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a b s t r a c t

Electronic properties of self-assembled high crystalline quality fluorine-doped tin oxide (FTO) nanobelts
were studied. We report the experimental transport data of a thin film made using a dispersion of these
single-crystal nanobelts. We have shown that the theory of weak localization in a weak disorder regime
provides a reasonable description of the observed electrons’ transport characteristics of fluorine doped
tin oxide nanobelts thin films. Also, our results suggest that the macroscopic extrinsic disorder, related to
the random distribution of nanobelts, does not give a noticeable contribution to the whole transport
mechanism.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The wide band gap SnO2 (3.8 eV) is an intrinsic n-type semi-
conductor usually found in a rutile structure [1]. The coexistence of
electronic conduction and optical transparency is a characteristic
feature of this class of materials but as it is well known, SnO2

electrical conductivity is unstable due to the reaction of oxygen
vacancies in the SnO2 and the environment oxygen [2]. In addition,
low carrier concentrations and consequently high resistivities of the
undoped SnO2 make it unsuitable for transparent and conducting
coatings [3]. The electrical properties of thin films and bulk SnO2 are
dominated by different transport mechanisms: thermally activated
process (including variable range hopping [4,5] and diffusive trans-
port [4,6]. These mechanisms are associated with different conditions
such as disorder, size of grains and potential barriers between them,
doping, concentration of vacancies, for instance [7]. As above-men-
tioned, the primary source of carriers is associated with oxygen
vacancies which cannot be controlled. However, the electrical con-
ductivity control and enhancement can be achieved by doping SnO2

with different impurities such as Zn, Sb, In and F [8,9]. In fact, Shanthi
et al. showed that 57 at% FTO films present excellent resistivity
(o10�3 Ω cm) and high visible transparency (488%) [10] when
compared to ITO. More recently a comparative study between ITO
and FTO films proposed by Aouaj et al. presented electrical resistivity
of about 8�10�4 and 6� 10�4 Ω cm for ITO (6% of Sn) and FTO

(2.5% of F), respectively. Additionally, high optical transparency in the
visible region and high near infrared reflectivity were observed in the
literature [11]. Such properties make FTO interesting and a strong
candidate to replace the usual TCO0s.

On the other hand, SnO2-based nanomaterials (nanorods, nano-
wires and nanobelts) have received extensive interest for use in
gas/chemical sensors, transparent and flexible electronics, mem-
ories and integrated logic circuits [3,12–14]. These nanostructures
are usually grown by the well known self-organized processes such
as vapor–solid (VS) or vapor–liquid–solid (VLS) [15] showing high
crystalline quality. Some of the conditions determining the conduc-
tion mechanisms pointed above are not present in these high
quality nanostructures but disorder is always present and plays a
fundamental role [16,17]. Electrons subjected to a random potential
are not able to move freely through the system if either potential
fluctuations due to disorder exceed a critical value or the electron
energy is lower than the characteristic potential fluctuation [18,19].
Anderson0s localization theory says that disorder plays a funda-
mental role in transport of charges leading to strong localization of
carriers [20]. On the other hand, when a material shows a phase-
breaking length larger than the localization length (in the limit of
weak disorder kF lc1) the system is said to be in the weakly
localized regime [21]. At this point is worth to remember that most
devices with nanobelts are made by dispersing a large amount of
them resulting in thin film structure. Then, considering the different
degrees of disorder in samples due to growth processes, doping or
device construction we can suppose that conduction mechanisms
should be influenced.
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In this paper we present transport and magnetotransport
measurements of thin film fluorine doped tin oxide nanobelts.
This system presents two different disorder sources, at least:
an intrinsic disorder due to each nanobelt and an extrinsic
disorder arising from random dispersion of nanobelts forming
the thin film device. The results showed a localized character of
the resistivity at low temperatures as evidenced by the presence of
negative temperature resistance coefficient at temperatures lower
than 15 K. Magneto-transport data showed directly the presence
of weak-localization features enabling us to study parameters such
as localization length and phase-breaking length. Additionally,
electron–electron and electron–boundary scattering mechanisms
were identified as the source of dephasing mechanisms. The
extrinsic disorder seems to be not important to the transport in
our samples as we will discuss in the following.

