Optical Materials 122 (2021) 111685

Contents lists available at ScienceDirect

Optical Materials

FI. SEVIER

journal homepage: www.elsevier.com/locate/optmat

Check for

Investigation of nitrogen doped ZnO thin films: Effects on their structural W&
and optical properties

H. Hopoglu®, H.S. Aydinoglu”, A. Ozer ““, E. Senadim Tiizemen "

2 Faculty of Technology, Department of Optical Engineering,Sivas Cumhuriyet University, 58140, Sivas, Turkey

b Department of Medical Services and Techniques, Program of Opticianry, Vocational School of Healthcare, Sivas Cumhuriyet University, 58140, Sivas, Turkey
¢ Department of Metallurgical and Materials Engineering, Sivas Cumhuriyet University, 58140, Sivas, Turkey

4 Advanced Technology R&D Center, Sivas Cumhuriyet University, 58140, Sivas, Turkey

€ Nanophotonics Research and Application Center, Sivas Cumhuriyet University, 58140, Sivas, Turkey

f Department of Physics, Faculty of Science, Sivas Cumhuriyet University, 58140, Sivas, Turkey

ARTICLE INFO ABSTRACT

Keywords:

N doped ZnO

Magnetron sputtering
Spectroscopic Ellipsometer
XRD

Energy band gap

Un-doped and nitrogen-doped ZnO thin films were grown by using radio frequency (RF) magnetron sputtering
method changing the nitrogen flow rate between 0% —12.5% and the thickness dependence of films was
determined. The effect of nitrogen doping concentration on the structural, morphological, and optical properties
of zinc oxide thin films was studied. X-ray diffraction (XRD) analysis confirmed that the nitrogen-doped ZnO
films belong to the hexagonal crystal structure. The optical properties of the grown samples were examined by
optical spectrophotometer and spectroscopic ellipsometer. Transmittance spectra were obtained by spectro-
photometer measurements and the effect of nitrogen ratio was investigated. It has been observed that as the
nitrogen ratio increases, the transmittance decreases up to ~500 nm and then increases. By using the trans-
mittance curve, the energy band gap was calculated. Further detailed optical analysis was made by the spec-
troscopic ellipsometry technique. Fitting was performed to ensure the agreement between the experimentally
obtained ¥ values and theoretically determined ¥ values using the Cauchy model. As a result, the refractive
index was found for each film and it was observed that the refractive index decreased as the nitrogen ratio
increased. The scanning electron microscopy (SEM) measurements showed that the surface morphology of the
films changes with N doping. Nitrogen was observed in Fourier transform infrared spectra analysis. 5% nitrogen-
doped ZnO films were grown on the glass substrate using RF magnetron sputtering at room temperature. Samples
are prepared by varying thicknesses during the deposition process. XRD and SEM measurements of the samples
show the variation in the crystal structure and surface morphology of the film with varying thicknesses. All the
samples are tested for the transmittance and band gap. The increase of film thickness increases the grain size. The
transmittance is influenced by the film thickness.

1. Introduction Zinc oxide (ZnO) is one of the most important metal oxides, which do

not contain toxic substances, is environmentally friendly, easily acces-

Metal oxides (MO) thin films can be used in various fields due to their
extraordinary properties such as wide band gaps, good electrical con-
ductivity, optical transmittance, and high reflectivity in the infrared (IR)
region. MO thin films are the coating layers with wide application areas
such as electronics, magnetism, optical and solar energy conservation,
batteries and photovoltaic materials, gas and moisture sensors, and
optoelectronics [1]. The benefit of using MOs is that their chemical and
electronic properties can be adjusted to allow charge exchange with a
wide variety of organic/inorganic molecules [2].

sible, convenient, and cost-effective [3]. ZnO is a direct band gap natural
n-type semiconductor with a wide band gap value (~3.3 €V) that has a
high exciton binding energy (60 meV) [4,5]. Due to its wide band gap, it
is accepted as a suitable material for LED construction in the blue and
ultraviolet regions of the electromagnetic wave spectrum [6]. It has
many application in technology such as; acoustic wave (SAW) devices,
gas sensors, organic wastewater treatment, layers of photovoltaic cells,
photodetectors, various electronic and optoelectronic devices, bio-
sensors, flat panel display, light-emitting diodes, flexible or wearable UV
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Fig. 1. XRD graphics of the samples deposited on n-Si.

