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The electrical properties of undoped SnO, thin films prepared by the sol-gel technique were investigated by
conductivity measurements in a temperature range of 50-200 K. Structural characterizations of the films
were performed by atomic force microscopy and X-ray diffraction. Optical properties of the samples were also
characterized by optical absorption spectroscopy. The different hopping models were used to investigate the
characteristics of electrical conduction by hopping in employed temperature range. It was shown that three
types of behavior can be expected, nearest-neighbour hopping at high temperatures, the Mott variable-range

Keywords: . .. . . .o
Conduction mechanism hopping at low temperatures and Efros-Shklovskii variable-range hopping at lower temperatures. The criteria
Tin oxide for the observation of these three regions were established and the transitional behavior of the conductivity

was determined. The experimentally determined critical transition temperatures were at the orders of
magnitudes with what could be expected based on hopping conduction calculations. Under these analyses,

Nearest-neighbour hopping
Variable-range hopping

Compensation ratio

the compensation ratio of the films was determined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sn0, exhibits considerably high defect concentrations despite a
remarkable progress in its crystal quality over the past years [1]. In
order to gain full control over the materials properties, therefore, the
understanding of the physics of defects in the material is very
important. The presence of disorder in the material drastically
changes the electrical conduction mechanism. Then, a decrease in
the conductivity is generally expected due to the existence of
disorder. Recently, we have reported the effect of the presence of
defects on conductivity of undoped and Sb-doped SnO, thin films [1].
In disordered systems, the Arrhenius type temperature dependence in
the conductivity can be observed, if carriers are thermally activated
across mobility edges into the extended states. Howevers, it is possible
to observe different conduction mechanisms depending on film
structure and the measurement temperature region. Generally, the
hopping conduction at low temperatures is considered to be the
dominant transport mechanism in disordered systems [2-6].

One can expect different degrees of disorder to arise in SnO,
depending on the preparation conditions. Conductivity measure-
ments in undoped SnO; indicate the hopping conduction behavior at
low temperatures [1]. The electrical properties of semiconductors are
very sensitive to the degree of compensation of the material.
Therefore, it is of great importance for one to determine the

* Corresponding author. Tel.: +90 386 252 80 50; fax: +90 386 252 80 54.
E-mail address: yildizab@gmail.com (A. Yildiz).

0040-6090/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2010.11.027

concentration of donors (Np) and acceptors (N,) concerning the
electrical properties of SnO,. However, up until now, the compensa-
tion ratio, k (k=N4/Np for n-type material) of SnO, has not been
determined by correctly identifying the presence of different hopping
conduction mechanisms in the material.

In this report, we present the electrical conductivity behavior over
the temperatures (50-200K) for SnO, films prepared by sol-gel
technique. The parameters of Np, N4 and then k of SnO, were
determined using the conductivity measurements data.

2. Experimental

The 1 mm thick rectangular shaped (26 x 76 mm?) glass substrates
were ultrasonically cleaned in de-ionized water and acetone (CHs.
COCHj3, Merck) for 30 min. They were dried in the furnace at 100 °C
for 10 min. The SnO, solution was obtained by means of dissolving
8.37 g of stannous chloride SnC1,2H,0 in 100 ml of absolute ethanol
[CoHgO, Merck]. The solution was stirred and heated in a closed vessel.
Then the vessel was opened, and the solution again stirred and heated
until the solvents were completely evaporated. Finally, powders were
obtained. Then, powders were dissolved in 50 ml of absolute ethanol.
The solution was finally stirred and heated at 50 °C for 2 h. The
cleaned glass substrates were dipped into the solution and withdrawn
at a constant speed of 80 mm min~ '. Each coating on glass substrate
was heated at 500 °C for 10 min in the furnace. This process coating
was repeated to get the desired film thickness. The thickness of the
films was determined as 630 nm and 940 nm by means of optical
transmission spectrum using the envelope method [7].
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The microstructure of the deposited films was investigated by
means of an Inel-EQUINOX 1000 diffractometer. The radiation source,
wavelength, and scanning range 26 of the diffractometer were Co K,
0.179 nm, and 15° to 70°, respectively.

The optical absorption studies were carried out by using UV-Vis-
NIR spectrophotometer Model UV 3600 in the spectral range 300-
1500 nm. The electrical conductivity measurements were carried out
using Keithley 2420 programmable constant current source in a
temperature range of 50-200 K.

