terms of a Feynman path integral as rier components¢m= &xm+iékm, Nave to satisfy the con-

straint
fD§(f)eXP{—Q[§(f)]}O[§(f)] Em=E —mr == . (5)
(O[é(nN )= )
j DE(r)exp—QLEN ]} This implies that the independent Fourier components cover
only one half-space, e.g., the m=0 half-space. Then, the

in which D&(r) stands for the Feynman measure on the sefFe€ynman measure is written as a product
of impurity density fluctuations, and ekpQ[&(r)]} deter-
mines the probability for the realization of a given configu- - T
ration &£(r). For Gaussian fluctuation$)[ £(r)] must be a j Dé(r)= H (f_wdfkmf_wdfkm '
guadratic functional. Moreover, it is normally assu

that the distribution of impurities after sample solidification
is a snapshot of their distribution at tkleigh) freezing tem-
peratureT, for impurity diffusion. Thus, we may write

(6)

k,m=0

As seen below, the effect of ionic correlation becomes
important only when the impurity system is of small size.
Accordingly, we will restrict the discussion to the case where

1 (Ze)? the radius of the impurity tube is small compared with the
QLEMN) == dré¥(r)+ ——— Debye one. Then, for the screening factor entering Bj.
2N; 2€ kgTo with p=p’=a, we may adopt the following approximation:
exp(—|r—r'|/\ , ,
xf drf dr' &(r)&(r’) " || || D), exp(—|r—r’|/\p)~exp(—[x—x"|/\p), (7
r—r’
3) with a<\p. For further calculation, we employ an expan-

sion of the inverse distance between two pointand r’
with the integrals being extended over the impurity tube.(Coulomb potentialin cylindrical coordinate$? As a conse-
HereN,; means the impurity density per unit length along thequence, the screened Coulomb potential appearing in3tqg.
wire axis and per unit circular arc on the impurity tuBeis  is represented in terms of a series
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exp(—|r—r'|/\p) Upon putting Eq(12) into Eq.(10), we obtain the Fourier
- D series for the random field due to an impurity tube of radius
[r—r’| a and zero thickness:
2 & . . 25,2
_ Zx=x"l/ K(x=x" — o' 8mwZe .
SL 2, & e miened U(x)=- S e oAkRKa).  (14)
k,m € k=—o
X m(kp<)Kn(kp=), (8 We are now able to calculate the autocorrelation function

in question. By replacindJ (x) figuring in Eq.(1) with Eq.

with L the length of the wirek=|k, and p=min{p.p'}, (14), we get the Fourier series for this function:

p==maxp,p'}. Hereafter] ,,(x) andK,(x) are the modified
Bessel functions of the first and second kifidy inserting

2 2 *

Egs.(4) and(8) into Eq.(3), we may rewrite the exponent of W(X_X,):(87T Zez) > ek £ 0|DAZ(KR Ka).

the probability functional as a sum €L k=—c0
(15

Q 27l zw: 62 14 8m(Ze)°N; Next, one has to do the configuration average entering Eq.
L&D]= 5, 22, [6km ckaTo (15). With the aid of Eqs(6) and (9), the path integral€?)
with O=¢'2, and &2, are straightforward, yielding
1 & b
X ————In(k'a)K(k'a) |. , . N;

L2 Tongkaky? K@Kl (&'0)=(&"8) =7 (k). 16

© Here we have introduced a correlation facky(k), whose

Next, we are dealing with a random field due to all theinverse is defined by
charged impurities present in the sample. This can be given

2 . o
in terms of fluctuations in the impurity density by the follow- Fol(k)=1+ mf dt Ip(at)Ko(at)
ing equation: mekToJo
X Ao + Ao (17

wherevg(x—r") means the Green’s function of Poisson’s with n;=2=N; being the 1D impurity density and, as before,
equation and coincides with the potential energy of an elecky(x) andKy(x) the modified Bessel functions of zero order.
tron at pointx on the wire axis p=0) created by an impu- Finally, upon setting Eq(16) into Eqg. (15) and replacing
rity at pointr’ on the tube f’'=a). The electron-impurity thek sum with ak integral, we may factorize out the Fourier
interaction is to be modified by a finite extension of thetransform of the autocorrelation function for correlated im-
electron state in the transverse directions, i.e., weighted aspurities as follows:

We(k)=Wr(K)Fc(k), (18

(x=r")=2mx| d 2u(r—r"). 11
Vel ) Wf pel e[ ) ) whereWg(k) is the one for independent impurities,

Here ¢(p) denotes the electron wave function of the lowest nZ
1D subband (of cylindrical symmetry, and v(r—r’) WR(k)=<
=—Z¢€% € |r—r']| is the Coulomb potential of an electron at
pointr by an impurity of charg&e at pointr’. For simplic-  Thus, Eq.(18) indicates that for taking into account the ionic
ity, we ignore at this stage of the derivation the screening otorrelation we ought to introduce a relevant factor into the
the one-impurity field by 1D electrons in the witefter the  Fourier transform of the autocorrelation function. It is evi-
solidification, which will be included later via the dielectric dently seen from Eq.(17) that Fg(k)<1 and, hence,
function[see Eqs(33) and(34)]. With the use of the expan- W(k) <Wg(K); i.e., the correlation among impurities is, as
sion of the Coulomb potential in cylindrical coordinates, theexpected, to weaken their random field. The correlation fac-
electron-impurity interactiorill) is rewritten as tor depends not only on doping conditions such as the impu-
rity density and the freezing temperature for impurity diffu-

eZ 2
) niA%(kRka). (19

) 47Z& k(') ) sion as in the case of bulk semiconductors, but also on the
Vel(X—r1")=— el k;_w e A(kRkp"), size of the impurity system.
(12) The size dependence is distinctive of quantum structures:
with a reduction of the size of the impurity system the
whereR is the radius of the wire, and correlation factorF(k) becomes smaller, so that the ionic

correlation is stronger and the impurity field is weaker. With
, the help of the limiting form of the modified Bessel functions
A(kRkp ):J dopl(p)*lo(kp<)Ko(kp=). (13 inter?est for small agrgumeﬁfs
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lo(X)~1, Ko(x)~—Inx, for x—0, (20) n=er/m*, (24)

the integral in Eq(17) is readily estimated for smadl. The  Wwith m*.the effective mass of _the charg_e carr!ers A general
inverse correlation factor for an impurity system of small expression for the relaxation time ofcadimensional inter-

size @<\p) is then given by acting electron gas in the presence of disorder was derived
by Gold and Gze® For the lowest subband, the inverse
1 2(Ze)%n, relaxation time for zero frequency and zero temperature is
Fei(k)=1- m'”(ka)! (21 given in terms of the Fourier transform of the autocorrelation
function by
which impliesFq(k)—0 for a—0. Thus, if the impurities
are located on the wire axis, the correlation among them may 1 1 ) ,
completely suppress their random field at any finite doping T m ; k“W(k) ¢"(k), (25)

level. This means that in the limiting case of 1Bizeles$

impurity systems, the ionic correlation is very strong, irre-where ¢"(k) means the density-density relaxation function
spective of the doping level being high or low. The situationof the noninteracting electron gas angthe 1D carrier den-

is somewhat analogous to the case of electron correlation isity. Electron-electron interaction effects are, as quoted
one dimension, where due to any small electron-electron inabove, included i'W(k) via the dielectric function. For one
teraction the 1D electrons make up a singular Tomonagadimension, we use the results due to Williams and Bidah
Luttinger liquid?® This is in sharp contrast to the 2D and 3D get

impurity systems, where the ionic correlation, even in the

absence of the screening of it by charge carriers in the high- ¢"(K) =2 pem* ked(2ke—k)/K?, (26)
temperature plasma, is of some importance merely at a higlynere . is the DOS of the free-electron gas at the Fermi
doping levelt®~1%18-2%|n particular, the electrons in a 1D energyEs: pe=2m*/mke, with the Fermi wave vectok
impurity system move seemingly freely along the wire aXiS:(w/Z)nz: F F F
without impuriyy scattering even under a high density of By inserting Eqs.(25) and (26) into Eq. (24), we may
charged impurities. express the electron mobility in terms of the Fourier trans-