Table 1
The films with varying nitrogen flow rate for 250 nm thickness.
NZ 0 NZ 2.5 NZ5 NZ.7.5 NZ_12.5
Ar % 100 97.5 95 92.5 87.5
Scem 2.5 23+0.2 2.3+0.2 2.2+0.2 22+0.1
N % 0 2.5 5 7.5 12.5
Scem 0 0.1 +0.05 0.2 + 0.05 0.3 +0.05 0.3 + 0.05
Table 2
X-ray diffraction data results of samples deposited on n-Si.
Angle Height d (&) Assignment ~ FWHM D
(deg.) (deg.) (nm)
NZ_ 0 33.49 1447 2.67 (002) 0.29 28.24
68.59 143398 1.37 Si 0.11
NZ 2.5 33.51 2139 2.67 (002) 0.27 31.33
68.60 137685 1.37 Si 0.12
NZ5 33.49 1166 2.67 (002) 0.35 23.86
68.61 172488 1.37 Si 0.13
NZ7.5 33.47 1721 2.68 (002) 0.31 27.13
68.60 188724 1.37 Si 0.12
NZz- 33.46 1497 2.68 (002) 0.29 28.83
12.5 68.59 131582 1.37 Si 0.11

light sensors, spintronic devices, biomedical applications, and surfaces
[7-12].

Doped and un-doped ZnO thin films can be prepared by various
methods such as: chemical vapor deposition (CVD) [13], radio fre-
quency (RF) magnetron sputtering [14], DC reactive magnetron

sputtering [15], metal organic chemical vapor deposition (MOCVD)
[16], molecular beam epitaxy (MBE) [17], pulsed laser deposition [18],
sol-gel method [19], ultrasonic spray pyrolysis technique (USP) [20],
sol-gel dip-coating technique [21], physical vapor deposition (PVD)
[22], high power impulse magnetron sputtering (HiPIMS) [23], modi-
fied polymeric precursor (MPP) [24], hydrothermal [25], solvothermal
[26,27], successive ionic layer adsorption and reaction (SILAR) method
[28], microwave-assisted hydrothermal (MAH) [29-31], and free sol-
vent [32,33].

There are many studies in which the properties of ZnO semi-
conductor thin films have been changed by adding metallic elements
such as Cr, In, Ga, Si, Al, as well as non-metallic dopants such as F, N.
Nitrogen has a similar radius and electrical structure to oxygen. So it is
considered a promising candidate to produce a shallow acceptor level in
ZnO. Nitrogen in the fifth group is believed to be a better dopant element
for p-type conductivity in ZnO, which has the smallest ionization energy
[34]. Nitrogen-doped films may provide high transmittance and low
resistivity values. Earlier studies showed that In-doped ZnO thin films in
amorphous structure showed better electrical properties than thin films
in crystalline structure [35-37]. On the other hand, fluorine additives
increased the crystallization of ZnO films and it has also reduced grain
boundary scattering and the dual doping of F and Al is considered to be a
reasonable method for obtaining higher performance transparent
conductive ZnO films [38].

There are different publications in the literature on nitrogen-doped
ZnO at low temperature. Nitrogen-doped ZnO films were produced on
Corning Glass substrates with a low coefficient of expansion studied by
Tu et al. [39]. These films produced by RF sputtering technique at room
temperature (RT) were made by using Ar (20 sccm) as sputtering gas at
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Table 3
N doping efficiency by increasing N concentration of device adjustment with elemental distribution.
NZ 0 NZ_2.5 NZ_5 NZ_7.5 NZ_12.5

Element Wt% At% Wt% At% Wt% At% Wt% At% Wt% At%
OK 17.31 46.11 20.44 50.16 18.35 45.16 17 43.25 18.54 45.31
ZnL 82.69 53.89 78.62 47.19 79.08 47.62 80.78 50.29 78.73 47.09
NK - - 0.94 2.65 2.57 7.22 2.22 6.46 2.72 7.6
N doping efficiency % - - 106 144.4 86.13 60.8
Thickness (nm) 235+ 6 2325+ 5 241.7 £ 7.5 242 +5 246 + 7
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Fig. 2. SEM—SE surface topographies of (a) pure ZnO, (b) 2.5% N, (c) 5% N, (d) 7.5% N, (e) 12.5% N doping of 250 nm ZnO coating on Si, (f) grain size divergence

graph of images.

