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The scattering potential for the acoustic deformation potential scattering in a one-dimensional
silicon quantum dot array interconnected by thin oxide layers is theoretically investigated.
One-dimensional phonon normal modes are numerically obtained using the linear atomic chain
model. The strain caused by an acoustic-phonon vibration is absorbed by the oxide layers, resulting
in the reduction of the strain in the Si dots. This effect eventually leads40% reduction of the
scattering potential all over the structure. The amount of the reduction does not depend on the
phonon energy, but rather on the ratio of the Si dot size to the oxide thicknea80®American
Institute of Physic§ DOI: 10.1063/1.1913799

I. INTRODUCTION tering in the 1DSIQDA are developed. The scattering
potential is then evaluated and its silicon dot size dependence
Recently there appeared reports on peculiar characterigs analyzed in detail.
tics of Si quantum dots interacting with each other through  This work is a part of an attempt to reveal electron trans-
thin silicon oxide layers. A series of reports suggests thaport in the 1DSIQDA. The main objective is to predict re-
electron energy loss may be strongly suppressed in nanocrysults in the best-case scenario by investigating the most ide-
talline silicon(nc-Si) dot arrays embedded in a silicon oxide alized structure, that is, free of interface states, perfect
network’~ Also reported is coherent coupling of electronic Periodicity, perfectly straight array, and so on. In fact, some
quantum states inc-Si dots interacting through thin silicon €xperimental observations suggest that the good periodicity
suboxide grain boundaries, which may be associated witR"d one dimensionality of the array are essential to the high-
quasimolecular statésAnother report proposes a nano elec- €N€rgy electron generation in thre-Si systemg. There-
tromechanical memory device using-Si dots embedded in fore, our _calculanon would eventqally give the es.tlmate of
a self-supporting SiQ beam’ However, the electricall the maximum performance which actual devices can

mechanical properties of such systems have yet to be we chl'eve. In thg near future it might be possible to fap fica te
. . -~ the ideal 1DSIQDA by using state-of-the-art nanofabrication
understood. In particular, the electron-phonon interaction 190

. o . chniques.
of great importance because it is the main concern for room- This paper proceeds as follows. In Sec. Il theoretical
temperat_ure del:(wce ohperatlgn.” _ . h backgrounds of the phonons and the ADP scattering in the
In this work we theoretically investigate phonon waves; ngiopa are presented. Simulation method is also shown in
and electron-phonon interaction in a one-dimensional silicofis section. We then present simulation results and analysis

quantum dot array interconnected by thin oxide layer§y sec, |1, After discussions on several issues in Sec. IV, we
(1DSIQDA). The phonon normal modes are numerically 0b-g,mmarize our conclusions in Sec. V.

tained using the linear atomic chain model. Approximate ex-

pressions for the acoustic deformation potentDP) scat- Il THEORY AND SIMULATION

dAlso at CREST JSTJapan Science and Technolag@hibuya TK Bldg., A. Model

3-13-11 Shibuya, Shibuya-ku, Tokyo 150-0002, Japan; electronic mail: Figure 1 shows a schematic illustration of our idealized
drsuno@phy.cam.ac.uk

bAlso at CREST JSTJapan Science and Technologghibuya TK Bldg., ~ model _Of the _1DSiQDA- The(_- y, and z axes are set as
3-13-11 Shibuya, Shibuya-ku, Tokyo 150-0002, Japan. shown in the figure, and the Si dots are modeled as cubes of
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I,

0 * T the 1DSIQDA. According to Mors€, uy,q in a freestanding
Free Standing * wire with rectangular cross sections can be written as a plane

ox
. _ _ _ . wave in thex direction multiplied by a function of andz as
FIG. 1. Schematic illustration of one-dimensional silicon quantum dot array
interconnected by thin oxide lay¢tDSIQDA). The periodic structure ex- U oy einXm 3
tends infinitely in thex direction. laq * Va¥iarZa) ' (3)

where (X,,Yi1.,4,) denotes the equilibrium point of they,

L. Ly, andL, each side. These Si dots are interconnected bytom in thely, unit cell. The vectong(yi,.,) includes the
oxide layers of thicknes$,,. This array of Si dots extends trigonometric functions and is often approximated as plane
infinitely in the x direction, and it is surrounded by vacuum waves having antinodes at the side edge of the
or a material soft enough to be considered as free boundastructure'™****This is also true in the 1DSIQDA. However,
(e.g., gas, liquig the x component is no longer a plane wave because of the

