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Characterization of Carrier States in CuWO4 Thin-Films at Elevated 

Temperatures Using Conductometric Analysis

C.M. Gonzalez,* J.L Dunford, X. Du, and M.L. Post

Energy Mining and Environment Portfolio, National Research Council of 

Canada, 1200 Montreal Road, Ottawa, Ontario K1A 0R6

Abstract: CuWO4 thin-films were deposited by pulsed laser deposition onto an 

insulating substrate. The temperature dependence of the electronic conductivity 

of CuWO4 thin-films was determined over the 100 °C - 500 °C temperature range

in a synthetic air atmosphere. Additionally, variations of conductivity at 300 °C 

and 500 °C have been measured for oxygen partial pressures (0.1 atm < p(O2) <

0.9 atm) in nitrogen. The apparent activation energy ∆Ea for the electrical 

conduction has been estimated. The study of the temperature effect on the 

electron transport properties of CuWO4 thin-films reveals the operation of two 

temperature-dependent oxygen states. The effect of varying oxygen 

concentration on the electronic properties is discussed in detail. The 

electrochemical nature of the operating oxygen states for the 100 °C - 500 °C 

temperature range is deduced using a physicochemical model that relates 

electronic conductivity with oxygen partial pressure and temperature.

Keywords:
semiconducting metal-oxide, surface characterization, electron transport, 
conductometric analysis, activation energy, oxygen states.

1. Introduction

The physicochemical characterization of semiconductor materials and, in 

particular, the material surface characterization, is a fundamental tool for the 

optimization of the performance of the devices and technologies that have a working 

principle based on the electronic conduction of semiconducting materials, e.g. catalysts, 

photovoltaics, diodes, transistors, electronic circuits such as printed circuit boards, 

chemical sensors and transducers. Since these technologies exploit mechanisms that 

operate through, or near, the semiconducting surface, performance optimization 

requires comprehensive characterization of the interacting interface [1-2].
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The electron transport properties of semiconducting metal oxides (thin and thick 

films) are commonly dependent on both intrinsic and extrinsic structural parameters, 

temperature and, in general, surface interaction with reactive gas-phase species. In 

particular, oxygen species (O-n) produced through chemisorption of molecular oxygen 

have been found to influence strongly the charge transport mechanism and surface 

reactivity toward redox species. Temporal changes in the electrochemical nature of 

semiconducting materials, and in particular metal-oxide surfaces, are originated in i) 

electron transfer events promoted by the surrounding gas-phase species (chemisorption 

and, in general, surface chemistry), ii) formation of surface states such as holes, oxygen

vacancies and diffusive electrons (temperature effect), iii) diffusion of bulk defects to the 

surface and migration of surface states to the bulk (temperature effect and chemistry) 

and iv) segregation of lattice oxygen at high temperatures [1,3-5]. In particular, the 

formation of oxygen species arising from chemisorption of molecular oxygen promotes 

significant changes in surface electrochemical potential. This process yields 

temperature-dependent oxygen species (e.g. O2ˉ, Oˉ, O2-) that exist as a result of both 

the adsorption of molecular oxygen and electron transfer reactions. Oxygen species 

promote the operation of electrical fields in the metal-oxide surface, modify charge 

carrier concentration, cause bending of the conduction level and shifts in the energy of 

Fermi electrons near the metal-oxide surface [3-13].

Experimental techniques which are applied to surface characterization of 

semiconducting metal-oxides comprise the phenomenological approach (e.g.

impedance spectroscopy and conductometry) [10-15], spectroscopic techniques such 

as X-ray photoelectron spectroscopy (XPS), IR and Raman spectroscopies, electron 

paramagnetic resonance (EPR) [16-21], and imaging such as transmission electron 

(TEM) and scanning electron microscopies (SEM) [22-25]. In the present work, 

conductometric analysis is used to characterise the oxygen states operating in CuWO4

thin-films in the 100 °C < T < 500 °C temperature range and under varying O2 partial 

pressure.