The inverse correlation factdL7) is reduced to a simple form of the autocorrelation function as follows:
form when the screening of the impurity correlation in the

sample preparation is neglected. By letting— o and with eh Ee

the aid of = F m (27)
EL—>5(X), for 5—0, 22) By means of Eq(27), we immediately obtain a simple
T 92+ X? relationship between the mobilities limited by correlated and
) ) independent impurities:
we easily arrive at
M _
» 2(ze)’n, == =Fcl(2kp). (28)
For(k)=1+ ——Ig(ka)Ky(ka). (23 MR
e ksTo

The ratio(28) is to be considered as a measure of the influ-

ence from ionic correlation on the electron mobility. This is
IIl. EFFECT OF THE IMPURITY CORRELATION fixed by the inverse correlation factor at the doubled Fermi
wave vector and depends then on the electron density. It is
) ) ) ) clearly observed from Eqg17) and (28) that the mobility
_ In this section, we W!|| apply the foregoing theory_ t0 €S- |imited by correlated impurities is larger than that by inde-
timate the effects of ionic correlation on the electronic ProP-pendent ones. As indicated in the end of Sec. II, in the lim-
erties of QWR’s, e.g., the electron mobility and the eNer9Yiting case of 1D impurity systemE(2ks)—0 fora—0, so
spectrum. Recently, Das Sarma and ‘?O'WO'%@_ have  that the impurity-limited mobility . may become very
proved, basing on a realistic model of disordered interacting, 4o | this case a finite electron mobility is governed by
1DEG's in semiconductor QWR'¢parabolic 1D subband, iher scattering mechanisms, e.g., interface rougfh&ss
finite electron density, and actual Coulomb interactitrat and alloying®®*’ In addition, when neglecting the screening
these electron systems behave, for all practical purposes, &SF ionic correlation by charge carriers the ratis) depends,

sentially as delocalized Fgrm[ quuiQS. The ayailabl%?é(lpen—as seen from Eq23), on the electron density and the size of
ments have seemed to justify this theoretical claimt.” o impurity system via a combination ofa.

Therefore, we shall start from the standard Fermi-liquid
model for disordered interacting 1DEG’s in semiconductor
QWR's.

It is well knowr?-® that at zero temperature impurity scat- It is well known that the DOS is the most adequate con-
tering is one of the main mechanisms for governing the eleceept for describing the energy spectrum of disordered sys-
tron mobility. The mobility is determined via the momen- tems. Moreover, at a high enough doping level the impurity
tum-relaxation time for zero frequency by field is proved to be smooth in space on the average so that

A. Electron mobility

B. Density of states
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a semiclassical approach is applicable. The DOS of disor- 10 T T T
dered 1DEG’s may then be derived by Quang and Tahig
the following form:

1{2m\"? 1 E2
p(E)== Xy~ —

—e [—
T ﬁZ 2 1/2 4 2
(2y) Y P
o ( E) 12F? 5 ( E 29 <
Y M -—11, (&)
v T Same 7 52\ T 3
wherey andF denote the rms of the potential and force of
the random field, andD,(x) is a parabolic cylinder
function?® The random parameters are given in terms of the
Fourier transform of the autocorrelation function by
0 1 1 L
= dk 12 108 104 10° 10*
v [ ok (30) 10
o]
and Ap (A)
= dk FIG. 1. Ratiouc/ug vs Debye screening radids, under an
F2=J EKZW(k). (31)  impurity densityn;=10° cm ! and different sizes of the impurity

systema (denoted on lines in units of A Solid and dashed lines

; - refer to the ionic correlation in the presence and absence of screen-
< < < .e. . .
Since W (k) <Wg(k), we havey-<yg and F-<Fg; i.e., ing, respectively.

the strength of the field created by charged impurities is di-
minished when they are correlated distributed.

