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Abstract The electrical conductivity behavior of
undoped and Ni-doped ZnO nanocrystalline thin films
prepared by spin-coating method was investigated as a
function of temperature. The films were found to have
polycrystalline structure. Grain size and the conductivity of
the films were found to decrease significantly with increase
in Ni concentration. This behavior was well explained by
the grain boundary conduction model that takes into
account electron trapping in surface states. It was observed
that by increasing the Ni-doping level the surface trap
density increases and implicitly the conductivity decreases.

1 Introduction

Metal oxide materials like ZnO, SnO, and TiO, have
attracted considerable attention due to their great potential
as materials for various applications such as gas sensors
[1]. Several reports describing the electrical characteristics

A. Yildiz (><) - B. Kayhan - B. Yurduguzel

Department of Physics, Faculty of Science and Arts, Ahi Evran
University, 40040 Kirsehir, Turkey

e-mail: yildizab@gmail.com

B. Yurduguzel

Programme of Electronic Communication Technology,
Kaman Technical Vocational School of Higher Education,
Ahi Evran University, 40040 Kirsehir, Turkey

A. P. Rambu - F. Jacomi
Faculty of Physics, Alexandru lIoan Cuza University,
11 Carol I Blvd., 700506 Iasi, Romania

S. Simon

Faculty of Physics & Institute of Interdisciplinary Research
in Bio-Nano-Sciences, Babes-Bolyai University,

1 M. Kogalniceanu Street, 400084 Cluj-Napoca, Romania

of these materials have been published recently [2—6]. The
application of gas sensors, in general, requires polycrys-
talline form of the materials. The size of crystallite has
important effect on the gas sensitivity. When the crystallite
size is decreased, the surface area increases and then the
sensitivity is improved [1]. Therefore, it is desired the
nanocrstalline structure for the high sensitivity.

Ni doped ZnO is one of the II-VI diluted magnetic
semiconductors (DMSs) [7]. Studies on DMSs have been
spurred on by the urge to develop storage device and spin-
electronics. The magnetic properties of Ni-doped ZnO thin
films present a great interest for many researchers [8, 9].
For films doped with 3-25 at% Ni, ferromagnetism was
observed at 2 K. Above 30 K, superparamagnetic behavior
was observed [10].

Also, the electrical properties of these materials should
be well known for improved performance in such appli-
cations. Undoped ZnO exhibits the n-type characteristic
due to the native defects such as oxygen vacancies. The
electrical conductivity as a function of temperature for
Ni-doped ZnO films has been reported [2, 3]. Two different
electrical behaviors of Ni-doped ZnO films were reported in
literature. According to first behavior, the conductivity
increases with increase in Ni concentration. This was
explained by the impurity d-band splitting model [2]. On the
other hand, according to second behavior, the conductivity
was found to decrease with increase in Ni concentration [3].
This was explained as follows: oxygen vacancy-related
states, which are responsible for high electrical conductivity
in undoped ZnO, get compensated by Ni doping, which
leads to reduction of conductivity [3]. In spite of extensive
investigations, the source of such conductivity behavior is
still under debate. There are only a few reports which
explain such unusual conductivity behavior for Ni-doped
ZnO films as far as we know [2, 3, 11]. Therefore, further
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investigation is necessary to verify exactly the origin of this
behavior.

Certainly, there are reported results regarding the
properties of Ni-doped ZnO materials obtained by various
deposition techniques such as sol-gel method [12], pulsed-
electrodeposition-assisted chemical bath deposition method
[13], auto-combustion method [14], fast atom beam sput-
tering technique [15], reactive electron beam evaporation
[16], etc.

In order to obtain polycrystalline ZnO:Ni thin films, spin
coating method was employed. The spin coating method
represents a quite simple and effective way of making thin
films with varying its thickness by just controlling
parameters such as the time and speed of rotation as well as
the viscosity and the density of the coating solution.

In this paper, we present an explanation for the decrease
of electrical conductivity with Ni doping in ZnO nano-
crystalline thin films, which explicitly takes into account
the grain boundary (GB) conduction model.

