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ABSTRACT

We report on (magneto-) transport measurements of individual In .03 nanowires. We observed that the presence of a weak disorder arising
from doping and electron —boundary collisions leads to weak localization of electrons as revealed by the positive magnetoconductivity in a

large range of temperatures ( ~77 K). From temperature-dependent resistance and magnetoconductivity data, the electron —electron interaction
was pointed out as the mechanism responsible for the increase of resistance in the low temperature range and the dominant source of the
dephasing at low temperatures. The experimental data provided the phase coherence time 7, ~ T-2% expected for 1D systems, giving consistent
support to the mechanisms underlying the weak-localization and electron —electron scattering theories.

The potential electronic applications of Sn dopefDy(ITO) as a weak localization of electrons, determines the magneto-
nanowires requires a detailed understanding of their funda-resistance in weak magnetic fields. In fact, even a weak
mental electronic properties. Great effort has been devotedmagnetic fieldB can cause a noticeable phase difference
on developing semiconducting nanowires and carbon nano-between the two complementary partial-wave amplitudes
tubes due to their characteristic features for application in involved in coherent backscattering, destroying the weak
devices and in nanoelectronits. Its nanoscale dimension |ocalization regime, then making it visible. The theories of
makes them also interesting from the point of view of weak localization were first developed in the limit of weak
fundamental physics because they are structures where thglisorder, when the mean free path of electron (I) is much
quantum mechanical interactions cannot be neglected. Fongrger than the Fermi wavelengtle): ke > 1. In the
instance, conventional mechanisms of current transport Sucrbresence of strong localization or in the Variab|e_range
as ohmic conduction are no longer valid in the quantum nhopping regime, the negative magnetoresistance associated

transport regime, which in turn, is believed as the dominant yith the quantum interference effects was observed in highly
regime in that structureés.” Quantum coherence of electrons isordered film&1° and in compensated GaAs.

in condensed matter remains a very attractive topic because

In this letter, we present (magneto-) tran rtm re-
the coherent control of electrons and the study of decoherence this .ett.e-, e present ( 'ag eto-) transport yeasure
ments of individual 1nO3 nanowires. The magnetoresistance

mechanisms (and their dependence on the temperature) arg . o .

. . . ata have been found to provide quantitative information of
fundamental for novel devices such as those built using ITO electron dephasing mechanisms in these samples. We have
nanowires. In fact, the study of dephasing mechanisms in P 9 i pies.

observed that the presence of a weak disorder (Anderson-

nanostructured materials is of fundamental interest for kel arisin f dopi del I d lisi
developing of quantum information processing systems. ike'?) arising from oping an electrerboundary collisions
leads to a weak localization of electrons as revealed by the

Quantum coherence corrections to conductivity of weakly ” o
disordered materials are usually observed as a negative?0Sitive magnetoconductivity in a large range of tempera-
magnetoresistance (positive magnetoconductivity): the quan-tures. From the temperature-dependent resistance and mag-

tum interference of electron wave functions, which is known Netoconductivity data obtained in these nanowires, we
observed one-dimensional quantum interference effects with

:CorreSpondingdaugor- E-mail: ghiguitO%)df.llifgcar.br.l electron-electron interaction as the dominant scattering
Departamento de’Eica, Universidade Federal décS@arlos. : :

* Laborafaio Interdisciplinar de Eletrodmica e Cefemicas, Departa- mechanism (_I(_aadlng to the break_ of the quar_]tum coherence
mento de Qlmica, Universidade Federal dé®&arlos. effects). Additionally, the magnetic data provide us with the
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Figure 1. (a) STEM image of a ITO nanowire in bright field mode, and the scale bar is 200 nm; (b) EDS spectrum of a nanowire
evidencing the presence of In and Sn is showed. The posterior WDS analysis gives 18.73% atoms of Sn and 81.27% atoms of In. (c) X-ray
analysis of the nanowire. The data fop@3 was analyzed following the PDF 6-416 card, and (d) FE-SEM image of a nanowire (the scale

bar is 2um).