2. Experimental details

The samples were grown by carbothermal evaporation asso-
ciated with the VS mechanism and NH4F as a fluorine source. The
tin source was the SnO2 powder (Aldrich, 4325 mesh, purity
499:9%) which was mixed with graphite (Aldrich, 420 μm,
purity 499%) 95:5 in weight, respectively by using a ball mill
for 24 h. This mixture was placed in a melting pot and then it was
inserted in a center of a horizontal tube furnace of alumina 100 cm
(Lindberg-Blue M), where the temperature, gas flux and evapora-
tion time were controlled in order to obtain the best conditions for
the synthesis. Close to the tube ends was placed an alumina boat
with 0.5 g NH4F. The tube atmosphere was controlled during all
the synthesis procedure. From room temperature to 600 1C an
inert atmosphere was used, keeping 100 SCCM N2 flow. From
600 1C to the end of the synthesis time a controlled O2 quantity
was admitted in both tube sides. The synthesis was carried out at
1200 1C for 2 h, using a 10 1C/min as heating rate. The white
material collected was structurally and electrically characterized.
The crystal structure was investigated by X-ray diffraction (XRD)
using a Rigaku diffractometer model DMAX 2500PC, with
Cu–Kα radiation (λ¼1.54056 Å) at 40 kV and 150 mA. Microana-
lysis and microstructure characterization were performed by
scanning electron microscope (SEM) FEI INSPECT F50 equipped
with an energy dispersive X-ray spectrometer EDX.

A solution of nanobeltsþethanol has been prepared for FTO thin
film nanobelts device construction. This solution was left to decant
on thermally oxidized Si wafer an oxide layer SiO2 of 500 nm
thickness where interdigitated electrodes were microfabricated using
lithographic techniques (Au/Ni–In, 70–30 nm). The final device was
inserted in a tube furnace filled with an inert argon atmosphere at
450 1C for 10 min. The transport measurements were carried out at

different temperatures from 10 to 300 K using a closed cycle helium
cryostat and at a pressure lower than 5�10�7 mbar. Temperature
dependent resistivity was measured using standard low frequency
lock-in technique (f¼13 Hz) with a Keithley 6221 as a current source.
Magnetoresistance measurements were carried out by increasing
and decreasing B using a Model EM7-HV Lakeshore electromagnet
and no hysteresis was observed. The current–voltage curves at
different temperatures were obtained by using a Keithley 237 source
meter unit.

The crystal structure of the bulk material was investigated by
X-ray diffraction (XRD), and Miller indices are indicated on each
diffraction peak in Fig. 1a for FTO structure (PDF # 41-1445). The
observed peaks are in full agreement with results obtained by
Varshney et al. In that work the authors depicted a Rietveld
refinement of the powder diffraction data for SnO2 nanoparticles
[22]. We also conducted the refinement and the analysis con-
firmed a tetragonal structure (a¼ b¼ 4:741 A

˚
c¼3.1883 Å) with

the space group P42/mnm; Sn4þ , O2� and F� were found on 2ðaÞ
and 4ðf Þ sites, respectively. Fig. 1b shows the EDX spectrum which
indicates the expected composition of FTO, except the carbon,
which is associated with the carbon tape used as a substrate in the
analysis. The microstructures were also characterized by SEM and
the obtained images were used in quantitative analysis: EDX
spectra reveal that the synthesized nanobelts are composed of
Sn, O and F. The presence of F was clearly observed and the atomic
ratio of F:Sn was estimated to be �4%. The as-grown material is
composed of long nanobelts as can be observed in Fig. 1c in
accordance with the VS process in which the vapor deposition will
occur preferentially in faces with high energy resulting in the
elongated structures [23,24].

