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Abstract

In this work, high quality single crystalline SnzOs nanobelts grown by the vapor-solid (VS) method associated to a
carbothermal reduction process were studied. Field Effect Gun Scanning Electronic Microscopy confirmed the growth of
belt-like nanostructures by the VS method. X-Ray Diffraction revealed that the synthesis resulted in monocrystalline belts
of high crystalline quality and preferential growth orientation. Semiconductor character of samples was detected by
temperature-dependent resistivity measurements and the variable range hopping (VRH) was found to be the main
mechanism of electronic transport in a large range of temperatures. A Field Effect Transistor (FET) based in a single
nanobelt of SnzO4 was built in order to obtain key parameters of the nanobelt since it is the active channel in the device.
The transistor was characterized by current-voltage curves from which we found the Sn3;O4 channel to be n-type. The
density of free carriers was found to be 5,07x10"" cm®and mobility was found to be 11,5 cm?/V.s. The field effect
properties of the SnzO4 nanobelts were also studied under UV illumination. The results indicate that the conductance is
an order of magnitude greater in this condition than in dark and this photoconductive behavior was associated to the
presence of oxygen vacancies in Sn3O4 structure releasing free carriers to the channel.

Besides, its great potential to be applied in
electrical and photocatalytic it can be said that
Sn;0,4 has not been fully explored.

Hoping to add data to fully understand the
properties of this tin oxide nanostructured material in
this work we explored structural and electronic
characterization of non-stoichiometric  Snz;04
nanobelts. By constructing a field effect transistor
based in a single nanobelt we found an n-type
behavior for the active channel and key parameters

Introduction

In recent years, nanostructured transparent
conductive oxides (TCOs) have been extensively
studied because of its potential applications in
electronic and optical devices [1-3]. Currently,
special attention has been given to some non-
stoichiometric phase of tin oxide specially SnzO,,
because it has band gap in the visible portion of the
electromagnetic spectrum (2, 9 eV) [4].

The electrical behavior of Sn;O, nanobelts was
recently found to be driven by oxygen vacancies
defects leading to the observation of phonon
scattering in a wide range of temperatures [5].

Also it was found that non-stoichiometric Sn;O,
has shown interesting catalytic properties: this
material was effective in the degradation of methyl
orange (irradiated with visible light) [6] and presents
an H, evolution rate in aqueous solution comparable
to the usual light sensitive photocatalysts [7].

The combination of these properties with the fact
that it is a non-toxic [8] material it can said that
Sn3;0, is an excellent candidate to be applied in gas
sensors [9,10], lithium ion batteries [11], and
photocatalysts [12].
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of this device such as mobility and on/off ratio were
found.

As we know, Sn;O, nanobelts exhibit great
responsivity to the ultraviolet light [5] and this
photoconductive behavior was associated to the
presence of oxygen vacancy in its structure. In this
sense, we analyze the behavior of the field effect
transistor under UV illumination. The results indicate
an increase in channel conductance of about one
order of magnitude caused by the releases of free
carriers from oxygen vacancies.

Methods and Results

The SnzO,4 nanobelts were synthesized the vapor-
solid mechanism in association with a carbothermal
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reduction process. In this late
process, the starting material is
mixed with a carbon source in order
to reduce the evaporation temperatures.

In this way we mixed SnO, powder (Sigma Aldrich,
> 325 mesh, purity > 99.9%) with graphite (Fluka, >
20 um, purity > 99%) 95:5 in weight, respectively.
The final mixture was obtained after 72h mixing in a
balls mill and was used as precursor material in the
synthesis of the nanobelts.

The precursor powder was placed in an alumina
crucible and inserted into the central region of an
alumina tube positioned inside a horizontal tubular
furnace (Lindberg/Blue M) where the temperature,
gas flux and evaporation time were controlled. The
furnace was heated to 1250°C (heating rate of
10°C/min) and it was maintained at this temperature
for 2h before the cooling down to room temperature.
A continuous flow of N, (60 sccm) was maintained
during the entire time of the synthesis.

Structural characterization of nanobelts was
performed by X-Ray Diffraction by using a
diffractometer (Rigaku, D-max 2500 model) with Cu
K, radiation (A = 1.54 A).