quantitative temperature dependence of the electron dephasX-ray spectrometer (EDS, Oxford) attached to a scanning
ing time in the samples. From these results, ITO nanowires electron microscope (Zeiss, model DSM940A), confirming

become attractive for development of quantum information the presence of In and Sn (Figure 1b). By using a wavelength-
devices because the coherent transport of electrons waglispersive X-ray spectrometer (WDS) also attached to the
observed until 77 K. To the best of our knowledge, these SEM, the relation of In:Sn obtained was accurately measured,
are the first results on transport parameters like coherentgiving 81.27:18.73 atomic. From Figure 1a,d, a droplet was
transport in ITO nanowires whetg€B) andR(T) were found observed in the extremity of the nanowire with high Sn

in agreement with weak localization theories. concentration (extracted out by EDS analysis), confirming
ITO nanowires were grown by carbothermal evaporation the VLS mechanism.
process of IgO3 and SnQ powders in a horizontal tube Microfabricated metal (Au/Ni, 100 nm) electrodes were

furnace®® SnG, and InO; powders (purity>99.9%) were prepared onto a thermally oxidized Si wafer with an oxide
mixed with 10% in weight of carbon black, and each powder layer (SiQ) of 300 nm thickness. Then, the samples were
was placed inside of two separate alumina crucibles, ultrasonically dispersed in ethanol and were placed onto the
respectively. The crucibles were placed aligned in the hot metallic electrodes. The transport measurements were carried
zone of a tube furnace with controlled temperature and gasout at different temperatures from 8 to 300K(.1 K) using

flux. The syntheses were carried out at 1280under a N a closed-cycle helium cryostat and at a pressure lower than
gas flux of 80 sccm for 6 h. The resulting material, which 5 x 107 Torr. Both the magnetoresistance and resistivity
was collected from the coolest area (extremity) of the tube, were obtained using standard low-frequency ac lock-in
had a woolly appearance. The morphology of the hanowirestechniquesf(= 13 Hz). dc measurements were also used,
extracted from this material was studied by scanning but the results remain unchanged. The measurements were
transmission electron microscopy (STEM) in bright-field taken in increasing and decreasiBgand for £B, and no
mode and by field-emission scanning electron microscopy hysteresis was observed. We tested different values for the
(FE-SEM), shown in parts a and d of Figure 1, respectively current used in the experiments in order to avoid nonlinear
(Zeiss, model Supra 35). The crystal structure of the bulk transport due to high field effects. Figure 2 shows a field-
material was investigated by X-ray diffraction (Rigaku emission scanning electron microscopy (FESEM, Zeiss
diffractometer), and Miller indices are indicated on each Supra 35, at 5 kV) image of the device used for the
diffraction peak in Figure 1c for the }@; structure (PDF measurements. The lateral dimensions of the nanowires
6-416). The other peaks are related to Sn metallic anc,SnO shownd in Figure 2 were used for comparison purposes with
which are present in the self-catalytic vaptiquid—solid the characteristic lengths obtained from electrical experiments
growth mechanism (VLSY The chemical characterization (the side depletion at the sample’s electron density level is
of several nanowires was made using an energy dispersivenegligible).
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phonon scattering mechanism. In this way, the resistance is
described by

R(T) = R0+A( ) &)

fT(eZ "

whereA andR, are constants anad usually ranges from 3
to 5 when the electronphonon interaction is mainly
responsible for the scattering evehtst® Op, is the Debye
temperature. The fitting of the experimental data using eq 1
revealech = 3.7 and®p = 1153 K: as the temperature and
b) I I phonon excitation increase, the amount of scattering events
AuNi AuNi experienced by the conduction electrons are increased as
well, resulting in a greater resistance.

