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Abstract We report variable temperature resistivity mea-
surements and mechanisms related to electrical conduction
in 200 keV Ni2+ ion implanted ZnO thin films deposited
by vapor phase transport. The dc electrical resistivity ver-
sus temperature curves show that all polycrystalline ZnO
films are semiconducting in nature. In the room tempera-
ture range they exhibit band conduction and conduction due
to thermionic emission of electrons from grain boundaries
present in the polycrystalline films. In the low temperature
range, nearest neighbor hopping (NNH) and variable range
hopping (VRH) conduction are observed. The detailed con-
duction mechanism of these films and the effects of grain
boundary (GB) barriers on the electrical conduction process
are discussed. An attempt is made to correlate electrical con-
duction behavior and previously observed room temperature
ferromagnetism of these films.

1 Introduction

Zinc oxide (ZnO), a wide band gap (∼3.37 eV) semicon-
ductor, has been extensively studied because of its promis-
ing applications in various fields such as electronics, opto-
electronics, sensors, spintronics and optospintronics. Most
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of these applications demand a detailed understanding of
the electrical properties of the material and its variation
with temperature. It is known from the literature that non-
stoichiometric ZnO is an n-type semiconductor where car-
rier electrons are excited thermally to the conduction band
from the donor levels formed by intrinsic defects such as O-
vacancies or Zn interstitials [1, 2]. Along with the native
defects, appropriate doping of this material with metallic
dopants also modifies electrical behavior of the films and the
behavior mainly depends on the doping concentration and
crystallinity of the films. The electrical properties of poly-
crystalline ZnO thin films are found to be different from
those of the single crystalline films due to the presence of
crystallites (grains) of different sizes and grain boundaries.
The grain boundaries present in the film work as a poten-
tial barrier for conduction electrons and restrict an electron
to move freely in a matrix affecting the conductivity of the
film. The presence of grain boundaries also generates in-
terface states in the band structure acting as barriers and
traps for the moving electrons in semiconductor materials
[3, 4] thereby reducing the overall conductivity of a poly-
crystalline film. The electrical conduction process at room
temperature (RT) and low temperature (LT) has been gener-
ally understood by the thermal excitation of electrons from
the donor levels generated by defects or impurity atoms to
conduction band [5]. In addition to band conduction, the
conduction process has also been attributed to the trans-
port involving thermionic and thermal field emission of elec-
trons over grain boundaries in the polycrystalline ZnO films
[5–8]. This is because the electrons have sufficient thermal
energy to cross the grain boundary barrier at room tempera-
ture. However, at temperature lower than room temperature,
conduction is believed to be due to nearest neighbor hopping
(NNH) and at very low temperature, the conduction pro-
cess is dominated by variable range hopping (VRH) [5]. All
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these conduction processes also depend on the film synthesis
routes, nature of defects, defect levels and the dopants used
for any specific purpose. Therefore, it is extremely impor-
tant to understand the electrical conduction behavior of these
films at different temperature ranges before implementing it
for any device fabrication.

In our previous works we have demonstrated room tem-
perature ferromagnetism (RT-FM) and transparent ferro-
magnetism in 200 keV Ni2+ ion implanted polycrystalline
ZnO films [9, 10] and correlated it with defects and the
charge carriers generated due to implantation. This is also
influenced by microstructure or crystallinity of the films and
hence the grain boundaries can play a crucial role in elec-
tron transport, which in turn affects any other physical prop-
erties of the film. In this paper we report a detailed study
of temperature dependent conductivity of ZnO:Ni films syn-
thesized by implanting 200 keV Ni2+ ions on ZnO films [9].
The incident ion fluence values were chosen in such a man-
ner as to obtain quite low metal (maximum up to 7 at%)
concentration in ZnO. This paper mainly focuses on differ-
ent electrical conduction mechanisms present in these films
as we go down from room temperature to low temperature.
An attempt has also been made here to correlate electrical
transport properties with observed ferromagnetism at room
temperature.

