PHYSICAL REVIEW B 76, 085429 (2007)

Electrical properties of individual tin oxide nanowires contacted to platinum electrodes
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A simple and useful experimental alternative to field-effect transistors for measuring electrical properties
(free electron concentration ny, electrical mobility w, and conductivity o) in individual nanowires has been
developed. A combined model involving thermionic emission and tunneling through interface states is pro-
posed to describe the electrical conduction through the platinum-nanowire contacts, fabricated by focused ion
beam techniques. Current-voltage (I-V) plots of single nanowires measured in both two- and four-probe
configurations revealed high contact resistances and rectifying characteristics. The observed electrical behavior
was modeled using an equivalent circuit constituted by a resistance placed between two back-to-back Schottky
barriers, arising from the metal-semiconductor-metal (M-S-M) junctions. Temperature-dependent I-V measure-
ments revealed effective Schottky barrier heights up to ®pr=0.4 eV.
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I. INTRODUCTION

Fabrication of nanodevices with enhanced performance
still poses a key challenge for the realization of new
nanometer-scale electronics and devices, which, in turn, de-
pends on the better understanding of the electrical properties
of interfaces between metal nanoelectrodes and one-
dimensional (1D) nanomaterials.! Nanowires, nanotubes, and
nanobelts exhibit unique physical, optical, and electrical
properties due to diminishing dimensions and associated
confinement effects;'~3 however, the integration of these tiny
objects in functional devices necessitates better understand-
ing of their intrinsic properties.* In the context of 1D nano-
structures, formation of electrical nanocontacts with high sta-
bility, low contact resistance (R.), and Ohmic behavior are
among the critical issues. Focused ion beam (FIB)-assisted
lithography techniques have been demonstrated to be useful
for manifold applications, including fabrication of electrical
contacts, without an external mask, in nanodevices.>~” Esti-
mation of electrical parameters of individual 1D nanowires
(NWs) using FIB-assisted nanolithography has been demon-
strated in recent reports.®~' Nevertheless, the formation of
Schottky barriers at the metal-NW interfaces, when semicon-
ductor materials are contacted, complicates the nanodevice
characterization due to non-Ohmic electrical responses and
high contact resistances.!'"1?

We have investigated an effective alternative to using con-
ventional field-effect transistor (FET) geometries, which
have been used to determine key parameters of SnO, NWs in
the past.*!3 In this work, individual tin oxide NWs were
electrically contacted using FIB nanolithography techniques
to study and model the electrical response in individual
nanowires. Tin oxide, an n-type semiconductor due to intrin-
sic oxygen vacancies, was chosen due to its low-cost synthe-
sis and large number of potential application areas.'* The
main conduction mechanism in the nanocontacts was shown
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to be the combination of thermionic emission and tunneling
phenomenon, assisted by interface states, through the
metal-NW junctions. Stability problems associated with the
existence of Schottky barriers at the metal-semiconductor
(M-S) junctions are also discussed.

II. EXPERIMENTAL DETAILS

SnO, NWs with radial dimensions around 20 nm were
synthesized by chemical vapor deposition of a molecular
precursor [Sn(O'Bu),] following a method reported
elsewhere.!> Transmission electron microscopy investiga-
tions revealed the main growth direction to be [100] with
interplanar spacing corresponding to the rutile structure of
SnO, and displaying high quality single crystalline wire
bodies.!> Some of these NWs were dispersed over the sur-
face of SiO,/Si substrates with photolithographically prepat-
terned Au/Ti/Ni microelectrodes. The as-dispersed NWs
were electrically contacted using a FEI Strata 235 dual beam
instrument equipped with a trimethyl(methylcyclo-
pentadienyl)-platinum(IV) [CsH,CH;Pt(CH;3)s] injector to
deposit Pt (Fig. 1). The electron and Ga* beams were accel-
erated to 5 and 30 kV, respectively. The procedure for this
contact fabrication method is explained in detail elsewhere.'”
Two- and four-probe dc electrical measurements were per-
formed using a Keithley 2400 source measure unit. All mea-
surements were carried out in a ProboStat cell placed inside
a furnace to control the working temperature, which was
monitored by a thermocouple located next to the sample.'
The experimental setup (cell and furnace) was found to act as
a Faraday cup which avoids electrical measurements from
being affected by external electromagnetic noise. We tested
in this study 30 individual devices, which showed consistent
results apart from a small number (<10%) in which the
performance was influenced by slight material modification,
contact instabilities (FIB preparation), or twinning in NWs.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.085429

HERNANDEZ-RAMIREZ et al.