200 W power, under 5 mTorr pressure and adding N3 (6, 10, 15 sccm) to
it at increasing flow rates. It was observed that the N/Zn atomic ratios
decreased with increasing Ny flow rate. The micro photoluminescence
spectrum peaks were observed in the near-UV range [39]. Moreover,
N-doped ZnO films were also produced by RF sputtering technique by
applying different N2/O, ratios on sapphire (0001) substrates at RT by
Nie et al. [40]. As a result of this study, they observed that N-doped ZnO
films exhibited both p-type conductivity and ferromagnetism [40].
Pathak et al. produced un-doped and N-doped ZnO films at 160 W power
by using radio frequency (RF) reactive magnetron sputtering technique
by applying different nitrogen ratios (5, 7, 10 sccm) on glass substrates.
As a result of this study, it was seen that the film has a wurtzite hex-
agonal crystalline structure. Current-voltage properties of the doped
films also showed p-type conductivity in N-doped thin films [41].

In the literature [39-41], it is rarely encountered that
nitrogen-doped ZnO films work at low temperatures. For this reason, in
order to eliminate the deficiencies related to this subject in the litera-
ture, ZnO was produced by doping with nitrogen, and its usability as a
device was investigated by examining its optical properties. Optical
properties, especially the spectroscopic ellipsometry method, have been
studied in detail for samples produced at low temperature. As a result, it
is thought to contribute to the literature about the refractive index. In
addition, thanks to the morphological characterizations, one of the
materials with the lowest surface roughness was obtained.

2. Experimental procedure

In this study, ZnO films were deposited in RF magnetron sputtering
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Fig. 3. SEM-EDX analysis of 5% N doping on ZnO and its spectrum.

system using a ZnO target at RT. NANOVAK NVTS-400-2TH2SP Thermal
& Sputter Combined System was used to produce nitrogen-doped ZnO
films. ZnO target was purchased from Plasmaterials Co. Inc. with a pu-
rity of 99.9% and with a thickness of 0.125 inches and 2 inches of
diameter. Firstly, substrates were placed in acetone filled in a small glass
beaker. Substrates were cleaned in acetone for 8-10 min and were left to
dry. The distance between the target and the material to be coated was
kept constant at 6.2 cm. During the film growth, the thickness of the
films was measured with Angstrom precision with the help of a thickness
monitor in the system. The base pressure before film deposition was
approximately ~10~° Torr, and ~5 x 102 Torr was achieved. All films
for plasma generation were done by applying 60 W power. The growth

rate was 0.6 i\/s.

First, ZnO coatings were performed at different nitrogen flow rates
on silicon and glass substrates. n-Si was chosen for measurement of
refractive index and FTIR analysis while the glass substrate was chosen
for transmittance and energy bad gap measurements. All films were
deposited to be 250 nm thick on both substrate materials. N doping was
abbreviated as NZ thereafter and the flow rate was chosen as 0, 2.5, 5,
7.5 and 12.5 and coded at the end of NZ such as NZ_2.5 for 2.5% N flow
rate. Then, four different films were grown on glass substrates at 5%
nitrogen flow rate being constant with thicknesses of 250, 350, 450 and
550 nm.

