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The influence of electron scattering by rough boundaries on electrical conductivity of quantum wires
is studied in the diffuse transport limit within the kinetic Boltzmann equation approach. The
considerations are restricted to the wires obtained by lateral confinement of a two-dimensional
electron gas. Both intra- and interboundary roughness correlations are taken into account. It is
shown that the cross correlations usually increase the conductivity, leaving the shape and phase of
the quantum size oscillations almost unaffected. 2@1 American Institute of Physics.

[DOI: 10.1063/1.1372656

I. INTRODUCTION wires was also shown to have a significant influence on the
current distribution and Hall effe¢f. In some other studies
Progress in nanofabrication technology in recent yearsf single and coupled quantum wires in a magnetic ftéld,
has made it possible to impose lateral confining potential othe boundary roughness was considered only in terms of the
a two-dimensional electron system, and to produce quasion&aussian correlation function.
dimensional quantum wires. Laterally confined quantum  Quantum-mechanical calculations of electrical conduc-
structures have been fabricated, for instance, in GaAdivity have also been performed for quantum wires with a
AlGaAs heterostructures, where the split-gate or etchingvide range of boundary morphologies. In that case, some
technigues allow the lateral modulation of the compositionadditional features arise from possible boundary fractality,
and the band gapln such structures, long mean free path of described by the roughness exponknt>='° The boundary
charge carriers in comparison with the wire width leads tofractality was shown to have a significant influence on wire
transport phenomena due to nonlocal effetnd to some conductivity. The considerations, however, were limited to
anomalies in the low-field Hall effeétApart from this, scan-  incoherent electron scattering from different boundaries, ne-
ning probe microscopy techniques enabled production oglecting this way effects arising from possible cross correla-
nanowires of AP Fe® and Cd with a wire width smaller tions between the wire boundaries. This problem is analyzed
than 10 nm. in the present article in which we include cross correlations
It has been shown experimentally that electron scatteringnd analyze their influence on electrical transport properties.
from rough boundaries has a strong influence on the magne- The article is organized as follows. In Sec. Il we present
toresistance of long wires, and in general on their transporgeneral expressions for electrical conductivity of quantum
propertie In fact, if the wire width is comparable to the wires. Model boundary roughness is described in Sec. lll.
Fermi wavelength, pronounced quantum-size-eff€@8E Numerical results are presented and discussed in Sec. IV.
oscillations with the wire width are expected. This has beerFinal conclusions and some general remarks are in Sec. V.
shown, e.g., in Ref. 9, where magnetotransport in quantum
wires in the presence of scattering from rough boundariel- CONDUCTIVITY OF QUANTUM WIRES
was studied. The roughness was described there in terms of a \We consider a two-dimensioné2D) electron gas, con-
Gaussian correlation function by two parameters—the roofined laterally by an external potential to form a long quan-
mean squarérms) roughness amplitudd and the lateral tum wire. The axisx is along the wire and the axig is
correlation lengttg. It was shown that the roughness scatter-perpendicular to the wire but within its plarithe plane of
ing leads to a large positive magnetoresistance for wirghe 2D electron gas The wire boundaries are locatedygt
widths larger than the Fermi wavelength and correlation :yg+ hy(x)=—d/2+h,(x) and yzzyg+ ho(x)=d/2
lengths smaller thamg. Boundary roughness in quantum +h,(x), whered is the wire width anch,(x) andh,(x) are
two random functions, average values of which vanish by

dAuthor to whom all correspondence should be addressed; electronic maigeﬁn“fiohv <h1(X)> =(hy(x))=0. We assume that the _rOUgh'
g.palasantzas@phys.rug.nl ness is isotropic, so that the height—height correlation func-
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tions depend only on the relative distarjge-x’|. We will N K
consider the situation when the dominant contribution to  [DY°YEg)],, = —2{ 8,,r > A,Cf"SAf[OSk—V[Clz(kV
electrical resistivity comes from the electron scattering due n=1 ©

to roughness of the lateral confining potential, neglecting —k,)+ Cpok,+k,)]— ACOSACOS
other sources of scattering like impurities or roughness of the . ok o
vertical confining potential. Assuming step-like lateral con-

fining potentials one may write the relevant Hamiltonian in X[Caak,—K,) = Cpak, Tk, )]
the form?
)
B_ 0y712 Cros_ 0 0
ﬁz (?2 (92 Here’ AV_VB[qDV(YB)] ’ AV - V1V2¢V(Y1)¢V(y2);
H =[ ~oml o2 + (9_3/2) +V0(—y—d/2)+V,0(y whereasC (k) = J C5(x)exp(kx)dx is the Fourier transform

of the autocorrelation functiorC4(x), defined asCg(x)