2 Experimental

Undoped and Ni-doped ZnO thin films were deposited by
using spin coating method. The zinc acetate and nickel
acetate solutions in N-N-dimethylformamide (2 g metal
acetate in 10 ml DMF) were mixed in order to have the Ni/
(Zn + Ni) ratios 0.00, 0.04 and 0.06. All the used chemi-
cals were of analytical grade. Microscope glass slides of
dimensions 1.6 x 1.6 x 0.1 cm were used as substrates
for thin film depositions. The deposition process involved
depositing small puddle of a certain solution onto the
center of a glass substrate and then spinning the substrate at
high speed (3,000 rpm, 60 s). After spinning, the thin films
were annealed at 100 °C for 10 min. The procedure was
repeated 14 times. Finally, the as-obtained spin-coated
films were annealed at 720 K for 1 h in order to evaporate
the residual solvent from the films and to obtain oxide
nanocrystalline thin films. Thin film thicknesses were
measured by using a DEKTAK profilometer and were
found to be around 200 nm.

Structural phase identification of the films was carried
out by grazing angle X-ray diffraction technique with CuK,
radiation (4 = 1.5418A, Shimadzu LabX XRD-6000).
Compositional analysis of the thin film surface was con-
ducted using X-ray photoelectron spectroscopy (XPS
SPECS PHOIBOS 150 MCD, Al K, source, 1,486.6 eV).
Charge neutralization was used for all samples. Charge
referencing was used for all spectra by applying charge
correction to the saturated hydrocarbon C 1 s peak at the
binding energy of 284.6 eV.

In order to perform the electrical conductivity mea-
surements as a function of temperature, the obtained films
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were equipped with two parallel thin—film silver electrodes
separated by a gap of about 2 mm and the width of each
electrode was about 10 mm. The temperature dependence
of electrical conductivity was investigated in a temperature
range AT = 300-400 K.

3 Results and Discussion

The grazing angle X-ray diffraction (GAXRD, o = 1°-0.5°,
scanning rate of 0.04°/s) patterns of undoped and
Ni-doped ZnO films evidenced that films are polycrystal-
line. The crystalline planes clearly indicate the wurtzite
(hexagonal) structure of ZnO [17]. It is significant to note
that no traces of the dopant or its respective oxides were
observed, indicating a perfect doping of the metals into the
ZnO lattice. It was observed that the relative intensity of the
main XRD peaks ((100), (002), (101)) changes with Ni
doping concentration (Fig. 1, Table 1). If for the undoped
sample the intensity of (101) XRD is higher than the
intensities of (002) and (100) XRD peaks, by increasing Ni
content, the intensities of (100) and (101) XRD peaks
become comparable.

It is known that the ionic radius of Zn>* (0.074 nm) is
larger than that of Ni*™ (0.069 nm) and that when nickel is
substituted at the site of zinc, the lattice parameters of zinc
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Fig. 1 GAXRD patterns of the films (x = 1° for 0.0% Ni and
o = 0.5° for samples 4.4%Ni and 6.0% Ni)

Table 1 Thin film structural characterization

Ni content (at%) a (nm) ¢ (nm)  Lioo/lio1  looo/lior L (nm)
- 0.3253  0.5205 0.66 0.65 19.06
4.4 0.3247 0.5202 0.78 0.79 17.30
6.0 0.3243  0.5170 0.92 0.58 16.96
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oxide thin films decreases [18]. In our experiment, unit cell
parameter values as determined by using XLAT-Cell
Parameter Refinement software (with an accuracy of
40.0001 nm for “a” parameter and +0.0005 nm for “c”
parameter respectively) indicate a diminution in “a”
parameter values confirming that Ni ions entered into ZnO
lattice merely by substitution (Table 1).

The broad peaks observed in the XRD pattern are
indicative of small particles. The grain sizes (L) of the
films were calculated for the main XRD peaks by using
Scherrer’s formula [19];

0.91
P 1
Bcos0 (1)

where B is the full-width at half-maximum (FWHM) of
(100) diffraction peak, 0 is Bragg angle and 4 is the X-ray
wavelength, respectively. The calculated values of the
L are given in Table 1.

The XPS spectra analysis confirmed that the concen-
tration of Ni on the surface of the Ni-doped ZnO thin films
is very close to 4.4 at% and 6.0 at%. XPS investigations
also evidenced that Zn in all films is in 2+ valence state as
the binding energy position of Zn 2p spectra is close to the
standard data of zinc oxide (Fig.2) [20, 21]. Figure 3
shows Ni 2p spectra of Ni-doped ZnO films. The peaks
intensity and their width increase with Ni concentration of
the films. As shown in Fig. 3, two Ni 2ps3, peaks are
observed at 854.5 eV and 855.7 eV and a satellite peak at
861.0 eV. These peaks suggest the presence of Ni*™ and
Ni** ions in ZnO lattice [22-24].

