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a b s t r a c t

Measurements of the temperature dependence of refractive index of ZnO thin films and thermal diffu-
sivity using photothermal deflection technique are presented. Thin film thickness and surface homo-
geneity were found to be the effective parameters on optical and thermal properties of the thin films.
High refractive index gradient with temperature was found for films of a nonuniform distribution and
gathered in clusters, and a high predicted value for thermal diffusivity. Optical properties of the thin films
revealed that films with disorder in the deposition and gathered clusters showed poor transmittance in
visible region with a pronounced peak in the near IR, and also a reduction in the band gap. A detailed
parametric analysis using analytical solution of one-dimensional heat equation had been performed. A
discontinuity in the temperature elevation at the ZnO-glass interface was found.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Photothermal deflection technique (PTD) is a well-known sen-
sitive method for obtaining both the thermal and optical parame-
ters of a substance. It has been used recently for measuring small
absorption [1], temporal response of a nonlinear refraction of ma-
terials [2], thermal effusivity of vegetable oils [3], characterizing
heat conduction in biological tissue [4]. PTD is an attractive optical
contactless method based on the pump-probe technique, with a
pump laser for initiation of the surface thermal deformation that is
chopped mechanically, and a probe laser for deflection by passing
through the thermal lens [5], provided that PTD is in its Gaussian
heating [6].

This technique will be implemented for the investigation of the
thermal and optical characteristics of thin film ZnO. ZnO-based
transparent conducting oxides (TCOs) have been the object of sig-
nificant research activities for solar cells and flat panel displays, due
to the low cost and abundance [7]. ZnO conducting oxide is an n-
type transparent semiconductor material with a wide direct band
gap of 3.37 eV and a large exciton binding energy of 60meV at room
muzahim_935@yahoo.com
temperature [8] making it as high level of transparency in the
visible and near-IR region. Moreover, it is stable upon exposure to
high energy radiation and wet chemical etching [9]. More recent
applications of ZnO thin films have been found [10]. Thin films of
ZnO have been grown by many deposition technique including
molecular beam epitaxy, chemical vapor deposition (CVD), vacuum
evaporation, and spray pyrolysis [11].

A characteristics one-dimensional heat equation in the
different media when illuminated perpendicularly by modulated
pump laser for studying the energy density absorbed by undoped-
ZnO will be used [12]. Thermal properties of ZnO thin films are
important novel physical properties as well as its technological
implications in many fields. Thermal induced effects on the surface
and transient heat diffusion of the thin film can be monitored
directly by PTD [13e15].

This article presents an easy way to estimate the optical and
thermal of ZnO thin film and to provide a comparison between
films of different grain size, film thickness, and crystalline structure.
Film thickness effects will be investigated in terms their thermal
diffusivity and refractive index change with temperature. The
article starts by presenting a characteristic equation based on one-
dimensional heat equation for the sample/substrate interface.
Analytical solution will be to obtain temperature elevation at the
ZnO-glass interface.
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2. Theory

One-dimensional heat flow will be considered when the pump
laser energy was absorbed on the irradiated thin film surface,
resulting a temperature gradient detected by the deflection of the
probe beam. Thin film samples of ZnO material were deposited on
thick glass substrate by CVD. The analysis will be based on assuming
the continuity of the temperature and heat flow through the fluid
(air)-ZnO-glass at the different interfaces, as shown in Fig. 1.

The characteristics one-dimensional heat equation in different
media when illuminated perpendicularly bymodulated pump laser
can be written as [Eq. (5) of Ref. [12] with tT ¼ 0] taking into ac-
count the relaxation of heat flux:

tq

Di

v2T
vt2

þ 1
Di

vT
vt

¼ v2T
vz2

þ 1
ki

�
Sþ tq

vS
vt

�
; (1)

where Di is the thermal diffusivity. The subscript i ¼ a (air, the
surrounding medium), g (substrate glass), and s (sample). Thermal
diffusivity in terms of the thermal conductivity ki:

Di ¼
ki

riCpi
: (2)

r is the density, and Cp is the heat capacity. The laser heat source
S (Wm�3) was assumed to be Gaussian and is expressed as:

Sðz; tÞ ¼ IðtÞð1� RiÞai expð � aizÞ: (3)

R is the reflectivity, a is the optical absorption coefficient, and
I(t) is the laser intensity.

Solution of Eq. (1) in each region (air, film, glass) has to be found
taking into account the continuity of both temperature and normal
component of heat absorbed by the sample at the boundaries.