Table | compares the 1DSIQDA with one-dimensionallarge mechanical mismatch between the Si dots and the ox-
GaAs quantum dot array interconnected by AlGaAs layedde layers, as discussed in the previous subsection. There-
(1IDGaAsQDA (Ref. 11) and the silicon quantum wire fore, the phonon wave functions in the 1DSIQDA are written
(SiQW), in terms of electron-phonon interaction and as
acoustic-phonon wave properties. The electron-phonon inter-
action in the 1IlDlGaAsQDA was theoretically investigated by S.=2 /i(aq + 6L+q)
Noguchi et al,” and the major phonon-scattering mecha- q 2wy
nism is polar-optical phonofPOP scattering. On the other . ) )
hand, silicon is a nonpolar material, so that the major phonoM/n€reNyN; is the total number of atoms in a cross section,

scattering mechanism in the SIQW is the acoustic deformals,(%i«) iS @ one-dimensional phonon wave functispis the

tion potential(ADP) scatteringl.2'13This would also be true Unit vector in the direction of atomic vibrations, and
in the 1DSIQDA, as the oxide layer is thin compared to the (Y| ) q
) o=(3)

1 .
———dRy (x,)s,, (4
T s (@

Si dot size. The acoustic-phonon waves in the 1DGaAsQDA R = (5)
are the same as those in the GaAs quantum wire, because the 9%

mechanical properties of GaAs and AlGaAs are almost idenThe orthonormalization conditions, E€@), are now rewrit-
tical. However, it is not the case in the 1DSIQDA, becausgen for Ug (X) as

there is considerable difference in the mechanical properties X

of the Si and the oxide layer; the Young's modulus for Siand > u; (Xn)Ugy (Xn) = 8 (6)
SiO, films is 180 and 70 GPa, respectivé‘f‘j}5 Thus, the no * )

1DSIQDA is different from any other existing nanostruc-

tures, and a new theory must be developed. wherex, (1,2, ... N,) is thex component of they, lattice

point coordinate. For conciseness, we introduce

B. Phonon normal modes §, () = i_uq (x)

_— . VM
In general, phonon vibrations at theg, atom in thely, “

(7
unit cell can be written &8 c=q 1
a 2wy NN,

| & Lo 1
Sla_§ Z_O)q(aq-'-a—q)muhyqi (l) y|e|d|ng
whereM,, is the atomic masg] is the phonon wave vector, S(r) =2, Cylag+ ajq)eiQ‘R%X(x)sq, (8)
wyq is the frequency of the phonon vibration, aatgl anda, q

are the creation and annlhlla.tlon operators, rgsp_ectwely. .Th\(?vhere the functior§, (x) is the one-dimensionalLD) pho-
vectorsu,,q satisfy the following orthonormalization condi- x
tions: non normal mode.

In this work the functiorﬁqx(x) is calculated numerically
using the linear atomic chain model shown in Fig. 2. In this

TABLE I. Comparison of the 1DSIQDA with one-dimensional GaAs quan- model the 1DSIQDA consists of Si region Containing only Si

tum dot array interconnected by AlGaAs lay@DGaAsQDA and the sili-

con quantum wirdSiQW). atoms and the oxide region containing Si and O atoms alter-
nating with each other. The lattice potential energy is ex-
Phonon scattering Acoustic phonons panded as a power series of the displacement of the atoms
. , from their minimum-energy positions, but only to the second
1DGaAsQDA POP Those in quantum wire . - . .
Siow ADP Those in quantum wire order, which leads to atomic force proportional to the dis-

1DSIQDA ADP Specific to 1DSIQDA placement. The proportionality coefficient acts as “spring
constant” of a bond. For simplicity, we consider interactions
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FIG. 2. lllustration of the linear atomic chain model used to obtain numeri- Position [nm]

cally one-dimensional phonon normal modes in the 1DSIQDA.
FIG. 3. The real part of a phonon normal mode[ﬂ%gx)], that is, atomic

displacement as a function of position having a phonon energy of
between the nearest atoms only. The phonon normal mod&sd meV. The Si dot size is set at 4.0 nm, and the oxide thickness is 1.0 nm

are obtained by solving equations of motion for these atoms
under the periodic boundary conditidh.

