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Electrical conductivity and Hall-effect measurements on undoped and
Sb-doped SnO, thin films prepared by the sol-gel technique were carried out
as a function of temperature (55 K to 300 K). Structural characterizations of
the films were performed by atomic force microscopy (AFM) and x-ray
diffraction (XRD). A doping-induced metal-insulator transition (MIT) was
observed. On the metallic side of the transition, the experimental data were
interpreted in terms of electron—electron interactions (EEI). The existence of
EEI was confirmed by excellent agreement between theoretical and experi-
mental data. The experimental data on the insulator side of the transition
were analyzed in terms of variable-range hopping (VRH) conduction. A com-
plete set of parameters describing the properties of the localized electrons,
including hopping energy, hopping distance, and the value of the density of
states at the Fermi level, was determined.
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INTRODUCTION

Tin oxide (Sn0O,), with a wide bandgap of 3.6 eV,
is an n-type metallic oxide semiconductor material
of great interest due to its numerous technological
applications in gas sensors and solar cells.!?
Recently, many reports have been published on
metallic oxide semiconductors such as titanium
oxide (TiOs) and Sn0,.>® However, most of these
studies are generally concerned with structural and
optical properties. Generally, the electrical proper-
ties of SnO; are investigated by experimental direct-
current (DC) conductivity data on different doped
samples.

The electrical conductivity of SnO, can be chan-
ged by doping over several orders of magnitude.
Control of the electrical conductivity of SnOs by
adding antimony (Sb) as a donor impurity is a well-
known process. At low Sb doping levels, the [Sb®*]
state in SnO,, leads to an increase in conductivity.”
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On the other hand, the Hall mobility of SnO,
decreases si%niﬁcantly from 5cm?V7'is? to
0.1 cm® V' s at high Sb doping levels.” The Hall
carrier concentration is generally of the order of
10%° em ™2 for any Sb doping level in SnO,.” The
increase in carrier concentration in SnOs is caused
by replacement of a Sn atom by an added Sb atom,
which gives one extra charge carrier® per donor
impurity.

The physical properties of SnO, films also depend
on the preparation technique. Although the sol-gel
process has many advantages over other tech-
niques, it is hard to correlate the optical and elec-
trical properties of SnO, films made using this
process.” Thus, to understand the nature of the
charge transport behavior of SnQ,, it is necessary to
perform a thorough investigation.

In order to observe the metal-insulator transition
(MIT) in a material, it is generally necessary to add
doping, which results in the formation of a degen-
erate band.'® Conductivity changes significantly
when the MIT is reached. It is possible that dis-
ordered metallic conduction can be observed due to
the presence of various types of disorder in highly
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degenerate systems.'’ In such systems, electron—
electron interactions (EEI) lead to a quantum cor-
rection to the classical Boltzmann conductivity on
the metallic side of the MIT.!! To the best of our
knowledge, EEI effects have not been reported to
date in SnO,. Since EEI strongly modify the elec-
trical transport in devices, the existence of EEI
effects should be considered in the design of SnO,-
based devices.

In order to understand the effect of Sb doping on
the electrical properties of SnOs thin films, three
samples have been investigated in this work. We
report measurements of the electrical transport in
both undoped and Sb-doped SnO, thin films pre-
pared by the sol-gel technique in the temperature
range from 55 K to 300 K. The observed tempera-
ture behavior of the conductivity is analyzed
according to the variable-range hopping (VRH)
model for undoped films and using the EEI model
for Sb-doped films.

EXPERIMENTAL PROCEDURES

Rectangular-shaped 1-mm-thick (26 mm x 76 mm)
glass substrates were ultrasonically cleaned in
deionized water and acetone (CH3COCHj;, Merck)
for 30 min. They were dried in a furnace at 100°C
for 10 min. SnO, and Sb:SnO5 (ATO) solutions were
obtained by dissolving 8.37 g stannous chloride
SnCl,2H,0 in 100 mL absolute ethanol (C,HgO,
Merck). In order to realize Sb doping, antimony
trichloride (SbCl3) was dissolved in pure ethanol
(20 mL). Both solutions were stirred separately and
heated in closed vessels. Then the vessels were
opened and the solutions stirred and heated again
until the solvents completely evaporated. Finally,
the dried precipitates which contained compounds
of Sn and Sb were again dissolved together in 50 mL
absolute ethanol. The doped solution was finally
stirred and heated at 50°C for 2 h. To realize a
doping concentration in the range from 0% to 4%,
the Sb/Sn ratio was calculated by means of the
molecular weights of SnCI; and SbCls. The cleaned
glass substrates were dipped into the doped solution
and withdrawn at a constant speed of 80 mm min .
Each coating on the glass substrate was heated at
500°C for 10 min in a furnace. This coating process
was repeated to obtain the desired film thickness.
Approximate film thicknesses were obtained as
500 nm from the optical transmission spectrum
using the envelope method.'?