On the other hand, the smaller sample shows two distinct
characteristics for the electron transport. A localized character
Silicon Oxide ' (from 8 to ~77 K) and a metallic one from-77 to 300 K
(increase of the resistance with increasing temperature,

3.6 and®p = 1210 K, not shown) were observed in the
samples. Because the ITO nanowires are expected to remain
Figure 2. Microfabricated device for measuring individual nano- metallic, the carrier density is a weak function of temperature

belts is shown in panel (a). The scale bar jgri. A 31 nm thick and the resistance should be mainly determined by the
Sn doped 1503 nanowire was trapped on the two Au/Ni electrodes temperature dependence of the various scattering mecha-

Silicon Substrate

of the device (insert). The doping level used was 1.8 x 107 nisms. At high temperaturesT (> 77 K), the phonon
cm-2. (b) Sketch of the device. scattering seems to be dominant and the resistance rises with
1.02 increasing temperature (metallic phase), in agreement with
1001 |In=o1-sﬁanowire the behayior presented by the Iarger sample..As the tem-
' 2 y perature is lowered, other scattering mechanisms become
0.98+ dominant, giving rise to a distinct temperature-dependent
— 096 resistance foll < 77 K, which explains in part the general
X features of the curve presented in Figure 3 (smaller sample).
S 084y The scattering mechanism at low temperatures can be
L 092 related with the size of the samples: as the nanowire cross
g 0.90] section decreases, the boundary scattering becomes relatively
= o more important than for larger wires because a larger portion
o 088 of the carriers are located near the wire boundary. Then (1)
0.86 4 for small-dimension nanowires, the disorder coming from
processes like collisions with the boundatie® provides
0841 R the necessary disorder to randomize electron energy, resulting
0.82- in a localized character for the transport; (2) this will increase

0 50 100 150 200 250 300 the electror-electron interaction as well. It is important

to emphasize that the increase of the resistance below 77 K
is not related with strong localization: the disorder from
Figure 3. Temperature-dependent resistance measurements for twgooundary scattering, randomizing the electron potential, is
different samples. Note that the saturation of the metallic character not enough to promote strong localization. In fact, successive
(solid line is the theoretical fit), presented by the larger sample, attempts in order to distinguish an activation |aR\] exp(E/

was not observed for the smaller one, which in turn shows a 1/2
localized behavior foll < 77 K. The solid line (16-77 K, smaller keT) or a variable range hopping, 0 exp(To/T)™ behavior

sample) is the theoretical fit to the power I&{T) = Ry + RT ", have failgd. . L
yieldingn = 0.458. This sample was characterized by low electron ~ The solid line presented in Figure 3 for< 77 K (smaller
mobility (~20 cn¥/Vs, calculated from the resistanemperature ~ sample) was the best fit of the experimental data to the

data). dependenc®(T) = Ry + R,T", yieldingn = 0.458. This is

in close agreement with that expected for one-dimensional

The temperature-dependent resistance data (0) are electron-electron interaction®, and this mechanism should

plotted in Figure 3. The larger sample exhibits a metallic be addressed as the dominant scattering source at low
behavior for the whole temperature range used in the temperatures (as a consequence, it is the source of the
experiments and saturates below 77 K. This behavior agreeslectron dephasing).
very well with the Bloch-Grineisen theory for the depen- To shed light on this issue, we performed magneto-
dence of the electrical resistance on the electron-acousticconductivity measurements. As is well-known, weak disorder

Temperature (K)

Nano Lett, Vol. 7, No. 5, 2007 1441



-0.988 electrons. It should be noted thatis directly obtained from

p-o.ggo-(Bazl . =Tow the fitting of the experimental data to eq 2. To be one-
S 0992477 18 V\?L 430 K dimensional with respect to the quantum interference effects,
\2-0.994- a conductor should have cross-sectional dimensions of the
m -0.996 ] . 750K order of the coherence length of the electron wave function.
= -0.998 - I In fact, the phase coherence lendth decreases from 31
2 -1.000 e RS 100K nm at 10 K to 15 nm at 100 K as plotted in Figure 4b: the
-1.002 " Y T . high-temperature fit becomes worse and _the pr_ecision in
' Maghetic Field T ' estlmapng ofL, decr_eases (the increase of mela_tstlc_ phonon
scattering progressively breaks the weak localization).
. ) 12 Figure 4c shows the variation of the phase breaking time
30 . on the temperature. The experimental data were well fitted
o 1.0 by using the dependence
£ - gos
< 20 . 06| Jr «T™ (eZ@kBR )_2/3
- ¢ ‘L’¢ = TT (4)
15 LI 0.4 AL
(c)