2. Experimental

2.1. Materials

CuWO4 was prepared using a solid state reaction of a molar ratio of reactants 

CuO : WO3 = 1 : 1. The reagents were used as received, WO3 (Alfa Aesar, 99.998 %) 

and CuO (Alfa Aesar, 99.995 %). Sintering of the reaction mixture was carried out at 

600 °C for 12 hours under flowing O2. Compacted pellets of CuWO4 for use in film 

deposition were prepared by isostatic pressing (2 Tonnes) in a mold, followed by 

sintering at T = 680 °C for 24 hours in flowing O2.

Thin-films of CuWO4 were prepared from the pellets using the pulsed laser 

deposition technique (PLD).Thin-films were grown on single crystal sapphire substrates, 

α-Al2O3 , using a Lambda Physik LPX305i laser. The operational conditions of the 

PLD process are described in detail elsewhere [26], and are summarized in Table 1. 

Films of approximate thickness ~ 200 nm were deposited and the thickness determined 

using profilometry (XP-2TM Stylus Profilometer, Ambios Technology, Inc.).

Table 1. Laser deposition parameters for the preparation of CuWO4 nanometric

films.

Laser Deposition Parameters

Excimer Gases :       Krypton-Fluorine

                       λ :      248 nm

             Fluence:       1.5 J / cm2

Pulse Duration :        20 ns

       Pulse Rate :        8 Hz

2.2. Physicochemical Characterization

The laser target (CuWO4) and thin-films were characterized by X-ray diffraction 

(XRD) using a Bruker-D8 diffractometer with unmonochromated cobalt radiation (λKα1 = 

1.78897 Å) and parallel beam geometry. The sample holder was stationary with both 

the XR-source tube and detector mobile. Phase determination was done by reference to 



standard XRD patterns provided in the ICDD Powder Diffraction File Database (supplied 

as PDF-2 and compiled into DIFFRACTplus Reference Database released in 2002). 

Specimens were then examined using a JEOL 840A scanning electron 

microscope. All micrographs were obtaining using an accelerating voltage of 20 kV and 

a working distance of 15 mm. 

The system for evaluating the electronic conductance of the films consisted of a 

custom-built computer-controlled system with a resistive heater (power supply Xantrex 

HPD 60-5), gas-supply manifold (MKS Type 1479A Mass-Flo® controllers) and Au 

contact electrodes connected to a Keithley-2400 SourceMeter. For conductometric 

studies, gold electrode pads were deposited onto the thin-films using a thermal vacuum 

deposition procedure (Denton DV502A system) to ensure ohmic contact to the 

measurement system electrodes. The electronic conductance (σ) was monitored to 

detect changes in the electron transport properties of the thin-films with changes in 

experimental conditions (e.g. temperature and p(O2) ). The gas sources for the 

measurements were high purity O2 (Linde, 4.5 grade) and N2 (Linde, 5.0 grade).

Conductance was measured in two sets of experiments, initially with constant O2

concentration (pO2 = 0.2 atm, balance N2) with varying temperature (100 °C < T < 500

°C), and then under two isothermal conditions (T = 300 °C and 500 °C) with varying O2

partial pressure (0.1 < p[O2] < 0.9 atm). For all of the experiments, the total gas flow 

rate was 250 cm3 / minute, and the total pressure, 1atm. 

Prior to initiating conductometric measurements, the thin-films were annealed (T

= 520 °C) in the test chamber for 48 hours under dry synthetic air (20 % O2 in N2) to 

eliminate the interference of foreign surface adsorbates such as surface species arising 

from interaction with water vapor, CO2, CO, etc. The annealing treatment also offered a 

means to annihilate unstable lattice defects that frequently form during thin-film growth,

and allows the equilibration of the semiconducting thin-film with the background gas, 

thus promoting signal reproducibility. The thin-films were kept in the measurement

chamber under dry synthetic air or the other O2/N2 mixtures for the duration of the 

experiments.