Characterizations of the samples were performed by the techniques
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Fig. 4. FTIR analysis of N doped ZnO thin films.

as following: Crystal structures of the samples were examined by 6-20
scan in Rigaku Miniflex II Desktop X-ray Diffractometer system was used
with Cu Ka radiation (4 = 1.54059 A). Diffraction was obtained in the
range of 20 = 20-90°. The surface morphology of the samples was
determined by scanning electron microscopy (TESCAN® MIRA3 XMU
(Brno, Czechia) at an accelerating voltage of 10 kV). Optical charac-
terization of the samples was carried out using a double-beam
UV-Vis-NIR spectrophotometer (Cary 5000). Optical transmission of
samples was taken in the wavelength range of 280-700 nm using a solid
sample holder accessory. Fourier Transform Spectroscopy (FTIR)
analyzed with Bruker Model: Tensor II. Thickness of the samples are
probed by OPT-S9000 Spectroscopic Ellipsometry. The measurements
were made in the wavelength range of 375-1000 nm with a step size of
3 nm and at angles of incidence of 70°.
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3. Results and discussion
3.1. Nitrogen doping concentration of films

3.1.1. X-ray diffraction

In Fig. 1, the crystal structures of ZnO thin films doped with different
nitrogen percentages on silicon are shown by X-ray diffraction (XRD). X-
ray measurements were made in the range of 20-90° with 0.02°/steps.
Accordingly, it was observed that the films were ZnO with especially
(002) orientations which can be concluded as the orientation depen-
dence of growth hexagonal structures by nitrogen doping [42]. The
possible fluctuations in N flow rate can affect the growth of hexagonal
type ZnO and possibly favor the elongation of ZnO wurtzite in c axis.

The grain size in the films is calculated from the X-ray diffraction
data by using the well-known Scherrer formula [43];

K2

:ﬂ cos 0 M

where K is a geometrical constant, A is the wavelength of the X-ray used,
6 is the Bragg reflection angle, and g is the half-maximum width
(FWHM) of the reflections in radians. For calculations, K and A constants
were taken as 0.90 and 0.154 nm, respectively (see Table 1).

In ZnO thin films doped with different nitrogen percentages, it was
observed that the 20 angle shifted as the nitrogen percentage increased
(except for zero). As seen in Table 2, the particle size first increased, then
decreased, and then increased again for the (002) orientation. These
results showed that it behaves in harmony with the particle size
measured in FWHM and SEM. These results also may be attributed to the
N doping into ZnO structure by elongating c axis while the axis becomes
narrower due to the atomic radius of N versus O and Zn. The efficiency of
N doping of 5% can be said to be the best among the concentrations by
better penetration possibility of N as can be seen later in Table 3.

3.1.2. SEM of structure

SEM analyses were performed on surfaces at 10 kV with a working
distance of 9 mm. Secondary electron (SE) imaging was employed to see
better quality photos of the surface, no BSE (backscattered electron
imaging) was not used since the surfaces do not provide any phases
other than ZnO.

As clearly be seen from Fig. 2, the spherical grain size morphology
were observed in all samples. This could be attributed to the formation
of a good sputter regime and energy within the substrate and ZnO

N~

22 24 26 28 3 32 34 36 38 4
Energy (eV)

Fig. 5. a) Transmittance spectra b) the plot of (ahv)? against the photon energy hv to calculate the bandgap energy.
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accompanied by N doping. From (a) to (e), by increasing N doping, a

Table 4 slight increase in grain size from 32 + 5 nm to 41 + 6 nm should be
Elipsometer MSE and elipsometer thickness (nm) values for all samples. considered. Besides, there is a standard deviation of around 6 that may
NZ0 Nz.2.5 NZ5 NZ.7.5 NZ-12.5 be concluded as the continuous spherical morphology of grains but some

Elipsometer 4.92 12.14 10.91 6.51 7.81 coarsening occurred by N penetration to crystal structure. N has a
MSE smaller atomic radius than others and can standstill as the interstitial
Elipsometer 2341+ 235.1 £ 2352+ 235.5 & 235.8 £ among Zn-O atoms and their octahedral and tetrahedral coordination
I:;f)kness 0.348 0.332 0.362 0.362 0.374 occupancy. From Fig. 3, EDX elemental analysis (at 8 kV) of surface
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Fig. 8. The X-ray diffraction spectra of thin films with different thickness.