2 Experimental

Pure ZnO thin films deposited by Vapor Phase Transport
(VPT) are implanted with Ni2+ ions with fluence values
2 × 1015, 3 × 1015 and 2 × 1016 ions/cm2 to give 2, 3 and

7 at% Ni in the films. Experimental details have already
been discussed [9]. Films corresponding to 2, 3 and 7 at%
are named A1, A2 and A3, respectively. The dc electrical
resistivity of the films is measured by variable temperature
resistivity measurement set-up for a temperature range of
20–300 K. For carrying out measurements, a film with four
contacts is kept in a chamber which is evacuated by a scroll
pump. The chamber is cryogenically cooled up to 20 K
for low temperature measurements. Temperature controller
(Lake Shore) is used to control and read the temperature of
the film. Four contacts made on the film are connected to
a source meter (Keithley 2400) for the measurements. The
whole system is computer interfaced, where data of resis-
tance versus temperature are recorded for all films.

3 Results and discussion

3.1 Electrical conduction mechanism at around room
temperature

The variation of resistivity with temperature for A1–A3
films reveals their semiconducting nature and is shown in
Fig. 1. It is to be noted that the resistivity values at room
temperature calculated from these data are somewhat higher
(having the same order of magnitude) than that reported ear-
lier [9]. This is due to the fact that only one direction of
current is considered in this measurement while eight dif-
ferent current directions were taken into consideration (van
der Pauw method) previously and hence the measured re-
sistances were averaged out. As mentioned earlier, around

Fig. 1 Resistivity versus
temperature of Ni implanted
ZnO/Si films (A1, A2, A3). All
the curves show the
semiconducting nature of the
films
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Fig. 2 Arrhenius plot for the Ni
implanted ZnO/Si films (A1,
A2, A3). Two slopes in the
curves show two different
conduction mechanisms (band
conduction and NNH) in this
temperature range

room temperature the main conduction process is band con-
duction, in which the charge carriers are thermally activated
in the conduction band of the film.

According to the literature for thermally activated band
conduction, the conductivity (σ) is expressed by [8, 11]

σ = σ0 exp

(
− Ea

kT

)
(1)

where σ0 is a pre-exponential factor (i.e. a constant), Ea is
the activation energy and k is Boltzmann’s constant. There-
fore, the activation energy required for this conduction to
occur is calculated by plotting a graph between lnσ ver-
sus 1000/T (Arrhenius plot) and measuring the slope of
the curve by linear fitting method (shown in red in Fig. 2)
as from (1), lnσ ∝ (− Ea

kT
). Moreover, at temperatures lower

than room temperature, most of the free electrons in a doped
or non-stoichiometric semiconductor do not have sufficient
energy to jump from donor levels to conduction band and
are recaptured by donors themselves. However, they con-
duct by hopping from one impurity level to another, mak-
ing the thermally activated band conduction less important
at lower temperatures. Because of the hopping of electrons
from an occupied level to an empty level, the conduction is
named hopping conduction [8, 11–17] and both donor and
acceptor levels in the impurity band are required for this
to occur. Depending upon the temperature range, this con-
duction mechanism is classified into two different categories
viz. Nearest-Neighbor Hopping (NNH) and Variable Range
Hopping (VRH) conduction and both are found to play a sig-
nificant role in the conduction process of ZnO thin films at
lower temperature region [5, 8, 11]. These conduction mech-
anisms are discussed in the next subsection.

Now we would like to point out that in polycrystalline
thin films the effect of grain boundaries on the electron
transport at around room temperature is of paramount im-
portance and is discussed here based on the work by Orton
and Powell [3]. Grain boundaries in a polycrystalline film
work as potential barriers for the electrons in the matrix,
which in turn influence the overall electrical properties of
the film. The effect of grain boundary barriers is examined
by evaluation of the Debye screening length (LD) which is
defined as the scale over which mobile charge carriers screen
out electric fields in semiconductors. The Debye screening
length is mainly compared with the average grain size (l)

and is given by the following equation:

LD =
(

εε0kT

e2Nd

)1/2

(2)

where ε is the specific dielectric constant, ε0 is the dielec-
tric constant of vacuum and Nd is the density of donors in
the film. Provided LD is smaller than l/2, a potential barrier
around each grain boundary is formed due to band bending.
However, if LD is larger than l/2, the conduction band be-
comes flat and there is no potential barrier. In this particular
case electrons are transported without grain boundary scat-
tering [3].