Initially, the device was fabricated to be performed
for transport measurements. For this purpose the
as-grow nanobelts were dispersed in ethanol,
sonicated and deposited on an oxidized n* Si wafer
(500 nm). Then metal contacts were deposited on
the top of the tips of nanobelts by using lithography
techniques (Au/Ni, 100 nm, typical separation 5 ym).
To reach the field effect transistor configuration a
third metal contact was added to the back of this
device (Al, 100 nm).

The transport measurements were carried out at
different temperatures using a closed-cycle helium
cryostat Janis, CCS 350 working at a pressure lower
than 5x107% Torr. The resistance data was
obtained using standard low-frequency ac lock-in
AMETEK 7265 detection with great noise reduction.

The current-voltage data of the device were taken
at 300K and were recorded by using two
electrometers (Keithley 2400). The UV-dependent
measurements were performed by using a 256 nm
mercury lamp, 0.7 mW cm ™.

X-Ray Diffraction measurements of the as-grown
samples are depicted in Figure 1.
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Figure 1. X-Ray Diffraction of the as-grown Sn;O,

nanobelts.
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Temperature-dependent resistivity measurements
are depicted in Figure 2.

Figure 2. Temperature-dependent resistivity
measurements for the Sn;0, based device.
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The transport measurements for the transistor
were performed at room temperature. Figure 3
shows the Ips X Vps curves for a single nanobelt with
applied gate voltage ranging from -40 to 50 V.

Figure 3. Ips X Vps measurements for a one-Sns0O,
nanobelt based device.
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Measurements of Ips X Vg with
fixed Vps depicted in Figure 4 were made in order
to obtain transistor key parameters such as:
transconductance, mobility and on/off ratio.

Figure 4. Ips versus Vg with Vpg fixed at 4 V
showing the linear extrapolation used to calculate
V;. In the detail is showed semilog plot for to
calculate subthreshold swing (S).
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The FET performance was also studied under
ultraviolet illumination as depicted in Figure 5.

Figure 5. Ips x Vps curves showing the
dependence of the FET response with UV light (A =
256 nm).
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Discussion

The SnzO, nanobelts grown by VS transport
method were submitted to X-Ray Diffraction
technique in order to obtain data on the nanobelts’
crystalline quality, the phase and structure. The XRD
pattern (Figure 1) was indexed as the triclinic phase
of Sn30O, (PDF#20-1293). The narrow and well
defined peaks in the XRD indicate that the samples
are single crystalline with high crystalline quality.
The presence of a very intense peak related to
planes (003) in the diffractogram is an indicative that
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the sample presents a preferential growth orientation
as reported in previous works [4] that identified the
[001] direction by associating XRD data to
Transmission Electron Microscopy data. The
unrecorded peaks in the XRD correspond to small
contributions of SnO and SnO,. It is known that
Sn3;0,4 grows in a layered structure composed by
SnO and SnO, layers [13] and we believe that the
observation of SnO and SnO, peaks in our
diffractogram are due to this growth mechanism.

The temperature-dependent resistivity features of
the samples were explored and it was observed a
semiconductor-like  behavior:  the  resistivity
decreases as the temperature increases.

Conduction in this material occurs by variable
range hopping (VRH):

1/4
p(T) = pp &P (Tr] , @)

where T, = 16a3/kgN(Ep), is a constant in which a1
is the localization length of wave function, kg is the
Boltzmann constant and N(Eg) is the density of
states at the Fermi level [14]. The hopping model is
based on the presence of a random potential that
provides the location of electronic charge. Therefore,
in the VRH process the charge transport requires a
mechanism of conduction through localized states
[15] in such way that electrons jump to neighboring
sites of the comparable energy while phonons
conserve energy. Since this process is assisted by
phonons [4], a higher density of phonons in the
structure implies an increase in hopping events.

The adjustment of this behavior (eq. 1) to the
experimental data shows that this is the dominant
transport mechanism for temperatures ranging from
40 to 297K (Figure 2).