Table 5
X-ray diffraction data results table of samples produced on glass.
Angle Height d(A) Assignment FWHM D
(deg.) (deg.) (nm)
NZnO_1 33.89 2589 2.64 (002) 0.28 30.11
71.77 26 1.31 (004) 0.71 13.82
NZnO_2 33.96 5808 2.64 (002) 0.22 37.79
71.88 53 1.31 (004) 0.65 15.11
NZnO_3 33.91 8369 2.64 (002) 0.23 35.67
71.77 90 1.31 (004) 0.55 17.84
NZnO_4 33.96 15013 2.64 (002) 0.20 41.56
71.73 156 1.31 (004) 0.56 17.52

topography, N doping efficiency was found to be 106% of actual device
adjustment for 2.5% N doping which has a tendency of decreasing down
to 61% of 12.5% N doping by device adjustment. In the beginning, Zn:O
ratio was very close for pure coating as 54:46, but then by increasing N
ratio, Zn:O ratio has been similar with the stoichiometry which was
about 47:45 at the 12.5% N. This phenomenon can also be attributed to
the collision of N with Zn and O elements to form a 1:1 atomic ratio of
ZnO phase. N can also scatter especially O atom to form a possible for-
mula of NO or NOy which goes to vacuum and alters the sputter of 1:1
ZnO coating on the surface.

In Table 3, N doping efficiency can be also concluded in this stage.
This means that the adhesion performance of N increases up to 5% then
drastically decreases down to 61%. This process may be due to the
increasing coating thickness, so N cannot stick on the surface of ZnO
even into the crystal structure by decreasing nanoparticle area that in-
creases from 32 nm to 41 nm by increasing N content.

3.1.3. FTIR analysis

Fig. 4 represents the FTIR analysis for thin films of ZnO produced by
different N amounts between 460 and 1800 cm ™. As seen in spectrums,
all materials are seen as similar with some differentiations. Especially
the peaks at ~1380 and ~1502 ecm ™! attributed to Zn-N bonds which
appeared with increased N doping. The peak at 1502 cm™' first

Optical Materials 122 (2021) 111685

increased and then decreased after a certain amount of N, but in fact,
that peak overlaps with Zn-O bonds. After 5% N doping, Zn-O bonding
was disappeared and Zn-N peak remained instead. Since N is a very
small atom and the interaction and distance for atomic bondings are
very short, then N-O, Zn-N, and Zn-N-O stretching are seen as very
broad and weak peaks as in literature [44,45].

The peak was identified at ~512.06 cm™* due to vibrational modes
of Zn-0O bond. In addition to that, the peak observed at ~570.54 cm™!
was the corresponding Zn-O bond (A1(LO)) stretching vibrational mode
[45,46]. The observed peaks in ~741 to ~614 cm ! indicate the
stretching vibrations of ZnO [47].

3.1.4. Optical properties

To determine the optical properties of films, the films were grown on
glass substrates. The transmittance graphs of samples were given in
Fig. 5 (a). As the spectra were overviewed for films, by increasing N
doping, the transmittance values around 500 nm were first decreased
then increased, than decreased back to around zero.

Tauc formula [48] was used for calculating the energy band gap of
produced films:

(ahv)* = (hveE,). (2)

Here, a; absorption coefficient, hv; photon energy, Eg; band gap and A4; is
a constant. The linear transaction of this plot for (ahv)? = 0 is the energy
gap value, the energy value of this point gives the semiconductor band
gap.

The inset plot in Fig. 5 (b) shows zoomed area around 3.2 eV and the
band gap values were decreased with increasing N doping into ZnO
films. Depending on the change at Fermi level and carrier concentration,
the conduction band was approached and low energy transitions were
blocked and the energy gap changes. This phenomenon is known as the
Burstein-Moss effect [49,50] by doping.

