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Abstract AC impedance spectroscopic measurements have

been performed on sol–gel derived zinc oxide (ZnO) films on

transparent fluorine-doped tin oxide coated glass substrates in

the frequency range 10-2 to 106 Hz over the temperature

range-185 to?25 �C (88–298 K). The relaxation behaviour

of the nanocrystal line ZnO thin film can be described in terms

of the Debye model giving an interpretation of the semi-cir-

cular relaxation phenomenon within the given temperature

range. Two different relaxation times were obtained from

impedance (Z) and electric modulus (M) studies of the devices

and the multiple hopping of charge carriers between trap sites

in grain and grain-boundary regions is believed to be

responsible for charge transport. The values of activation

energies for trap levels obtained from AC conductivity study

are 0.0153 and 0.0487 eV which are close to the activation

energies obtained from DC electrical measurement for tem-

perature region between 88 and 178 K and 179 and 298 K,

respectively.

1 Introduction

Zinc oxide (ZnO) is an n type semiconductor with a direct

band gap of 3.4 eV and has been extensively studied for its

applications in optoelectronics [1], spintronics [2], nano

electronics [3, 4], solar cells [5, 6] and biosensors [7]. The

study of charge transport mechanisms in a ZnO thin film

containing defects, both for doped and undoped cases, is

very important to determine the suitability of its electrical,

optoelectronic properties for specific applications [8].

Variable range hopping (VRH) was found to be responsible

for charge transport in polycrystalline ZnO sputtered films

on a glass substrate under different oxygen pressures

showed over a wide range of temperature from liquid

helium temperature to 300 K. However, the exponential

dependence of steady state conductivity rDC on tempera-

ture T followed a T�1=2 law at relatively high temperatures

but a T�1=4 dependency became prevalent at low tem-

peratures due to the presence of a Coulomb gap in oxygen

deficient films [9]. Similarly, temperature dependence of

rDC of chemical vapour deposited ZnO films was investi-

gated in the presence of oxygen containing water vapour

for the temperature range from 87 to 297 K, using the four

probe method. Thermionic and thermal field emissions

over grain boundaries were found to be responsible for

linear Arrhenius plot type band conduction above 170 K.

The variable range hopping conduction became, on the

other hand, a prevalent mechanism at low temperatures

below 170 K [10].

Dielectric relaxation spectroscopy which involves the

examination of AC electrical response over a wide fre-

quency range provides information on the conductivity of

thin films of wide range materials in terms of structural

homogeneity and stability considering relative contribution

of grain, grain boundary and defect states [11]. The real

and imaginary parts of complex impedance (Z), complex

permittivity (e), complex electric modulus (M) obtained

from the AC response are usually plotted in complex plane

and then modelled in an equivalent circuit comprising
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resistance (R), capacitance (C) and constant phase element

(CPE) [12, 13]. Nyquist or Cole–Cole, Davidson-Cole

plots, the graphical representations of frequency dependent

complex dielectric parameters, are useful for analysis of

one or more well separated relaxation processes in mate-

rials following Debye or non-Debye dielectric behaviours

[14–16]. The mechanism of electronic conduction in ZnO

film at temperatures above the room temperature has been

reported in the literature as the transfer of electrons from

interstitial Zn atoms and O2 vacancies which are acting as

donor levels to the conduction band [17]. Dielectric spec-

troscopy was employed in the temperature range between

113 and 473 K to study the defect relaxation process in

ZnO ceramics. The appearance of relaxation processes at

temperature below 243 K are believed to be associated

with intrinsic interstitial zinc and oxygen vacancies which

are not susceptible to additives and impulse current

degradation. The electric properties of the ZnO ceramics

are related to high temperature relaxation processes above

353 K which are influenced by additives and grain

boundaries [18].

Using commercially available zinc oxide (ZnO)

nanoparticles, the low cost fabrication of ZnO memristors

with a high off–on ratio of 2.2 9 104 has recently reported

by us [19]. When spin-coated ZnO films on transparent

glass slides were annealed at 500 �C in air for 2 h, the

formation of Wurtzite hexagonal polycrystalline structure

was observed from Raman and X-Ray diffraction Spectra.

