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Abstract
Fluorine doped SnO2 (FTO) nanobelts were synthesized and their transport properties, such as
conduction mechanism, mobility, carrier density and density of states (DOS) were
investigated. Variable range hopping was observed as the dominant mechanism in a large
range of temperature (40–260 K). Through these data we estimated the localization length and
hopping distance at 300 K of FTO nanobelts exhibiting a three-dimensional character for
carrier transport. The carrier mobility was calculated to be 48 cm2 V−1 s−1 for samples with
carrier density of 2 × 1018 cm−3. Taking into account the parameters obtained from
temperature-dependent resistivity and the above data, the characteristic DOS at Fermi level in
our samples was found.

Keywords: field effect transistor, electronic transport, variable range hopping, electron
mobility, fluorine doped tin oxide

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanostructured materials have been a fundamental basis for
technological advances in miniaturization and development
of optoelectronic devices: decreasing material’s density and
increasing its strength, is fundamental for basic science. These
materials are technologically imperative since the performance
of such devices is critically dependent on the dimension or
the surface-to-volume ratio of the material [1] with particular
attention to transparent conductive oxides (TCOs). These
materials are a unique group that offer both high optical
transmissivity in the visible range and low electrical resistivity.
TCO materials such as SnO2, In2O3 and ZnO [2–4] have
been widely studied in the form of nanowires, nanotubes and
nanobelts. They also provide a useful basis to study some
aspects of basic physics such as weak localization (quantum
corrections to the classical conductivity) [5].

Some TCOs properties have attracted much attention
such as those investigated by Lupan et al, in hydrogen
single and multiple nanowire nanosensors based on ZnO

[6]. In that work the authors showed an enhanced gas
response and selectivity for the detection of hydrogen at room
temperature compared to previously reported H2 nanosensors.
Additionally, the gas response was shown to depend on the
Cd-doping, and to be significantly improved as compared
to undoped ZnO. In the same way, ethanol gas sensing
properties of SnO2 nanobelts functionalized with Au were
studied and an improvement in the responses of the nanobelts
by approximately 100 times at 50 and 100 ppm C2H5OH with
Au functionalized samples were observed [7]. Furthermore,
Changhyun Jin et al, presented that SnO2–ZnO coaxial
nanowires have their photoluminescence properties enhanced
after annealing process [8]. Also, new growth methods have
been implemented for better understanding or performance of
nanosctructured device. For instance, Lupan et al, showed a
rapid fabrication technique for tin oxide nanowires with rutile
structure synthesized by the hydrothermal method, allowing
rapid and controlled growth of samples [9]. Additionally,
transparent conducting nanobelts have also been used as the
channel to field-effect transistors (FETs) and for detection of
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different chemical species, transparent and flexible electronics,
memories and integrated logic circuits [10–14].

Early studies on TCO nanostructures were focused
on undoped samples in which electrons were supplied
by deviation from stoichiometry (oxygen vacancies) or
unintentional doping by impurities (uncontrolled) in the
growth facility [15–18]. Undoped samples are usually
characterized by low and unstable conductivity (accordingly
to the surrounding atmosphere) [19]. Such issues, which are
present even in thin films, can be controlled by doping with
impurities such as Zn, Sb, In and F as shown in literature for
both thin films and nanobelts [20–23].

As a matter of fact, Shanthi et al showed that 57 at%
FTO films present excellent resistivity (<10−3 � cm) and
high visible transparency (>88%) [24] when compared to
ITO. More recently, a comparative study between ITO and
FTO films proposed by Aouaj et al, presented that electrical
resistivity was 8 × 104 � cm and 6 × 10−4 � cm for ITO
(6% of Sn) and FTO (2.5% of F), respectively [25]. In the
same way, Bilgin et al, observed that electrical conductivity
of fluorine doped SnO2 films increased by two orders of
magnitude up to 5% of dopant [26]. Likewise Wan et al,
showed that films of antimony doped SnO2 nanobelts have
observed a much better response than that achieved in undoped
ones [27]. Among the various alternatives the fluorine doped
SnO2 is also interesting because it shows high transparency and
excellent conductivity as observed in thin film [28] samples.
Therefore, fluorine doped SnO2 may provide an inexpensive
alternative to indium doped tin oxide (ITO) as transparent
conducting oxide materials because they are synthesized by
a simple and economical technique (vapour–solid (VS)) [29]
and do not present unstable phases of SnO2 (Sn3O4) [30];
additionally they present high crystallinity [26] and have
similar transport parameters of ITO [25]. In this context, the
electrical properties of fluorine doped SnO2 (FTO) samples
should be carefully studied to identify the compatibilities with
ITO device applications.