For simplicity, the electrons are usually assumed to be
uniformly distributed in the wire sectiot Accordingly, the ved k)= e (KR)?
wave function of the lowest 1D subband is taken in the form

The dielectric function(35) appearing in Eq.(27) at k

e2

[1-21,(kRKy(kR)].  (36)

1J7R?, p<R, =2k is divergent and is to be repladed with the one at a
¥(p)= 0. p=R, (32 low temperature Ky T<Ep):
which enables the integral appearing in Ef@) to be ana- k)= 1 2m* ved 2kp) [ 8e° Ep 3
lytically done. Consequently, the autocorrelation function for €(2kp) =1+ ah?2  2Ke n 7 kgT)’ (37)
independent impurities depends on their position as
follows:>° with C=0.57725 ... theEuler constant.
47€%\? n; 1 ) C. Numerical results and conclusions
Wr(k)= 7k 21— (KRK(kR)lo(ka)] . . : —
€. | €(K) (kR) We have carried out numerical calculations for a cylindri-

(33 cal QWR made from GaAs/AGa _,As (x=0.30). The ma-
terial parameters are the effective mas$=0.067,, the
dielectric constang =12.9, and the freezing temperature for
impurity diffusion, To=1000 K. The DOS is scaled in units

12(kR)K2(ka)  (34) of p*=1/Ry*a* =179 10° m.e\flcmfl, with  a*
=100 A the effective Bohr radius, and Ry5.6 meV the
) ) ) ) _ effective Rydberg numbefused as the energy uhitThe
fOI‘ a=R. Heref(k) IS the d|e|eCtr|C funCtlon, Wh|Ch a“OWS modu'ation d0p|ng iS SUCh that the |mpur|ty density ranges
for the screening of the impurity field by 1D electrons in the from n=10° to 2x10° cm™%, the corresponding Debye
wire at low temperatures after the solidification. Within thescreening radius is larger than 10 A.
random phase approximation, this is given at zero tempera- Figures 1-3 display, according to E@8), the ratio be-
ture by tween the mobilities limited by correlated and independent
impurities. To estimate the influence from the screening of
the ionic correlation by charge carriers in the high-
temperature plasma, Fig. 1 sketches the ratid ug as a
function of the Debye radius under an impurity density
where v {Kk) is the electron-electron interaction potential nj=10° cm ! and different sizes of the impurity systea
weighted with the wave functiof82) as =10"19 105, and 1 A. The solid and dashed lines corre-

for a=<R and

4Ze2)2 n;

WR(k):( (k) (kR)2

€L

2m* ved k) | k+ 2k
ah?2 Kk |k—2Kkg

e(k)=1+ (39
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25

20

15

uc/ UR

10

u (cnf / Vs)

10 2x10° 10°
n (cm™) n (cm’)
i i
FIG. 4. Mobilities uc and ug for the wire of a radiusR
=100 A, temperature T=1.3 K, and electron densityn,
=10° cm™! vs impurity densityn; under different radii of the im-

Byrity tubea (denoted on lines in units of )ASolid and dashed lines
refer touc and ug, respectively.

FIG. 2. Ratiouc/ ug vs impurity densityn; under different radii
of the impurity tubea (denoted on lines in units of A

spond to the ionic correlation in the presence and absence
the screening, respectively. In what follows, the mobilities
are evaluated, taking account of the screening effect. In Fig.

