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Abstract

The current—voltage (/I-V') characteristics of metal-semiconductor junction
(Au-Ni/SnO,/Au-Ni) Schottky barrier in SnO, nanowires were investigated over a wide
temperature range. By using the Schottky—Mott model, the zero bias barrier height 5 was
estimated from /-V characteristics, and it was found to increase with increasing temperature; on
the other hand the ideality factor (n) was found to decrease with increasing temperature. The
variation in the Schottky barrier and n was attributed to the spatial inhomogeneity of the
Schottky barrier height. The experimental /-V characteristics exhibited a Gaussian distribution
having mean barrier heights ® of 0.30eV and standard deviation o, of 60 meV. Additionally,
the Richardson modified constant was obtained to be 70 A cm ™2 K72, leading to an effective
mass of 0.58my. Consequently, the temperature dependence of I-V characteristics of the SnO,
nanowire devices can be successfully explained on the Schottky—Mott theory framework taking

into account a Gaussian distribution of barrier heights.

Keywords: tin oxide, nanowire, gaussian ditribution

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

1. Introduction

Over the past decades nanowires have been attracted great
interest, due to their high potencial for applications such as
ligth emitting diodes [1, 2], gas sensors [3], electro-
luminescent devices [4] and field effect transistors [5-7].
These electronic devices present smooth control over the flow
of charge carriers which are injected into the semiconducting
material through electrical contacts. In order to obtain detailed
information on structural and electronic properties the study
of nanowires based devices could be a useful way to explore
these properties and the large dependence of electrical char-
acteristics on surface states.

Kovtyukhova et al studied metallic nanowires in which
the rectifier character was explained by both Schottky and
Fowler—Nordeheim theory [8]. Subsequently, Jae-Ryong Jin

0268-1242/18,/055003+-07$33.00

et al have obtained gallium nitride nanowires grown by
chemical vapor deposition, which exhibited Schottky diode
behavior [9]. Park and Gyu-Chul presented a study of nano-
wires of zinc oxide with Schottky nanocontacts. In that paper
the authors analyzed the metal-semiconductor junction
between a nanowire and Au/ZnO electrodes and an AFM tip
used as an electrode. The results showed an operating voltage
of 1.0 V and breakdown voltage of —8.0 V.

Ideal Schottky devices have ideality factors close to
unity, but in general, values greater than unity are usually
observed characterizing these devices as poor quality metal-
semiconductor junctions. Electrical contacts having Schottky
barrier with n >1 have been studied by Kim et al and Lao
et al [9, 10]. Nevertheless few authors try to explain the
reasons for high ideality factor values which are found in
nanowire devices [11]. Usually, the ideality factor greater

© 2018 IOP Publishing Ltd  Printed in the UK
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than unity can be attributed to interface states in a thin oxide
layer between the metal and semiconductor and/or due to
tunneling currents in highly doped semiconductors [9,
11-13]. Other authors have highlighted the image charge
effect or recombination/generation within the space charge
region as a mechanism responsible for n > 1 [14, 15].

All studies presented in the previous paragraph take into
account that the device behaves as an ideal Schottky diode,
assuming that the junction is abrupt with a well defined
Schottky barrier height (SBH). Also, some authors have
attributed the deviations from ideality factor to presence of a
non-homogeneous SBH [15-17]. Both Pipinys and Lapeika
as well as Gayen et al found ideality factors above unity and
SBHs dependent on both temperature and voltage. This fact is
not predicted by the thermionic emission model [18, 19].

In this work we studied devices based on nanowires
which exhibited some inhomogeneity on the SBH. This
inhomogeneity led to a temperature dependence of devices
parameteres such as SBH and ideality factor which is not
predicted in the Schottky—Mott model. Such variation in both
SBH and n can be explained in assumption of a spatial
inhomogeneity of the SBH. Here we used the Schottky—Mott
theory framework assuming a Gaussian distribution and
parameters such as standard deviation, mean Schottky barrier
heigth and an apparent ideality factor were obtained. In
addition, the modified Richardson constant was also obtained
and the electron effective mass of SnO, was estimated.

