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Abstract

High quality, ~ 120 nm thin ZnO and Ti-doped ZnO (TZO) films were deposited on silicon substrates using magnetron
co-sputtering technique. Surface roughness of the films was ~2 nm. Ti incorporation effect on the structure, morphology,
conductivity, density of states (DOS) and conduction mechanism was investigated in detail. Ti ions were incorporated in
the interstitial sites of hexagonal ZnO lattice. Average crystallite size increased from ~ 16.63 to ~19.08 nm upon Ti doping
in ZnO film. Conduction mechanism changed from overlapping large polaron tunneling (OLPT) for undoped ZnO film to
corelated barrier hopping (CBH) for TZO film. The experimental data were fitted theoretically using OLPT and CBH models
to calculate frequency and temperature-dependent DOS. An enhancement of ac conductivity and DOS was observed with
the doping of Ti in ZnO thin film. Complex modulus study of TZO film revealed transition from long-range mobility to

short-range mobility with increase in frequency.

1 Introduction

Being nontoxic, inert, low cost and abundant material, zinc
oxide (ZnO) has gained attention of research community
[1-3]. In thin film form, the resistivity of undoped ZnO
is due to electrons generated by Zn interstitial atoms and
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oxygen vacancies and it may deteriorate. On the other hand,
doped ZnO thin films have lower but stable resistivity [4].

Doping of ZnO also results in structural and microstruc-
tural modifications leading to improvement in performance
[1]. For example, B, Al, Ga and In doping has been proved to
decrease electrical resistivity of ZnO films [5-8]. In deciding
the dopant atoms, it is important that the radius of the dopant
atom is small or equal to that of the host atom. In view of
this, Ti (radius of Ti=0.68 A and radius of Zn=0.74 A)
atom seems to be suitable dopant for ZnO [9]. Ab initio
study on Ti-, Sn- and Zr-doped ZnO also shows that crystal
stability improves by Ti- dopant [10]. TZO films have shown
lower resistivities and better optical properties [11-13].

Different techniques such as sputtering [4, 9], atomic
layer deposition [14], chemical bath deposition [1], sol—gel
process [15] and pulse laser deposition [2] have been uti-
lized to prepare TZO thin films. Among these techniques,
sputtering is suitable for composition control, uniformity,
cleanness, large area deposition and deposition on different
substrate materials [3, 11].

Therefore, we report effect of Ti doping in ZnO film on
different film characteristics such conductivity, DOS and
conduction mechanism. The thickness of the films was
~120 nm and was prepared using RF magnetron sputtering
in conjunction with dc magnetron sputtering. Different rele-
vant characterization tools were used to confirm the physical
features, purity and chemical composition of the films. Then,

@ Springer


http://orcid.org/0000-0002-3880-8801
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-019-2544-6&domain=pdf

238 Page2of9

detailed ac electrical measurements on ZnO and TZO films
were carried out from 20 to 2 MHz at 203-303 K. To our
knowledge, such studies on TZO films and their comparison
with ZnO films have not been reported.

2 Experimental

Simultaneous RF and dc magnetron sputtering of 99.99%
pure Ti and ZnO targets was used to deposit~ 120 nm thick
ZnO and TZO films. Before deposition, a background pres-
sure of 3 x 107 torr was established and pre-sputtering for
15 min was carried out to expel possible contaminations.
The sputtering was performed in argon atmosphere with
working pressure of 2x 10~ torr. The substrate tempera-
ture was maintained at 20 °C for both ZnO and TZO films
deposition. The typical RF and dc power was 80 W and
50 W, respectively, for deposition of TZO film. For deposi-
tion of ZnO film, ac power was 80 W and dc power was off.
The Ti content in TZO film was 2 at% and was controlled by
dc power. Two, 400 X400 um, Platinum contacts separated
by 100 um were also deposited on ZnO and TZO films for
electrical measurements.

Film thickness measurements were carried out using
surface profiler (Alpha-step IQ, KL A Tencor). The crystal-
lographic structure of the ZnO and TZO films was investi-
gated using X-ray diffraction (XRD) technique (Bruker D8
advance XRD). The surface morphology of prepared ZnO
and TZO films was examined by asylum research atomic
force microscope (AFM). The elemental composition of
ZnO and TZO films was determined by Energy Dispersive
Spectroscopy (EDS) using scanning electron microscope
(JEOL JSM-6360). The ac electrical measurements of ZnO
and TZO films were performed in a probe station using Agi-
lent E4980A LCR meter.