It is clear from the data that for all the implanted films
LD is smaller than l/2, where l is the average grain size
measured by atomic force micrographs of the films [9] as
shown in Fig. 3. On the basis of that we can say that there
is potential barrier around each grain boundary of the film
and hence grain boundary scattering is effective in all the
films influencing overall mobility of electrons in these films,
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Fig. 3 Atomic force micrographs of films A1–A3, showing the variation in the morphology and grain size of the films with fluence

which in turn affects the other electrical properties of the
films.

Now the emissions of charge carriers over the grain
boundary barriers present in the polycrystalline films are
characterized into two categories, i.e. thermionic emission
and thermal field emission as reported by Roth and Williams
[6]. And the type of emission present in a particular film can
be found by the material tunneling constant, E00 which is
given as [6]

E00 = 18.5 × 10−12
(

Nd

m∗ε

)1/2

eV (3)

where m∗ is the effective mass of electron. According to
the literature the mechanism for electrons conducting in the
conduction band in polycrystalline semiconductors is analo-
gous to the mechanism for a metal-semiconductor (Schot-
tky) barrier [6, 18, 19]. Therefore, if the semiconductor
is at high temperatures or in a low doping range where
kT � E00, the mobility is limited by the thermionic emis-
sion of electrons over the grain boundary barriers. On the

other hand, if the semiconductor is at low temperatures or in
a high doping range where kT � E00, the mobility is lim-
ited by thermal field emission of electrons through the grain-
boundary barriers. If the estimated E00 nearly agrees with
the value of kT around room temperature, i.e. kT ∼ E00,
then the mobility is limited by both thermionic and thermal-
field emission of electrons at the grain-boundary barriers
around room temperature.

In these films, E00 values (Table 1) calculated from (3)
are found to be less than kT (∼0.026 eV for T = 300 K).
Hence according to the above discussion, the mobility of
electrons in the films is limited by the thermionic emission
of electrons over the grain boundary barriers.

As discussed above, if the film is polycrystalline having
many grains, the observed conductivity and mobility of the
films are affected by the grain boundary barriers present in
the films [3]. Now following Seto’s work [12], the electrical
conductivity due to thermionic emission of charge carriers
from grain boundary barriers is given by (4):
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Table 1 Various calculated parameters used for explaining the electrical conduction mechanism in the films

Sample Ea1
(meV)

Ea2
(meV)

r (nm) r/a∗ Av. grain size
(nm)

LD
(nm)

Eσ (meV) E00 (eV)

A1 20 6.9 135.1 8.1 80 11.3 32 0.003

A2 18.7 5.6 55.6 3.3 129 2.9 30 0.012

A3 61.7 15.6 52.1 3.1 43 8.5 69 0.004

σ = {
e2Nd/(2πm∗kT )1/2}
× exp

{−(
(EC − EF) + eφ

)
/kT

}
(4)

where EC is the energy of the conduction band mini-
mum, EF the Fermi level, φ the grain boundary poten-
tial barrier and Eσ = EC − EF + eφ the activation energy
for the grain boundary limited conductivity. From (4) we
have σT 1/2 ∝ exp(−Ea/kT ) and it is also evident from
Fig. 4 that thermionic emission over grain boundaries ex-
ists in these films. The activation energies required to cross
the grain boundary potential barrier, Eσ , are listed in the
Table 1. The activation energy changes in a similar fash-
ion as band conduction as discussed earlier. This indicates
the presence of thermionic emission of electrons from grain
boundary barriers in the films and the required activation
energy for the emission is least in film A2 and highest in
film A3, supporting the other observations in electrical mea-
surements. For all the films, the standard deviation of fits
is also calculated which turns out to be almost same and so
it is understood that both band conduction and thermionic
emission are equally probable in this temperature range.

3.2 Electrical conduction mechanism at low temperature
range

At low temperature regime, NNH and VRH are the two ma-
jor conduction processes, and the difference between NNH
and VRH is that the hopping distance traveled by the elec-
trons between the impurity levels is constant in case of
NNH, while it varies in VRH conduction. In NNH conduc-
tion, an electron hops to the nearest neighbor empty site,
which also requires activation energy. However, this acti-
vation energy is smaller as compared to that required for
thermally activated band conduction [5, 8, 13, 14]. It is gen-
erally accepted in the literature that if the variation of ln σ

vs. 1000/T has two slopes, one at higher (shown by the red
line in Fig. 2) and one at lower temperatures (typically be-
low 250 K, shown by the blue line in Fig. 2), this devia-
tion indicates the presence of NNH conduction at a temper-
ature lower than room temperature along with band conduc-
tion and therefore double-valued activation energies are ob-
served. Accordingly, (1) is replaced by (5) as given below,

indicating conductivity with the two activation energies for
different temperature ranges [8]:

σ = σ1 exp

(
−Ea1

kT

)
+ σ2 exp

(
−Ea2

kT

)
(5)

where Ea1, Ea2 are the activation energies required for band
and NNH conduction, respectively, σ1 and σ2 are the cor-
responding pre-exponential factors. The values of activation
energies in NNH conduction is found to follow the same
trend as that of the band conduction and is discussed later.

Now in the VRH conduction mechanism the electrons
hop between the levels that are close to the Fermi level irre-
spective of their spatial distribution. So in this type of hop-
ping conduction the hopping distance is not constant as in
NNH conduction [15–17].

According to Hausmann and Teuerle [20], the conduc-
tion in In doped ZnO single crystal at temperatures below
300 K is classified into three types when the average spac-
ing between donors r is compared with the effective Bohr
radius a∗. Here r and a∗ are, respectively, defined as

r =
(

4πNd

3

)−1/3

, (6)

a∗ = 0.53εm

m∗ (7)

where Nd is the impurity (donor) concentration, m is the
mass of the free electron, m∗ (≈0.3 m) is the effective mass
of the electron [21] and ε (≈8.5) is the specific dielectric
constant [22].

The conduction process is classified into three categories
depending on the ratios between r and a∗ [20]:

1. For r/a∗ > 5, impurity concentration is low and impu-
rity levels are isolated, and the conduction process is ex-
plained by charge transport in the conduction band and
the nearest neighbor hopping between isolated donor lev-
els.

2. For 2 < r/a∗ < 5, called the intermediate concentration
region, an impurity band is formed by overlap of the
wave function between donors. Therefore, variable-range
hopping conduction appears between localized states in
the impurity band.

3. For r/a∗ < 2, the high impurity concentration regime,
the metallic conduction takes place because of overlap-
ping of impurity and conduction band.
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Fig. 4 ln(σT 1/2) versus inverse
temperature (T −1) Ni implanted
ZnO thin films (A1, A2 and A3,
respectively) showing the effect
of grain boundaries on
conduction

Fig. 5 ln(σT 1/2) versus T −1/4

for A2, A3 films, showing VRH
conduction

We also discuss the mechanism of conduction of the films
using these criteria.

The calculated values of r and r/a∗ ratio in the films A1,
A2 and A3 are shown in Table 1. Here the effective Bohr
radius (a∗) calculated from (4) is 16.68 nm.

In case of A2 and A3, the r/a∗ ratio from table is 3.3 and
3.1, respectively, which falls in the second category, while
in A1, r/a∗ is greater than 5 so VRH conduction is absent
in film A1. We discuss the VRH mechanism in film A2 and
A3.

The relation between conductivity and temperature for
VRH conduction is given [23] by

σ = σh0 exp

[
−

(
T0

T

)1/4]
(8)

where σh0 and T0 are given by the following expressions:

σh0 = 3e2νph

(8π)1/2

[
N(EF)

αkT

]1/2

, (9)

T0 =
[

16α3

kN(EF)

]
(10)

where νph (≈1013 s−1) is the phonon frequency at Debye
temperature, k is Boltzmann’s constant, N(EF) is the den-
sity of localized electron states at Fermi level and α is the
inverse localization length of the localized state.

From (8) and (9)

ln
(
σT 1/2) ∝ T −1/4 (11)

In order to evaluate the possibility of VRH conduction in A2
and A3 films at low temperature, the dc conductivity was
plotted according to (11). Figure 5 shows the variation of ln
(σT 1/2) with T −1/4 for the films. The straight line plot at
lower temperature range indicates that the dominant mecha-
nism of conduction is VRH in these films.