J——

FIG. 1. SnO, nanowire of radius r=27+3 nm and length L
=11 um electrically contacted using dual-beam FIB nanolithogra-
phy techniques.

III. RESULTS AND DISCUSSION

A. Two-probe I-V-T measurements

Two-probe measurements performed on SnO, NWs at
room temperature (RT) produced slightly rectifying current-
voltage (I-V) characteristics (Fig. 2), which can be explained
considering the existence of two back-to-back Schottky bar-
riers connected in series to both extremes of the nanowires.!”
Conduction through these devices is dominated by reverse-
biased junctions and, therefore, it is the major contribution to
the total contact resistance (Fig. 3). On the other hand,
forward-biased junctions offer good electrical conduction
and low contact resistance. For two-probe dc measurements,
the device resistance R can be described as the sum of the
resistance arising from the reverse-biased junction Ry, the
nanowire resistance Ry, the forward-biased junction resis-
tance Rgp, and resistance contribution of the rest of the ele-
ments of the circuit, Rp, such as Pt stripes or cables (Fig. 3).
If Rgp and Rp, are small enough compared to Rg; and Ry, the
device resistance R can be simplified to

R=R51+RNw. (1)
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FIG. 2. I-V curve of an individual NW (Fig. 1) at T=21 °C
exhibiting a slightly rectifying response.

PHYSICAL REVIEW B 76, 085429 (2007)

- >
Pt/ SnO, interface Pt/ SnO, interface

SnO, NW

E |

| Er

NV
| | Rs| RNW RSD

FIG. 3. Band diagram of the back-to-back Schottky configura-
tions existing in FIB contacted NWs. Voltage drops are indicated
and related to the resistances used in the equivalent circuit.

Although our devices present non-Ohmic characteristics, re-
sistance R can be locally defined and calculated as follows:

ar\™!
R<a—v) =

where I is the measured current, V the total applied voltage,
and V,, the voltage at a fixed point. The diminishing device
resistance with increasing V can be clearly observed in
Fig. 4.

Voltage drop at reverse-biased junction Vg; can be esti-
mated using the following expression:

R R
VS,:V<1—%V> =v(1 —¢).

Rgi+ Ryw
According to Eq. (3), an accurate modeling of reverse-biased
junctions deduced from their I-Vg; characteristics requires
precise estimation of nanowire resistance (Ryy) values. In
the past, some reports have assumed that nanowire resis-
tances Ry are negligible against resistance associated with
reverse-biased junctions Rg;, mistaking Vg, for the total ap-
plied voltage V, which can lead to erroneous conclusions,
especially if Ryy, is of the same order of magnitude as Rg;.
Therefore, four-probe measurements are mandatory in esti-
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FIG. 4. Two-probe resistance of the NW (Fig. 1) as a function of
the applied voltage V at 7=21 °C. Reduction of R occurs when
electrons overcome the reverse-biased junction more easily due to a
decreased barrier height caused by increasing voltage.
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TABLE I. Resistance Ryy and conductivity o of the NW of Fig.
1, obtained in four-probe measurements at different temperatures 7.

Temperature Ryw o
(K) (106 Q) (Q cm)™!
294 76 0.46
333 65 0.54
393 34 1.03
453 14 2.50
513 2.7 12.95

mating Ry, since the contribution of Schottky resistance Rg;
can be eliminated.

The observed rectifying behavior at room temperature
(T=21 °C; Fig. 2) tends to disappear above T=180 °C, and
perfect Ohmic curves were consistently observed at T
=240 °C, suggesting that at this temperature, conduction
electrons possess enough mobility to overcome the energy
barrier existing in reverse-biased junctions.

B. Four-probe measurements

Four-probe current-voltage (I-V) measurements were per-
formed on SnO, NWs under synthetic air in the temperature
range 21-240 °C. Semiconductor properties of SnO, NWs
were confirmed by the observed negative temperature coef-
ficient behavior, whereby resistance Ryy was found to de-
crease with increasing T (Table I).