Table Il shows the parameters used in our simulation(k'c'|HADP(r)|kc>:Daw( Cf&)(k;kgeﬂ‘?'ﬂkykz)
The distance between the neighboring atomsjs set as CqVng+1l
0.25 nm, determined from the mass density of atoms in Si.
We use the same distance for Si-O bonds. The number of X\ £i(0ySeqy + qzsiqu)<k)’(|s_+qx(x)|kx>
atoms included in a Si or SiQegion is obtained by dividing
the size bya, and the Si/Si@ interfaces are set at the O 3S.q (X)
atoms. The mass of Si and O atoms was set based on their +stqyx<k;| _ax ko (- (10)
atomic weights, that is,Mg=16.0N, [g] and Mg

=28.09MN, [g] where N, is the Avogadro constant. The It is important to note that the integréd k;|e* 2R ||k k,)

spring constant between each Si-Si boKd; g, is deter- can be regarded as the Fourier transform of a function local-

mined so that the phonon maximum energy obtained by thézed within 0<y<L, and 0<z<L,. Therefore, the integral

calculation for the SiQW is identical to the maximum energyis nonzero only when thg andz components of the phonon

of longitudinal phonons in bulk Si100) direction. The pro- wave vector satisfygqy,~1/L, and q,~1/L, For L,=L,

portionality constant between each Si-O boKg}, o, is de- =4 nm, which is a typical Si dot size in the literat#ré**a

termined from the ratio of Young's modulus for bulk Si and phonon vector satisfying the above criteria has an energy

SiO, film, that is, Kgi_si Ksi.0=180 GPa:70 GPH:"° The  ~1 meV in they andz directions. As thex component of the

acoustic deformation potentif,e, in the Si and oxide re- phonon energy can range up to about 60 Memajority of

gion is set based on the published valtfe¥, phonons contributing to the electron-phonon scattering have
a wave vector parallel to theaxis. Therefore, the following
approximation is valid:

2

. (11)

C. Electron-phonon interaction

. ) S (%)
|<k c |HADP|kc>| < <kx|DacoT|kx>

The probability of the transition from an initial
electronic/phononic stati,c) to a final stat€k’,c’) is cal-
culated using Fermi’s golden rule, and the perturbatio
Hamiltonian for the ADP scattering can be written, using the
phonon wave functiors(r), as>*3

r]Thus, in the 1DSIQDA, the one-dimensional phonon normal
modesth(x) plays the major role in the acoustic deformation
potential scattering. In the following sections, we analyze
behaviors ofSiqx(x) and the one-dimensional ADP scattering
Happ(r) = DacoV S(1), (9 potential in the right-hand side of the Ed.1).

whereD,, is the acoustic deformation potential. Using Eq.
(8), one finds that the matrix element in the transition prob-

. [ll. RESULTS
ability reads
A. Phonon normal modes and ADP scattering

) . . tential
TABLE II. Parameters used in the simulation. potentia

Figure 3 shows the atomic displacement at each equilib-

Parameter Symbduniy Value rium point, which is given by the real part of a phonon nor-
Atom spacing a (nm) 0.25 mal mode as a function of position R¢ S, (x)]. The phonon
Atomic mass of Si Msg; (kg) 46.622< 1027  energy is set as 2.9 meV. Each open circle represents an
Atomic mass of O Mo (kg) 26.559< 102  atom, and the interpolating solid line is merely for visualiza-
Spring constant Si-Si Ksi_si (N/m) 103.4 tion. In the calculation, the Si dot size is set as 4.0 nm, and
Spring constant Si-O Ksio (N/m) 41.36 the oxide thickness is 1.0 nm, so that the region®510
Acoustic deformation Daco (€V) 9.0 <x<5.0n, (n=1,2,..) correspond to oxide layers. The
potential in Si

wave form apparently differs from a plane wave expected in
the SiIQW and is distorted at the oxide layers. Note that, in
the oxide layers, displacement differences between neighbor-

Acoustic deformation Daco (€V) 35
potential in SiQ
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FIG. 4. The absolute value of the first derivative of the normal mgdg)|, FIG. 6. The strain profilés(x)| plotted forL,=3.0, 4.0, and 4.5 nm. The

calculated from the result shown in Fig. 3, which is associated with strainbroken line is the result obtained for the SiQW. All the phonon modes are at
caused by the phonon vibration. The broken line is the result obtained fron2.9 meV.