2. Materials and methods

Tin oxide (SnO,) nanowires were synthesized by a
carbothermal evaporation using the well known vapor solid
mechanism; the tin source was the SnO, powder (Aldrich,
>325 mesh, purity >99.9%) which was mixed with graphite
(Aldrich, >20 um, purity >99%) 95:5 in weight, respec-
tively, by using a balls mill for 24 h. The obtained mixture
was put in a crucible and then it was placed at the center of a
horizontal tube furnace (Lindberg Blue M), where the temp-
erature, gas flux and evaporation time were controlled in order
to obtain the best conditions for the synthesis. From room
temperature to 600 °C an inert atmosphere was used, keeping
a 100 SCCM N, flow. From 600°C to the end of the
synthesis time, a controlled O, quantity was admitted in both
tube extremities. The synthesis was carried out at 1200 °C for
2h, using a 10 °C min~' as heating rate. The white material
collected after the synthesis was structurally and electrically
characterized. The material structure was analyzed by x-ray
diffraction (XRD) using a Rigaku diffractometer model
DMAX 2500PC, with Cu-Ka radiation (A = 1.540 56 A) at
40kV and 150 mA. A scanning electron microscope (SEM)
FEI INSPECT F50 was used for microanalysis (EDX) and
microstructure characterization. Single SnO, nanowire devi-
ces were prepared by a conventional random dispersion
technique and ohmic contacts were made by conventional
photolitography producing electrodes with spacing of 10 ym.
These devices were used to investigated the temperature
dependence of resistivity (indium electrode, ohmic behavior)

and current—voltage characteristic. Schottky parameters were
also investigated using gold—nickel alloy electrodes. The
transport measurements were carried out at different tem-
peratures from 10 to 300K using a closed cycle helium
cryostat at pressures lower than 5 x 10~° mbar. Temperature-
dependent resistivity was measured using standard low-fre-
quency lock-in techniques (f= 13 Hz) using a Keithley 6221
as a current source. The current—voltage curves at different
temperatures were obtained by using a Keithley 6517
electrometer.

3. Experimental results and discussion

Figure 1 depicts the structural properties of the as-grown
SnO, nanobelts. Panel (a) presents the XRD pattern of SnO,
nanobelts. Some information on the preferential growth
direction of samples can be obtained by the intensity ratio of
the (100) and (101) reflections when compared with the
standard JCPDF card [20], due to the large aspect ratio of
morphology of the samples (belts), with a ratio 1”” = 1.1

Figure 1(b) presents a SEM image of the collected material
showing an abundant and uniform growth of nanobelts with
lateral sizes between 5 and 500 nm and lengths of tens of
micrometers. The chemical characterization of several nano-
belts was made using an Energy Dispersive x-ray spectro-
meter attached to a SEM, where the presence of Sn and O is
observed. The peak related to Si is due to the substrate used
(figure 1(c)). Corroborating the previous analysis, Raman
spectrum of the as-grown material showed that the samples
are structurally uniform and present the rutile structure,
belonging to the space group Pss/mnm, where the normal
modes of vibration are in the center of Brillouin zone [21-23]
with 11 Raman-active optical phonons [24] (figure 1(d)).
Concomitantly, the tetragonal rutile structure of SnO, sam-
ples was confirmed with the presence of the E,, A, and B,
modes. It is also possible to observe the presence of two
additional peaks at 501 and 690cm ™' which are not fre-
quentelly observed in the bulk type samples. Berengue et al
related the presence of these peaks in the SnO, nanostructured
with different selections rules due to a structural disorder or
low dimensionality of the samples [25].