The characterization of the nanobelt based
transistor is shown in Figure 3. It can be seen from
Figure 3 that conductance increases in the linear
region from 3.3 for 4.6 uS as the gate voltage varies
from -40 to 40 V. This behavior in which the increase
of gate bias causes the conductivity to grow is
currently addressed to n-type channel transistors
[16]. This is the first experimental measurement
confirming the n-type semiconductor behavior of
Sn3;04 nanobelts reported previously by Suman et al
[17].

In the FET configuration the current between the
drain and the source is controlled by changing the
voltage between the gate and drain contacts. In an
n-type device a negative gate-source voltage
increases the width of the depletion layer reducing
the flow of carriers in the channel. When the
depletion layer reaches its maximum, the gate
voltage is no longer able to maintain a well-formed
channel and the electrons tend to diffuse into the
bulk before reaching the drain contact [18]. The
current reaches the saturation regime and we say
that the drain and source contacts are pinch-off [16].
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In this regime, the current in the

device is completely controlled by

the gate voltage. In this case, the
Snz0, transistor did not reach the saturation regime
or pinch-off, as observed in the Ips x Vps curves.
This is probably due to the excess of electrons in the
channel originated from oxygen vacancy states: as
the drain voltage increases the depletion layer is not
large enough to limit the flow of electrons in the
channel and the saturation regime is not achieved.
This fact is a strong indication of a high density of
carriers (n) in the transistor channel.

Aiming to confirming this evidence and calculating
key parameters for the transistor such as
transconductance and mobility (of which n is
dependent) measurements of Ipg x Vg with fixed Vps
were performed. In the Figure 3 it is observed a plot
of Ips X Vg for Vps =4 V from it we calculated the
threshold voltage (V;). The insert shows the even
plot with vertical axis in logarithmic scale for to
calculate the subthreshold swing (S).

From of the curves depicted in Figure 4 the

dI
transconductance g, =FDS was calculated. Then,
G

considering the value obtained for g,, and nanobelt’s
size and geometry the field effect mobility ppgr in the
linear operation regime was calculated.

nl’

= y 2
Meer CorVor (2

with L = 7 um and the capacitance of the back gate
Cox is 5 fF considering an approximation for
cylindrical geometry. As a result we found the field
effect mobility to be 11,5 cm?/V.s.

From resistivity measures presents and with the
mobility data we calculate the carriers’ density at
300 K by considering the following relationship:

p=— 3
nep

From the eq. 3 we found n = 5,07 X 1017 cm™3. The
high value obtained confirms the assumption made
to explain the absence of saturation regime in the
transistor curves presented in Figure 1: the carrier's
density is so high that the depletion layer cannot
empty the channel.

The threshold voltage (V, = V¢ +~Vps) [19] is an

essential parameter for the transistor as it indicates
the onset of significant drain current flow. In this
case, as linear fit showed in Figure 4, V, = —48V
while the on/off ratio for this device was found to be
102

Important parameters such as device speed
(v. = L?/uV) [20] and subthreshold swing (S =
AV /decade Ipg) [16] were also calculated in order to
fully characterize the Sn3;O, based device. The
obtained speed was found in the range of
nanoseconds and S = 41V/decade. Lower values for

18th Brazilian Workshop on Semiconductor Physics (BWSP 2017)

DOI: 10.17648/bwsp-2017-70046

S indicate higher speeds and lower
consumption for the FET.

The behavior of the field effect transistor was
studied under UV illumination as showed in Figure 5.
The Ips X Vps curves depicts that current increases
in the illuminated environment and cause an
increase in channel conductance. The conductance
(calculated from the linear region of the Ips x Vps
curves) increased from 4.2 to 15.4 uS as the drain
source bias varied from -2 to 2 V with fixed Vg = 20V
the device.

The oxygen vacancies present in the structure of
the Sn;O, nanobelts are responsible for the
observed photoconductive behavior. UV light excites
electrons from oxygen vacancy states to the
conduction band by increasing the current in the
transistor channel. This characteristic of the device
may be explored for the production of UV sensors.

All the characteristic parameters calculated for the
field effect transistor based in single belt of Sn;O,
are large enough for the use of the device in
switching applications. Additionally, the
photoconductive behavior of FET under UV
illumination makes this device a promising candidate
to be a light sensor.

power
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