The estimated electrical conductivity o of our SnO, NWs
ranged from 0.1 to 0.9 (X cm)~! at T=21 °C depending on
the device and was found to increase by 1 order of magni-
tude at 7=240 °C (Table I and Fig. 5). The observed disper-
sion in o suggested that the electrical properties of SnO,
NWs depend on the mode of synthesis, compositional purity,
and surface chemistry. The observed conductivity values
were in accordance to previous results published for SnO,
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FIG. 5. Electrical conductivity o of the NW shown in Fig. 1 as
a function of increasing temperature 7. The observed negative tem-
perature coefficient is due to the semiconducting properties of
SHOZ.
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TABLE II. Experimental data used to model the reverse-biased
junction characteristics at 7=21 °C of the NW shown in Fig. 1. The
first two columns (V,I) represent the total applied voltage in two-
probe experiments and obtained current. Rg; is the resistance of
reverse-biased junction (Rg;=R—Ryy=R-76 M) and, finally, the
voltage drop in the junction Vg, calculated by Eq. (4).

4 1 Ry, Va

V) (1077 A) (10°Q) V)

1 3.50 211 0.735
1.5 6.00 174 1.044
2 8.90 149 1.324
2.5 12.02 132 1.587
3 15.08 123 1.854
3.5 18.05 118 2.129
4 21.62 109 2.357

techniques.'® The estimation of Ry, can be employed to de-
termine the I-Vy; characteristics [Eq. (3)] of reverse-biased
junctions, which allows a correct modeling of the conduction
mechanisms (Table II).

C. Modeling of Schottky barriers and determination
of nanowire parameters

The current flow in a Schottky barrier junction is caused
by the transport of charge carriers from semiconductor to
metal or in the reverse direction. The carrier transport can
occur by different mechanisms, such as (a) thermionic emis-
sion over the barrier, (b) tunneling assisted by interface states
existing in the M-S junctions, and (c) pure tunneling through
the barrier.!

I-Vg; characteristics at room temperature of real Pt-SnO,
junctions can be usually modeled with the help of thermionic
emission and tunneling assisted by interface states. Accord-
ing to this combined model, the contact barrier height is
reduced and the current increases with increasing bias ac-
cording to the following expression:?%?!

I=AA"T? exp<—_ q¢BE) : (4)
kT
where
qE q |Nyd
bpE= Ppo— V2 —_\/_S (5)
me, &g V 4w
and
2 kgT
E= \/ qnd(VsH‘ (bbi_L)’ (6)
Es q

where A is the contact area, A™" is the effective Richardson
constant, ¢py is the effective barrier height, ¢p is the ideal
barrier height in the absence of image force, E is the maxi-
mum electric field at the junction, &, and n, are the dielectric
constant and free electron concentration of SnO,, ¢,,; is the
built-in potential, Ny is the interface state concentration, and
d is the introduced depth of these defects. When the concen-
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FIG. 6. log(I) vs (V) plot of the NW shown in Fig. 1 at T
=21 °C. The linear behavior demonstrated that the experimental
data fit with the proposed conduction model (line). NW free carrier
concentration (n,~ 10" cm™) was calculated from the observed
slope.

tration of the interface state increases the tunneling current
becomes more significant and superimposes on the thermi-
onic emission current, resulting in an apparent lowering of
the Schottky barrier height. This being the case, a plot of
In(1) vs (V)" should be linear at all temperatures for which
the proposed conduction mechanism here is correct. Figure 6
shows the validity of this model for our experimental data.

The Schottky effective barrier height ¢py of our M-S con-
tacts was estimated by plotting the evolution of reverse-
biased junction resistances Rg; at a fixed voltage Vg, as a
function of temperature 7. Both magnitudes are related ac-
cording to the following activation-energy law:

kT ™)

According to Eq. (7), ¢pp can be obtained from the slope of
the In(Rg;) vs 1/T plot (Fig. 6). In our experiments, effective
barrier height (¢g;) was found to be below 0.4 eV, which is
significantly lower than the expected theoretical value (Pg,
=0.75+0.10 eV) for clean Pt-SnO, interfaces,”? suggesting
that tunneling assisted by interface states is not a negligible
term in the conduction of reverse-biased junctions. The ne-
cessity of accounting for both tunneling and thermionic con-
tributions can be attributed to defects induced by electron
bombardment and metal organic precursor decomposition in
the contact regions. The existence of some of these defects
can justify the observed Ohmic responses at room tempera-
ture in some of our devices.