A dimensionless absorption coefficient b in terms of thermal
heat wave propagation w in thin film can be written as [12]:

b ¼ 2wtka; (4)

where tk is the time traversed in the film, depending on its thermal
conductivity. The following variable was taken for skin depth z of
sample as, in order to allow the use of dimensionless equation:

c ¼ wz
2a

: (5)

Laplace transformation of the characteristic Eq. (1) will be per-
formed and analytical solution (Van Neumann condition) can be
found taking into account the initial and boundary conditions of
both thin film and thick substrate (glass). Analytical solution is in
the form of [12]:
Fig. 1. Schematic drawing of the plane view of undoped-ZnO thin film grown on glass
substrate. Pump-probe and thermal lens involved on the sample are shown.
qðc;uÞ ¼ 2bjohðuþ 2Þexpð � blÞ�
uðuþ 2Þ � b2

�
½�uðuþ 2Þ�12 cosðllÞ

sinðllÞ

þ 2johðuþ 2Þ
uðuþ 2Þ � b2

expð � blÞ; (6)

where q is the dimensionless temperature, h is the dimensionless
energy density absorbed in the medium, and u is the Laplace
variable.

Solving the above equation numerically to estimate the tem-
perature elevation and hence energy density absorbed in the both
thin film and the substrate. The solution is shown in Fig. 2. Energy
density absorbed by the sample of one layered undoped-ZnO as a
function of depth with absorption of glass as a substrate, shows an
exponential decrease upto the interface. The increase in the glass
temperature started in the ZnO rather than at the interface. The
figure shows also the discontinuity in the temperature elevation at
the ZnO-glass interface.

3. Experiments

Undoped-ZnO thin films were deposited by CVD on glass sub-
strate, since for high-quality ZnO has to be deposited on other
substrates and has the advantage of thermodynamic dependent
growth and control at the atomic level [16]. Structural characteris-
tics, surface morphology, interfacial structure, and thermal stability,
are evaluated. Generally, undoped ZnO thin films show n-type
conductivity [17]. The samples were deposited at high temperature
in order to remove the amorphous and crystalline phases [18].

Structure analysis of the thin films was performed with
X-ray diffraction (XRD) using Cu radiation of wavelength
(l(ka)¼ 0.1548 nm). For optical transmittance, FTIR spectrometer in
the range of 350e1100 nm was used. SEM of the samples was also
carried out. These experiments were necessary to assess and
confirm that thin films with high quality and grain size in the limit
of nanoscale had been deposited. For thermal induced effects on
the surface of thin film, optical absorption or refractive index
change with temperature, and thermal properties such as thermal
diffusivity of ZnO were studied thoroughly with the technique of
photothermal deflection. The pump laser was a CWof power 5mW,
diode-pumped solid-state (DPSS) Nd:YAG at the second harmonic
wavelength 532 nm. The laser was modulated at a frequency of
40.2 Hz by a mechanical chopper (Thorlab Model MC1000) and
then focused on the sample surface. The probe beam was a HeeNe
laser of 632.8 nm wavelength with a power output of 1 mW. A
position sensor (bi-cell photodiode) was used to determine the
amplitude and phase of the probe beam deflection. The output of
the position sensor was fed into the lock-in amplifier (EG&G
Princeton Applied ResearchModel 5209) via a differential detecting
and amplifying circuit. A reference frequency from the mechanical
chopper was connected to the lock-in amplifier. The sample holder
for the ZnO was mounted on a three-axes inclination micro-
positioning device. The signal was then recorded by the digital
storage oscilloscope (UT 2102C). Repeated measurements were
taken to minimize the noise. Lenses were used to focus the beams
in an accurate manner after choosing the appropriate focal lengths,
and they were also used to adjust the focal waists of the beams.

4. Results and discussion

4.1. Structure and optical study

Scanning electron microscope (SEM) is the convenient proce-
dure to assess the surface morphology and microstructure of thin
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Fig. 2. Energy density absorbed by undoped-ZnO and the glass substrate versus the skin depth of the sample illuminated by pump laser of power 5 mW and wavelength 532 nm.

Fig. 3. SEM of undoped-ZnO .(a) Sample of group #1,(b) sample of group #2, (c) cross-sectional SEM image of (a), and (d) cross-sectional SEM image of (b).
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films. The SEM micrographs of both group #1 & group #2 were
examined. Group #1 samples showed a formation of micrometer
crystallites distributed uniformly over the surface, as shown in
Fig. 3a, while group #2 is shown in Fig. 3b, for one of the samples
examined. It can be seen that, group #1, the grains were packed
closely and distributed on the glass substrate. The SEM of group #2
shows a nonunifrom distribution and gathered in clusters. Cross-
sectional image sample of group #1 is shown in Fig. 3c, where
group #2 samples as in Fig. 3d.