The microstructure of the deposited films was
investigated by means of an Inel-EQUINOX 1000
diffractometer. The radiation source, wavelength,
and scanning range 20 of the diffractometer were
Co K,, 0.179 nm, and 15° to 70°, respectively.

The surface morphology of the films was also
observed using an SPM Solver-PRO (NT-MDT) in
semicontact mode. Root-mean-square (RMS) values
of surface roughness were estimated in order to
study the effect of doping.

1153

For the electrical conductivity and Hall-effect
measurements by the van der Pauw method,
square-shaped (5 mm x 5 mm) samples were pre-
pared with four contacts in the corners. Using
annealed indium dots, ohmic contacts to the sample
were prepared, and their ohmic behavior was con-
firmed from current—voltage characteristics. Mea-
surements were made at a number of temperature
steps over the temperature range from 55 K to
300 K using a Lake Shore Hall-effect measurement
system (HMS). At each temperature step, the Hall
coefficient (with maximum 5% error) and conduc-
tivity (with maximum 0.2% error in the studied
range) were measured for any possible current
direction, both magnetic field directions perpendic-
ular to the surface, and all possible contact config-
urations at 0.4 T (with 0.1% uniformity).

RESULTS AND DISCUSSION

X-ray diffraction patterns of undoped and Sb-
doped films are shown in Fig. 1, showing the poly-
crystalline structure of the samples. Matching of the
observed and standard (4 & [) planes confirms that
the deposited films have a primitive tetragonal
structure.’® On the other hand, the preferred ori-
entation was found to be along the (101) plane for
the undoped film. However, the doped films showed
a preferred orientation along the (110) plane. The
lattice constants a and c¢ for the tetragonal phase
structure are determined by the relation

1 hZ k2 2
d—2:(§+a—2>+<g>, 1)

where d and (hkl) are the interplanar distance and
Miller indices, respectively. The lattice constants a
and ¢ were calculated and are given in Table I. The
calculated lattice constants matched well with the
standard JCPDS data card.'®

In order to determine the variation of crystal-
lite size with doping, the size of the crystallites
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Fig. 1. XRD patterns obtained for undoped and Sb-doped SnO.
films.
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Table I. Structural parameters of SnQ, films

RMS

Samples a A) c Q) cla L A) (nm)

Undoped 4.972 3.340 0.671 56.78 1.012
2% Sb 4.971 3.363 0.676 38.30 1.725
4% Sb 4.947 3.337 0.674 37.84 0.736

oriented along the (110) plane was calculated using
Scherrer’s formula®

097
" Becos®

where B, 0, and A are the broadening of the dif-
fraction line measured at half its maximum inten-
sity in radians, the diffraction angle, and the x-ray
wavelength, respectively. The calculated values of
crystallite size are given in Table I. It can be seen
that the crystallite size decreases with increasing
doping.

The surface morphology of the undoped and
Sb-doped films is shown in Fig. 2. AFM analysis
showed that the films were polycrystalline and had
needle-shaped  nanograins.  Root-mean-square
(RMS) values of surface roughness were estimated
and are given in Table I. The RMS value of the 2%
Sb-doped film was greater than that of the undoped
film, while the RMS value of the 4% Sb-doped film
was smaller than that of the undoped film.

Figure 3 shows the temperature dependence of
the carrier concentration (n) for SnOy films in the
temperature range from 55 K to 300 K. The carrier
concentration of the undoped SnO, film increased as
the temperature increases. However, the carrier
concentrations of the Sb-doped SnO, films were
nearly temperature independent. The values of
carrier concentration were about 1.55 x 10%° cm 3
and 6.81 x 10%° cm 2 for the 2% Sb- and 4% Sb-
doped films, respectively. Around room tempera-
ture, the Hall mobilities were 7.2 cm?V1g™
5.1 cm? V! s7! and 2.2 em? V! s7! for the undoped,
2% Sb-, and 4% Sb-doped films, respectively. It is
clear from these data that the Hall mobility of the
films decreases with increasing Sb concentration,
whereas the carrier concentration increases over
the entire range of doping investigated. This is con-
sistent with observations reported on SnO,
ﬁlms.7’15’16