3. Results and Discussion

3.1. Structural Characterization

Figure 1 shows the XRDs for (1a) a representative CuWO4 thin-film, (1b) the 

PLD CuWO4 target and (1c) the substrate α-Al2O3 .The formation of single phase 

CuWO4 was confirmed by comparing the XRDs for both the reaction product and the 

PLD pellet with those from the database standard DIFFRACTplus – 2002 (CuWO4

standard ID # 01-088-0269). No reflections from reagents were observed. The XRD for 

the PLD target (CuWO4), Figure 1b, displays the characteristic wolframite (triclinic) 

pattern. As expected, the thin-film XRD (Fig. 1a) shows the substrate reflections. Since

both the substrate (α-Al2O3) and the thin-film material (CuWO4) display XRD patterns 

with reflections about similar 2θ angles, an overlap for some of the diffraction peaks 

occurred, specifically at 2θ ≈ 26.9 ° and 62.1 °. This assessment is supported by a 

change in the observed order of intensity for the reflections arising from the substrate

(compare Figure 1a with 1c). The thin-film XRD (Fig. 1a) displayed a reduced number 

of reflections compared with the bulk material. This suggests the formation of a CuWO4

film with a preferential orientation.

Figure 1. XRD spectra for (1a) a representative CuWO4 thin-film, (1b) the CuWO4

PLD target and, (1c) substrate α-Al2O3 .

Scanning electron micrographs were obtained for a CuWO4 thin-film, Figure 2. 

The micrograph shows distorted and elongated particles (5 nm to 100 nm) in contact 



with larger grains. The majority of the smaller particles (grains) are embedded in the 

larger grains (> 500 nm). 

Figure 2. SEM Micrograph of a CuWO4 thin-film.

3.2.1. Temperature Effect on the Electron Transport Properties of CuWO4 Thin-

Films

The electrical conductivity of semiconducting materials is a thermally activated 

process. Although transport of charge carriers across the semiconductor surface is a 

complex process, the electron transport dynamics is satisfactorily described by 

Equation 1 [5-10,12-15,22,27-33]. This equation relates electronic conductivity (G) with 

temperature by means of an Arrhenius-like relationship (ln G 
 

T

1
 ) Equation 1, G* is 

an entropic parameter accounting for i) the granular morphology (grain size-distribution, 

quality of inter-grain contacts, crystal structure, lattice defects and surface states), ii) 

field effects arising from the coulombic charge of both the charge carriers and surface 

states (including oxygen states On-), and iii) electron-lattice interactions [3-

7,12,14,29,33]. G* is also a parameter that includes the influence on the surface by the 

gas-phase surroundings and accounts for the concentration of reactive gas-phase 

species (e.g. O2, CO, CO2, NOx, H2O, etc.). ∆Ea represents the energy required for the 

promotion of an electron in the proximity of the Fermi level (under the electrostatic 



influence of surface states, including oxygen species) to a diffusive state, and kB is the 

Boltzmann’s constant.


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
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


Tk

E
exp*GG

B

a (1)

Differentiation of Equation 1 in logarithmic form (ln G) with respect to reciprocal 

temperature (
T

1 ) yields Equation 2, which facilitates estimation of the activation energy

∆Ea for electronic conduction. 
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Equation 2 lists conductance σ instead of conductivity G. Within Drude’s model of 

electronic conduction, the conductivity GD and the conductance σ are related by 

Equation 3, where A represents the cross-section of the conducting material and ℓ, the 

corresponding length. 



A
GD  (3)

Parameters A and ℓ (Equation 3) can be considered to be nearly independent of 

temperature (that is, for materials with small coefficient of thermal expansion, which is 

often the case for ceramics). Substitution of G by the related parameter σ (Equation 3) 

in the derivative of Equation 1 with
T

1 (that is,

T
1

Gln



 ) leads to Equation 2.

