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Abstract In this study, we focus on the influ-
ence of the deposition process of ZnO thin films
with a thickness of 250 nm—grown on glass
and silicon substrates by atomic layer deposition
(ALD) technique—on morphology, optical prop-
erties, AC conductivity, and dielectric properties.
The atomic structure of the ZnO film was ana-
lyzed using scanning electron microscopy (SEM),
energy dispersive X-ray spectrometer (EDX), and
incident X-ray diffraction pattern (XRD). The
XRD pattern confirms the presence of a crystal-
line phase, which is clearly observed in the SEM
image. The crystallite size value was found to be
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equal to 35.41 nm. Transparency study was per-
formed by UV-vis spectroscopy. A key element
of this study was to prove that it is impossible to
attribute the optical energy gap (E,) and refrac-
tive index (n) dependence to any typical thin film
material because these parameters depend on the
deposition condition and growth temperature. The
values of the optical energy gap and the refractive
index estimated from the absorption spectrum (E,
= 3.32eV, n = 2.29) were compared with those
obtained from the transmittance and reflectance
measurements (Eg =3.36,n =2.272). A new rela-
tion has been proposed based on the best fit for
calculating the refractive index, which has been
determined and compared with the values esti-
mated by different researchers, showing excellent
agreement. Electrical parameters such as dielec-
tric characteristics and AC conductivity were also
estimated at different temperatures ranging from
303 to 413 K versus the frequency ranging from
1 kHz to 1 MHz. AC conductivity behavior was
studied to explore the mechanism of conduction.
Further analysis revealed that the correlated bar-
rier hopping (CBH) model is the predominant
theoretical model for elucidating the conduction
mechanism existing in our ZnO thin film. This
article contains recent advances in the modified
ZnO metal oxide prepared by ALD, which is an
efficient approach for sensor device fabrication,
mainly depending on the estimated parameters.
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Introduction

In recent years, knowledge of the optical band gap
and the refractive index is vital to scrutinize the
atomic structure, electronic band structure, and opti-
cal and electrical properties. The refractive index and
the optical band gap are the most significant param-
eters to provide optical behavior [1-3]. Therefore,
accurate measurements and calculation of optical
parameters are essential.

The study of optical absorption provides essential
information about the band structure and the energy
gap in crystalline and non-crystalline materials, while
the refractive index is an important parameter for the
design of prisms, windows, and optical fibers, and
for providing information about the chemical bond-
ing and electronic structure as well. Zinc oxide thin
films are of worldwide attraction due to their lower
cost, optical, physical, chemical, and electronic prop-
erties, high refractive index, high chemical stability,
and excellent transmittance of visible light, leading
to a wide application in solar cells and in the field of
industrial electronics, and many other areas of appli-
cations. Among the different thin film deposition
methods, the RF magnetron sputtering is considered
as one of the promising deposition method [4—12].

ZnO is a strong candidate for the channel layer in
thin film transistors because ZnO material can be pre-
pared at low temperatures with good electrical prop-
erties. The characteristics are strongly dependent on
the structure and crystallinity of ZnO [13-17]. The
direct band gap of ZnO with ~3.37 eV at room tem-
perature is attractive as a promising material for opto-
electronic devices such as light-emitting diodes, solar
cells, and transparent thin film transistors. Analysis
of absorption spectra provides essential information
on the band structure and the energy gap, while the
refractive index provides information on the chemical
bonding and electronic structure [18, 19].

In the present work, the ZnO thin film was pre-
pared by atomic layer deposition (ALD) to produce
high-quality films with a thickness of 250 nm. A pre-
cise comparative study of the preparation conditions
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and their optical properties, including the optical
energy gap and refractive index of ZnO thin films,
deduced from the absorbance, transmission, and
reflectance spectra, has been shown. In addition, the
dielectric properties and AC conductivity were also
studied and analyzed to provide additional insight
into the mechanism that shows the outstanding prop-
erties of ZnO in devices, photocatalytic activities, and
storage devices.