=(hz(x)h(0))=(1/L) [hg(x)hg(0)dx, for B=1,2. Since
—d/2) 1 +{V1h1(x) 8(y+d/2) = Vhy(x) 5(y —d/2)} Cx(X)=Cyz(—x), the Fourier components are real, and
Cp(k)=Cz(—k). Similar definitions also hold for the cross-

=Ho+Hscam (1) correlation functionC;,(x) and its Fourier components

C15(k). The matrix elementgD™(Eg)],,  describe incoher-
ent electron scattering by different boundaries, while the ma-
trix elementg D“°YEg)],, take into account coherent scat-
tering due to cross correlations of the wire boundaries. In the

ideal boundaries, whilé...; is a perturbation due to the @P0Ve equationdl is the number of occupied one dimen-

) 1 ) . -+ >
boundary roughness. The wave functions and the corre2ona 15721|lr11|bands, ank, is defined ask,=[(2m/A%)(Er

sponding eigenvalues of the Hamiltoniaty are d,(x,y)  _E»]1" -~ The Fermi energfe and the number of occu-
=L Y2k (v) and E, =E,+#2k¥2m, respectively, pied minibandsN for a given wire widthd and electron

wherelL is the wire length. Free electron motion is assumeodefns'tyn per unit area of the 2D electron gas can be deter-

along the wire, with the corresponding wave vedtpwhile mined from the condition
the motion along the axigis quantized with the correspond- 2 [om\ 2N
ing discrete energy leveB, (v=1,2,...) and wave functions nd ?) > (Ep—E )2 (6)
¢,(y) (assumed realIn the first term of Eq(1) ©(x) is the vt

step function,®(x)=1 for x=0 and ®(x)=0 for x<0,  When the electrons are confined by infinite potential walls
whereass(x) in the second term is the Dirac delta function. (V,—«),  one  finds Af=n27%?md®,  AJ®
One should note at this point that in real situations the laterak (—1)" " 122 7%v?/md®, andE ,= (%2/2m)(v/d)?.

confining potential is not steplike, but varies with the dis-

tance from the middle of the wire in a more complex way.

This general case, however, will not be considered in thidll. WIRE BOUNDARY ROUGHNESS AND CROSS

The wire conductivity, calculated in the Born approxi-
mation, is given by the following formula:

wherem is the electron mass and; denotes height of the
confining potential at thgdth interface 3=1,2). The first
part,Hg in the formula(l) is the Hamiltonian of a wire with

w

In the following discussion we suppress the boundary
index B, which will be restored at the end of this section. For
a self-affine rough boundary, the height—height correlation

2 p4 NN function C(x) =(h(x)h(0)) has the scaling behavidZ(x)
”I%m% > Kk, D HER ], (20 ~A2-Bx?H if x<¢, and C(x)=0 if x>¢£B18 with B

rmhvi=t (=A?/&?M) being a constant. Heré,is the in-plane rough-
ness correlation lengtly = ([ h(x)]?)*? is the saturated rms
where the matrix elemenff (Eg)],,  are calculated at the roughness amplitude, adl(0<H<1) is the roughness ex-
Fermi energyEr and are given by ponent which characterises the degree of surface irregularity
at small length scalesx ¢). 13716
. For self-affine fractals the roughness spectr@tk)
[D(Ep)],, =[D"™(Ep)],, +[D"NER) ], ) = rc(x)explkx)dx has the scaling behavig(k)sk—1~2
if ké>1 andC(k)xconst if ké<1. Such behavior can be
with described by the simple Lorentzian analytic md@el
A%¢

N
) k
in — BaB_Y _
[DRER L 321 [5”’/#2_1 AVA“KM[CB(kV Ku) Indeed, in the limiké<1, we haveC(k)~AZ2&, while in the
BnB limit ké>1 we obtainC(k)xk 72", The normalization
+Cpk k)1 ALAL[C(k,—k,) condition [ _y_-< C(K)dk=A? yields the constant; a
=(1H)[1—-(1+ak.£&) "] if 0<H<1, and a=2In(1

—Cp(k,+k,)]1f, (4)  +ak#) if H=0 (logarithmic roughness® Here, k.= m/a,

Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



8004 J. Appl. Phys., Vol. 89, No. 12, 15 June 2001 Palasantzas, Barna$, and De Hosson

1.25
1.13
1.00

0.88

o[1/kQ]
c[1/kQ]