Figure 3 (ln R vs. 
T

1 , where R is the measured resistance) shows the 

temperature effect (100 °C < T < 500 °C range) on the electron transport dynamics of a 

CuWO4 thin-film in dry synthetic air (20 % O2 in N2). The electronic conductance (σ) 

increased with temperature (ln R increased with
T

1 ), which agrees with the thermally 

activated nature of the electron conductivity in semiconducting materials. The Arrhenius 



plot in Figure 3 shows two distinct temperature domains. These domains are 

characterized by a change in slope of the plot with an onset temperature, in this case T

~ 250 °C. For the thin-films under investigation, the temperature-dependent domains 

appear within 100 °C < T < 250 °C with ΔEa = 0.34 eV, and within 250 °C < T < 500 °C 

with ΔEa = 0.17 eV. The lower activation energy ΔEa found for the latter temperature 

range has been explained as a result of the increase in the number of charge carriers 

caused by an increasing number of unstable lattice oxygen atoms [1,7,9-

10,12,19,21,27]. Similar transition temperatures for electronic conduction have been 

previously reported for CuWO4 thin-films; i.e. transition temperature T ~ 200 °C, ΔEa

=0.57 eV for the 37 °C < T < 200 °C temperature range, and ΔEa = 0.12 eV for the 200

°C < T < 340 °C temperature range [23]. The temperature dependence of activation 

energy for electronic conduction ΔEa has been explained as a consequence of varying

field effects in the semiconductor surface [29,33-45]. The electrochemical changes that 

the interacting interface undergoes with temperature result in the operation of

temperature-dependent field effects. The variation in surface electrochemical potential 

is related to i) a change in the electrochemical nature of oxygen species with 

temperature (O2 ⟶ O2ˉ ⟶ Oˉ ⟶ O2-), and an associated variation in surface charge 

and number of conduction electrons, ii) the coulombic interaction between conduction 

electrons and oxygen states (formation of a depletion layer and band bending), iii) the 

reversibility of oxygen chemisorption (destabilization of chemical bonding with 

increasing temperature, e.g. desorption of oxygen states resulting in a rise in the 

number of surface electrons and a corresponding change in surface charge), iv) an

increase in the segregation of lattice oxygen atoms and migration of oxygen vacancies 

from the bulk to the surface with increasing temperature, and v) the effect of 

temperature changes on the electron-lattice interactions (e.g. increase in the electron 

scatter with temperature) [46]. For instance, for WO3 thin-films, it has been reported that 

O2ˉ adsorbates are stable below 150 °C and coexist with HOˉ surface species; at higher 

temperatures, O2ˉadsorbates undergo stepwise reduction to Oˉ (stable in the 150 °C < T

< 300 °C range). As temperature continues to increase, Oˉ will further reduce to O2-, 

which is stable above T ~ 300 °C [40]. Whereas for SnO2 thin-films, water and O2ˉ

adsorbates are stable in the 80oC < T < 180 °C temperature range, Oˉ , between 180oC



and 500 °C, and O2- above 500 °C [35,39,47-48]. Based on these findings, the 

temperature ranges in Figure 2 can be explained as being a result of the formation of 

two different oxygen states as temperature increases.

Figure 3. Temperature effect (ln R vs.
T

1 ) on the electronic resistance R of a 

CuWO4 thin-film for the 100 °C < T < 500 °C temperature range under synthetic air 

(20 % O2 in N2).

The temperature dependence found for ΔEa (Figure 3) could also be related to 

chemical and structural changes in the thin-film with increasing temperature such as 

bulk changes in the crystal lattice or formation of oxygen-depleted phases. However, 

the formation of oxygen-depleted phases (CuWO4-δ) as temperature increases is not 

likely to arise in the temperature range studied since the process would produce a 

significant change in the electron conduction profile with temperature (which would likely 

result in a discontinuity in the relationship of conductance with temperature, and in the 

evolution of a metallic-regime for conductivity as a result of the formation of an 

extensive intrinsic doping) [49]. Moreover, the resulting oxygen loss will produce the

parallel reduction of W6+ (or Cu2+) because charge balance requires that for each 

oxygen vacancy VO
2+, two W6+ (or two Cu2+) centres convert to two W5+ (Cu+) centres.