XPS spectra of O 1s are shown in Fig. 4. The broad and
asymmetric nature of the peaks observed for Ni-doped ZnO
thin films could be due to various bonds of oxygen in the
films. These broad O 1s peaks can be considered as a result
of superposition of three XPS peaks having binding energy
positions at 529.7 eV, 530.7 eV and 531.9 eV. The first
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Fig. 2 Zn 2p XPS spectra of Ni-doped ZnO thin films
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Fig. 3 Ni 2p XPS spectra of Ni-doped ZnO thin films
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Fig. 4 O 1s XPS spectra of undoped and Ni-doped ZnO thin films

O s peak, attributed to O*~ ions surrounded by Zn atoms
in the wurtzite structure, is the strongest in the undoped
ZnO thin film, the second O 1s peak, attributed to 0% ions
in oxygen deficient regions within the matrix of ZnO, and
the third one, attributed to the presence of loosely bound
oxygen species or hydroxyl groups on the surface of the
films [15, 25, 26]. The O 1s core level spectra of the doped
thin films are dominated by the two components recorded
at higher binding energies.

It is evident from the O 1s spectra that defects are
increasing with higher percentage of Ni in ZnO [20, 27].

The variation of room temperature conductivity (og7)
with different Ni concentrations is shown in Fig. 5. The
electrical conductivity decreases significantly with the
increase in Ni concentration. Inset of Fig. 5 presents the Ni
concentration dependent grain size of the films. The grain
size decreases as the Ni concentration is increased and this
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Fig. 5 The variation of thin film room temperature conductivity
(ogy) of the films with different Ni concentrations. Inset presents the
Ni concentration dependent grain size of the films

leads to increment in the GB scattering. A similar phe-
nomenon was observed for In doped ZnO films [28]. The
smaller grain size of In doped films was attributed to an
increased density of nucleation sites due to the incorpora-
tion of In [28]. Judging by the change in grain size, it can
be concluded that the effect of the GB scattering has to be
considered for the investigated films.

Electrical conductivity in polycrystalline materials can
proceed through the GB conduction mechanism [29, 30].
Since a polycrystalline film has crystallites joined at their
surfaces via grain boundaries (GBs), the boundaries
between crystallites play an important role in determining
the conductivity of nanocrystalline film. Electron trapping
in surface states result in the band bending. This leads to
create a potential barrier around the GB. According to the
GB model, a decrease in the crystallite size causes an
increase in the GB scattering and this leads to a decrease in
the electrical conductivity.

In the GB model, the variation of electrical conductivity
with temperature depends on whether the grains are fully
depleted or partially depleted of charge carriers. Since the
undoped ZnO is an n-type material, we can suppose that
donor concentration is Ny [31, 32]. When the grains are
only partially depleted, the electrical conductivity can be
expressed by the following formula [29, 30]:

Le*nv, Ec — Ep + e® 2)
o= exp|—| ————
ksT ) P ksT ’
where was considered that the barrier energy at boundary,

E,, can be expressed by the relation:

E, =Ec — Ep + e, (3)

and by relation
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% (4)

and that

T\ 12
Ve = (27fm*> ' ()

In Egs. 2-5 the following notations were used; e,
electron charge; kp, Boltzmann’s constant; m*(=0.3 mp),
effective mass of charge carriers; E,, barrier energy at
boundary; E¢, energy of conduction band minimum; Ep,
Fermi level; @, grain boundary potential barrier; N;, donor
concentration; ¢ (=8.5), low frequency dielectric constant.

Figure 6 illustrates the plots of In (¢T"?) vs. 10*/T for
the temperatures range 300—400 K for the films. This figure
clearly demonstrates that the conductivities decrease
monotonically with decrease in temperature, which repre-
sents a semiconducting behavior in the whole temperature
range. By comparing the curves in Fig. 6, it is noted that
there is a remarkable decrease in the conductivity of ZnO
films with Ni concentration as compared to the undoped
film. The plot of In (¢7"?) vs. 10%/T is analyzed yielding
correlation coefficients for least squares fit of about 0.997
for the films, which indicates a satisfactory fit. The values
of the E,, are estimated from this plot. The values of E, are
listed in Table 2. The value of E,, increases with increase in
Ni concentration. We can also estimate values of the Ny,
given in Table 2, from Eq. 4.