The temperature-dependent resistance is plotted in
figure 2(a). From these results the transport characteristics of
the SnO, nanobelts studied here are in agreement with a
semiconductor behavior. Figure 2(b) presents a scanning
electron microscopy image of the device used for the temp-
erature-dependent resistance measurements. The lateral
dimensions of the nanobelt showed in figure 2(b) are of the
order of tens of nanometers and a length of a few micro-
meters. It is important to emphasize, as widely referred in the
literature that both donor defects and oxygen vacancies are
capable of producing electrons within the conduction band,
because positive charged states are favorable for Fermi
energies over the whole band gap which could participate in
the current transport [26-28]. Indeed, vacancies induce dis-
order in the electronic spectrum leading to a certain degree of
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Figure 1. Panel (a) presents the x-ray diffraction (XRD) pattern of SnO, nanobelts, the data was analyzed following the PDF 41-1445 card.
(b) The SEM characterization of the as-grown nanobelts showing the VS character of the growth and morphology of the nanobelts. (c) EDX
spectrum used to quantify the chemical composition of the samples and (d) Raman data show the tin oxide (rutile structure) fingerprint: 474,

501, 544, 627, 690 and 769 cm™ ! modes.

carriers localization at low temperatures. Figure 2(c) shows
that the VRH model fits well the resistance data in the
temperature range 60 < 7 < 300K (straight line in
figure 2(c)). This mechanism, which is also valid in a three-
dimensional case, is described by equation [29],

T m
p(T) = pyexp [(70) ]

where Ty = 5.7a73/kgN (Eg), m = 1/(d + 1), and d is the
system dimensionality. Here N (Ef) is the density of states at
the Fermi level and (o) is the localization length.

The model based on the thermal activation law or Efros
VRH mechanism was unable to explain the observed beha-
vior 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 dimensional hopping
laws (m = 1/3 and m = 1/2) were also performed but was
discarded due to the poor agreement between these mech-
anism and the experimental data. Also, the fitting procedure
by means of equation (1) provided 7o = 13 K'/4, and the
value found in the literature was Ty = 4 K'/4 [30]. By con-
sidering the density of states, N(Eg) = 10°eV'em ™2 the
localization length of samples was estimated to be 5nm
[31, 32]. This value is in according with radius Bohr of SnO,
(3.3 nm). In addition, from the VRH fitting it was found the
hoping distance to be 7.7 nm at room temperature, which is
much smaller than the cross section of nanobelts
(~500 x 50 nm?) emphasizing that the samples have a three-
dimensional nature.

ey

The knowledge of parameters such as SBH, surface
states, contact resistance, ideality factor, Richardson constant,
etc plays a fundamental role for the characterization and
understanding of metal-semiconductor junction behavior.
Aiming the study of these parameters a single SnO, nanobelt
device was built using gold—nickel alloy (Au—Ni) as electrical
contacts, forming a Schottky barrier of 0.25 eV according to
the Schottky—Mott theory [33].

Figure 3(a) shows the current—voltage characterization at
different temperatures revealing the formation of a double
potential barrier, as expected, since the electrical contacts are
identical for both interfaces. Furthermore, the symmetry
observed in both polarities shows the quality of the contacts
presenting barriers characterized by very close values.
Figure 3(b) shows the ideality factor versus reciprocal
temperature and SBH-temperature dependence; however,
according to the model presented by Schottky—Mott, both
ideality factor and the barrier height should be temperature
independent. Also, thermionic emission theory predicts a
ideality factor very close to the unit. Zeyrek et al, showed that
in a thermally activated process, electrons at low temperatures
are not able to jump much higher barriers than kzT/e, which
makes the ideality factor different from unit. As the temper-
ature increases, more electrons have enough energy to over-
come the barrier and as a result the barrier height appears to
increase with increasing temperature and the applied volt-
age [34].