The grain sizes were found to increase from *36 to

*112 nm on annealing possibly due to amorphous

hydrated species on the particle surface being converted

back to zincite. In the present paper, the electrical prop-

erties of Au/ZnO/FTO devices have been studied using AC

impedance spectroscopy in order to determine physically

interesting parameters such AC and DC conductivities,

relaxation time, electric modulus in the temperature vary-

ing from 88 to 298 K over the frequency ranges between

10-2 and 106 Hz. The activation energies have been

determined for different donor levels of ZnO films for

different temperature and frequency ranges and these val-

ues have then been compared with the results obtained

from DC current–voltage measurements.

2 Experimental

For the formulation of thin films, fluorine-doped tin oxide

(FTO) coated glass slides (TEK 15, Pilkington UK) with

surface resistivities of *15X/square were used as sub-

strates. A small volume of a 40 wt% dispersion of ZnO

nanoparticles (\130 nm) in ethanol (Sigma-Aldrich) was

spun at 250 and 2000 rpm in sequence for 15 and 60 s re-

spectively, to deposit thin films on ultrasonically cleaned

FTO substrates. The solvent was then completely removed

by oven drying the films at 120 �C for 15 min. The fabri-

cation and materials characterisation of the devices has

been described earlier [19]. Subsequently the samples were

ramped (over a 30 min period) up to 500 �C in air and held

at this temperature for 2 h before being ramped down to

room temperature. The samples were examined using a

Zeiss Supra 35VP field emission scanning electron micro-

scope (FESEM). A 10 keV beam was used in conjunction

with an in-lens secondary electron detector system. A gold

(Au) layer was sputtered via a mask to form the top elec-

trode for the Au/ZnO/FTO sandwich structure. A Keithley

617 electrometer and an Oxford instruments constant tem-

perature liquid nitrogen cryostat were used in a micropro-

cessor controlled measuring system to record DC current–

voltage curves from ZnO films sandwiched between FTO

coated glass slides and evaporated gold electrodes, in vac-

uum of 10-4 mbar over the temperature range of 88–298 K.

The voltage was applied to the sample through the Au

electrode from -2 to 2 V with scan rate 500 mV/s keeping

the FTO electrode grounded. The complex impedance of

the Au/ZnO/FTO device was measured using an impedance

analyser (Solartron 1260, UK) in the frequency range of

10-2 to 10-6 Hz, signal amplitude 0.1 V rms and over the

temperature range 88–298 K.

3 Results and discussion

3.1 DC measurements

The DC current versus voltage characteristics of a Au/ZnO/

FTO device under varying temperature conditions from 88

to 298 K are shown in Fig. 1. The voltage was scanned

from -2 to ?2 and then back to -2 V with scan rate

500 mv/s. As shown in the inset in Fig. 1, the variation of

current density J (A/m2) with electrical field E (V/m) on

logarithmic scales is linear for different temperatures,

taking data from a half cycle of 0–2 V and it is clear that

the two terminal device exhibits Ohmic conduction. Fig-

ure 2 shows the Arrhenius plots of DC conductivity, rDC as

a function of inverse temperature T in Kelvin over the

temperature range from 88 to 298 K. Two temperature

regimes exist corresponding to the cross-over temperature

208 K, each with a different value of activation energy E

according to the Arrhenius exponential equation in the

form:

rDC ¼ r0 exp �E=kTð Þ ð1Þ

where k is the Boltzmann constant and r0 is the pre

exponential factor, representing the conductivity at infinite

temperature. Similar two regimes of temperature dependent

DC conductivity have been reported for ZnO thin films
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grown by the pulsed laser deposition technique [20].