The surface morphology of the films was also observed by a Solver-
PRO (NT-MDT) in semi-contact mode. The root mean square (RMS)
values of surface roughness were estimated.

3. Results and discussion

The X-ray diffraction (XRD) patterns of SnO, films shown in Fig. 1
exhibited three sharp peaks and some weak peaks corresponding to
(110), (101), (211) and (200), (220), (310), (301) planes, respec-
tively. Thus, the films are polycrystalline in nature. A matching of the
observed and the standard (h k 1) planes confirm that the deposited
films are of SnO, having primitive tetragonal structure [8]. The films
showed the preferred orientations along (101) plane. The lattice
constants a and c for the tetragonal phase structure are determined by
the relation,

1 S P
dz:<az+az>+(cz b

where d and (hkl) are the inter planer distance and Miller indices,
respectively. The lattice constants a and c are calculated and given in
Table 1. It was observed that lattice constants calculated match well
with the standard JCPDS data card [8].

In order to determine the variation of the crystallite size, the size of
the crystallites oriented along (101) plane is calculated using
Scherrer's formula [9]
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where B, 6 and A are the broadening of diffraction line measured at
half its maximum intensity in radians, the diffraction angle and the X-
ray wavelength, respectively. The calculated values of crystallite size
are given in Table 1. The crystallite size increases with the increase of
thickness (Table 1).

The optical band gaps of the films have been determined on the
basis of UV-Vis-NIR transmission measurements. For this, the
fundamental absorption coefficient () was evaluated using a=
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Fig. 1. XRD patterns of SnO, films.

Table 1

Structural parameters of the investigated SnO, films.
Sample a (nm) ¢ (nm) c/a L (nm) RMS (nm)
Thickness (630 nm) 0.472+0.05 0.3114+0.05 066 540 0.720
Thickness (940 nm) 0.480+0.05 0.317+0.05 066 697 1.012

(InT~ 1)/t where t is the film thickness and T is the transmittance.
Since SnO,, declared as direct band gap nature of the material in the
literature [10], it was utilized from the relation [11]

ahv = A(hv—E,)""’ 3)

in order to determine the band gap of the SnO, film, where hv is the
photon energy, E, is the optical band gap energy and A is a constant.
The typical plot of (chv)? vs. hv is depicted in Fig. 2. It is linear
indicating the presence of direct transition. The linear portion is
extrapolated to =0, on energy axis, which gives the band gap
energy of 3.76 eV and 3.74 eV for the 630-nm and 940-nm thickness,
respectively. These values correspond to those given in the literature
by different authors (values varying between 3.60 eV and 3.95 eV
depending on the elaboration methods [12-14]).

The surface morphology of the films is shown in Fig. 3. Atomic
force microscopy (AFM) analysis showed that films are polycrystalline
and have needle-shaped nano grains. The RMS values of surface
roughness were estimated and given in Table 1. The average
crystallite size and root mean square roughness increase with the
increase of the thin film thickness, while the surface area of the
crystallite boundaries decreases.

Fig. 4 shows the variations of electrical conductivity (o) with
temperature for the samples. By comparing these two curves, it is
noted that there is a significant increase in the conductivity of SnO,
after decreasing thickness of film. Also, as mentioned previously, the
value of the conductivity decreases with increasing crystallite size
(Table 1). Since a polycrystalline film has crystallites joined at their
surfaces via grain boundaries, the boundaries between crystallites
play an important role in determining the conductivity of polycrys-
talline film. According to grain boundary model [15,16], an increase in
the crystallite size causes a decrease in grain boundary scattering and
this leads to an increase in the conductivity. Generally, grain boundary
model can be also applicable at high temperatures [15,16]. However,
the conductivity behavior in our case may not be inferred by grain
boundary model [15,16], since the conductivity does not increase as
crystallite size increases in our case. We should also mention here that
the electrical conductivity does not increase decreasing activation
energy (barrier potential energy) in the investigated films. Here,
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Fig. 2. Plot of (athv)? vs. hv for SnO, films.
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Fig. 3. Two-dimensional (2D) AFM images for samples a) 630-nm thick and b) 940-nm
thick.

when the investigated temperature range is considered, the behavior
of conductivity may be related to the native defects such as oxygen
vacancy in Sn0,. As a result in the above discussion, we have to utilize
another electrical conduction model related to disorder rather than
grain boundary model for the investigated samples.
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Fig. 4. Temperature dependence of the conductivity plotted as In(o) vs. 10%/T in a
temperature range 50-200 K. Solid lines are the best-fit lines with Eq. (6).