Surface quality and homogeneity of the films were also
confirmed by both PDT and transmission spectra for high quality
samples of (group #1) except for few samples as will be shown in
the article, i.e., (group #2). The X-ray diffraction spectra of the
undoped-ZnO samples were revealed and the grain size D from the
data was calculated using Debye-Scherrer formula [19,20]:

D ¼ 0:9lðkaÞ
b cos q

; (7)

where b the broadening of diffraction line is measured at the half
maximum intensity in radians and q is the angle of diffraction. The
texture coefficient [19] of the plane (002) was calculated to be of
the highest value for group #1 and with lowest value for group #2.

The transmittance optical spectra of the samples were recorded,
as shown in Fig. 4 by FTIR spectrometer. In UV region, we can
observe that the transmittance of group #1 had started from
350 nm while group #2 started from 380 nm. A sharp increase in
the transmittance indicating a direct transition in group #1 with
nonlinearity being observed in the high transparency in the visible
region. Group #2 showed a poor transmittance in visible region
with a pronounced peaks in the near IR and sharp cutoff near
1100 nm. A ZnO film with high transmittance in visible region
comes from the fact it is a direct and wide band gap semiconductor.

Direct optical band gap energies of the samples can be derived
from the difference between the edges of the valence band and
conduction band (Tauc gap) as [21]:

ðahnÞn ¼ ℂðhn� EoÞ; (8)

where hn is the photon energy, Eo the optical band gap energy of the
semiconductor, and ℂ is a constant. The value of the exponent n
denotes the nature of the transition; n ¼ 2 for direct transition and
n ¼ 1/2 for indirect transition.
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Fig. 4. Optical transmittance of undoped-ZnO thin films for both groups #1 & #2.
Fig. 5 represents the variation of (a.hn)2 with the photon energy
of the undoped-ZnO thin films. The sample of group #1 shows an
energy a band gap of 3.32 eV, which is in agreement with many
reported results, e.g., Kang et al. [22]. The energy was calculated
from the interception (extrapolation) of the straight line to zero
absorption coefficients on the energy axis. This indicates the direct
band gap transition. While the sample of group #2 shows a peculiar
behavior rather than a straight line, and if an extrapolation could be
done on the characteristic curve, an energy band gap of 3.023 eV
would be obtained. The reduction in the energy gap, and it is dif-
ficulty to obtain, for the sample of group #2 suggested the poor
crystal quality, and the disorder in the deposited film. This will lead
to low transmittance in the visible region, Fig. 4, and strong phonon
scattering due to the existence of gathered in clusters in the film.

The variation of refractive indices of both groups had been
calculated from the transmittance and absorbance [23], and drawn
as in Fig. 6. Refractive index is one of the fundamental properties for
an optical material, because it is closely related to the electronic
polarizability of ions and the local field inside materials [23]. The
refractive index of group #1 shows a decrease with the increasing
wavelength in the visible region and kept unvaried up to the near
IR, while group #2 shows a step decrease of refractive index in the
visible region and a sharp increase in the near IR. The sharp in-
crease in the refractive index is due to high density of the films and
could be calculated using LorentzeLorenz model [24].
4.2. Photothermal deflection technique

The dependence of the photothermal deflection on the modu-
lated frequency of the pump laser is shown in Fig. 7. The deflection
had decreased with increasing chopping frequency indicating that
the temperature of the ZnO thin film in the central region had
decreased. The decrease in the photothermal deflection was found
to have a quadratic rather than linear dependence on the square of
the frequency for both groups, especially for sample of group #2,
because the thermal length also decreased, preventing the heat
from reaching the probe beam [25]. The technique utilizes the
refractive index gradient generated as a result of the absorption of
intensity modulated pump laser. Still group #2 shows a different
behavior from group #1 and with higher deflection due to more
thermal length associated heat excitation Thermal waves) by the
pump power.