2 the mobility ratio is plotted versus impurity densityun-
der different radii of the impurity tube=10 2% 10 %,
10710 1075 1, and 18 A, whereas in Fig. 3 it is plotted
versus impurity system siz& under various impurity densi-
tiesn;=10°, 5x 10°, 1¢°, and 2< 10° cm™*. Figures 4 and 5
show, following Eq.(27), the dependence qi: and ug on
the doping conditions for the wire of radii®=100 A , tem-
peratureT=1.3 K, and electron density,=10° cm . In
Fig. 4 these are plotted versus impurity densityinder dif-
ferent radii of the impurity tubea=10"2°, 10 1% 10, and

30 T T T T

e/ pg

O 1 1 1 1
100 10" 1g®  10° 10° 102

a (Z)

FIG. 3. Ratiouc/wg VS impurity system size under various
impurity densities; (denoted on lines in units of cr).

10? A, whereas in Fig. 5 they are plotted versus impurity
system sizea under various impurity densitieg=10°, 1P,
and 2<10° cm™ 2. In addition, . and u are plotted in Fig.

6 versus electron density, under a doping leveln;
=10° cm ! and different radii of the impurity tubea
=1019 10, and 18 A . The electron density has been cho-
sen to satisfy the condition,<2/R, so that the lowest sub-
band approximation is valitlin Fig. 7 the rms potentiay

u (cm? / Vs)

a (X)

FIG. 5. Mobilities e and ug for the wire in Fig. 4 vs impurity
system sizea under various impurity densitieg (denoted on lines
in units of cm'1). Solid and dashed lines refer joc and ug,
respectively.
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107:

106:

u (cnf / Vs)

v (Ry”)

5x10%  10° 10°

n, (cm’™)

FIG. 6. Mobilities uc and wg for the wire in Fig. 4 vs electron
density n, under an impurity density,=10° cm™* and different
radii of the impurity tubea (denoted on lines in units of A Solid
and dashed lines refer @ and ug, respectively.

and forceF for the wire of a radiu®=100 A doped with an
impurity densityn,=10° cm ! are plotted versus impurity
system sizea under various electron densitieg=5x 10°,

10°, and 16 cm™ 2. Figure 8 sketches, according to ER9),

the DOS versus energy for the wire in question doped with
ni=ne=10° cm™! under different radii of the impurity tube, 05
a=1019 10, and 16 A . The solid and dashed lines in Figs.

4-7 correspond to the correlated and random impurity dis-

F (10® dyne)

tributions, respectively. 0.0 L L L L
From the results thus obtained we may draw the following 102 107 10° 10! 107
conclusions.
(i) Figure 1 reveals as in the case of 2D and 3D impurity Y
systems~14 the screening of impurity correlation in the a(A)

growth is generally of minor importance for real samples.
Indeed, the screening is negligibly small for the Debye ra-
dius\p= 107 A. The effect becomes more important with a 5 1aqiysR=100 A doped with an impurity densitg;=10° cn
reduction ofnp. Itis found that the ionic correlation is con- g impurity system size under various electron densities (de-
siderably suppressed by charge carriers merely with a veryoted on lines in units of ciit). Solid and dashed lines refer to the
short Debye radius.p<=1 A. This is not the case of the correlated and random impurity distributions, respectively.
systems under consideration, where the screening radius
(A\p>10 A) exceeds the average interimpurity distancereduction ofa. This exhibits a logarithmic dependence of the
along the wire axis (<1 A). effect on the size of the impurity system. As clearly seen
(i) It follows from Fig. 2 that the ratiouc/ug is, @as  from Figs. 2 and 3, the ionic correlation is of some impor-
expected, increased when elevating the impurity demsity tance witha<1 A, so that Eq(7) is a very good approxi-
more quickly at a smaller radius of the impurity tube. For mation for real systems.
instance, witha=10"1° A the electron mobility of a QWR (iv) Figure 4 indicates the mobilityug is linearly de-
may be raised by a factor of 22 at a doping lewngk2 creased with elevating the doping level, irrespective of
X 10f cm™1, while the relevant factor of &-doped sheet the impurity tube radius. This is because that the autocorre-
GaAs:Be was estimatéfito be about 3 at a very high 3D lation function for independent impurities is proportional to
doping level of 3. 10?° cm™3. Further, with the used val- n;, as seen from Eqg33) and (34). However, due to the
ues ofa the ionic correlation is of some importance at aionic correlation, the mobility.c is found to exhibit an ap-
doping leveln;=10° cm™ 1. parent deviation from linearity and to be a more slowly de-
(iii) It follows from Fig. 3 that the ratiguc/ug is in-  creasing function oh;, especially for impurity systems of a
creased nearly linearlyon a semilogarithmic scalevith a  small size.