Figure 4 shows Arrhenius plots of electrical con-
ductivity for the SnO; films. The XRD patterns and
AFM images revealed the polycrystalline structure
of the samples. In polycrystalline oxides, oxygen
vacancies are known to be the most common
defect.!”*® The conductivity of our undoped sam-
ple is high compared with values listed in the
literature.'®!® The high conductivity observed in
the undoped film is attributed to deviation from
stoichiometry due to oxygen vacancies,?®?! which
act as electron donors and increase the carrier

(2)
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Fig. 2. Three-dimensional (3D) AFM images for (a) undoped, (b) 2%
Sb-, and (c) 4% Sb-doped SnO, films.

concentration.?? Similarly, a high carrier concen-
tration value of 10'® cm > has been reported at room
temperature in undoped SnO, films.'>!® From
Fig. 4, it can be seen that the electrical conductivity
of the SnO, films is increased substantially by Sb
doping. SnO, is considered to be an insulator in its
stoichiometric form (SnQOs, Sn:0 = 1:2). On the other
hand, in its nonstoichiometric form, SnOy can ex-
hibit degenerate semiconductor behavior, and its
conductivity becomes very high. With decreasing O,
flux, the Sn concentration becomes higher in a
SnO,_, thin film, which leads to an increase in
conductivity.?® Similar observations have been
reported previously for SnO, films.” The conductiv-
ity of the films increased with increasing tempera-
ture. Moreover, the increase in conductivity with
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Fig. 3. Temperature dependence of the Hall carrier concentration of
SnO; films in the temperature range from 55 K to 300 K.
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Fig. 4. Temperature dependence of the conductivity plotted as In(c)
versus 1000/T in the temperature range from 55 K to 300 K.

temperature was suppressed by Sb doping. Such a
situation is generally explained by the increase in
Hall carrier concentration and by the formation of a
degenerate band due to doping, as predicted by
Mott."!

We failed to fit the conductivity data to the
Arrhenius plot over the whole temperature range.
This suggests that a simple thermal activation
process does not dominate the electrical conduction
in the films. Therefore, in order to better investigate
the conductivity behavior of the SnO, films, a
logarithmic derivation given by Zabrodskii and
Zinoveva should be considered as follows?*:

W(T) = d[Ino(T)]/d[In(T)). (3)

W(T) can be used to determine the metallic and
insulating behavior of the conductivity. When the
slope of In[W(T)] versus In(T) is negative, the system
is on the insulating side of the MIT. A positive slope

1155

T T T T T T T T T

v 4% Sb ]
2 @ 2%Sb ]
A undoped 1

s=-0.234 <

g w

InW

s= 0.032
or\or\ono -0 O

2 T 0 s s YR P ]
vV ° o ]

- v

Y s= 0061 Vg

1 1

4 L L L L L L L L ]
38 40 42 44 46 48 50 52 54 56 58 60
InT

Fig. 5. Plot of In[W(T)] versus In(T).

on the W plot indicates that the system is in the
metallic regime. On the other hand, the finite
extrapolated value of W(T) as T — 0 for a material
identifies the material as a weakly insulating or
disordered metallic material.?* Figure 5 shows
In[W(T)] versus In(T) for the investigated samples.
The slope of W(T') for the undoped sample is nega-
tive, implying that the sample is in the insulating
regime, while the Sb-doped SnO, samples exhibit
disordered metallic behavior with an almost tem-
perature-independent W(T"). The slope of W(T) gives
the values s = 0.032 + 0.03 and s = 0.062 + 0.01 for
2% Sb- and 4% Sb-doped SnO,, respectively. On the
other hand, by making a linear regression fit to the
In[W(T)] versus In(T) plot of the undoped SnO,
sample data over the whole temperature range,
s = —0.234 4 0.01 is obtained (Fig. 5).

The critical carrier concentration (n.) corre-
sponding to the MIT should be known for SnO,. To
determine n., we have to take into consideration the
Mott criterion, which is given as'®

nlBay = 0.25, 4)

where aj is the effective Bohr radius, given by the
relation

ay = 4negeh® /me?, (5)

where ¢y is the permittivity of vacuum, % is the
Planck constant, e is the electron charge, ¢ is the
static dielectric constant, and m" is the effective
mass. The value of gy is calculated as 2.54 nm by
taking the values m = 0.24m and ¢ = 11.65. Then
we obtain n, = 9.54 x 107 cm ™2 for SnO,. Accord-
ing to this finding, the undoped film with n < n.
falls on the insulating side of the MIT for
T < 250 K, whereas the Sb-doped films with n > n,
fall on the metallic side of the MIT over the whole
temperature range.