As a further evidence of fluorine incorporation in the SnO2

lattice, resistance measurements were performed at different
temperatures ð30 1CoTo900 1CÞ in a simple device built with
the woolly as-grown material: as the temperature increases, the
samples show no resistance variation until 750 1C when it
increases significantly (more than three decades). Resistance was
also measured in the cool down process and remained at the
higher observed value. Considering that 750 1C is close enough to
the synthesis temperature (600 1C) the resistance increase is an
evidence that fluorine atoms were really incorporated in the SnO2

lattice. Otherwise – for instance, fluorine atoms were physically
adsorbed on the FTO nanobelt’ surfaces – they would be evapo-
rated at much lower temperatures.

3. Discussion

The samples were initially investigated by temperature depen-
dent resistivity measurements in order to study the conduction

Fig. 1. Structural and chemical composition characterization of FTO samples. (a) XRD diffraction pattern (PDF # 41-1445) of FTO obtained by carbothermal reduction process,
(b) EDX spectrum used to quantify the chemical composition of the samples and (c) SEM image of as-grown FTO samples showing nanobelts morphology with several
micrometers of length.
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regimes and the dominant scattering mechanisms present in the
experimental devices. Fig. 2a shows the current–voltage charac-
terization at different temperatures revealing ohmic characteris-
tics. No potential contact (meaning energy barriers at the metal/
FTO interfaces) was observed in all ranges of voltages/tempera-
tures used. Fig. 2b depicts the resistivity data as a function of the
temperature in low temperature range (10–15 K). In this range we
found that the resistivity follows essentially a T �1=2 law:
RðTÞ ¼ 142þ0:52=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T�11:3

p
which suggests that the electron–

electron scattering mechanism is controlling the transport [25].
Simple activated and hopping laws were used to study the data
but they lead us to unacceptable physical results. As it is well
known, the T �1=2 dependence of resistivity is expected for one-
dimensional electron–electron scattering as discussed in the
literature [26,27].

Usually, electron–electron scattering in disordered structures is
accompanied by a weak localization effect at low temperatures
and also related to the sample size. The disorder can be considered
weak when kFℓc1 where kF is the Fermi wavelength and ℓ is the
electron mean free path. For our sample, kFℓ¼ 14:1 estimated
from free-electron theory [28]. Since the nanobelts width is
reduced the boundary scattering becomes relatively more impor-
tant than for larger belts because a significant portion of carriers
are located near the belt boundaries. Thus, for small dimension
nanobelts, the disorder coming from process like collisions with
the boundaries provides the necessary disorder to randomize
electron energy, resulting in a localized character for the transport

as well as increasing the electron–electron interaction [27,29–31].
In the same way, the short temperature range in which we
observed the electron–electron scattering mechanism can be
explained based on the size of the nanostructures. Taking into
account the cross-section of the nanobelts, the boundary scatter-
ing also becomes an important mechanism for the inelastic
scattering at low temperatures [27,30,31]. For instance, Chiquito
et al. showed that in 30 nm wide ITO nanobelts the electron–
electron scattering was observed from 10 K to 77 K while in larger
belts (1 μm wide) the Bloch–Grüneisen electron–phonon scatter-
ing mechanism was observed [29]. Similarly, Berengue et al.
observed that 68 nm and 150 nm wide nanobelts exhibit elec-
tron–electron scattering from 10 K to 50 K and 10 K to 25 K,
respectively [32]. From this discussion, in our FTO thin film of
nanobelts the electron–electron and electron–boundary scattering
effects provide the disorder for electrons transport and they
should be considered as an intrinsic property. On the other hand,
it seems that the disorder (extrinsic) arised from the random
dispersion of nanobelts does not make a significative contribution
for the whole conduction process.

In order to support the above discussion, we conducted several
magneto-transport measurements. As well known in the presence
of a weak disorder, the quantum coherence of time-reversal
trajectories leads to the weak-localization regime [26]. Indepen-
dent of the main mechanism of inelastic scattering of electrons,
the phase-breaking time and length are power functions of
temperature leading to a quantum correction for resistance which
is quantified by the weak localization effect in a form
ΔRp lnðτϕkBT=ℏÞ where τϕ is the phase-breaking time. From
magnetic field dependent resistance curves Fig. 3a it was clear

Fig. 2. In (a) current–voltage curves taken at different temperatures are displayed.
In panel (b), temperature-dependent resistance measurements for the low tem-
perature range at B¼0 T. For To15 K the experimental data are well described by
the theoretical fit to the power law RðTÞ ¼ R0þR1=

ffiffiffi
T

p
.