Values of E are estimated to be 6.1 meV (E2) and

48.7 meV (E1) from the slopes of linear fits to experimental

data for the two temperature region of 88–208 and

208–298 K, respectively. The high temperature activation

energy value is consistent with one obtained for

hydrothermally grown ZnO film [21]. The thermally acti-

vated DC conductivity, rDC, follows a linear Arrhenius

behaviour, indicating conduction of electrons in extended

states beyond the mobility edge for the temperature range

of 208–298 K, as shown in Fig. 2. For the temperature

range 88–208 K, the conductivity deviates from the ther-

mally activated Arrhenius plot, which suggests that vari-

able range hopping conduction between localized states is

occurring. Variable range hopping conduction of localized

electrons following Mott equation in the ZnO film has been

reported before in literature, in the temperature range of

87–295 K [22].

3.2 AC measurements

3.2.1 Impedance formalism

Impedance spectroscopy is a simple analytical tool to

determine electrical conductivity through various parame-

ters like complex impedance (Z�), complex electric mod-

ulus (M�), complex dielectric permittivity (e�). These

parameters are correlated [12] as given by:

M�ðxÞ ¼ jxC0Z
�ðxÞ ¼ M0ðxÞ þ jM00ðxÞ ð2Þ

e� xð Þ ¼ M� xð Þ�1 ð3Þ

where x is the angular frequency, and C0 the vacuum

capacitance of the measuring thin film of ZnO, i.e., C0 = e0
(A/d), e0 is the permittivity of free space, A and d are the

area and thickness of the film, respectively. For detailed

investigation of electrical properties, impedance measure-

ments were carried out in the frequency range of 0.01–

1 MHz and for the temperature range of 88–298 K.

Figure 3 shows the complex plane plot of the real part of

impedance (Z 0) versus imaginary part of the impedance (Z 00)
for a Au/ZnO/FTO device at 0 V DC. The resistive and

capacitive properties of the grain boundary region of ZnO

films can easily be calculated using the equivalent circuit

model and a non-linear least square curve fitting approach,

to the observed single and slightly depressed semi-circular

plot [12]. The arcs and semicircles having their centres

lying below and on the Z 0 axis, with the rise of temperature

in Fig. 3, intersect the right hand side of Z 0 axis at resistance

values corresponding to grain boundary region

Rgb½Z 0 ¼ Rgb ¼ RDC asx ! 0�. The equivalent circuit of

the system can be proposed by considering grain resistance

Rg in series with the parallel RC component of grain

boundary region. The value of Rg is obtained directly from
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the high frequency intercept of the impedance arc on the Z 0

axis. Further, a reduction in the size of the semi-circular arc

with a rise in temperature was observed, consistent with

decreasing values of Rg and Rgb similar to those reported by

Sahay et al. [23].

From this impedance plot, a relaxation time constant (sz)
has been calculated from the summits of each curves fol-

lowing xmsz = 1, where xm is the summit frequency. The

capacitance of the grain boundary region, Cgb, can be

calculated from sz using the relation sz = Rgb Cgb. The

variation of sz with reciprocal of temperature is shown in

Fig. 4 and has been fitted according to the Arrhenius

equation:

sz ¼ s0z exp �E=kTð Þ ð4Þ

where E is the activation energy associated with relaxation

process, s0z is the characteristic relaxation time factor, k is

the Boltzmann constant and T is the temperature. The

achieved values of activation energies for trap levels for

two temperature regions after linear fit are found to be

E1 = 0.0553 eV (179–298 K) and E2 = 0.0105 eV

(88–178 K) which are close to values obtained from

DC conductivity in Fig. 2. Calculated s0z value

(s0z1 = 7.485 9 10-6, s0z2 = 3.02769 9 10-4) suggests a

multiple hopping charge carrier conduction mechanism in

the grain and grain boundary region. In general, the

relaxation time constant is larger in the grain boundary

region (s0z2) than the grain region (s0z1) [24]. The average

grain size of ZnO is found to be 75 nm from the SEM

image of the ZnO film (upper inset of Fig. 4). It is thought

that a high conduction path is created due to the presence

of a large defect density in the interfacial region although

grain boundaries may act as hindrance to charge transport.