3 Results and discussion
3.1 XRD and EDS analysis

Figure 1 shows the XRD patterns of undoped ZnO and TZO
thin films indicating hexagonal wurtzite structure of the
films. The patterns match with the JCPDS card No. 00-001-
1136. The films have preferential growth in (002) direction
(c-axis). From the XRD patterns, we note that (002) diffrac-
tion peak of TZO film slightly shifts towards lower diffrac-
tion angle as compared to undoped ZnO film. This shift is
similar to the previous studies, carried on Ti-doped ZnO
thin films [11, 16, 17]. Furthermore, full width at half maxi-
mum of the (002) peak decreases from 0.522 for undoped
ZnO film to 0.455 for TZO film, suggesting that crystallinity
improves after Ti-doping [18]. The average crystallite size
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Fig. 1 XRD pattern of ZnO and TZO thin films

of the undoped ZnO and TZO films was calculated using the
Scherrer’s formula [19]. The increase in average crystallite
size from ~ 16.63 to ~ 19.08 nm upon Ti doping in ZnO film
implies better crystallization after Ti doping [18].

To evaluate the elemental composition of undoped ZnO
and TZO films, EDS was performed and results are shown in
Fig. 2a, b. Figure 2a indicates the presence of Zn and O only
for undoped ZnO. However, Fig. 2b indicates the presence of
Ti (2 at%) in addition to Zn and O in TZO film. The peak at
1.74 keV for ZnO and TZO films is due to Si substrate. No
unwanted elements were detected in EDS spectrum. AFM
images of undoped ZnO and TZO thin films are shown as
an inset of Fig. 2a, b respectively. The films show dense,
uniform and crack-free surface with spherical features with
surface roughness ~ 2 nm.

3.2 Ac conductivity

The ac electrical measurements were performed to get
information about different conductivity regions and con-
duction mechanisms [20] in undoped ZnO and TZO films.
Figure 3a, b shows variation of real part of ac conductiv-
ity of undoped ZnO and TZO films with frequency from
203 to 303 K. The conductivity of the TZO thin film was
greater than that of undoped ZnO film. This may be attrib-
uted to increase in charge carriers that result from Ti ions
incorporation in the interstitial sites of ZnO lattice. Cherifi
et al. [21] have also reported increase in conductivity by
doping of Fe ions in ZnO. Slassi et al. calculated electri-
cal conductivity of ZnO and Ti doped ZnO at 300 K using
density functional theory. An increase in conductivity from
950 em™ 0 9.1x10° Q! cm™! was found due to the
contribution of impurity states (Ti) around the fermi level
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[10]. This compliments our result where an increase in ac
conductivity can be seen in Fig. 3 ¢ with the incorporation
of Ti in ZnO film at room temperature (303 K). The real part
of ac conductivity is given as [22, 23]:

o, = 0(T) + oy(w, T),

ac ey

The frequency-independent term o, is dc conductivity due
to free charge carriers. The frequency-dependent term o, is

ac conductivity resulting due to free and bound charges and
obeys Jonscher’s power law [24]:

oy(@,T) = B(T)'(T), 2)
where s shows the degree of interaction between mobile ions
and lattices whereas B determines the strength of polariz-
ability [25, 26]. Figure 3a, b shows electrical conduction of
undoped ZnO and TZO thin films are thermally activated
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[27]. As frequency of applied signal increases, ac conduc-
tivity of both films increases. The applied force on charge
carriers increases at higher frequencies, as a result of which
charge carriers liberate from various trapping states. It also
facilitates charge carriers to transfer between different local-
ized states [28, 29].