Here we report some electrical data on FTO nanobelts.
We successfully synthesized FTO nanobelts with controlled
characteristics and developed a useful device with them.
The underlying conduction mechanism was identified as
the variable range hopping (VRH) process. Combining
the parameters obtained from temperature-dependent with
electrical data from FETs (with FTO nanobelts as active
channels) we calculated the characteristic carrier mobility and
density. Also, the density of states (DOS) of the samples
was calculated in close agreement with values estimated from
literature.

2. Sample structure and methods

The FTO nanobelts were synthesized by a carbothermal
evaporation associated with the well known VS mechanism. In
FTO synthesis the tin source is the SnO2 (Aldrich, >325 mesh,
purity >99.9%) which was mixed with graphite (Aldrich,
>20 µm, purity >99 %) 95 : 5 in weight, respectively, by using
a balls mill for 24 h. The obtained mixture was placed in a
crucible and then it was placed at the centre of a horizontal

tube furnace (Lindberg Blue M), where the temperature, gas
flux and evaporation time were controlled in order to obtain the
best conditions for the synthesis. Near to each tube extremity
was placed an alumina boat with 0.5 g NH4F, used as fluorine
source. The tube atmosphere was controlled during all the
synthesis procedure. From room temperature to 600 ◦C an
inert atmosphere was used, keeping 100 SCCM N2 flow. From
600 ◦C to the end of the synthesis time a controlled O2 quantity
was admitted in both tube extremities. The synthesis was
carried out at 1200 ◦C for 2 h, using a 10 ◦C min−1 as heating
rate. The white material collected after the synthesis was
structurally and electrically characterized.

The material structure was analysed by x-ray diffraction
(XRD) using a Rigaku diffractometer model DMAX 2500PC,
with Cu–Kα radiation (λ = 1.540 56 Å) at 40 kV and 150 mA.
A scanning electron microscope (SEM) FEI INSPECT
F50 equipped with an energy-dispersive x-ray spectrometer
EDAX was used in microanalysis (EDX) and microstructure
characterization. Single SnO2 : F nanobelt devices were
simply prepared by a conventional random dispersion
technique and ohmic contacts were made by alloying small
pieces of indium (∼200 µm) into the belt + subtrate at 450 ◦C
for 10 min in a tube furnace filled with an inert argon
atmosphere. These devices were used to investigated the
temperature dependence of resistivity.

Back-gated devices were prepared by conventional
photolitography producing a FET structure. The transistor
channel was produced by dropping a micrometre volume of
an ethanol + FTO nanobelts solution onto a oxidized silicon
substrate (where Au/Ni electrical contacts were previously
prepared). Next, the devices were annealed at 450 ◦C
for 20 min in a conventional tube furnace filled with
argon. The transport measurements were carried out at
different temperatures from 10 to 300 K using a closed
cycle helium cryostat and at pressures lower than 5 ×
10−6 mbar. Temperature-dependent resistivity was measured
using standard low-frequency lock-in techniques (f = 13 Hz)
with a Keithley 6221 as a current source. The current–voltage
curves at different temperatures were obtained by using a
Keithley 237 source meter unit.

3. Results and discussion

The as-grown fluorine doped SnO2 samples were firstly studied
by XRD. Figure 1(a) presents the diffraction pattern indexed
as cassiterite (PDF # 41-1445). In order to compare the
relative intensity (hkl) peaks from FTO samples with indexed
cassiterite PDF, the intensity was analysed. The XRD pattern
from the nanobelts present higher intensity in (1 0 1) than
(1 1 0). The intensity relation I1 0 1/I1 1 0 is inverted if compared
with the PDF file mentioned above; we believe this inversion is
associated with the directional and single crystalline character
of nanobelts when supported in XRD sample holder. The
material presents a preferred orientation (textured sample)
as a consequence of morphological structure resulting in a
change in the relative intensity compared with the indexed PDF.
In order to check whether SnO2 nanobelts were doped with
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Figure 1. Structural and chemical composition characterization in FTO samples. (a) XRD diffraction pattern in log scale (PDF # 41-1445)
of FTO obtained by carbothermal reduction process, (b) EDX spectrum used to quantify the chemical composition in samples. The inset
shows the two probes resistance measurements performed in different temperatures for SnO2 and FTO nanobelts. (c) depicts an SEM image
of FTO nanobelts showing their morphology with length of several micrometres; in the inset is their distribution of sizes. In (d) is shown the
current–voltage measurements comparing the performance of undoped SnO2 and FTO nanobelts.

fluorine, energy-dispersive x-ray (EDX) spectroscopy analysis
was performed.