Experimental techniques
Material preparation

ZnO films have been prepared in a Beneq TFS-200
ALD system with a nominal thickness of 250 nm
on glass and Si (100) at 203 °C in thermal mode in
1806 cycles. Two pieces of 2 by 2 cm and one piece
of 0.5 by 0.5 cm glass and Si (100) substrates were
placed in the middle of the reactor, respectively. The
first reactant, in our case DEZ (diethylzinc from
DOCK/CHEMICALS, transparent conductive oxide
grade, TCO grade), is introduced into the ALD reac-
tor chamber (DEZ pulse phase), which reacts with
the substrate surface through self-limiting and satu-
rating chemical reactions. Subsequently, the remain-
ing chemical substances are removed (DEZ purge
phase). The second reactant, in our case, deionized
water (H,0), is then introduced into the ALD reactor
chamber (H,O pulse phase), which also reacts with
the surface in a self-limiting and saturating manner.
The residual chemicals are then again extracted (H,O
purge phase). A schematic diagram of the ALD pro-
cess for preparing the ZnO (250 nm) thin films can
be seen in detail in Fig. 1(a). The pulse time and the
purge time were 0.3 and 3 seconds, respectively, for
both the DEZ and H,O precursors. The parameters of
MFC-NOP (mass flow controller for carrier gas and
inert gas valving) and MFC-NOV (mass flow control-
ler for vacuum chamber flow) of nitrogen gas inlets
for ZnO were 300 and 300 sccm, respectively. The
pressure in the main chamber stabilized at ~8 mbar
while ~1 mbar in the reactor. To reduce the possi-
bility of covering the backside of the glass samples,
which could later affect the measurements, we fixed
all four sides of the samples to the reactor plate with
Kapton tape.
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Fig. 1 a Schematic diagram of the ALD process for preparing the ZnO thin films and (b) flow chart of the experimental steps

Measurements

The thickness of the samples was measured by
variable angle spectroscopic ellipsometry (Semi-
lab SE-2000) and was found to be 250 nm. The
microstructure and composition of the samples
were determined by an energy-dispersive X-ray

spectrometer (EDX) connected to a field emis-
sion scanning electron microscope (FE-SEM)
(QUANTA FEG 250 model). For the XRD analy-
sis, we used a Rigaku Smart Lab 9 kW X-ray dif-
fractometer. The measurements were performed
in Bragg-Bretano () geometry with a rotating Cu
anode (). The range of interest and the step size
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were chosen to be 0 and 01°, respectively. The
optical absorbance, transmittance, and reflection
measurements were recorded using a double beam
spectrophotometer (UV-3101PC Shimadzu in the
wavelength range of 300-700 nm. The dielectric
properties and AC conductivity of the investigated
samples were measured using an automated RLC
meter (FLUKE PM6306) in the frequency range (1
kHz to 1 MHz) and temperature range (303—413 K).
The flowchart of the experimental steps can be seen
in detail in Fig. 1(b).

Results and discussion
Structural modification

A high-resolution SEM was used to determine the
surface morphology of ZnO (250 nm), as shown in
Fig. 2(a).

The elemental mapping distribution of Zn and
O is also presented in Fig. 2(b). Furthermore,

Fig. 2 a SEM images, b
elemental mapping, and ¢ (a)
EDX spectra, for ZnO (250
nm)

(b)

(<)

Counts
o

energy dispersive X-ray spectroscopy (EDX)
was hired to examine the elemental ratio of the
ZnO thin film as shown in Fig. 2(c). The analysis
shows an insignificant variation in the composi-
tion of the as-prepared sample, confirms the pres-
ence of Zn and O elements in the ZnO film, and
proves the stoichiometry of the prepared film.
The XRD results of the ZnO thin films are shown
in Fig. 3.