a phonon normal mode in the silicon quantum wWigQW) at the same

phonon energy. The vertical axis is normalized so that the result for the

SiQW becomes unity. [Happ(X)| = DacdXn)|e(Xy)] - (13)

It is important to note that the ADP scattering potential is
ing atoms are larger than that in the Si dot region. This is dugeaker than that in the SiQW at any position. The above
to the fact that the atoms have larger separations due to théhservation is true even at the oxide layers, where there is
smaller spring constant in the oxides. considerably larger strain. This is due to the fact that the

Figure 4 shows the absolute value of the first derivativeacoustic deformation potentiBl,.{X) is smaller in the oxide
of the normal mode in terms of position(x)=dS; (X)/dX,  |ayers than in the Si. In other words, the oxide layers having
calculated from the result shown in Fig. 3 using the follow- re|atively weak electron-acoustic-phonon coupling absorbed
ing formula: the strain from Si dots having strong coupling, resulting in
_ the reduction of the ADP scattering potential all over the
‘ qu(xnﬂ)zaslx(xn_l) | 1y osionn

le(xp)] =

This quantity appears on the right-hand side of @&4) and
is associated with the strain caused by the phonon vibratio®. Si dot size dependence of ADP reduction

TEe broken Iinle in the_ fighure is thehre§ult cr)]btained from a For device application, it is important to investigate the
phonon norma mode m.t e SIQW aving the Same enerdypact of Si dot size variation on the ADP scattering poten-
Wh'Ch IS thalned by taking all atoms as S," The vertical 3XI;al reduction. As shown above, the scattering potential re-
is normalized so t'ha}t the res'ults for the SIQW become un'ty_duces due to the strain absorption of oxide layers, so that the
Note that the strain is larger in the oxide layers than in the Slatio of Si dot size to the oxide layer thicknesg T, is an

S . S ox
dots. This is, of course, due fo the large distortion in the,ggantial parameter. For this reason, in the following analy-
oxide layers observed in Fig. 3. Also note that the strain INsis. the Si dot size is changed so that the &ymiT,, remains
the Si dots is weaker compared to that in the SIQW. This5 0 nm
indicates that the strain in the Si dots is effectively “ab- — gjg e 6 shows the absolute value of the first derivative
sorbed” by the oxide layers inserted between these dots. Th the normal mode plotted fdr,=3.0, 4.0, and 4.5 nm. For
is reasonable because oxide layers are softer than Si dots. I3 .1, si dot size phonon r:md.es’ h.a\,/ing th.e enérgy of

this paper, this effect is referred to as “strain absorption ef,, 5 .o\/ are chosen. Note that the strain in the Si dots de-
fect.”. creases a4, decreases. This indicates that the 1DSIQDA
Figure 5 shows the absolute value of the One-n thicker oxide layer leads to less ADP scattering poten-

dimensional ADP scattering potential as a function of poSija| ‘\ve have confirmed that this is true for phonon normal
tion. It_ is obtameq from the result shown in Fig. 4 using themodes at different energies.

following expression: Figure 7 shows the average ADP scattering potential as a
function of phonon energy. The average ADP scattering po-
tential is obtained by averagingHapp(X)| over the

5

= 1DSIQDA:

E 1

ﬁ?ﬁ (Hapel) = WZ [Haop(Xn)|, (14)

é AN ) Xn=1

g 1DSiQDA T where N, denotes the total number of atoms included in a

é’ o— period. In the figure, the results obtained for differeptare

< 0 10 20 30 40 50 plotted with solid curves, and those for the SIQW and oxide
Position [nm] wire (L,=0) are plotted with broken curves. Note that the