As shown in figure 1(b), EDX spectrum reveals 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%; several nanobelts
(up to 20) were studied using EDX and all the spectra have
shown approximately the same atoms ratio. As further
evidence of fluorine incorporation to the SnO2 lattice, two
probes resistance measurements were performed at different
temperatures with the as-grown material (30 ◦C < T <

900 ◦C): as the temperature increases, the samples show no
resistance variation until 750 ◦C when it increases significantly,
as viewed in the inset of figure 1(b). Resistance was also
measured in the cooldown process and still remained at the
higher observed value.

Considering that 750 ◦C is close enough to the synthesis
temperature (600 ◦C) the resistance increase means that
fluorine atoms were really incorporated to the SnO2 lattice.
Otherwise—for instance, fluorine atoms were physically
adsorbed on the FTO nanobelts’ surfaces—they would be
evapourated at much lower temperatures. The microstructures
were also characterized by SEM: the as-grown material
presented long nanobelts as can be observed in the inset of

figure 1(c) (and expected for the VS process). In this case
the vapour deposition will occur preferentially in faces with
high energy resulting in elongated structures [4, 30]. The
statistical distribution of nanobelts’ sizes is depicted in the
inset of figure 1(c).

As a first characterization we conducted resistance
measurements in a single FTO nanobelt device, and as
expected, the resistance showed a semiconducting behaviour at
all used temperatures. The measured current–voltage curves of
both doped and undoped SnO2 (used for comparison) samples
are shown in figure 1(d). The resistance of the undoped SnO2

nanobelt was observed to be very high (∼3 G�). After F
doping, the resistance was calculated to be about 100 k� and
current–voltage curves presented a linear behaviour.

The transport properties of the synthesized FTO nanobelts
were studied by temperature-dependent electrical resistivity
measurements and the relevant results are displayed in
figure 2. The resistivity data revealed a monotonic decrease
with increasing temperature, a typical behaviour observed
in semiconductor systems [31]. The values of ρ(T ) at 10
and 300 K were found to be 106 m� cm and 12 m� cm,
respectively. These values of ρ(T ) are very close to the
literature and further indicate that FTO nanobelts are excellent
candidates for practical applications as TCOs. In addition to
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(a)

(b)

Figure 2. The resistance dependence on temperature for a single
SnO2 : F nanobelt device is depicted in panel (a). (b) shows the
fitting of VRH conduction mechanism to the experimental data.

this, they are in good agreement with ρ(T ) ∼ 4.3 m� cm
reported in FTO thin films [25], ρ(300 K) ∼1.3 m� cm and
∼1 m� cm for ITO and antimony doped tin oxide thin films,
respectively [22, 25]. The ratio [ρ(300 K)/ρ(10 K)] was found
to be 0.11 for FTO nanobelts and it is essentially similar to that
found in ATO thin films (0.1) [22].

Samples grown by a self-assembled method (VS mecha-
nism in our case [29]) can exhibit metallic or semiconductor
behaviour depending on the disorder originating from both
growth process and doping [32]. The disorder in samples can
lead the conduction of charges to present some localized char-
acter at low temperatures. From our experience [3–5] and from
the literature, the VRH process of electric conduction can be
more relevant when some disorder is present, and it is described
by [34, 35]

ρ(T ) = ρ0 exp

[(
T0

T

)m]
, (1)

where T0 = 5.7α3/kBN(EF). Here, N(EF) is the DOS at
the Fermi level and α−1 is the localization length and other
constants have their usual meanings. This mechanism usually
occurs in a temperature region where the energy is insufficient
to excite the charge carriers through the Coulomb gap between
two states. Since conduction takes place by hopping in a small
region (kBT ) in the vicinity of the Fermi level where the DOS
remains almost a constant (m = 1/(d+1), where d is the system
dimensionality) [35]. Thus, from temperature-dependent
resistivity measurements we were able to study the conduction
character in our samples. The inset of figure 2(a) shows
current–voltage curves for different temperatures (10–300 K)
revealing the ohmicity of the electric contacts for the whole
range of temperatures. The ρ × T curve in figure 2(a) clearly

exhibits a semiconducting character: decreasing of resistance
with increasing temperature. It is interesting to note that a
simple model based on the thermal activation law [ρ(T ) ∼
exp( �E

kBT
)] or Efros VRH mechanism [ρ(T ) = exp(

T1/2

kBT
)1/2]

[33] was unable to explain the observed behaviour because
some physical parameters, such as localization length or
excitation energy, invariably assume unreasonable values. The
fitting of equation (1) to the experimental data revealed that the
mechanism transport is mainly governed by the VRH process.
The fitting of low dimensionality hopping laws (d = 1) and
(d = 2)were also performed but were discarded due to the poor
agreement between these mechanisms and the data. Through
the fitting of equation (1) (figure 2(b)) to expected data, we
obtained T

1/4
0 = 4.3 K1/4.