Fig. 3. (a) Linear dependence of resistance as a function of ln T and for different
magnetic field intensities. The expected ln T dependence of resistivity is clearly
observed until �0.7 T and for higher magnetic fields, the resistance does not
exhibit the negative temperature coefficient. (b) For B¼1.0 T the sample exhibits a
metallic–like behavior characterized by the acoustic phonon scattering (Bloch–
Grüneisen theory).
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that the quantum interference breaks when the magnetic field
reaches B� 0:7 T. The phase-breaking length Lϕ ¼

ffiffiffiffiffiffiffiffiffi
Dτϕ

q
was

estimated to be �93 nm. The diffusion coefficient
D¼ vFℓ=2¼ 3:4� 10�3 m2 s�1, where vF is the Fermi velocity.
According to Datta et al. the critical magnetic field, BC, needed to
suppress the weak localization regime is given by [21]

BC ¼
h

eWLϕ
; ð1Þ

whereW is the width of the nanobelts. Using the results presented
in Fig. 3 we found Bc ¼ 0:53 T in good agreement with the
experimentally observed value. Below this value the weak locali-
zation regime should determine the behavior of the conductivity
of the sample, as observed. From these results the negative
temperature coefficient is a consequence of the weak localization
regime where electron–electron and electron–boundary scattering
mechanisms play a crucial role. In order to explore this result,
Fig. 3b depicts the temperature-dependent resistance data for
samples under B¼1.0 T (weak localization suppressed): we clearly
observed a metallic behavior for the whole temperature range.
These resistance data were then analyzed in the framework of the
Bloch–Grüneisen theory based on the electron–acoustic phonon
scattering mechanism. In fact, as temperature and electron excita-
tion increase, the amount of scattering events experienced by the
conduction electrons is increased as well, and as a consequence,
the resistance increases. The resistance can be described by [33]

RðTÞ ¼ R0þA
T
ΘD

� �n Z T=ΘD

0

znez

ðez�1Þ2
; ð2Þ

where A is an adjustable parameter proportional to the electron–
phonon coupling, R0 is the residual resistance and ΘD is the Debye
temperature. The fitting of the experimental data using Eq. (2)
revealed R0 ¼ 140Ω and ΘD ¼ 542 K in excellent agreement with
the value found in the literature of ΘD ¼ 570 K [34]. Furthermore,
the analysis of the data revealed n¼2 while values commonly
observed when acoustic phonon–electron scattering is present are
in 3ono5 range. When the magnetic field above the critical
value, BC, was applied we effectively destroyed the weak localiza-
tion regime but electron–electron and electron–boundary scatter-
ing processes remained unchanged. Then, the resistance data in
Fig. 3b reflect more than one single scattering process. In fact,
no3;5 in Eq. (2) indicates that there is another scattering
mechanism in addition to the electron–acoustic phonon involved
in the whole process (electron–electron and electron–boundary)
[35]. Considering the parameters of the macroscopic device used
in experiments, we obtain Bc � 10�4 T in which it is far below the
experimental results (B¼0.7 T). Considering the above discussion
and the one-dimensional character of the transport, it seems that
the electron transport on nanobelts thin film is dominated by the
intrinsic processes occurring inside of nanobelts rather than in
thin film as a macroscopic three-dimensional structure.

4. Conclusion

Electronic properties of self-assembled high crystalline quality
fluorine-doped tin oxide nanobelts were studied. We report the
experimental data and the related analysis on the resistance and
magnetoresistance of a thin film made using a dispersion of these
single-crystal nanobelts. The temperature dependence of the
electrical resistance was studied from 10 to 300 K, and different
conduction mechanisms were observed. We have shown that the
theory of weak localization in a weak disorder regime provides a
reasonable description of the observed electrons’ transport char-
acteristics of FTO thin films. Also, our results suggest that the
macroscopic extrinsic disorder, related to the random distribution

of nanobelts, does not give a noticeable contribution to the whole
transport mechanism.
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