FIG. 5. The absolute value of the acoustic deformation potef#iBIP) S(.:atterm.g potential decreases monOtomca”.y Wl.th decreasing
scattering potential as a function of position. The broken line is the result for>! dOt size, and the amount Of_ the redUCt'on is almost the
a phonon in the SiIQW having the same energy. same at any phonon energy. This indicates that the reduction
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102 . . that introducing the oxide layers between the Si dots also
alters the electronic states. For example, when the electric
field applied along the axis of the 1DSIQDA is negligible,
the potential seen by electrons is the periodic Krénig—Penny
potential, resulting in the miniband structure. This change in
the electronic state also affects the scattering rate, because it
includes electron wave functions. For this reason, it is diffi-
cult to conclude straightforwardly that the reduction of the
Y ADP scattering potential results in the reduction of scattering
10! ! s ! s rate. Although the calculation of the scattering rate is outside
0 Ptll z 3 the scope of this paper, its evaluation is required to predict
onon Energy [meV] . . . K
electron transport in the 1DSIQDA. Provided the scattering
FIG. 7. The average ADP scattering potential as a function of phonon enfate is reduced, this reduction would not increase the mobil-
ergy plotted for.,=1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 nm. The resultsjty along thex axis, because inserted oxide layers apparently
for the SIQW and oxide wire are also shown with broken lines. impede the transport of electrons. However, the reduced scat-
tering rate may lead to a longer coherent time in this system,
of the scattering potential is universal to any phonon modegecause the ADP scattering is the major mechanism of deco-
and depends solely on structural parameters. herence on the electronic states in this system. This may be
Figure 8 shows the average scattering potential as advantageous for devices utilizing coherent quantum states.
function of Si dot sizelL, (and therefore, oxide thickness The second issue is the polar-optical phonon scattering
Tox)- The data are obtained from Fig. 7 at a phonon energy ofrom Si-O dipoles in the oxide layer. Silicon oxide is a polar
2.9 meV. The average scattering potential is reduced up tmaterial, and POP scattering is the major scattering mecha-
40%, depending on the Si dot size. Note that the averaggism for low-energy electrorfs. This scattering mechanism
scattering potential does not vary linearly with the Si dotwould be negligible as long as the ratlg/T,, is large
size. This supports the idea that the strain absorption effe@nough. However, when this ratio is small, the POP scatter-
plays an important role in the reduction of scattering potening may not be negligible even in the 1DSIQDA. In order to
tial, because otherwise the scattering potential would detake advantage of the reduction of the ADP scattering poten-
crease merely due to the increase of oxide layer volumeijal, the ratioL,/T,, should therefore be large enough to
whereDg,,is small. At small dot size, decreasing Si dot sizediminish the POP scattering. Considering that the result in
does not dramatically contribute to the reduction of the scatrig. 8 shows sharp decrease at large Si dot size, one would

tering potential. This indicates that the reasondQlel,, ra-  be able to design large reduction in the ADP scattering po-
tio for exploiting the reduction of scattering potential would tential while avoiding POP scattering.

Average ADP Scattering Potential [a.u.]

be around 1.5 or higher. Finally, we comment on applicability of the results ob-
tained here to the experimental results. The essence of the
IV. DISCUSSION reduction of the ADP scattering potential is to generate strain

redistribution in Si nanostructures by mixing them with soft
In this section, we discuss several issues regarding thexide layers. The perfect periodicity and one dimensionality
results obtained in the previous section. of the 1DSIQDA might not be actually needed for this strain
First, we discuss how the reduction of the ADP scatter+edistribution. Therefore, the conclusions in this paper would
ing potential affects the phonon scattering rate. It is obviouslso be applicable to the systems mentioned in the
that the reduction of the scattering potential leads to the retntroduction®*®” In addition, the similar reduction of the
duction of the scattering rate. However, one should noticeADP scattering potential might emerge in other structures,
such as the SiQW embedded in Siéhd a silicon slab sand-

_ Oxide Barrier Thickness [nm)] wiched by SiQ. As electrons travel only within Si region in

:: 15 4 3 2 1 0 these cases, the reduction of the ADP scattering potential
= L might lead to significant mobility enhancement. In fact, the
g 0.9} i possibility of reduced ADP scattering in a slab sandwiched
5 |  PhononEncrgy=29meV ] by softer material is implied in Ref. 24. Alteration of the
2 08f s phonon despersion relations in various nanostructures have
3 i also been examined, and many interesting phenomena in
3 0.7- ] electron transport and the lattice thermal conductivity have
a 0 6-— ] been predicte@f”26 Such phonon engineering in Si and $iO

< 0 ] systems could be one of the most important topics in future
& 0.5 Y S S W S R Si-based nanoelectronics.