Considering the energy states to be uniformly distributed
(this assumption is reasonable for the spatial extension of
the carrier wave function in our samples) we calculated the
characteristic carrier localization length. The DOS for SnO2

is estimated to be N(EF) ∼ 1020 cm−3 eV−1 from literature
and as far we know this value is similar for both doped or
undoped SnO2 [22, 25, 36]. From the VRH fitting we obtained
4 nm for the localization length, which is in full agreement
with the Bohr radius of SnO2 (3.3 nm) and it is smaller than
cross section of the nanobelt (300 × 30 nm2) thus evidencing
the three-dimensional character of the transport [37]. From T0

it was also possible to obtain the mean hopping distance, i.e.
the distance an electron must hop for conduction. At 300 K
the hopping distance was estimated to be [33]

Rhop =
(

1

α

) (
9

8πβ

)1/4 (
T0

T

)1/4

= 5.2 nm. (2)

After these initial investigations on the conduction
character of the samples, three terminal devices were built
to obtain data on FTO performance as the active channel
in a transistor device: from these measurements we were
able to estimate the density and mobility of carriers which
are essential for devices developing. Figure 3(a) shows a
set of transistor characteristic curves (IDS–VDS) at different
gate voltages (VGate). The gate effect is rather weak: this
is probably caused by the large dimensions of the channel
(∼5 µm) associated with the unavoidable presence of disorder.
Figure 3(b) depicts IDS − VGate curves of FTO nanobelt
FET which exhibit an excellent conductance response to gate
voltage: the FTO channel was fully turned off even at VGate =
−15 V and the transconductance (figure 3(b)) exhibited the
maximum value of 72.4 nS at VGate = −20 V (VDS = 1 V). The
device exhibited a good ON/OFF ratio of 104, in agreement
with those found in the literature for SnO2 based materials
[12, 38, 39]. The electron mobility (µ) in FTO nanobelt FET
was calculated by [12, 38, 39]

gm = dISD

dVGate
= µC

L2
, (3)

where µ is the carrier mobility, L is the length of the active
nanobelt channel, gm is the transconductance obtained through
figure 3(a) and the capacitance C is given by [12, 38, 39]

C = 2πε0εSiO2L

cosh−1

(
2h + d

d

) , (4)
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(a)

(b)

Figure 3. Transistor characteristics of back-gated FTO nanobelt
FET devices on oxidized silicon substrates. (a) Family of drain to
source current curves at different gate voltages is depicted from −30
to 10 V in 10 V steps (from top to bottom). (b) Drain to source
current as a function of gate voltages at the linear region
(VDS = 1 V). The inset in (a) shows a sketch of the transistor device
and the typical measuring circuit.

where εSiO2 = 3.9 is the dielectric constant of the SiO2 gate,
h = 1 µm is its thickness, and d � 30 nm is the lateral
size of the nanobelt. It should be noted that equation (4)
evolves into the commonly used capacitance model Cg =
2πε0εSiO2 L

ln( 4h
d )

when h � d; we estimated a capacitance of 280 aF

using the equation (4). Using this value and measuring the
transconductance (gm), the mobility of 48 cm2 V−1 s−1 was
obtained. From threshold voltage figure 3, Vth = −7.9 V,
we estimated the carrier concentration, ne, using [39, 40]

ne = VthC

qπ

(
d

2

)2

L

, (5)

and we found ne = 2 × 1018 cm−3. Taking into account
the VRH mechanism, the carriers participating in the hopping
process are those which have an energy such that E − EF ∼
kBT [34] and then, the carrier density can be written as
ne ∼ kBT N(EF) [34]. Using this relationship, we calculated
the DOSs of FTO samples to be ∼1020 cm−3 which is in
excellent agreement with the value used for the hopping
distance calculation described above. Finally, using the density
of carriers and considering Coulomb interactions between
fluorine donors, we estimated the fluorine–fluorine distance
to ∼5.0 nm which is also in agreement with the Rhop [33].
This means that hopping distance is nearly equal to the average

distance between two fluorine atoms [41], thus confirming that
fluorine atoms were incorporated into the SnO2 lattice.

4. Conclusion

Briefly, we have synthesized fluorine doped SnO2 and
investigated their transport properties. From single nanobelt
devices we observed the variable range hopping as the
dominant mechanism in a large range of temperature
(40–260 K). These data provide us with an estimate of the
localization length (4 nm) and hopping distance (5.2 nm at
300 K) showing that the studied FTO nanobelts exhibit a three-
dimensional character for carrier transport. The electrical
data from transistor characterization revealed a mobility of
48 cm2 V−1 s−1 and carrier density of 2 × 1018 cm−3. Taking
into account the variable range hopping mechanism and these
data we found directly the characteristic density of states at
Fermi level in our samples.
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