The XRD pattern reveals a crystalline structure
with a wurtzite (hexagonal) phase and a preferred
orientation 001 along the c-axis. Characteristic
diffraction peaks were found at 31.5°, 34°, and
37° of the 20 angle, respectively, corresponding
to the hexagonal crystalline nature of ZnO thin
films. The correlation between structural and opti-
cal properties suggests that the crystallite size of
the films is predominantly influenced by the band
gap. Furthermore, by plotting the normalized and
fitted ZnO (100) peaks for the as-deposited sam-
ple, as seen in the inset of Fig. 3, we can obtain
the approximate grain size by Scherrer’s formula

O K 24.13 55.11

InlL rS.e7 44.89
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Fig. 3 XRD pattern of the

7ZnO (250 nm) thin film.

The inset shows the ZnO .
(100) peak fitted for the

grain size calculation
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Table 1 Grain size calculations from ZnO (100) peak
Samples 20° Radian (6% Cos radian (0% ﬁo (FWHM) Radian /J’O Shape factor D crystallite size (nm)
ZnO 250 nm  31.7667  15.88335 0.9618 0.23069 0.004026 0.89 35.41
23 L L . . . . . thin film. The broad absorption band in the range
(400-600 nm) was attributed to multiple vibration
’s excitations [21].
- The absorption coefficient a can be calculated
=] . . .
< from the absorbance according to the simple relation
S 211 o = (2.303A)/t, where A is the absorbance and ¢ is the
% thickness of the film. Normally and according to the
§ references, ZnO has a direct band gap, so the opti-
201 cal band gap E, can be calculated with the following
equation [21, 22]:
19

T T ) 1 1 T T
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4 Absorption spectra of the ZnO (250 nm) thin film

[20]. Table 1 presents the grain size calculations
from the ZnO (100) peak.

UV-vis absorption and optical energy gap (E,)
The optical absorption in the ultraviolet-visible (UV-

vis) region depends on the structure of the sample.
Figure 4 shows the significant absorption of the ZnO

(ahv)? = B(hv-E,) (1
where hv is the photon energy, B is a constant, and
o is the absorption coefficient. The linear dependence
of (ahr)? on hy is shown in Fig. 5

The estimated E, is ~ 3.32 eV with direct car-
rier transition. A review of the literature reveals
that among various metal oxides, ZnO is one of
the most important multifunctional crystalline
wide band gaps due to its superior electronic and
optical properties [22-24]. Good agreement was
obtained when comparing the optical energy gap
values of ZnO in the literature (3.0 eV © Eg <34
eV), with the value estimated from the absorption
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Fig. 5 Plot of (ahv)? versus photon energy for the ZnO (250
nm) thin film

measurements [1, 2, 7, 19, 25]. The refractive
index, or index of refraction, is defined as the quo-
tient of the speed of light as it passes through two
media. It is a dimensionless quantity that depends
on the wavelength of the light beam; in other
words, the refractive index is a measure of how
light propagates through a material. The higher
the refractive index, the slower the light travels,
causing a correspondingly increased change of the
direction of the light within the material. Different
theories given in Eqgs. 2 to 7 are used to calculate
the refractive index ng) to n, respectively, based
on the value of the optical energy gap by:
Moss relation [26]

n?l)Eg =95eV 2)

Gupta et al. [27]

n? -1 E,
S el SR 4 3)
o= 2 20

Kumar and Singh relation [28]

ns = K(E,) 4
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£ 804
c

=]

f:

S 604
3

@

o3

© 40
2

o

£

s 204
5

=

=

L] T L] T L] L} T
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6 Transmittance and reflection spectra of the ZnO
(250nm) thin film

where k = 3.3668 and ¢ = —0.32234.
Herve-Vandamme relation [29]

2
A
E, +B] ©)

2 _
n(4)—1+[

where A = 13.6 eV and B = 3.47 eV.
Reddy relation [30]

ni [E, —0.365) = 154 (6)

Ravindra relation [31]

ne = 416085 E, @)

The refractive index values determined from the
above equations are given in Table 2. This finding
confirms that there is strong agreement between
the refractive index values of Ny N2y N3 and N4,
while the results for n(s) and n, given by the Reddy
[30] and Ravindra [31] relations are completely
ignored, as they are different from the others and
can be neglected. The average values of the refrac-
tive index N(ay given by Egs. 2, 3, 4, and 5 are sum-
marized in Table 2.