3.3 Comments on electrical conduction process in the films

Figure 2 shows the Arrhenius plots for A1–A3 films in a
temperature range of 300 K to 100 K. Two slopes in the
curves show the presence of both types of conduction, i.e.
band and NNH conduction as indicated earlier also. Activa-
tion energies of all the films are calculated using the slopes
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of the curves by means of the best fit technique and it is
found that the activation energy first decreases with increase
in ion fluence (in A1 to A2 films) while for the maximum
fluence (in A3), it again increases significantly (Table 1).
In A2, the decrease in the activation energy is in accor-
dance with its smaller resistivity and higher concentration
of O-vacancies [9]. Higher activation energy in film A3 can
be attributed to the microstructure of this particular film. It
has been shown and discussed in our previous work [9] that
the average grain size of film A3 gets deteriorated due to a
higher fluence of Ni ions and also it is clearly evident from
the atomic force micrographs shown in Fig. 3. The reduc-
tion in the average grain size generates more interface states,
which in turn trap the conduction electrons [9, 24] and do not
allow them to get activated easily in the conduction band as
compared to A1 and A2. The same holds for the variation of
activation energies calculated in case of thermionic emission
of electrons from grain boundary barriers present in all the
films. A similar trend in activation energy is seen in NNH
conduction also. This signifies that although the conduction
electrons are present in all three films but due to the different
microstructure and presence of dissimilar grain boundaries,
the activation of the electrons in the conduction band is sig-
nificantly different affecting the overall electrical properties
of the films. On the basis of mathematical calculations found
in the literature, the main conduction process at low temper-
ature, i.e. VRH conduction is found to be present in the films
A2 and A3 and not present in film A1 (Fig. 5). This is pos-
sibly because of the larger carrier concentration in films A2
and A3 as compared to that in film A1. However, this re-
quires further investigations.

3.4 Correlation between electrical properties and RT-FM

In our earlier work [9] it has been shown that all these films
are ferromagnetic at room temperature having highest sat-
uration magnetization in case of film A2 followed by A1
and A3. The defects related to O-vacancies and microstruc-
ture of the films are shown to be key factors in their RT-FM
properties. Ferromagnetism in these films is considered to be
due to exchange interaction mediated by free charge carri-
ers generated by O-vacancies, and hence FM strength scales
with this defect [9]. However, in case of film A3 although
O-vacancy was observed to be almost the same as that of
A2, microstructure plays an influential role to decrease FM
strength in A3 [9]. This fact is now analyzed here on the ba-
sis of electrical transport behavior of the films discussed in
the previous subsection. The increase in FM strength from
A1 to A2 can be correlated with the calculated activation
energy values. It is observed that from A1 to A2, activation
energy in case of both band and NNH conduction decreases,
which in turn implies that more charge carriers are activated
in conduction band and are delocalized due to which it is

easy for them to take part in the magnetic interaction re-
sulting in an increase in RT-FM strength. However, in film
A3 the activation energy increases significantly, making it
difficult for the charge carriers to take part in the interac-
tion as they are considered to be more localized. Due to
the localization of charge carriers the interaction probabil-
ity decreases thereby, resulting in a reduction in the RT-FM
strength. It is well known that the electrical conduction in
thin films is affected by the crystalline structure and mor-
phology of the films, which in turn affect the activation en-
ergies. Therefore, the influence of structure and morphology
on conduction mechanism as well as ferromagnetic proper-
ties lead to a good correlation with each other. Further ex-
perimental studies are required to investigate this correlation
with more systematic variation in microstructure for films
grown by different techniques.

4 Conclusions

Temperature dependent resistivity measurements in 200 keV
Ni2+ ion implanted ZnO thin films show the semiconduct-
ing behavior of these films. Both band and thermionic emis-
sion from grain boundary barriers are seen near the room
temperature regime. Activation energies calculated by best
fitting method marginally decreases with Ni concentration
initially (2 at% to 3 at%), and then increases significantly
for the maximum Ni (i.e. 7 at%) concentration. This is ex-
plained on the basis of deterioration of the microstructure
and appearance of more interface states in the film having
7 at% Ni. On the basis of standard deviation calculation,
it is found that both band conduction and thermionic emis-
sion over the grain boundary are equally probable at around
room temperature. However, more experimental investiga-
tions are required to determine the contribution of individ-
ual processes. In the low temperature range, NNH conduc-
tion is found to be present in all the films, however, VRH
conduction is present only in 3 and 7 at% Ni implanted ZnO
films. Finally, electrical transport properties are correlated
with crystallinity and microstructure of the films and an at-
tempt has been made to correlate the result with observed
RT-FM properties of these films.
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