Figure 3(c) presents Richardson plots and [ values were
obtained by extrapolating the fitting curves to the current axis
(figure 3(a)). Plots like those in 3(c) are often used to deter-
mine the SBH, but in this case, there is no a single activation
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Figure 2. In (a) temperature-dependent resistance measuments of a
SnO, nanobelt device with indium electrodes are displayed (showed
in the inset—(b)). The sample presents a typical semiconductor
behavior, since the resistance decreases with increasing temperature
in the whole range used for measurements. Painel (c) shows the
fitting of the VRH theory to the experimental data.

energy to be extracted out from the plots. According to Mott
(33]

1n(ﬁ) — Ina®) — 4% )
T2 kgT

and the activation energy F,. can be obtained by

d[ln(%)]
d(1/7)

if the SBH ($p) is independent of the temperature 7: in this
case, figure 3(c) should yield a straigh line with E,,. The
curves bending in figure 3(c) demonstrates that there is no a
single activation energy.

With decrease SBH increasing temperature, n tend to
increase, resulting in a curvature or distortion of the
Richardson plot. The curvature of this plot has been reported
widely, and in this case the modified version of the
Richardson plot is often employed. However, as suggested
from figure 3(c), the modified Richardson plot is not always
successful in rectifying the curvature observed in the original
curves. The deviation in the plots may be due to the spatial
inhomogeneities of the barrier height and potential fluctua-
tions at the interface. Therefore, we determine ®p, directly
from the I, values using the Mott model and the Richardson

Ew =k = _q(I)BOs 3

47 *kz * B - .
5t = 120" A cm > K™%, where m" is the
‘ -

effective mass and m, rest mass.

The temperature dependence of n has been attributed to
interface states, and quantum mechanical tunneling barrier
due to lowering of the charge image effect by several authors
[13, 35-37]. A variation in the homogeneity of the Schottky
contact leading to a distribution of barrier heights, as assumed
by several authors [38—42], is quite attractive for our case:
taking into account that the system is self-organized, inho-
mogeneities at the surfaces of the samples are unavoidable
and this could lead to a random distribution of Schottky
barriers.

The barrier inhomogeneity approach mainly assumes that
there is a distribution of barrier heights under the rectifying
contact. Different types of distribution functions are sug-
gested for describing barrier height inhomogeneities, for
example Gaussian [15, 17, 38] and log-normal ones [43]. In
order to explain the observed variations in the barrier height
and ideality factor, let us assume a Gaussian (random) dis-
tribution for the barrier height, as considered by various
authors [38—42], with a mean value ®g and standard deviation
o,, which can be written as

exp[——(% - 3’3)2], @)

constant A* =

P(Pp) =

2
207

1
oy 2T

where 1/0,+/2 7 is the normalization constant, ® and By are
the SBH and the average barrier, respectively. The total
current [(V) across a Schottky diode containing barrier
inhomogeneties can be expressed as

1) = [ 1@, TIP@y)d, )

where (P, T) is the current at bias V for a barrier height
based on the ideal thermionic-emission-diffusion theory and
P (®p) is the normalized distribution function.

In order to use the model proposed by equation (4),
several current-voltage measurements (130 in total;
T = 300K) have been conducted in Au-Ni/SnO,/Au—Ni
devices and the SBH was obtained according to the Schottky—
Mott model equation (2).

Figure 3(d) shows the statistical distribution of the SBH
at 300 K. In this case, the distribution can be fitted quite well
by a Gaussian function. The value of full width at half
maximum is 75 meV, and the standard deviation yield
oy = 60meV. The average SBH is 0.30eV, higher than
predicted by Mott theory (0.25eV), and very close to that
obtained by Chiquito et al, which considered the presence of
interface states affecting the charge exchange at the metal/
semiconductor interface [21].

Solving equation (5) we obtain an expression for the
current through the Schottky barrier, similar to Mott model
considering a modified barrier. However, as we change
temperature and applied voltage, the Schottky barrier Gaus-
sian distribution model allows both SBH and idealtiy factors
values to be variables of the system [39-42] as described in
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the following equation:

e
I(V) = SA*T? exp[k—?ap)exp {( v

l’lapkBT

B

- -

where ¢,, (representing an apparent barrier height) is given
by

2
B 50
D, = Ppo(T = 0) — —=— + afT, 7
ap BO( ) 2k3T ( )
and the apparent ideality factor is

1 qp,
—1]|=p - , 8
(nap ) T ®

where o is the standard deviation at V = 0, « is the SBH
temperature coefficient, p; and p, are voltage coefficients.
The coefficients p; and p,, may depend on temperature,
quantifying the voltage deformation of the barrier height
distribution [44].