The exponent s was found by fitting Eq. 2 to the experi-
mental data. The variation of s with temperature for ZnO
and TZO films is shown as an inset of Fig. 3a, b. The param-
eter s determines the degree of order of a system. For an
ordered system, s<1 and s> 1 implies disorderness of the
system [30, 31]. For undoped ZnO film s> 1 and for TZO
film s < 1 indicating that Ti doping has increased order of
ZnO film. A study of variation of s with temperature helps
in determining type of conduction in a material. Generally
observed types of conduction in a material include corre-
lated barrier hopping (CBH) [32], small polaron conduction
[33], overlapping large polaron tunneling (OLPT) [34] and
quantum mechanical tunneling model [35]. For pure ZnO
film, s drops when temperature rises, reaches a minimum
value of 0.879 at 253 K and then rises again with increase
in temperature as shown as an inset of Fig. 3a. This suggests
that OLPT is prevailing conduction mechanism for ZnO thin
film. For TZO thin film, CBH is the conduction mechanism
as s decreases with increase in the temperature as shown as
an inset of Fig. 3b.

3.2.1 OLPT model for ZnO thin film

A polaron is a charge surrounded by a distorted grid. The
large polaron has radius greater than that of material’s lattice
constants [27]. According to OLPT type of conductivity,
Coulomb interactions appear in long range which results in
overlapping of potential well of sites on one another [36, 37].
According to OLPT model, ac conductivity and exponent s
are evaluated as [38, 39]:

zt 2k T 2 N(E g wRi
olw) = 15e (kaT)"[N(Er)] 2akpT + (r,Wyo/R2) @
Or
’ _ ! 2(kaT 2 N(E g Q’Ri;
)

and

8aR,, + (6Wyor, /R, kgT)

S = 1- 5
[2aR, + Wyor,/RoksT)]’ )

where R, a, T Who» and N(Ef) are optimum polaron tun-
neling distance, inverse localization length, poron radius,
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activation energy, and DOS, respectively. Equation 4 (OLPT
model) was fitted well to the experimental data of ZnO film.
The fitting process is restricted due to the limitation as two
independent variables, namely @ and 7, exist which may
result in deviation from experimental data. To overcome this
difficulty, we assume that Rw is negligibly dependent on
frequency while performing the fitting process as reported in
previous studies [40]. The obtained values after fitting pro-
cedure are r, = 1.414 A, Wy = 0.835 eV and a=0.784 A™".
The values of R, lie in the range of 1.239-1.439 A. These
values are similar to those obtained in previous studies [35,
38, 40].

N(E)) for ZnO thin film has been evaluated using Eq. 3.
Frequency-dependent DOS at Fermi level N(E)) is presented
in Fig. 4a from 203 to 303 K. Each plot shows a decrease
in DOS with an increase in frequency up to ~ 1 MHz after
which it starts to increase with an increase in frequency. A
similar behavior of DOS with frequency was observed by
Roy et al. where minima were obtained after which DOS
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Fig.4 a N(E) vs Frequency and b N(E) vs temperature plots for
undoped ZnO thin film
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increased with an increase in frequency [42]. Variation of
N(E)) with temperature from 303 to 203 K at different fre-
quencies is shown in Fig. 4b. Increase in temperature pro-
vides a contribution of thermal energy to polarons which
subsequently moves and promotes the hopping resulting in
an increase in N(Ef) [37]. Lily et al. [43] and Prasad et al.
[44] have observed similar trend in N(E) for lead-free
ceramics.

3.2.2 CBH model for TZO thin film

According to CBH model electrons hop over coulomb bar-
rier between two site and the process is thermally activated.
So short range translational hopping is the main cause of
electrical conduction [27, 45]. The binding energy W,, is
calculated by [43]:

s=1-p 6)
where
p= 6kgT/W, 7

It is clear from above equation that binding energy of the
system decreases as the temperature increases and, therefore,
results in a decrease in slope as shown in the inset of Fig. Sc.
This increases the number of free charge carriers having
sufficient energy to overcome the barrier height and hence
0,. increases with an increase in temperature. The minimum
hopping distance R, is [43]:

R, = 2¢*/wegew,, 8)
where ¢ and g, denote the dielectric constant and permit-
tivity of free space respectively. Variation of R,;, for TZO
film with temperature at different frequencies is shown in
Fig. 5a. A maxima is observed in R, vs temperature plot at
~233 K which shifts towards low temperature as frequency
decreases.