With ellipsometry technique, we can investigate the film thickness,
refractive index, extinction coefficient, crystal quality, compositional
variations, depth, and microstructural features. In this study, the film
thickness and refractive index were found using ellipsometry technique
which is based on the measurements of complex Fresnel reflection co-
efficient (p) ratios. Complex reflection ratio ¥ and A can be described as
follows [51,52]:

p :Q = tan Ve 3
Here, tan(y) is the amplitude ratio on the reflection coefficient and A
is the phase shift. In this study, by spectroscopic ellipsometry, all sam-
ples were measured as a function of wavelength. After measurements,
the data were analyzed for determining the refractive index and film
thickness. For the calculation of the measurements, Cauchy model was
used [51]. For the fit from the model, the values at a spectral range that
material wavelength was used for Cauchy layer A, B, C coefficients and
estimated thickness were entered. Cauchy model can be described as
follows [51,53]:
A B

In Fig. 6 (a), the changes of y and 6 (b) of A according to wavelength
are shown theoretically and experimentally. Although the fit was made
for all samples, only two samples were plotted to avoid graphical
complexity.

Fig. 7 shows the variation of the refractive index according to the
wavelength. It is noteworthy that the refractive index values of ZnO
films decrease with the introduction of nitrogen into the structure. It is
thought that the decrease in the packing density of the grains in
nitrogen-doped ZnO films may cause a decrease in the refractive index
values. In addition, the MSE and thickness values obtained as a result of
the fit are shown in Table 4.
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Fig. 9. SEM images of N-dopped ZnO films (a) 250 nm, (b) 350 nm, (c) 450 nm, (d) 550 nm.

3.2. The thickness dependence of films

3.2.1. X-ray diffraction

In Fig. 8, the XRD analyses of ZnO-coated samples on glass with 5% N
doping were evaluated. As seen clearly from Fig. 8, (002) preferred
orientation was found in ZnO-coated samples. There are some small
peaks that were attributed to (004) orientation but these peaks are
relatively short hat may be due to the single crystal orientation depen-
dence of ZnO blocks to be seeded and grown.

As tabulated in Table 5, the height of (002) peaks is more than (004)
peaks that make them single-crystal favorable, those peaks can form
even due to the faster growth possibility and seeds that buckled or bent
to any side while growing. On the other side, the FWHM of (002) peaks
are much smaller than (004) peaks that also mean that the crystallite
size is very small. The crystallite size seems to be produced from a few

crystal layers as low as about 100 crystals that can’t agglomerate and
aims to produce (002) later during the coating period.

3.2.2. SEM analysis of coating structures

Fig. 9 shows the comprehensive evaluation of SEM images by 250 nm
(a), 350 nm (b), 450 nm (c) and 550 nm (d), respectively.

The superscripts of letters are seen as the transactional coating
thickness measurements and morphology, as well. Fig. 9(a) shows 250
nm thickness in lateral growth of seeds of ZnO film. The rare seeds of
ZnO can be seen but the lateral growth is evident on glass substrate very
sharply. The thickness was measured about 240 nm + 22 nm which is
convenient with the thickness calibration of ZnO doped with a 5% N
flow rate for the device. By increased thickness up to 350 nm (see Fig. 9
(b)), the growth of ZnO has also increased up to 410 nm + 19 nm which
is close to thickness adjustment but scattered more due to N doping. N
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Fig. 10. Relative surface roughness values.

doping in ZnO films may also increase the thickness due to following
reasons, such as;

i) The sudden pore formation on ZnO lateral seed growth due to growth
rate,

ii) Ninterferes with Zn and O ions and scatters the O ions more due to its
low atomic mass, so the NOy precipitates to surface and then Zn
deposits on them, even after NOy/No, evaporates and remaining Zn is
oxidized to some extent by expanding the structure as ZnO again.
Besides, N doping should be considered in the center as B sites of
hexagonal ZnO to expand the longitudinal axis that may increase the
planar distance between c layers.