Thermal change of the refractive index of the undoped-ZnO
films will be revealed. The configuration depicted in Fig. 1 where
sample/air interface is at z ¼ 0. The thermal lens was acquired as a
relative change in the laser probe beam intensity as [25]:
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Fig. 5. Variation of (a.hn)2 with photon energy of the undoped-ZnO thin films.
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wðtÞ ¼ 4
Pp
w2 � BðtÞ � EoDs � asls; (9)
�
e

�

where Pp is the laser pump power, we is the beam waist radius of
pump laser, B(t) is the time-dependent geometrical constant [26], ls
is the sample (thin film) thickness, and Eo is given by [25];

Eo ¼ �dns
dT

lpks
: (10)

The heat flow is one dimensional as regarded in Eq. (1), and at
times long after the end of pump laser pulse heating, the temper-
ature of the thin film is considered uniform. The temperature will
decay exponentially and the heat will flow to the substrate, as
shown in Fig. 2. The time constant tc is defined as [27]:

tc ¼ we

4Ds
: (11)

The time-dependent photothermal deflection in Eq. (9) can be
written now as:

wðtÞ ¼ Pp � BðtÞ
tc

� Eo � asls: (12)

Hence, the deflection decays with time, and the change in
refractive indices of the films with temperature shown in Eq. (10)
will be evaluated besides the thermal diffusivity of the thin films.
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Fig. 7. Photothermal deflection of undoped-ZnO films as a function of square root of
pump laser frequency.
Thermal change in refractive index of undoped-ZnO thin film is
an important parameter regarding its effect on the application for
solar cells and flat panel displays. Refractive indices of both groups
#1 & 2 as a function of temperature are shown in Fig. 8.

The refractive index change of undoped-ZnO of group #1 with
temperature was estimated with curve fitting, assuming linear
decrease, as (�4.5�10�3/K). For samples of group #2, the variation
of refractive index with increasing temperature was estimated as
(�19 � 10�3/K). The temperature increase was monitored as a
result of the power increment of laser pump power. The defor-
mation in the surface of the sample at high temperature is obvious
in group #2. Photothermal deflection technique can provide, in
addition to the possibility of measuring the temperature variation
of refractive index, it allows the determination of a relationship
between the heating of the material (by pump power) and its
deformation response to the laser pump.

The contribution of thermal perturbation is the dominant effect
on the deflection of probe laser arises at low chopping frequency
(40.2 Hz) of the pump laser, as follows [28]:

deflectionf
1
ns

dns
dT

dTðz; tÞ
dz

: (13)

The change of refractive index of group #2 shows a high index
gradient with temperature due to its high thermal diffusivity
change temperature. Thermal lens effect is caused by deposition of
heat via a non-radiative decay process after laser energy has
been absorbed by the sample, resulting in a spreading of the beam
and a reduction in the intensity at the beam center (dns/dT is
negative) [29].

Thermal diffusivity (Ds) of undoped-ZnO films were evaluated
by experimental investigation from the slope of the linear relation
between the phase of a periodically deflecting beam as a function of
the separation between laser pump and laser probe [30]. The
estimated value for group #1 was 4.354 � 10�2 cm2/s while for
group #2 was 5.035 � 10�2 cm2/s. The difference in the values of
(Ds) of the two groups is related to the difference in the thickness of
the films. Thermal resistivity of the thin film substrate interface had
an influence on the measured thermal diffusivity by the PDT [31].

5. Conclusions

Optical and thermal measurements of undoped-ZnO thin films
have been carried out. It is seen that films of thickness of submicron
(0.45 mm and less) show the required behavior for such films
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regarding their applications. Films of thickness (1e2.33 mm) show a
substantial reduction in the band gap energy, a pronounced peak of
the transmittance in the near IR and sharp cutoff of the trans-
mittance near 1100 nm, and a step decrease of refractive index in
the visible region and a sharp increase in the near IR. The films of
group #2, of a nonuniform distribution and gathered clusters,
resulting in a layered structure will be affected by the phonons and
their scatteringmechanism. This mechanism had been investigated
further by photothermal deflection technique and its influence on
the thermal properties of the thin films. Temperature gradient of
refractive indices of both group #1 and group #2 were
(�4.5 � 10�3/K) and (�19 � 10�3/K), respectively. Thermal diffu-
sivity for group #1was found as 4.354�10�2 cm2/s while for group
#2 was 5.035�10�2 cm2/s. This can be interpreted as an additional
scattering of phonons in the layered structure and thermal re-
sistivity of the thin film substrate interface. The refractive index
variation with temperature and thermal diffusivity do not agree
with any data in the literature (to our knowledge). A discontinuity
in the temperature elevation at the ZnO-glass interface was found
by numerical simulation of one-dimensional heat equation.
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