Table 2 Values of the optical energy gap (Eg) and refractive index (n) for ZnO (250nm) thin films

Samples Energy gap (E,) (eV) ngyy

1) e s) 6) Mav)

7ZnO (250 nm) 3.32 2.31

2.28 2.26 2.68 1.338 2.29
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Transmittance (T) and reflectance (R)

The optical transmittance (7) and reflectance (R)
of the ZnO thin film in view of the incident wave-
length are shown in Fig. 6. As seen, the ZnO thin
film has high transmittance, and the average trans-
mittance in the visible range around 80%.

The increase in transmittance and absorption
may be related to the Moss-Burstein effect and the
crystallinity of the film under study. Comparing
Fig. 4 and Fig. 6, the inverse proportion of transmit-
tance and absorption can be seen with the increase
of the wavelength. The optical constants, the refrac-
tive index n, and the extinction coefficient k were
determined using Murman’s equation [31] and a
special iterative computer program, as previously
discussed in [32, 33]. The variation of the disper-
sion parameters n and k with wavelength is shown
in Fig. 7(a and b). The dispersion curve shows that
the refractive index n first increases rapidly around
the absorption edge and then decreases slowly with
increasing wavelength, as shown in Fig. 7(a).
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Fig. 7 Variation of the constants (a) n and (b) k versus the
wavelength for the ZnO (250 nm) thin film

This behavior indicates a normal dispersion. The
low calculated k values, including the total optical
losses caused by both absorption and scattering in the
visible region, Fig. 7(b), indicate the excellent trans-
parency of our prepared ZnO thin film. The absorp-
tion coefficient (@) is related to k by the following
relation @ = (4x k/1). Figure 8 shows the dependence
of the absorption coefficient on the wavelength.

As seen in Fig. 8, the optical energy gap was
graphically calculated using the intercept of the linear
part of the curve (ahv)? along y = zero. The estimated
average band gap value is given in Table 3. The value
of E, =3.36 eV estimated from the R and T measure-
ments is higher than that estimated from the absorp-
tion measurements and is in excellent agreement with
the value of E, found in the literature [19]. The vari-
ability in the reported values of E, can be rational-
ized based on the existence of a valence band-donor
transition during preparation. To reveal the optical
energy difference, the refractive index was calculated
using the four proposed relations mentioned in Sec-
tion 3.2. The calculated values are listed in Table 3.
The average refractive index is equal to ng,, = 2.272.
The agreement between the average refractive index
determined from the absorption measurements and
that determined from the extinction coefficient is very
good (99.56%). In general, for ZnO thin films with
3.07 eV* E, “3.4 eV, the predicted refractive indices
are valid for the four equations used for the ZnO thin
film; neglecting Eqs. 6 and 7 as mentioned earlier in
Section 3.2.

50 1 1 1 1 1 1

40

30 1

20 4

10 4

(chv)? cm™.ev)

Eg= 3.36eV

hv(ev)

Fig. 8 Variation of (ahv)? versus (hv) for the ZnO (300 nm)
thin film
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Table 3 Direct optical energy gap (E,) and refractive index (n) for ZnO thin films

Samples Energy gap (E,) (eV) gy Ny

L©) L) s) ) May)

ZnO (250 nm) 3.36 2.30 2.30

2.27 2.24 2.686 1.304 2.277

Factors affecting the determination of the energy gap
and the refractive index

The understanding of the optical energy gap (E,) and
refractive index (n) behavior is generally of prime
importance, which has not been fully understood up
to now. Therefore, in Table 4, we compare the opti-
cal energy gap and refractive index we obtained with
some previously published results for samples pre-
pared under conditions like the ZnO thin films we
deposited.

It was found that the growth temperature influ-
enced the optical energy gap values and therefore
the growth temperature should be considered [7]. As
mentioned in many theoretical calculations, the for-
mation energy depends on ZnO-rich conditions, and
a lower formation energy (100 °C) means a higher
concentration of defects that affects the optical and
electrical parameters of ZnO. At high growth tem-
peratures, in the range of 200-300 °C, with Zn-rich
conditions, the high concentration of oxygen vacan-
cies creates an impurity level within the energy gap.
The band gap energies are no longer related to the
thickness of the layer. As mentioned in [1], the band
gaps depend on the applied growth temperature, and
the wide energy gap appears for a lower growth tem-
perature than for a higher temperature.