Dissipation or loss factor D, deduced from the relation

D ¼ Z 0=Z 00, is plotted against temperature in the lower inset

of Fig. 4. D was found to be influenced by both frequency

and temperature, reaching a minimum at 105 Hz. The

dissipation factor increases with temperature up to

*200 K. However, this effect becomes less pronounced

with further temperature rises.

The variation of grain boundary resistance Rgb and

capacitance Cgb with temperature are depicted in Fig. 5.

From the slopes of Arrhenius plot of Rgb two energy levels

are obtained, the first one located below the conduction

band at 0.047 eV (temperature region 179–298 K) and the

second one at 0.011 eV (temperature region 88–178 K).

Similarly, from the slopes of Arrhenius plot of Cgb in the

same figure, the activation energy for two donor levels are

found, the first was 0.102 eV and the second 0.021 eV.

The variation of Z 0; Z 00 as a function of frequency at

different temperatures is plotted in Fig. 6a, b. It is observed

from Fig. 6a that Z 0 decreases with the increase in fre-

quency as well as temperature. The Z 0 values for all

temperatures merge above 104 Hz. The variation of the

imaginary part of impedance (Z 00) with frequency at dif-

ferent temperatures is shown in Fig. 6b. This indicates that

Z 00 reaches a maximum which shifts towards the higher

frequency region with an increase in temperature, indica-

tive of losses in the ZnO thin film. The peak position of

Z 00
max in Hz is plotted against temperature in the inset of

Fig. 6b.

3.2.2 Electric modulus plots

Defect relaxation of the Au/ZnO/FTO structure can be

analysed with the help of a complex electric modulus (M)

plot. The real M0 and imaginary M00 parts of the complex

electric modulus were calculated from the measured

impedance data following Eqs. 2 and 3. Figure 7a, b shows

the variation of M0;M00 with frequency at different tem-

peratures. As observed from Fig. 7a, the value of M0 is near

zero in the low frequency region, started dispersed in the

mid frequency region and reached maximum in the high

frequency region for all temperatures. This behaviour can

be explained by short range mobility of charge carriers

[25]. Figure 7b reveals the plot of M00 with frequency at

different temperatures. A single peak is observed whose

position shifts towards high frequency with an increase in

temperature (inset Fig. 7b). This may be explained by

thermally activated dielectric relaxation, where hopping

process of charge carriers are dominating in the film due to

the combination of grain and grain boundary effects [26,

27]. The long range mobility of charge carriers could be

determined by consideration of the frequency of the max-

ima. It is likely that they are confined to potential wells,

and are only mobile over short ranges at frequencies after

the peak maxima.
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The peak position of Z 00
max;M

00
max with frequency over the

temperature range 88–298 K are located at same position

as depicted in the insets of Figs. 6b and 7b. It can be

predicted that the peak position of normalized parameters

Z 0=Z 00
max;M

0=M00
max are located at same frequency. The type

of dielectric response can be predicted from the degree of

overlapping peak position of Z 0 and M0 curves [28].

According to Debye theory, for an ideal dielectric relax-

ation case, impedance and electric modulus maxima peak

position are predicted to be at the same frequency. Long

range relaxation and information about delocalized states

can be predicted from the overlapping peak position of

Z 0=Z 00
max and M0=M00

max. It is evident from asymmetric nature

of M0=M00
max curve that the conduction mechanism in this

film may be regulated by lattice defect and structural

irregularities.

Figure 8 displays the relationship between M0 and M00 at

different temperatures. The presence of single and slightly

depressed semicircles confirms the presence of multiple

relaxation times [29]. Relaxation time constants (sM) have

been calculated from the maxima of each of the curves

following xmsM = 1 and fitted to an Arrhenius equation.