This process involves a substantial reorganization of the electron density and significant 

changes in bonding parameters and crystal lattice. Consequently, the changes in both 

coulombic and structural parameters will impede the return to the conductance value

corresponding to a predetermined reference state (defined in this study for the 

stoichiometric single phase CuWO4 in synthetic air 20 % O2 in N2). This situation did not 

arise for the experiment summarized in Figure 3. Another factor to consider is a phase 

transition near the frontier temperature (for the case studied T ~ 250 °C). However, 

CuWO4 does not undergo a lattice transformation in the temperature range studied [50].

3.2.2. Characterization of Operating Oxygen Sates by Conductometric Analysis

Equations 4 and 5 summarize the formation of the oxygen species in 

semiconducting metal oxide surfaces [4-6,31,48]. In the model below, O0
x represents an 

unstable lattice oxygen, VO
n+ a single or double ionized oxygen vacancy, and On’-, the 

corresponding oxygen species (O2ˉ, Oˉ, O2-).

O0
x           ⇄ ½ O2 + VO

n+ + n eˉ (4)

½ O2   + n’e-   ⇄  On ’- (5)

Equation 5 defines the effect of oxygen chemisorption on the electronic conduction of 

n-type metal-oxide materials, which is manifested through a reduction in electronic 

conductance with increasing [O2]. The electronic conductivity G relates to the number of 

effective charge carriers through Equation 6, where [eˉ] is the concentration of charge 

carriers that participate in electronic conduction assuming that the contribution of

positive charge carriers to the electric conductance is negligible, μ denotes the electron 

mobility and e, electronic charge [38-39,42-43]. Equation 6 shows the relationship of 

electronic conductivity G with the charge carrier concentration [eˉ] and reveals that a 

reduction in the number of surface electrons as a result of oxygen chemisorption 

(Equation 5) leads to a decrease in surface conductivity. For the temperature range 

investigated (300 °C < T < 500 °C), the expected oxygen species On’- are Oˉ or O2-



[22,33,35,39-40,47,49-51]. The charge conduction mechanism has been considered to 

occur through electron conduction since typically mixed ionic-electronic conduction 

occurs at higher temperatures (T > 700 °C) which promotes the formation of a 

significant number of oxygen vacancies (VO
2+) and the formation of oxygen depleted 

phases with mixed valence states [51-52].

  eeG D  (6)

Equation 7 has been used previously to evaluate the effect of oxygen 

concentration on the electronic conductivity of semiconducting metal-oxides [37,45,52-

57]. In the model, pO2 is the oxygen partial pressure, n relates to the number of charge 

carriers that participate in the electronic conduction as indicated in Equation 4, ΔEa is, 

as before, the apparent activation energy for conduction. G’ is considered a constant, 

temperature-independent term, with the same physical meaning as G* outlined in 

Section 3.2.1 (Equation 1), except that in this case G’ is a parameter independent of 

the concentration of reactive gas-phase species. It has been established that the 

electron conductivity of n-type semiconducting metal-oxides under the influence of 

oxygen states in intermediate and high temperature ranges (Oˉ or O2-) is primarily 

controlled by the rate for promotion of electrons to a diffusion state (Equation 4) and, to 

a lesser extent, on the formation of new oxygen states with increasing [O2], Equation 5

[39]. Formation of an increasing number of oxygen states with both [O2] and 

temperature features a kinetics limitation, which is related to a limited surface for 

formation of oxygen adsorbates (saturation effect), and electronic repulsion effects 

(interaction between conduction electrons and negative oxygen species), and a 

thermodynamic limitation related to both the destabilization of oxygen adsorbates with 

increasing temperature (which is evidenced by the reduction of effective coverage with 

temperature), and an increase in oxygen vacancies at high temperature [12,57-61].
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
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The slope of a plot for ln G (or ln σ) vs. ln pO2, Equation 8, allows inferring the nature of 

surface oxygen vacancies VO
n+ available for bonding interactions with molecular oxygen 

and consequently the electrochemical nature of the oxygen species in operation at the 

investigated temperature range. For the relationship
2pOln

Gln



 , ln G can be substituted 

by ln σ since the thin-film cross-section, A, and length, ℓ , both relating G with σ (defined 

in Equation 3), are not parameters of the O2 concentration.