Dielectric properties of ZnO thin film
The dielectric properties of ZnO define its character-

istic role in electronics. It is considered a key element
for various thin-film electronic systems because of its

superior dielectric and mechanical properties. The
dielectric response of solid materials can be described
in the form of a complex relative permittivity & ()
by the equation [34]:

£'(@) = € (@) +j €' (@) ®)

C,t v
where £’ = j and € =¢ tano represent the real and

imaginary paurts of the dielectric permittivity, respec-
tively, and C, is the capacitance in parallel, ¢, is the
free space permittivity, ¢ is the thickness, and a is the
cross sectional area of the sample. The frequency
dependence of the dielectric constants e, €', and tan &
for ZnO film samples of thickness 300 nm in the fre-
quency range of 1 kHz to 1 MHz and the temperature
range of 303 to 413 K is presented in Fig. 9(a—c).
These variations of ¢ and ¢ reveal that the value
of ¢ and ¢ increases with increasing temperature,
while their behavior is inversely proportional to
the applied field frequency. At a frequency above 8
kHz, the permittivity is weakly frequency and tem-
perature dependent. This behavior can be assigned
to the fact that at low frequencies, charge carriers
respond faster to the externally applied electric
field, resulting in higher values of the dielectric
constants. At high frequencies, the charge carriers
are unable to follow the rapid changes in the applied
electric field, resulting in a decrease in the values of
¢ and ¢, as shown in Fig. 9(a and b) [35]. Tan 6
quantifies the dissipation of electrical energy due to
different physical processes. This quantity provides
an alternative way to quantify the effect of loss on
the electromagnetic field within a material. In our

Table 4 Optical parameters

for the studied ZnO film ZnO prepared by ALD  As-grown temperature  Grain size (nm) E, (eV) n
and previously published Our results 203 °C 35.41 332-336  227-229
data Ref. [15] 200 °C - 3.29 -
Ref. [1] 200 °C - 3.274 2.1-2.9
Ref. [20] 350 °C 14.62 3.27 35
Ref. [13] 200 °C - 3.37 -

@ Springer
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Fig. 9 Dielectric constants (a) &, (b) ¢’, and (c) tan § vs. frequency at various temperatures of ZnO (250 nm) thin film

results, a small shift in the peak of the loss tan-
gent toward lower temperatures is observed when
the frequency increases, as shown in Fig. 9(c). To
explore the rate of increase of ¢ and ¢ at various
frequencies and temperatures, Fig. 10(a and b) pre-
sents the value of ¢ and & as a function of tempera-
ture. As noted, at low frequency, there is a non-lin-
ear increase in the ¢ and ¢ values with increasing
temperature, while at higher frequency, the behav-
ior of ¢ and ¢ are almost temperature independent.
The observed behavior of both & and & resembles
that reported in previous articles [34, 36, 37].

The AC conductivity of ZnO thin films

The temperature dependence of the AC conductivity
o, was studied for ZnO thin films in the frequency
range of 1 kHz to 1 MHz and in the temperature
range of 303 to 413 K. The variation of Inc,,. versus
1000/T for the ZnO thin film at different frequen-
cies is shown in Fig. 11. As seen, the behavior of
o,.(w) increases with increasing temperature, sug-
gesting that the AC conductivity is a thermally acti-
vated process with different localized states in the
bandgap or its tail.

@ Springer
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The activation energy AE_ values for ZnO thin
films at different frequencies were calculated using
the following equation [38]:

04 (®) = 6, (@)exp|AE ,(w)| / (kgT) ©)

where o, (w) is the preexponential factor. The fre-
quency dependence of AE (w) is plotted in Fig. 12.