Normally, when n exceeds n. the increased
Coulomb interaction leads to an increase in electri-
cal conductivity as the temperature decreases.
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However, the conductivity behaviors of the Sb-
doped samples show that the conductivity can be
extrapolated to finite values. Hence, these two
samples exhibit insulator-like behavior, although
they are located above the MIT. This may arise due
to the disordered structure of Sb-doped SnO,. The
prediction of Mott is that every disordered material
must pass a minimum metallic conductivity (6min)

Omin —C - 6

where a is the distance between centres, which is
approximately equal to ng V3. C is a numerical con-
stant of the order of 0.03.2° The value of o, is
7.18 Q! em ! for SnOs. 6,iy, is shown in Fig. 4 by a
dotted line. The Sb-doped samples with n > n, are
still insulator-like, even if ¢ > o,;,. Such materials
with high degrees of disorder can be characterized
by EEI effects. So, a correction to the normal
Boltzmann conductivity is required.'! Altshular and
Aronov pointed out the influence of EEI originating
from static inhomogeneities in disordered sys-
tems.? In normal metals, the Fermi wavelength Ay
is much smaller than the mean free path [/ of the
carriers (Ap << [), and the Boltzmann approach can
successfully describe the transport properties.
However, as the structural or compositional disor-
der is increased, the mean free path (I) becomes
small and eventually it may become smaller than
Ap. g > [ for our Sb-doped SnOs films, as can be
seen from Table II. This behavior can be explained
by the presence of EEI in the system.'"*® This leads
to a quantum correction to the Boltzmann conduc-
tivity given by2®

o(T) = 6(0) + mT/2, (7)

where ¢(0) is the zero-temperature conductivity,
and the second term arises from EEI. Equation 7
was fitted to the conductivity data of Sb-doped SnO,
films, and a satisfactory fit was obtained, as seen in
Fig. 6. However, small deviations are seen in the
higher-temperature regime for these samples. The
experimental values of m(exp.) are given in Table II.

A good fit to the measured data is an essential but
not sufficient criterion for the applicability of the

Table II. Values of different physical parameters of
2% Sb- and 4% Sb-doped SnO, samples

Parameters 2% Sb 4% Sb
¢(0) (@ tem™ 89.7 208
mlexp.) (Q ! em™! K~ 2) 4.18 5.19
mlcal.) (Q 'em P K 1?) 2.06 1.88
K(@m™h 9.08 x 108 1.16 x 10°
F,. 0.202 0.145
1(A) 3.93 3.41

Jr (A) 37.8 23.1

D (ecm? s 1.05 1.48
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Fig. 6. Variation of conductivity as a function of 72 for 2% Sb- and
4% Sb-doped SnO, films. Solid lines calculated by least-squares
technique.

EEI model. The value of m(cal.) should be calculated
theoretically by the following relation!:

e () () () e oma]. @

In this expression, kg is the Boltzmann constant,
D is the diffusion coefficient, and F, is an interac-
tion parameter. D is calculated with the following
relation:

~ 3n*he(0)  3m'D

= = 9
ezk% hkF ’ ( )

where kg is the Fermi wavevector, given by
ke = (3n2n)"°. (10)

In Eq. 8, the quantity F, is related to the Fermi-
liquid parameter F by?®

B 3/2
e (%9

4 2
The value of F, is in the range between 0 and 1.2° To
calculate F,; the Fermi-liquid parameter F'is used as

F1 (11)

F:%mﬂ+xL (12)
2
x = (21}2,—F> ) (13)

where K is the screening wave factor, which is given

byll
*,2 1/2
K- 12nnzm e . (14)
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The calculated and fitted parameters for Sb-doped
SnO, thin films are given in Table II. Reliable
agreement is obtained between the experimental
m(exp.) and the theoretical m(cal.) values, as can be
seen in Table II. On the other hand, the observed
difference between m(exp.) and m(cal.) can be
explained as follows: depending on the preparation
conditions, one can expect different degrees of dis-
order or inhomogeneity to arise in SnQO,. In this
case, the value of carrier concentration also changes
from sample to sample. We observed that m(exp.)
came close to m(exp.) with decreasing carrier con-
centration. Systematic deviations become apparent
when the concentration is far from the MIT, as
expected.'?% Also, we should note that the values
obtained for m depend on the width of the temper-
ature interval used. The experimental and theoret-
ical values obtained for m as well as the other
parameters given in Table II are of the same order
of magnitude as in a variety of disordered sys-
tems.?”?! Here, it is interesting to note that EEI
effects dominate the electron transport even at room
temperature in Sb-doped films in contrast to
expectations. Even if we fit Eq. 7 to the experi-
mental conductivity data only at low temperatures,
we do not obtain any considerable changes in the
values of m(exp.).