As can be seen Fig. 4, there is a clear increase in the conductivity
values as the temperature increases, a typical characteristic of
semiconductor conductivity. However, the increase in the conductiv-
ity with temperature is not remarkable. The plots presented in Fig. 4
displayed three distinct regions (regions I-III) presumably
corresponding to different conduction mechanisms. Region I typically
occupied a temperature region from ~150K to 200 K where the
conductivity increased with the increase in temperature. In this
region, we fit the conductivity data to the Arrhenius plot. This may
suggest that a simple thermal activation process dominates the
electrical conduction in the films. For the thermally activated band
conduction, the conductivity (o) can be expressed as

0 = 0, exp(—E, / kgT) 4)

where 0y is a constant, E, is the activation energy and kp is the
Boltzmann's constant.

The values of activation energy obtained from Eq. (4) are very low,
which are insufficient for the band conduction from a donor level to
conduction band over the temperature range employed. In polycrys-
talline oxides, oxygen vacancies are known to be the most common
defects [17]. The low value of the activation energy shows that the
compensation in the samples is appreciably high to exhibit insulating
characteristic. In this case, one can expect that the nearest-neighbour
hopping (NNH) conduction is dominant in this temperature region.
For n-type semiconductors, most of the free electrons are recaptured
by the donors at low temperatures. Then the electrons have no
sufficient energy to jump from donor levels to conduction band
[18,19]. In this case, the band conduction becomes less important, and
electron hopping directly between donor states in the impurity band
will bring the main contribution to the conduction mechanism
[18,19]. When these impurity centers are compensated, hopping
conduction becomes possible. Since SnO, has the high band gap
energy and small Bohr radius, it is possible to observe hopping
conduction at even about the room temperature [1,20].

The conductivity of the samples is also lower than Mott's
minimum metallic conductivity (Oy,,) that is given as [2],

213
en
Omin = C< hc > (5)

where e is the electron charge, # is the Planck constant and n. is the
critical carrier concentration corresponding to the metal-insulator
transition. n.=9.54x10'7 cm~2 for SnO, [1]. C is a numerical
constant of the order of 0.03 [2]. The value of Uiy =7.18 Q= ' cm ™!
for SnO, [1]. Here, we expect that the samples exhibit insulating
characteristics with the values of low conductivity (0<O ). This
allows that the identification of the conduction mechanism related to
hopping conduction in the investigated samples. If the compensation
is very high, the Fermi level will locate in the impurity band. The
conduction of a compensated sample in this case is realized through
hopping of charge carriers with very small activation energy directly
over impurity states. The conductivity (Onny) in the NNH model is
given by [21]

o = orexp(—y/ aNy )exp(—E; / ksT) (6)

where 0y and vy are constants, a is the Bohr radius of the donor wave
function, Np is the donor concentration, and E; is the activation energy
for electron hopping. From simple potential considerations E; would
be estimated using the following equation [21]

28n1/3
_ 0.99¢°Ny/

E 4me

(7)
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where € (¢=11.65 for Sn0,) is the low frequency dielectric constant.
The values of E; corresponding to E, are extracted from the slopes of
the curves in Fig. 4 and given in Table 2. Utilizing the values of E;
obtained from Eq. (6), the theoretical values of Np are obtained by
Eq. (7).

The deviations from the straight line in the NNH plot shows that
the NNH conduction is not dominating in the lower temperature
range. Regions II and Il were characterized by the variable-range
hopping (VRH) models. According to Mott, electron hopping between
nearest neighbor sites is not always favored at low temperatures as
the levels may be significantly different in energy. It is possible that
electrons can prefer to move to a more energetically similar remote
site. In this regime, the following conduction law is expected for the
variation of the conductivity (Oygy) of disordered systems [2,3]:

Oygy = 02exp(—Ty /T)’. (8)

Here, 0, is the pre-exponential factor and, Ty is a characteristic
temperature. The value of the exponent s depends critically on the
nature of hopping process. In practice, on hopping conduction it is
assumed that o3 in Eq. (8) is independent of the temperature.
However, hopping theory predicts that 0,(T) = 05T~ %° [22,23]. When
the VRH mechanism dominates the conduction, the condition 0<s<1
is fulfilled. If the density of states around the Fermi level assumed to
be constant, s becomes s = 1/4 (Mott VRH). On the other hand, if there
is a gap at the Fermi level, the VRH conduction model is expressed
with s=1/2 in Eq. (8) (Efros-Shklovskii (ES) VRH) [2,3].