0.75

0.63

0.50

00 02 04 06 08 10 12 14 16 18

100 101

H /H
d (nm) 2 1

FIG. 2. Wire conductivity vs roughness exponent radtig/H, (H,;=0.5)

FIG. 1. Wire conductivity vs wire widtld, calculated for indicated values of -
vy calculated for indicated values ef d=5 nm, and foré;=£&,=5 nm.

the decay parametet H,=H,=0.5, and for§;=£&,=5 nm.

yvith a, being a parameter of the order of interatomic SPac+(at constant,) for several values of the decay parameter
ing. For other roughness models see also Refs. 17 and 18 g pefore, the conductivity increases with increasing value
For the Fourier transform of the cross correlation func-of - The conductivity also increases with increasing value of

tion we assume for simplicity the following form: H,/H,, and the rate of this increase is larger for larger val-
Cyo(K)=C1(K)Co(k) exp(—d/ 7). (8)  ues ofr. Thus, boundaries with larger values of the rough-

] ] ) ness exponentl give smaller contribution to resistivity. A
This form corresponds to exponentially decaying cross corgjmilar behavior is shown in Fig. 3, where the conductivity is
relations with increasing wire width, with the corresponding plotted as a functiorH,/H, (at constantH,) for various
decay parameter. Similar forms hav.e been qsed to describeroughness correlation lengtids and &,. At small values of
real-space cross correlations in multilayer betweer|_|2/|_|1 and large roughness correlation lengtés, &,> r,

: 9 OO s

interfaces. the conductivity increases rather fast with increasithg.
However, when either correlation lengths bf,/H; are

IV. NUMERICAL RESULTS small, the increase is significantly smaller. The conductivity

jalso increases with increasing correlations lengthand¢, .

Variation of electronic conductivity with the roughness
correlation lengths is shown explicitly in Fig. 4, where the
conductivity is plotted as a function @5 /¢&; (at constant,)
and for different values of the decay parameteirhe con-
ductivity significantly increases in magnitude with increasing
&, for &,/16,<1 and for large cross-correlation lengths (
>d). Similar dependence is shown in Fig. 5 for different
values of the roughness exponehits andH,.

Numerical calculations were performed for the 2D area
electron densityn=4.0 nm 2, atomic spacinga,=0.3 nm,
and rms roughness amplitude =A,=0.3 nm, which is of
the atomic dimensions. Apart from this, our calculations
were performed for infinite potential walls and for the wire
widths much larger thath; andA,,d>A;,A, (in order to
ensure validity of the description

Figure 1 shows electrical conductivity versus the wire
width d for two different values of the decay parameteAs
one might expect, the conductivity varies oscillatorylike with
increasingd. The oscillations are of quantum origin and the
corresponding oscillation period /2 (A being the Fermi
wavelength. Each time the Fermi level crosses another lat-
eral miniband, another channel for electron scattering be-
comes open, which reduces the conductivity and leads to the
observed QSE oscillations. Since the role of boundary scat- 'a'
tering decreases with increasidgaverage magnitude of the
conductivity increases with increasing wire widthAs Fig.

1 shows, the conductivity increases with increasing decay
parameterr. This is because coherent scattering due to the
cross correlations reduces the contribution from the incoher-
ent electron scattering by the wire boundaries. The shape and
phase of the QSE oscillations remain almost unaffected by

=
~
—
el

1 ' ] " L " 1 A L r 1 ' 1
R 00 02 04 06 08 10 12 14 16 18
the cross-correlated scattering component. However, a com- H /H
2 1

ponent with the oscillation period equalXg is generated by

the interference term, as one can note in Fig. 1 for

=6 nm._ o ) calculated forr=3 nm, d=5 nm, and for various boundary correlation
In Fig. 2 we show conductivity as a function b, /H, lengths,&,=&;.

FIG. 3. Wire conductivity vs roughness exponent ratig/H, (H,;=0.5)
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FIG. 4. Wire conductivity vs roughness correlation length rgtioé; (&,
=5 nm) calculated fod=5 nm, H,=H,=0.5, and for indicated values of
the parameter-.

V. CONCLUSIONS

We have analyzed the boundary scattering effects on the
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FIG. 5. Wire conductivity vs roughness correlation length rgtidé; (&,
=5 nm) calculated forr=10 nm,d=5 nm, and for various values of the
roughness exponentsl; =H,.
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