A reliable estimation of free electron concentration (n,) in
SnO, NWs is a nontrivial process. FET experiments have
been traditionally used as the most common solution to de-
termine n, a NW key parameter required for the develop-
ment of nanodevices with improved characteristics.*!3 Using
Egs. (3)—(5), it was demonstrated that n; can be obtained
from the slope of the In(I) vs (V;)"* plot at a fixed tempera-
ture T (Fig. 6). Our devices show average values for free
carrier concentrations n,~ 10'® cm™ at room temperature
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and values for electron mobility u between 1 and
10 cm?/V s calculated using the following relationship:

T=qngp. (8)

Considering the approximation that electron mobility u is a
constant parameter in the measured temperature range
(21-240 °C) and for a given free carrier concentration, the
observed increase in conductivity (o) as a function of tem-
perature 7 can be attributed to rise of free carrier concentra-
tion n,; in SnO, NWs. According to this assumption, n, val-
ues of ~10%° cm™ were obtained in our NWs at 240 °C,
which is highly conform with the values reported in
literature,'3 demonstrating the suitability of this approach for
estimating semiconductor characteristics of NWs.

The results obtained in this study demonstrate the possi-
bility of using Schottky barrier measurements to characterize
the electrical properties of NWs, however, the presented
model does not consider several factors, such as image force
effects in Eq. (6) and self-heating effects in NWs, which
should be accounted for, in order to obtain more precise re-
sults. Dissipated power P in such nanosystems can increase
their effective temperature 7 by Joule heating effect that can
be calculated by

V2
P=IV=—=I’R. 9)
R

If the wire cannot dissipate the power through conduction
and radiation, the wire will decay in the reverse-biased con-
tact region where the highest resistances occur in our de-
vices. The calculated power density at the contact region is 2
orders of magnitude higher, when compared to that at the rest
of the wire body. However, an estimation of the effective
contact area is merely a rough approximation, due to the
presence of high carbon content in the Pt contacts. Therefore,
Joule heating causes an intrinsic error in the estimation of
key parameters such as n, or w in most of the works related
to NWs. This problem is even more important if the studied
nanosystems have rectifying contacts where a great part of
the applied voltage drops at M-S contacts. Furthermore, par-

R g™
=~ n
f(g 0,14 . ,
(\"_ =
- o

0,01 . . .

09 1,0 11 12
VSI1/4(V)

FIG. 7. Reverse-biased Schottky resistance Rg; of NW (Fig. 1)
as a function of the temperature. Based on the experimental data,
the effective Schottky barrier height was found to be ®pp
=0.28+0.02 eV.
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FIG. 8. SEM image of SnO, NW (shown in Fig. 1) after a few
hours under working conditions. The piece of NW placed between
the inner contacts is not affected by self-heating effects; however,
the contact area (inset) is destroyed. Melting temperature of SnO, is
close to 7=1100 °C, demonstrating that local temperature close to
the Schottky barriers can be much higher.

tial degradation of platinum contacts can occur due to evapo-
ration of the carbon content existing in FIB-produced plati-
num stripes, which is manifested in the appearance of small
holes and cracks.”> Consequently, a catastrophic failure of
nanodevices is sometimes observed after prolonged opera-
tion periods, which appears as disintegration of contacts and
nanowires (Figs. 7 and 8).
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IV. CONCLUSION

Individual tin oxide NWs have been contacted using FIB
nanolithography techniques to fabricate NW-based electrical
circuits. Two-probe current-voltage (I-V) measurements re-
vealed slightly rectifying characteristics which tend to disap-
pear with increasing temperature. Four-probe measurements
enabled us to estimate NW conductivity in the temperature
range 21-240 °C. Rectifying behavior is explained by con-
sidering the existence of two back-to-back Schottky barriers
in the Pt-SnO, junctions, modeled considering both thermi-
onic emission and charge carrier tunneling assisted by inter-
face states. The proposed model allowed accurate estimation
of free electron concentration (n,;) or electron mobility ().
The obtained parameters were consistent with results re-
ported using FET experiments, demonstrating that our ap-
proach is a viable alternative to these experiments. Finally,
the influence of self-heating process in contacted NWs is
presented, which can cause destruction of operating nanode-
vices especially at the nanocontact areas.
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