Returning to Fig. 4 again, one can see that the
undoped SnO; is on the insulating side of the
transition, since the conductivity decreases expo-
nentially with decreasing temperature and there-
fore it becomes zero as T' — 0 K. It is also observed
that ¢ < o, for the undoped SnO,. We expect that
the undoped sample still exhibits insulating char-
acteristics with its low conductivity (6 < opnin) even
if n > n, for T > 250 K. The temperature-depen-
dent conductivity data give no indication of different
conduction mechanisms; therefore, only VRH con-
duction can be considered over the whole tempera-
ture range employed in the present study. It is well
known that the temperature-dependent conductiv-
ity on the insulating side of the MIT is given by the
VRH model in disordered systems.'® In the VRH
model, an electron moves by hopping from one
localized state to another. When the density of
states is finite and the states are localized at
the Fermi energy, Mott VRH occurs.' In(o) is pro-
portional to 7-7* in Mott VRH. In this regime,
three-dimensional VRH applies with a temperature-
dependent o given by’

p
6 = ooy €Xp { (%) ] , (15)

where p is the hopping exponent, equal to 0.25 in
the Mott VRH regime,™ and

1803
To=|—n— 16
0 { BN(EF):| ; (16)

where T is a characteristic temperature coefficient,
ooy is a pre-exponential factor, N(Er) is the density
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Fig. 7. Temperature dependence of the conductivity plotted as In(o)
versus T~ "* for the undoped SnO, film in the temperature range
from 55 K to 300 K. Solid line calculated by least-squares technique.

Table III. Variable-range hopping parameters for
undoped SnO; sample

To (K) N(Ep) (cm™ eV™!) Rpop (A) Wiop (meV)

4.74 x 10° 8.41 x 10%° 19.9 35.6

of localized states at the Fermi level, and « describes
the spatial extent of the localized wave function and
is assumed to be 0.124 A~1.1%32 Figure 7 shows a
plot of In(s) against 7"V, The triangles in Fig. 7
represent the experimental data and the solid line
the best fit. 7> = 0.999 (r is correlation coefficient) is
obtained, which indicates a satisfactory fit. It is
evident from the solid line in Fig. 7 that the electron
transport of the undoped SnO; sample can be ex-
plained by the Mott VRH model. The value of
s = 0.234 predicted from the slope of Fig. 5 also
indicates that the Mott VRH conduction mechanism
dominates the electrical transport in undoped SnO,.
In Eq. 15, p (the hopping exponent) corresponds to
s, which is shown in Fig. 5. From the slope of In(o)
versus T~ V4 T, and N(Ey) can be calculated
(Table IIT). The other hopping parameters, i.e., the
temperature-dependent hopping distance (Rhoé)) and
average hopping energy (Wy,,), are given as’

9 1/4
Ryop = [W] ; 17
Whop = —— o (18)
4nR13;OpN(EF)

By using the value of N(Ef) in Eqgs. 17 and 18, the
values of Ry, and Wy, can be obtained at 250 K.
Since the product Ry = 2.47 and kgT = 21.6 meV,
the requirements Ry,,o =2 1 and Wy,, > kT, which
are essential for the validity of the Mott VRH model,



1158

are clearly satisfied. Also, the values obtained for
the VRH parameters are of the same order of mag-
nitude as those found in a variety of disordered
systems.?>3373¢ This indicates that conduction in the
temperature range investigated is due to VRH in
the undoped film.

CONCLUSIONS

Electrical conductivity, Hall-effect, XRD, and
AFM measurements were carried out on undoped
and Sb-doped SnO, thin films prepared by the
sol-gel technique. The temperature-dependent
Hall-effect and conductivity measurements show a
doping-induced MIT. It was observed that the
Sb-doped SnOg, thin films were on the metallic side
of the MIT, whereas the undoped SnO, thin film
was on the insulating side of the MIT. Electrical
conduction in Sbh-doped SnOs thin films can be well
expressed by a model that takes into account EEI,
while the behavior of the undoped SnO, thin film is
explained by a VRH model between localized states.
Various electrical parameters of the films were found
to be appropriate for the EEI and VRH regimes.
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