One can expect that the activation energies given in
Table 2 would related to shallow donor levels which are
formed below the conduction band and oxygen vacancy-
related states are compensated by Ni doping. And then, it
may be anticipated that this compensation leads to drop the
Fermi level toward the energy gap, which may cause the
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Fig. 6 Temperature dependence of the electrical conductivity plotted
as In (aT”Z) vs. 10%/T for the films. Solid lines are the best-fit lines
with Eq. 2
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Table 2 Barrier height (E,), donor concentration (N,;), Debye
screening length (Lp), depletion layer width (/;), and surface trap
density (N,) for the studied films

Ni content  E, Ny Lp 123 N,

(at%) (eV) (cm73) (nm)  (nm) (cmfz)

- 0.131 195 x 10" 288 561 3.11 x 10'?
4.4 0.231 3.11 x 10" 228 551 4.84 x 10"?
6.0 0.529 145 x 10" 105 413 1.71 x 10"

increase in activation energy for the Ni-doped ZnO films.
Shallow localized defect states can be also formed with
doping, which may contribute to the increase activation
energy. On the other hand, the value of the activation
energy reaches to 0.53 eV in case of 6% Ni concentration.
This energy value is too high for shallow donor levels.
Therefore, we ruled out this situation for the investigated
films. The conductivity behavior in this study can be
explained by the GB conduction model processes common
to polycrystalline materials. To further clarify this situation
we begin to evaluate some parameters belonging to the GB
conduction model. Applicability of the GB conduction
model involves many grain boundaries. This effect is
examined by evaluation of the Ly in comparison with the
L. Lp is given as [30],

LD = \/kBT808/€2Nd, (6)

where ¢, is the dielectric constant of vacuum. If L, < L/2,
potential barriers exist in the GB region due to interface
trap states. If, however, Ly is larger than L/2, the con-
duction band becomes flat without the potential barrier.
Then carriers are transported without the GB scattering. As
seen from Tables 1 and 2, the condition of L, < L/2 is
fulfilled for the investigated films, which suggests that the
effect of the GB potential barrier on conduction can be
taken into account.

Having established the polycrystalline nature of the
electrical conductivity, we can determine surface trap
density (N;) at GBs to see how Ni doping affects the
electrical conduction. In polycrystalline materials, high
density of defects is expected at the GBs, which are often
charged with majority carriers. The charged states at the
GBs create depleted regions and potential barriers, which
provide a resistance for the passage of carriers [29, 30].
There are two cases; either the depletion layer (/) extends
throughout the grain or only part of the grain is depleted of
carriers. In the latter case, the depletion layer width is
smaller than the crystallite size (I; < L) and the surface
trap density (&V,) is given as [29]

(SSNdEb)1/2
e

N, = (7)

where [, is expressed as,

12 :LD\/Eb/kBT. (8)

The films in this study satisfy the condition I, <L
(Tables 1 and 2). Utilizing Eq. 7, we can now calculate the
values of N, The obtained N, values are in reasonable
agreement with the reported values for various polycrys-
talline materials [29, 30]. As previously mentioned, Ni
doping in the films has a drastic effect on the conductivity,
changing it by two or three orders of magnitude. When the
GB is considered, we explain the observed behavior in the
films as follows: as the Ni concentration increases, the
grain size decreases, and this leads to an increment in the
trapping states at GBs. Trapping states are capable of
trapping free carriers, and, as a consequence, more free
carriers become immobilized as trapping states increase.
Therefore, the conductivity decreases with increase in Ni
concentration.

4 Conclusion

The electrical conductivity behavior of the Ni-doped ZnO
nanocrystalline thin films prepared by spin-coating method
were investigated as a function temperature. XRD and XPS
studies evidenced that Ni entered in ZnO lattice as Ni**
and also as Ni*". Nickel doping determined a diminution in
unit cell parameters and grain sizes and an increase in
lattice defects. Electrical conductivity of the films
decreased significantly with increase in Ni doping in ZnO.
A plausible explanation for this behavior includes that
takes into account the increase in electron trapping in
surface states with Ni doping. The electrical conduction for
the investigated films was well inferred within the estab-
lished framework of grain boundary conduction in poly-
crystalline materials that have potential barriers at their
grain boundaries.
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