Here it was assumed that the mean SBH and o are lin-
early bias-dependent on Gaussian parameters, such as
Dp = Ppo(T = 0) + p,V and deviation o, = o9 + p3V,
where p,V and p3V voltage coefficients, which may depend
on temperature, quantifying the deformation on the SBH
distribution [44]. It is clear that the barrier height is a con-
sequence of the existence of the Gaussian distribution and its
influence is determined by the standard deviation itself, @y
and n,,. Thus, the plot ¢,, versus g/2kg T (figure 4(a)) should

be a straight line that gives ®go(T = 0) = 124 meV and
o0 = 69meV from the x-axis intercept and slope,
respectively.

The linear behavior of figure 4(b) demonstrates that the
ideality factor express the deformation of the Gaussian dis-
tribution of the SBH. In accordance to the results the inho-
mogeneity and potential fluctuation are dramatically affected
by low temperature current- voltage characteristics. It is
responsible for the curved behavior in the Richardson plot in
figure 3(c).

Now, the Richardson plot is modified by combining
equations (6) and (7) as follows

Iy
()
Figure 4(c) shows de Richardson modified plot and
according to equation (8) should be a straight line with the
slope directly yielding the mean @z, and the intercept
[=In(AA*)] determining A™ for a given diode area A (equation
inserted in figure 4(c)). From Richardson modified plot we
obtained Py and A* as 0.42eV and 70 Acm > K2, respec-
tively, without using the temperature coefficient of SBHs. The
value of the Richardson constant corresponds to the effective
mass of 0.58my, with m being the electron rest mass; this
value is in according with reported in the literature by Sanon
et al [45].
Therefore it is reasonable to assume that the irregularities
on the surface, devices based on nanowires present a

4’05
2k3T?

a0
ks T

) = In(AA*) — €))
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Figure 4. (a) The zero-bias apparent barrier plot and (b) ideality factor for Au-Ni/SnO,/Au-Ni device according to Gaussian distribution
and (c) temperature dependence of modified Richardson for Au-Ni/SnO,/Au-Ni device according to Gaussian distribution.

inhomogeneity in the SBH. This inhomogeneity implies in
SBH and » temperature dependence, which is not predicted
by the Schottky—-Mott model. Chand and Kumar [46]
assumed a random distribution of SBH determining it with a
standard deviation (associating these parameters to imper-
fections in the metal-semiconductor junction). Furthermore,
this assumption allows an interpretation of the dependence of
SBH and ideality factor on temperature as seen in
figures 4(a), (b).

4. Conclusion

Current—voltage characteristics of Au—Ni/SnO,/Au—Ni
devices were measured in a wide temperature range. The
experimental results showed the non-ideal behavior of the
current-transport over the barrier expressed by ideality factor
significantly larger than unity at lower temperatures and an
increasingly SBH as the temperature increases. The high
value of n is attributed to interface states, and quantum
mechanical tunneling barrier due to lowering of the charge
image effect. In order to obtain evidences of a random dis-
tribution of the SBHs, we have raised the @p versus q/2kgT,
and as result, a straight line with positive slope for Gaussian
distribution of SBHs was observed. The slope of the fitting
data gives the standard deviation and the intercept at the
ordinate yields the mean SBH. We obtained the modified
Richardson constant A* = 70 A cm > K2. From these results,
the I-V-T characteristics of Au-Ni/SnO,/Au-Ni devices can
be satisfactorily explained on the basis of the thermionic
emission mechanism with a single Gaussian distribution of
the SBHs.
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