The ac conductivity has been used to calculate N (E; ) for
TZO using the relation [44]:

4
04 (@) = %ezkaT{N(Ef) }za_5{ln (%) } C)]

where f,, and a are photon frequency and localized wave
function, respectively, and f,= 10" Hz and a=10"" m~!
were used to calculate the DOS [42]. Figure 5b shows the
variation of DOS N(E)) on frequency from 303 to 203 K.
The DOS decreases with an increase in frequency at all
temperatures. By decreasing temperature beyond 233 K, a
maxima immediately appears after a minima at higher fre-
quencies. Lily et al. also observed a minima which disap-
peared at higher temperatures in the study of the frequency
dependence of N(Ef) in lead-free ceramics [43]. Figure 5c
illustrates the variation of N(Ey) of TZO thin film from 303
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to 203 K at different frequencies. We note that DOS of TZO
film increases with an increase in temperature for all fre-
quencies. The high values of DOS propose that dominant
charge transport mechanism is hopping between the pairs of
sites in TZO thin film [43]. Density functional theory-based
calculations have also demonstrated that doping creates shal-
low states mainly formed of Ti-4d states [10].
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3.3 Modulus analysis

Complex electrical modulus (M*) can be used to separate
material components with similar resistances but different
capacitances [25, 45, 46]. The M* = M’ + jM" is the inverse
of complex permittivity (¢*) [47], where M’ = jowCyZ' is
the real part of M* and M"" = jwCyZ'is the imaginary part
of M*, w = 2xfis the angular frequency, C,=¢,A/t is the
geometrical capacitance, ¢ is the thickness, g is the permit-
tivity of free space and A is the area of electrode surface
[48]. Figure 6a shows frequency-dependent curves of M’
in the temperature range 203—-303 K for TZO thin film. At
lower frequencies, the value of M” approaches to zero due
to insufficient force governing mobility of charge carriers
under applied electric field [49]. The value of M’ close to
zero suggests the suppression of the electrode polarization
[50]. M’ increases as applied frequency increases indicating
saturation tendency at a maximum asymptotic value cor-
responding to M, = 1/e_, due to relaxation process [48, 50].
Furthermore, M’ exhibits a decrease as temperature rises
from 203 to 303 K which tells about temperature-dependent
relaxation process in the TZO thin film.
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The dependence of M" on frequency from 303 to 203 K
is plotted for TZO thin film in Fig. 6b—d. The M" increases
with an increase in frequency and attains maximum value
in the temperature range 303-273 K. By further decreas-
ing temperature up to 243 K, M" first increases with fre-
quency and then decreases so we attain a maximum. By
further decreasing temperature up to 203 K, two maxima,
one at lower frequency and second at higher frequency, were
obtained. These two peaks (obtained at lower temperature)
reveal that long range mobility changes to short-range
mobility with an increase in frequency. The first peak at low
frequencies is generally associated with interfacial polariza-
tion (grain boundaries) effects and the second peak at high
frequencies is attributed to the dipolar polarization (grains
effect) [50-53]. Thus, the presence of two peaks at lower
temperature confirms the grain and grain boundary effects at
lower temperatures and suppression of grains effect at higher
temperatures for TZO thin film. Moreover, relaxation peak
position moves towards higher frequencies as temperature
increases. It suggests that relaxation rate for TZO thin film
increases with temperature and hopping of charge carrier
is the dominating mechanism [26]. Taher et al. express in
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Fig.6 Variation of a real and b—d imaginary modulus plots with frequency for TZO thin film from 303 to 203 K
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their study that charge carriers move faster as temperature
increases which leads to the reduction in relaxation time.
As a result, peak shifts towards higher frequency with tem-
perature [54].

4 Conclusions

Detailed comparative ac electrical measurements of ZnO
and TZO thin films were carried out to explore conduction
mechanisms, density of states and complex modulus prop-
erties. Magnetron co-sputtering technique was used for the
deposition of films. The percentage of Ti in ZnO film was
2 at% and controlled by DC power of Ti target. XRD, EDS
and AFM were used for structural and morphological analy-
sis. An increase of greater than an order of magnitude in
ac conductivity was observed for TZO thin film than that
of undoped ZnO film. The OLPT and CBH are prevailing
conduction mechanisms for ZnO and TZO thin film, respec-
tively. DOS was calculated by fitting the theoretical OLPT
and CBH models for ZnO and TZO thin films, respectively.
In complex modulus study of TZO film, two relaxation
peaks in the lower temperature range confirm the grain and
grain boundary effects at lower temperatures and suppres-
sion of grains effect at higher temperatures.
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