In Fig. 9(c), SEM images of surface morphology for 450 nm were
given as well as thickness measurement. The thickness was measured as
520 nm + 17 nm which is a bit higher than the adjusted thickness due to

enough ZnO growth rate and regular deposition rate was achieved. With
presence of N doping, N atoms along with Zn and O sputter together onto
the substrate by decreased grain size. The pores were filled by increasing
time and deposition thickness by stabilizing the N doping in ZnO crystal
structure. For the coating in Fig. 9(d), the thickness was measured as
630 nm + 26 nm with a high level of fluctuations due to abnormal and
agglomerated growth of ZnO crystals by increased seed dimensions. By
the deposition increased to a certain thickness, which is responsible for
the main substrate formation, the seeds are thereafter separated onto the
surface randomly which in turn may deteriorate the surface roughness
and morphology after a while.

As seen by red arrows in Fig. 9(d) and (d’), the random distribution
of seeds’ deposition affects the surface by forming agglomerated and
abnormal growth of the crystals; some of them are more than 100 nm.
With the aid of N transfer, the ZnO deposition is carried out further up to
660 nm in some regions by producing more than 100 nm of particles in
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Fig. 11. a) The transmittance spectra of films for different thickness, b) Variation of (aE)?with photon energy of films as a function of film thickness.

the submicron range.

The SEM post-process was done for determining the relative surface
roughness values of coated surfaces on the basis of coating thickness
increase. Relative surface roughness is a term to correlate with image
histogram to evaluate under detector to scatter more or less light than
nearby pixels. Then, one can evaluate the results according to the pre-
vious one as seen in Fig. 9 by drawing a correspondence line or rectangle
to take the average difference in the area. It is given in histogram %
divergence for an electron if scattered from one place more or less to
produce images. As seen in Fig. 10, the relative surface roughness values
based on the relative histogram differences among the area of interest
decrease by increasing coating thickness which is in good agreement
with increased seed size and grown crystals. As the grown and abnormal
seeds increase, the roughness increases to an extent but only the histo-
gram scatter changes which can be attributed to observed bigger grain
clusters to produce small hills. At this point, the best surface quality is
obtained at 250 nm but with a high standard deviation due to the growth
of ZnO seeds at different rates. This can also be attributed to the finer
crystals cannot scatter the light but different orientations can produce
different histogram scatters to observe the surface to be rougher. Whilst
the surface roughness is increasing, the standard deviation on the sur-
face hills and valleys decreased up to 450 nm and remained constant as
550 nm coating thickness. This can be said that, up to 450 nm thickness,
all seeds are grown to some extent and after that, there is only a
roughness increment and fluctuation on the surface is seen that makes
the surface more scattering.

3.2.3. Optical properties

The graph of optical transmittance values of thin films obtained in
different thicknesses by RF sputtering method versus wavelength is
shown in Fig. 11 (a). It has been observed that the transmittance values
of these four different thickness films are quite high, around 95% in the
visible region (400-700 nm).

The variation of (aE)*for the films obtained at different thicknesses
with respect to energy, as seen in Fig. 11 (b). The estimated band gaps of
the films were found with the help of the points where the tangents
drawn in the figure cut the x-axis. It was observed that the band gaps
decreased from 3.25 eV to 3.20 eV as the thickness increased from 250
nm to 550 nm. Therefore, it can be said that the energy band gap is
strongly dependent on the thickness. The red shift of the energy band
gap with the increase in thickness can be expressed by the difference in
grain size.
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4. Conclusions

In summary, undoped and nitrogen-doped ZnO thin films were
grown on silicon and glass substrates with controlling the nitrogen flow
rate between 0% —12.5%. XRD analysis confirmed that the nitrogen-
doped ZnO films exhibit the hexagonal crystal structure. Trans-
mittance spectra were obtained by spectrophotometer measurements
and the effect of nitrogen ratio was investigated. The band gap values
were changed by changing N doping. The refractive index values of ZnO
films decrease with introducing nitrogen into the structure. SEM images
revealed that the grain size of the films decreased with increasing N
doping. N-O, Zn-N, and Zn-N-O stretching were observed in FTIR
analysis. 5% nitrogen-doped ZnO films were deposited on the glass
substrate by RF magnetron sputtering method at room temperature with
different thicknesses. The increase of the film thickness increases the
grain size. It was observed that the band gaps decreased from 3.25 eV to
3.20 eV as the thickness increased.
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