The activation energy values for two defect levels were

found from two different temperature regions to be

E1 = 0.0487 eV (179–298 K) and E2 = 0.0153 eV (88–

178 K) which are consistent with values obtained from DC

conductivity in Fig. 2 and within error limit of 10 % as

obtained from Z 0 to Z 00 plot in Fig. 3. The relaxation time

constants (s0M) obtained for these levels are

s0M1 = 1.026 9 10-5, s0M2 = 1.674 9 10-4. These

results support the view that multiple hopping of charge

carriers among defects (Zn, O2 vacancies) in the ZnO film

is occurring.

3.2.3 AC conductivity

AC conductivity rAC due to localized states in a dielectric

material can be written as [30].

rAC xð Þ ¼ rDC þ Axs ð5Þ

where x is the angular frequency, rDC is the DC conduc-

tivity when x ? 0, A is pre factor, and s is frequency

exponent lying between 0\ s\ 1. Both A and s are weakly

dependent on temperature. Figure 9 shows a logarithmic

plot of the AC conductivity of the Au/ZnO/FTO device as a

function of x for various temperatures from 88 to 298 K.

From this figure it is evident that the conductivity of the

device is frequency and temperature dependent. There are

four frequency regions according to the linear relationship

between AC conductivity and frequency which are sepa-

rated by lines as shown in Fig. 9. These are region I

(1 MHz–600 kHz), region II (600–10 kHz), region III

(10–3 kHz) and region IV (3 kHz–10-2 Hz). At high

frequency, conductivity has almost the same value irre-

spective of temperature. However, the effect of measuring
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temperature is prominent at lower frequencies. The change

in behaviour of the AC conductivity, from initially flat to

rapidly rising may be attributed to a change in the hopping

behaviour of the charge carriers, from long range to short

range [31]. When a single charge particle moves across

multiple barriers, the resultant conductivity will show

multiple steep rises as a function of frequency [13]. The

value of s obtained after linear fit of Eq. 5 in frequency

region I, II, III is plotted against temperature in the inset of

Fig. 9. It is evident from the graph that hopping movement

involves translational motion of charge carriers (s\ 1) and
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localized hopping for carriers without leaving the neigh-

bourhood (s[ 1) [32]. Therefore conductivity involves

both long range and short range or localized types of hop-

ping process. When values of rDC (when x ? 0) are cal-

culated from Fig. 9 and then fitted against Eq. 1, values of

0.0471 (for 179–298 K) and 0.0111 eV (for 88–178 K) are

estimated for activation energy. These values agree satis-

factorily with those obtained from DC measurements in

Fig. 2. The variation of AC conductivity with the inverse of

temperature in the frequency range of 0.01 Hz–1 MHz is

depicted in Fig. 10. It is evident from this graph that con-

ductivity increases with temperature for all frequencies.

This may be due to hopping of thermally activated charge

carriers between localized states of different energy levels.

The variation of AC conductivity with temperature is

independent of frequency below 1 kHz. This behaviour

may be due to the intrinsic nature of the conductivity of the

material. The activation energies for trap levels calculated

from this figure for the frequency range (0.01 Hz–1 kHz)

from two temperature regions are 0.0453 ± 0.002 (for

179–298 K) and 0.0108 ± 0.001 eV (for 88–178 K) which

are similar to the values obtained from DC measurement.

4 Conclusions

Commercially available ZnO nanoparticles were employed

to produce an active thin ZnO layer sandwiched between

an FTO substrate and a top electrode of sputtered Au film,

forming a two terminal Au/ZnO/FTO device. The electri-

cal behaviour of this device has been studied with the help

of AC impedance and DC measurements in the frequency

range 10-2 to 106 Hz and a temperature range -185 to

25 �C (88–298 K). Using the Arrhenius plots, the activa-

tion energies have been calculated for relaxation time

constant, grain boundary resistances and capacitances.

Table 1 summarises the values of activation energies for

two different trap levels from different parameters and it

can be seen that values of activation energies for the AC

parameters are in agreement with those values obtained

from the DC parameters. This suggests that conduction is

due to multiple hopping processes between a number of

different trap sites within the grain/grain boundary regions.
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