The graph shows that AE (w) decreases with
increasing frequency. This could be attributed to the
applied frequency that improves the electronic jump
between localized states [27, 38, 39]. The values
of AE, agree with those obtained in the literature
[27]. We have experimentally investigated that the
higher conductivity is associated with lower activa-
tion energies and vice versa. Similarly, the higher
the activation energy, the smaller the energy gap.
Although there are explanations for this at phenom-
enological level, there is no consistent physical pic-
ture to explain the correlation between conductivity
and activation energy [27, 39, 40]. In general, o,
increases with increasing frequency in the range of
100 Hz to 100 kHz, according to the Jonscher power
law [40]:

0,.(®) = Ao’ (10)

where A is a constant, o is the angular frequency, and
s is the frequency exponent which varies (0 “s < 1)
and depends on the temperature. The dependence of
o, on frequency within the investigated temperature
range for the ZnO thin film is presented in Fig. 13.
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| ]
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[ ]
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Fig. 12 AC activation energy vs. frequency for the ZnO thin
film (250 nm)
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As seen at low frequency, the conductivity is almost
constant and is attributed to the long-range motion of
charge carriers. As the frequency increases, the conduc-
tivity exhibits a strong frequency dependent resulting
from the short-range hopping of the localized charge
carriers at the grain boundaries as seen in Fig. 13.
The study of the change of the frequency exponent s
with the temperature makes it possible to determine
the dominant conduction mechanism in semiconduc-
tor materials. The values of s can be obtained from
the slopes of the linear lines seen in Fig. 13 in the fre-
quency range of 1 kHz to 1 MHz. The average values of
s are plotted as a function of temperature, as illustrated
in Fig. 14(a).

It is obvious that the exponent values s is around
091 at room temperature, suggesting the corre-
lated barrier hopping (CBH) model [37, 41-43]. In
that situation, AC conductivity may be described by
charge carrier hopping between pairs of localized
states separated by a potential barrier. The power law
dependence of ¢, on frequency is due to short-range
hopping of the charge carrier across trap sites sepa-
rated by various heights of energy barriers and may
be related to an increase in contact dipole charge car-
riers [41].

According to the correlated barrier hopping (CBH)
model [44], (s) follows the formula:

6 kyT

§=-
[Wm +kgTln(01,) an

14 | \ E

W, (eV)
/

1.0 |- l\ 4

0.8 |- -

1 1 1 1 1 1
300 320 340 360 380 400 420
T(K)

Fig. 14 Temperature dependence of (a) frequency exponent s
and (b) W,, for the ZnO (250 nm) thin film

where kg is Boltzmann’s constant, W, is the maxi-
mum barrier height, and 7, is the distinctive relaxa-
tion time, which is almost equal to the period of
atomic vibration (7,= 107" s). The exponent (s)
tends to be unity for large values of W,, (W,, _ KT),
so Eq. 11 can be simplified as follows [44]:

6 kyT
W,

m

s=1

12)

Figure 14(b) represents the dependence of the
calculated values of W, on temperature and shows
a gradual decrease with temperature. The obtained
values of W,, << E, are in good agreement with
Elliott’s theory of charge carrier hopping across the
potential barrier in semiconductor materials and are
close enough to the published data [45, 46].
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Conclusions

In conclusion, we studied in detail the structural
characterization, optical, and electrical analysis of
ZnO thin films prepared by atomic layer deposition
(ALD). In this study, we performed scanning elec-
tron microscopy (SEM), energy dispersive X-ray
spectrometer (EDX), X-ray diffraction, absorp-
tion, transmittance, reflection, dielectric proper-
ties, and AC electrical conductivity measurements.
The observed changes in the optical energy gap E,
and refractive index n values of the ZnO thin film
were influenced by the deposition condition and the
equations used to determine the parameters men-
tioned above. The frequency dependence of the
dielectric constants ¢ and ¢ has been investigated.
AC conductivity o,. was analyzed using the univer-
sal power law and could be explained using the cor-
related barrier hopping (CBH) model. The optical,
dielectric, and electrical properties of the ZnO thin
film were used to make the decision on the appro-
priate model that can be proposed.
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