5 0 1 2 3 4 5

Si Dot Size [nm]

FIG. 8. The average ADP scattering potential as a function of Si doLgize V. CONCLUSIONS
The Si dot size is changed so that the sumT,, remains at 5.0 nm. The . . . .
data are extracted from Fig. 7 at a phonon energy of 2.9 meV and normal- W€ have investigated the ADP scattering in the

ized to the value for the SIQW. 1DSIQDA. An approximate expression for the acoustic-

Downloaded 21 Jul 2008 to 152.78.61.227. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



113506-6 Uno et al. J. Appl. Phys. 97, 113506 (2005)

phonon waves in the 1DSIQDA has been derived, and it hagMizuta, IEEE Trans. Nanotechnog, 301(2003.

A . 6 . .
been shown that the one-dimensional phonon normal mode%bgga'afa"a’ Z. Durrani, and H. Mizuta, Appl. Phys. Let85, 2262

along the 1DSIQDA play major role in the A[_)P Scatte“ng' ’Y. Tsuchiya, K. Takai, N. Momo, S. Oda, S. Yamaguchi, T. Shimada, and
The 1D phonon normal modes were numerically obtained H. mizuta, 27th International Conference on Physics of Semiconductors
using the linear atomic chain model. The simulation resultsg(lcps-zz, Arizona, USA, 2004unpublishedl
have revealed that the strain caused by the phonon vibratiogh- Koshida and N. Matsumoto, Mater. Sci. Eng., #0, 169 (2002.
is absorbed by the oxide layers, resulting in reduction of the Tz ché@azrf‘z’otj 4)Baba' T. Komoda, and N. Koshida, J. Vac. Sci. Technol. B
strain in the Si dOt_5- This strain absorpti_on effect ?Ventua”ymT. ichihara, T. Hatai, K. Aizawa, and T. Komoda, J. Vac. Sci. Technol. B
leads to the reduction of the ADP scattering potential all over 22, 57 (2004.
the 1DSIQDA. The average scattering potential is reduced upH. Noguchi, J. P. Leburton, and H. Sakaki, Phys. Rev.4B 15593
to 40% compared to that in the SiQW, depending on the Sj,(1993- -
dot size. The amount of the reduction does not depend on t . Jacoboni and L. Reggiani, Rev. Mod. Phy, 645(1983.

0 : . p . Lundstrom,Fundamentals of Carrier TranspofCambridge Univer-
phonon energy, but rather on the ratig/T,,. The above sity Press, Cambridge, 200(. 60.

results indicate great potential for phonon engineering by“B. Bhushan and X. Li, J. Mater. Re42, 54 (1992.

.. . - . 15, . . . .
mixing Si and silicon oxide layers. M- T. Kim, Thin Solid Films 283 12 (1996. ,
0. Madelung,Introduction to Solid-State Theor§Springer, New York,
ACKNOWLEDGMENTS 1999, p. 130.
YR. W. Morse, J. Acoust. Soc. An22, 219 (1950.

18, H
. s . . “°G. Fishman, Phys. Rev. B6, 7448(1987).
The authors are indebted to Dr. D. Williams of Hitachi 197 vamada and J. Sone, Phys. RevAB, 6265(1989.

Cambridge Laboratory and Professor S. Oda of Tokyo Instizoy \ Fischetti, Phys. Rev. Lett53, 1755(1984.

tute of Technology for their support. 214, Tanino, A. Kuprin, H. Deai, and N. Koshida, Phys. Rev.58, 1937
(1996.
IN. Koshida, T. Ozaki, X. Sheng, and H. Koyama, Jpn. J. Appl. Phys., Part’S. M. Sze Physics of Semiconductor Devicg#iley, New York, 198).
2 34, L705 (1995. “M. V. Fischetti, D. J. DiMaria, S. d. Brorson, T. N. Theis, and J. R.
2N. Koshida, X. Sheng, and T. Komoda, Appl. Surf. St#6, 371(1999. Kirtley, Phys. Rev. B31, 8124(1985.
3T, Komoda, X. Sheng, and N. Koshida, J. Vac. Sci. Technoll 31076  >’E. P. Pokatilov, D. L. Nika, and A. A. Balandin, Appl. Phys. LeB5, 825
(1999. (2004.
“K. Nishiguchi, X. Zhao, and S. Oda, J. Appl. Phyg2, 2748(2002. 0. L. Lazarenkova and A. A. Balandin, Phys. Rev.6B, 245319(2002.

5S. Uno, K. Nakazato, S. Yamaguchi, A. Kojima, N. Koshida, and H. ?%J. Zou and A. Balandin, J. Appl. Phy89, 2932(2001).

Downloaded 21 Jul 2008 to 152.78.61.227. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