0.2
0 30 60 % 0.08 016 expected for 1D systentd Here,R/L is the resistance of a

Temperature (K) T (K™) 1D sample per unit length. This provides additional evidence
Figure 4. Magnetoconductivity data for 10 K T < 77 K is shown that ele.ctrOH-'eIeCtr(')n interaptions ar.e the source of the one-
in panel (a). The theoretical lines fit well the experimental data, as dimensional inelastic scattering causing the coherent transport
shown by the solid lines. These lines correspond to the one- breaking, as shown by the experimental data. The prefactor
dimensional weak localization (1D WL) correction to the conduc- in eq 4 was found to be 7.6 ps, while theoretical calculations
tivity. From the fitting procedure, we found the coherence length give 0.9 ps. Taking into account that we have not used
L, and the phase breaking timg, plotted in panels (b) and () as i stable parameters for the fit, the agreement between both
a function of the temperature, respectively. . . ' . .
experimental and theoretical values is quite remarkable. The
difference could be eventually due to an underestimation of
the diffusion constant and due to uncertainties in the effective
length of the sample.
It should be noted that the results from temperature- and

leads to a weak localization due to constructive quantum
interference of time-reversed electron trajectoffest T <

77 K, the character of the transport in our samples should
be controlled by quantum interference effects, which in turn . gnetic field-dependent quantities characterizing the di-
should be observed in the magnetoconductivity of the mangjonality of the scattering processes and the contribution
narrower nanowire. Figure 4a shows the magnetoconductivity ot the electron-electron interaction to the resistance are in
data obtained at different temperatures, using the Uslal  54reement. Both of these processes should be controlled by
| geometry [ = 1 uA), with the magnetic fieldB ranging the same thermal scale length;, = (DA/ksT)Y2 ~ 25 nm

from 0 to 1.5 T. The presence of the electron quantum ;4 ky which is close td., = 31 nm (which determines the
interference effects was then readily observed: the INcréaseyimensionality of the sample with respect to quantum
of the conductivity with increasing magnetic field over the iarference effects) and to the width of the samjpfe= 31

whole temperature range used for the experiments. nm, confirming in turn the one-dimensional character of the
The experimental data was analyzed using the 1D local- sample.

ization correction to the conductivity in a system with little  Ejectronic properties of self-assembled high crystalline

or no spin-orbit scattering?2* given by quality tin-doped indium oxide were studied. We report the
experimental data and the related analysis on the resistance

267 1 1 1-12 and magnetoconductivity of these single-crystal nanowires.
Ao(B) = Lh L_q2> D_TB @) The temperature dependence of the electrical resistance was

studied from 10 to 300 K, and different conduction mech-

anisms were observed: for> 77 K, the resistance follows
where the Bloch law for metallic systems, and at low temperatures,

the resistance was found to be controlled by the eleetron

3 LB4 electron scattering. Additionally, transport parameters like
Ty = avp and L, = /Dr, 3 coherence length and dephasing time were found in agree-
D ment with 1D weak localization theories. Our result suggests

that, by decreasing the dimensions of the wires, it would

Here, L, is the coherence length (distance in which not be possible to retain the metallic characteristic of the
electrons can travel coherently without phase |@st¥ the transport without degradation of the electronic properties of
diffusion coefficient (7x 1074 m? s™1), andz, is the phase  the devices (due to quantum effects), as evidenced by the
breaking timelg = (i/eB)*?is the magnetic lengthy and change from metallic to a nonmetallic character of the
L are the width and length of the channel conducting transport. Moreover, the samples show features of coherent

1442 Nano Lett, Vol. 7, No. 5, 2007



transport of electrons that persist until high temperatures,

making them attractive for further investigations aimed at
development of novel devices.
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