2n2

1

pOln

ln

2 






  (8)

Since the oxygen vacancies (VO
n+) are ideal structural sites for the 

accommodation of oxygen species (On’-), it is reasonable to consider that oxygen 

bonding interactions take place through an intermediate of such surface defects. 

Therefore, the electrochemical nature of the oxygen-states can be reasonably inferred 

from the charge of operating oxygen vacancies at a given temperature (Equation 4)

[62]. Based on these considerations, the electrochemical nature of majority oxygen-

species can be related to the electrochemical nature of surface vacancies. The 

equilibrium constant Ke, Equation 9, for the process represented in Equation 4 offers a 

simple means to evaluate the effect of surrounding O2 on the electrochemical nature of 

oxygen states [39,42-43,51,63]. Lattice oxygen concentration [OO
x] is not considered for 

the estimation of Ke since the corresponding concentration in equilibrium with  gas-

phase species is approximately constant at any given [O2] (ratio for number of OO
x to

lattice volume ≈ constant).

   2/1
2

nn
Oe pOeVK  (9)

Based on Equation 4, the mass-action law for formation of charge carriers 

requires that the ratio [VO
n+] to [eˉ]cond equals  

  n

1

e

V

cond

n
O 




, which allows rewriting 

Equation 9 into Equation 10. This equation establishes an inverse relation between the 



concentration of effective charge-carriers [eˉ] and oxygen concentration (pO2 ˉ
m) for n-

type semiconductors.

  2n2

1

2econd pOKe 


  (10)

Based on Equations 4 and 5, the formation of oxygen species (On’-) requires an

interaction of majority oxygen vacancies (VO
n+) with surrounding molecular O2 and the 

removal of an equivalent number of electrons (n). Thus, the formation of Oˉ will require 

the interaction of O2 with a single ionized vacancy (VO
+) and consumption of a chemical 

equivalent of electrons e‒ (n = 1). Therefore, for a system where the majority oxygen 

state is Oˉ, the slope (Sl) for the corresponding plot for ln σ vs. ln pO2 should be equal to

4
1 (as indicated in Equation 8, with n = 1). Similarly, if O2- were the resulting oxygen-

state upon interaction between surrounding O2 and predominant double ionized oxygen 

vacancies (VO
2+), then n = 2, and therefore the slope of a plot ln σ vs. ln pO2 should be

6
1 . Based on this, the study of the effect of [O2] on the surface conductance will allow 

evaluating the electrochemical nature of the operating oxygen states at constant 

temperature.

Figure 4 shows the dependence of resistance (ln R) with the concentration of 

surrounding molecular oxygen (ln pO2) in N2 at 300oC and 500 °C (total pressure 1atm). 

The resistance R data for both temperatures can be defined as having a linear 

relationship to ln pO2 both with similar slopes (Sl), i.e. Sl (300 °C) = – 0.23 ± 0.06, and Sl

(500 °C) = – 0.26 ± 0.04. These values as applied to the Equation 8 yield n ≈ 1 (as

shown above, a slope of Sl ~ 0.25 implies that the oxygen state On’- in dynamic 

interaction with the surrounding molecular O2 is Oˉ). The increasing resistance values 

(ln R) with O2 (ln pO2) is an indication of the n-type conductivity for the CuWO4 thin-

films.

When differentiating Equation 7, the effective charge carrier mobility μ (defined 

in Equation 6) was considered to be independent of temperature, which is not strictly 



true since μ ∝ exp




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




Tk

E

B

 , where Eμ is the activation energy for electron mobility. 