Fig. 5 shows the plot of In(0T'/?) against T~ /4. The plot of In(0T"/?)
vs. T~ was found to have been linear at temperatures (100-150 K).
This indicates that the conduction in SnO, thin films is governed by
Mott's VRH (T~ "4 law) conductivity instead of the NNH at high
temperatures. As the temperature decreases below nearly 100 K, there
is a deviation from a conduction mechanism to another one. At lower
temperatures (T<100 K), when the measured data were plotted as
In(oT) vs. T~ /2 (inset of Fig. 5) as indicated by the ES VRH T~ 2 law,
well defined lines were obtained. Therefore, regions II and IIl were
characterized by Mott VRH and ES VRH models, respectively.

It is caused by hopping conduction between defects of localized
states in the grain boundary space-charge region. The existence of the
localized states for such a conduction process is a consequence of
imperfections associated with polycrystalline films. In polycrystalline
materials, the VRH conduction process exists in the grain boundaries
at temperatures at which the carriers do not have sufficient energy to
cross the potential barrier and to transfer themselves into the
crystallite by the process of thermionic emission [24,25].

Region I is characterized by Mott's relation [2],

—1/2 1/4
OvriMote = O2.Mote T / exP<_T0‘Mott/ T) 9
where
3e?v [EN(Ep)] V2
O Mott = W{ ks } . (10)
Table 2

The experimental NNH activation energy (E;), the critical temperature (T.;) for
transition from the NNH to the Mott VRH, donor concentration (Np), acceptor
concentration (N,), compensation ratio (k) for the investigated SnO, films.

Sample Ey (meV) Toq (K) Np(em™3)  Ny(em™3)  k
Thickness (630 nm)  11.02 144 7.09x10"7  43x107  0.606
Thickness (940 nm)  9.42 143 443x10"7  33x10"7 0745
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Fig. 5. Temperature dependence of the conductivity plotted as In (0T'/?) vs. T~ /4, Solid
lines are the best-fit lines with Eq. (9). The inset of Fig. 2 represents the conductivity
plotted as In(oT) vs. T~ /2, Solid lines are the best-fit lines with Eq. (13).

To.more 1S @ characteristic temperature coefficient which depends on
the density of states N(Er) at the Fermi level in the form [2]:

18

_ 11
KGEN(E)’ ()

To Mot =

where § is the localization length and v is the typical phonon
frequency. The values of Ty pjor, and Oz o Obtained from the slope of
the curves of Fig. 5, are given in Table 3. Using these values, N(Er) and
€ are obtained from Egs. (10) and (11), and given in Table 3. Here § is
of the order of 1 nm, which is consistent with the expected magnitude
in the VRH regime [26]. The values of N(Ef) also matched with that
reported for SnO, which confirms that Mott VRH hopping dominates
in the employed temperature region [27]. As the film thickness is
increased the crystallite size increases in our films. In such a case, the
conductivity behavior in polycrystalline materials can be inferred by
grain boundary model [25]. However, there is an increase of the
conductivity, with the decrease in the thickness of the films from 940
to 630 nm. Therefore, grain boundary model is not valid for the
investigated films as previously mentioned. We consider the VRH
conduction to explain the effect of film thickness to conductivity. The
initial value of N(EF) increases with decreasing thickness. This leads to
an improvement in conductivity by less than a factor of 2, which
corresponds to only a slight modification in the N(EF). Since the N(Ef)
increases and becomes more localized, it should be expected as an
increase in the conductivity with decreasing film thickness.

As mentioned previously, the impurity band conduction appeared
in disordered or highly compensated materials. In order to corrobo-
rate the estimated models for understanding the electrical conduc-
tion, we can determine the critical temperatures (T;;) for transition
from the NNH to the Mott VRH by knowing the values of §. T, has
been calculated by Shklovskii [11]. According to Shklovskii, this

Table 3
Values of the Mott VRH conduction parameters and the critical temperature (T,) for
transition from the Mott VRH to the ES VRH.