FIG. 7. rms of thga) potentialy and(b) force F for the wire of
1
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1.5 T . - r (viii) It is seen from Fig. 8 that the impurity-induced DOS
: tail below the subband edge becomes narrower and higher
due to ionic correlation.

IV. SUMMARY

To summarize, in this paper we have pointed out that the
correlation among impurities in QWR’s weakens their field.
The ionic correlation changes the electron mobility of
QWR's as regards not only its magnitude but its dependence
on the doping conditions as well. The effect exhibits a pecu-
liar dependence on the size of the impurity system. For a thin
system, the effect becomes larger than that in 2D and 3D
ones. In a strictly 1D impurity system, the ionic correlation,
no matter how to weak, totally suppresses the random field
acting on the electrons in the wire. It is worth noting that the
conclusions obtained for modulation-doped QWR’s turn out
to be qualitatively valid for background-doped QWR’s,
where the impurities are located not on a hollow tube, but in
N a solid cylinder.

E (Ry ) It is well known that the electron system in a modulation-
doped low-dimensional semiconductor structure has a high
] - y . mobility since the effect of ionized impurities is minimized
radius R=100 A doped withn;=ne=10> cm ", under different ; thisystructure by their spatial sepaFr)ation from the active
radii of the Impurity tubea (denoted on lines in units c.’f)AS?“d .channel. In this paper we have proved that the quality of
and dashed lines refer to the correlated and random impurity dIStrIa d OWR’s mav. in another wav. be improved if they un-
butions, respectively. The dotted line represents the DOS of theOpe Q Y, Y, D p y un-
ideal 1DEG. dergo a thermal treatment and the impurity system size is
reduced.

As mentioned in Ref. 38 and more recently in Ref. 39, so
far there have been no available experimental results on elec-
tronic properties of QWR’s such as the electron mobility and
DOS. Therefore, a detailed comparison of our theory with
experiment is presently impossible. However, we hope that
our theoretical results evidently stimulate future experimen-
tal studies on impurity systems of small size, especially in

p (p)

FIG. 8. Normalized DOS(E) vs energy for the wire of a

(v) An examination of Fig. 5 shows the mobilifyg is in
general an increasing function of the impurity system size
and for a small tube, e.g., @<10 A, ug is found to be
almost independent @ On the contrary, in such an impurity
system the ionic correlation is strong, so that is remark-
ably decreased with increasimag

(vi) It is observed from Fig. 6 that the ionic correlation is X ;
of more importance under a smaller electron density. FoP™€ dimension.
ne=>5x10* cm ! the mobility may be raised by up one or-
der of magnitude aa=10 1% A | but for n.=10° cm ™1, uc
almost coincides withug ata=10 A . The authors would like to thank Professor M. Saitoh and

(vii) Figure 7 reveals that influence of ionic correlation on Professor K. Slevin, Department of Physics, Osaka Univer-
the strength of the random field is measured by the ordinatsity, Japan for valuable discussions. Part of this work was
separation between the relevant solid and dashed lines. Thiwne during the stay of one of the authdBN.Q.) at the
effect is enhanced with a reduction of the size of the impurityAbdus Salam International Center for Theoretical Physics,
system. Trieste, Italy.
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