Nonetheless, for the present case this is a valid assumption, since the activation energy 

for mobility Eμ of n-type semiconducting metal oxides is smaller than the activation 

energy for conduction ΔEa, usually by an order of magnitude [43,49,62]. For instance, in 

the case of bulk samples of oxygen-depleted tungsten oxides (WO3-δ), the estimates of 

corresponding activation energies for Eμ using Hall mobility have been reported in the 

0.01 eV < Eμ < 0.06 eV range, whereas for the same samples, the activation energy for 

electronic conduction was in the range ~ 0.1 eV < ΔEa < 0.2 eV [49].

Figure 4. Effect of increasing O2/N2 concentration ( ~ 0.1 < pO2 < 0.9 atm) on the 

electronic resistance (R) of a CuWO4 thin-film under varying ratio for O2-to-N2.

The total pressure for all  measurements was 1 atm (pO2 + pN2 = 1 atm). 

Since the operation of mixed conduction mechanisms usually produces sigmoid 

isotherms for plots of ln σ vs. ln pO2 [40,52,62,65-67], the linearity of the relationship 

between ln R and ln pO2 for the isotherms in Figure 3 provides further evidence of the 

operation of a charge conduction mechanism through diffusive electrons. The 

evaluation of the nature of oxygen states (On’- ) for the thin-films under investigation

using conductometry illustrates the potential of the method for studying semiconducting



interfaces and, by extension, for the study of surface reactions in catalytic processes

that proceed through the intermediation of oxygen states On’-. The reasonable fit also 

suggests that the CuWO4 films under study are free of impurities and that the 

semiconducting metal-oxide surface reaches equilibrium with the surrounding gas

during measurement. In agreement with the temperature domains established using the 

Arrhenius plot Figure 3 (which predicts the operation of two consecutive temperature-

dependent oxygen states On'-, that is, a majority oxygen state that operates in the 100

°C < T < 250 °C range, and another majority oxygen state in the 250 °C < T < 500 °C 

range), Oˉ was the operating oxygen state identified at both T ~ 300 °C and T ~ 500 °C.

Based on the results summarized above and other literature reports, the oxygen state 

operating in the 100 °C < T < 250 °C range can be assigned to O2
－ [22,33,35,40].

4. Conclusions

The qualitative description of surface species in semiconducting CuWO4 thin-

films was carried using a model frequently invoked for the oxygen chemisorption 

process in n-type semiconducting metal-oxide surfaces. As established in a number of 

studies, the electronic conductance was satisfactorily characterized as a parameter of 

the oxygen concentration (G  pO2
m, where 

2n2

1
m




 ) [39-64]. In agreement with 

these reports, for the study under discussion the oxygen state On- operating in the 

intermediate-high temperature range (300 °C < T < 500 °C) was Oˉ. The agreement 

between theory and experiment indicates that, in the absence of moisture and other 

gas-phase species, the mode of charge conduction is through diffusive electrons, 

allowing eliminating a significant contribution from other charge conduction mechanisms

(e.g. ionic conductivity, protonic conduction).

This approach is an example of the use of a macroscopic property for 

characterising chemisorbed species at the molecular level. Utilization of the physical

model outlined herein for the characterization of extrinsic surface states, and, in 

particular, oxygen species requires the use of a single-phase semiconducting metal 

oxide. This work provides support for using conductometric analysis to study surface 



states as a complementary technique to the spectroscopic characterization of 

semiconducting metal-oxide interfaces.
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Figure Captions

Figure 1. XRD spectra for (1a) a representative CuWO4 thin-film, (1b) the CuWO4

PLD target and, (1c) substrate α-Al2O3 (�����).

Figure 2. SEM Micrograph of a CuWO4 thin-film.

Figure 3. Temperature effect (ln R vs.
T

1 ) on the electronic resistance R of a 

CuWO4 thin-film for the 100 °C < T < 500 °C temperature range under synthetic air 

(20 % O2 in N2).

Figure 4. Effect of increasing O2/N2 concentration ( ~ 0.1 < pO2 < 0.9 atm) on the 

electronic resistance (R) of a CuWO4 thin-film under varying ratio for O2-to-N2.

The total pressure for all  measurements was 1 atm (pO2 + pN2 = 1 atm). 