Sample TO,Motr (K) 02, Mott § (anl) N(EF) TC2 thp,Mau:
Q" 'em™ 1) (em™3eV™!) (K) (nm)
Thickness ~ 2.81x10% 2.25x10° 1.26 3.71x10*! 105 1.63
(630 nm)
Thickness 269x10* 1.67x10° 1.72 1.52%10%' 101 221

(940 nm)
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Table 4
Values of the ES VRH conduction parameters.

Sample Toes (K) 0,6 (@7 'em™ ") €(nm)  Rpopes (Nm)
Thickness (630 nm) 429 3.57x10° 9.35 2.83
Thickness (940 nm) 411 2.81x10° 9.76 292

equation is applicable when compensation ratio becomes high
(k>0.5).

Ty = eNp8 / ky(dmegy). (12)

Taking the values of Np and &, the values of the T,; are determined.
These values are collected in Table 2. These values are not so far from
the temperatures where the transition from the NNH to the Mott VRH
conduction is experimentally observed for the investigated samples. It
is obvious that the theoretical finding is consistent with the
experimental observations.

Region III is characterized by the ES VRH model [3],

4 12
Ovryes = OzesT eXP<_T0,Es/ T) . (13)

To.es is a characteristic temperature coefficient given by [3],

2
Tors = %- (14)

In order to determine the values of 0, s and Ty g5, the conductivity
data were fitted by Eq. (13). By this way, 0y s and Togs have been
obtained. The results of fitting are given in Table 4. The values of the
localization length (§) in the ES VRH regime are higher than as in the
Mott VRH regime. The values of To nor/T and To gs/T are found to be
greater than one for both samples, confirming the validity of the Mott
and the ES VRH conductions in the investigation of temperature
regions [2,3].

The critical temperatures (T,,) for transition from the Mott VRH to
the ES VRH can be also calculated by knowing the values of Ty gs. This
transition is expected when the average hopping energy (Apyp) has
the same value for two regimes. The values of the average hopping
energy (Anop) are calculated from Eqgs. (15) and (16) in the Mott VRH
and the ES VRH regimes, respectively [2,3].

1 1/4
Bropworr = 78T (Tomore /T) (15)

1 1/2
Bropes = 5kaT (Tors/T) (16)
Setting Eqs. (15) and (16) equal to each other, this yields
T = 167055/ Totour (17)

We calculated the values of T, from Eq. (17) for the investigated
samples. Well agreements between the estimated transition temper-
ature T, from Eq. (17) and the experimental values were found
(Table 3). Actually, the deviation from the Mott VRH is also
experimentally observed about 100 K for both samples.

The film thickness (d) is a significant parameter in order to decide
whether the dimensionality of VRH is three dimensional (3D) or not.
The hopping distance (Ryop) is also a characteristic parameter for the
VRH conduction. It was described in Refs. [2,3,23]. The calculated
values of Ry, were given in Tables 3 and 4. Since our films are of 3D,
the condition (d>>Rp,p) is fulfilled at both Mott and ES regime for the
films [2,3].

The hopping conduction can be fulfilled only by donor-acceptor
compensation. The knowledge of N(Er) allows us to calculate the

compensation ratio which characterizes the degree of disordered.
High compensation is responsible for observation of the impurity
band conduction. Finally, we can obtain the compensation ratio (k)
and then acceptors concentration (N,) using an expression valid for a
compensated material in case of k>0.5 [20];

N(E;) = (2a/e2>N,§/3(1—k)4/3. (18)

Substituting the values of N(Er) and Np into Eq. (18), the values of
the k and then N, are also determined. Their values are collected in
Table 4. The decrease in compensation ratio reflects the value of
conductivity. Since the value of k is the degree of disorder in the
material, the decrease in the value of k results in a decrease in disorder
of the films [2,3]. Then, this leads to an increase in conductivity of
Sn0, thin films.

4. Conclusion

This study demonstrates that the conductivity in SnO, thin films at
low temperatures (50-200 K) can be seen to follow different hopping
conduction mechanisms for different temperatures regions. We have
used a theoretical approach, based on the hopping conduction
models, that makes it possible to identify the presence of different
hopping conduction mechanisms as the main reason in electrical
conduction through SnO, thin films. It is important to note that the
experimentally determined critical transition temperatures are orders
of magnitudes with what could be expected based on hopping
conduction calculations. After these analyses, various electrical
parameters of the present samples such as donor concentration,
density of states at the Fermi level, acceptor concentration and then
compensation ratio were determined. It was found that a decrease in
the compensation ratio results in an increase in conductivity of SnO,
thin films.
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