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In this study, we used thermal evaporation to deposit thin films of zinc oxide (ZnO). The films were then
subjected to annealing at various temperatures ranging from 350 °C to 500 °C, with a fixed annealing time
of 2.5 hours. The film thickness was kept constant at 300 nm. The morphological, optical properties and
structural changes of the ZnO films were investigated using scanning electron microscopy (SEM), X-ray
diffraction (XRD) and visible-ultraviolet spectroscopy (VIS-UV) techniques. The XRD pattern also confirmed
that the ZnO films exhibited a hexagonal wurtzite crystal structure. The full width at half maximum
(FWHM) values of the diffraction peaks decreased as the annealing temperature increased, indicating better
crystallinity of the thin films at higher temperatures. SEM images show that the grain size of thin films
tends to increase as the annealing temperature increases. The contact angles of the samples were signifi-
cantly increased and the surface wettability of the layers changed from hydrophilic to hydrophobic after
annealing temperature. The VIS-UV data showed that the ZnO films were transparent in the visible region.
The optical transmittance slightly increased with increasing annealing temperature. The optical gap (Eg) of
the films decreased as the annealing temperature increased. The calculated Urbach energy values indicated
that the defects in the ZnO films decreased with annealing temperatures. Finally, the correlation between
the structural, morphological, wettability and optical features of the samples was determined. The optical
band gap was observed to correlate proportionally with crystallite size and inversely with Urbach energy as

a function of annealing temperature.
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1. INTRODUCTION

Zinc oxide (ZnO) thin film is one of the most im-
portant n-type semiconductors with hexagonal wurtzite
structure [1-3]. It is an important optoelectronic device
material among II-IV semiconductors. Several proper-
ties including wide band gap and huge exciton binding
energy make ZnO useful for photovoltaic cell prepara-
tion [4-5]. During the past few years, ZnO has attracted
the interest of many researchers due to its high chemical
stability, high electron mobility, good transparency and
high luminous transmittance [6]. ZnO has some ad-
vantages over other oxide materials (such as In20s3, TiO2
and Sn0O32) such as low cost, non-toxicity and better elec-
trical as well as optical performance. These advantages
make it a promising material for applications in gas
sensing, anti reflecting coating and solar cells [7]. Par-
ticularly, research on enhanced efficiency solar cells is
in great demand recently. Properties of ZnO can be al-
tered favorably by doping with foreign materials as well
as by changing annealing condition. Various methods
are available for depositing ZnO thin films, including
spray pyrolysis, sol-gel, sputtering, chemical vapor dep-
osition, pulsed laser deposition, and thermal evapora-
tion. Among these methods, thermal evaporation is pre-
ferred due to its ability to deposit multiple films, envi-
ronmental friendliness, non-pollutant nature, precise
thermal temperature control, and good deposition rate
and ease of use [8]. Zinc oxide thin films are grown on
variety of substrates like glass [1-2], aluminum [9], sili-
con and quartz. A preferred option is fabricating ZnO
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thin films on glass due to their low cost and easy availa-
bility. In addition, the preparation of ZnO on glass sub-
strates makes it possible to combine excellent optical
properties, electrical and morphologic [1], making these
devices more compatible with photovoltaic systems. The
performance of a photovoltaic device, such as a thin film
solar cell, can be significantly influenced by the defects
present in the substrate and the n- or p-type semicon-
ductor films. The surface condition and adhesion of the
layers play crucial roles in improving the efficiency of
thin film solar cells. Guermat et al. [2] deposited Ni
and/or Co doped ZnO thin films on ordinary glass sub-
strates by spray pyrolysis. The morphological character-
ization shows good homogeneity, a smooth surface with
good adhesion. The same observation was obtained by
the work of Darenfad et al. [1] for films of pure ZnO, Mg
doped, co-doped Mg/Mn and Mg/Mn/F de-posited on or-
dinary glass substrates prepared by spray pyrolysis.
Guermat et al. [10] used ordinary glass substrates to
fabricate homogeneous un-doped and Zn-doped SnO:
thin films. The work of Daranfed et al. [11], who inves-
tigated the effect of deposition time on Co304 films pe-
pared on ordinary glass substrates, also observed the
same behavior. Heat treatment is an important tech-
nique used to improve the surface condition of thin films
in photovoltaic devices. It achieves a more homogeneous
and smoother surface, reduces surface defects, improves
adhesion between layers and promotes the removal of
impurities, thus helping to improve the efficiency and
overall performance of the photovoltaic device.

In this paper, the thermal evaporation deposition
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technique was used to fabricate thin layers of ZnO on a
glass substrate. The effect of annealing temperature has
been studied to understand how it influences the struc-
tural, morphological and optical properties of ZnO films.
This provides information on the relationship between
heat treatment and the properties of ZnO thin films.

2. EXPERIMENTAL DETAILS

Thin films of zinc oxide (ZnO) were grown on glass sub-
strates under specific conditions. The substrates were first
cleaned ultrasonically using acetone and distilled water to
remove any impurities. The cleaned substrates were then
placed in a vacuum chamber. To prepare the ZnO thin
films, thermal evaporation was employed. High-purity
ZnO powder (99.995 %) was placed on a tungsten crucible,
which was then heated by Joule effect. The vacuum cham-
ber was initially pumped to achieve a base vapor pressure
of approximately 10 —* mbar. The deposition process re-
sulted in ZnO thin films on the glass substrates. These
films were subsequently annealed for duration of 2.5 hours.
The annealing process was performed at different temper-
atures within the range of 350 — 500 °C. The film thickness
for all samples was maintained at a constant value of
300 nm.

To determine the structural properties of the ZnO
thin films, X-ray diffraction (XRD) analysis was con-
ducted using a Philips X' Pert system. Cu Ka radiation
with a wavelength of ACuKa = 1.5418 A was employed
for the XRD measurements. The morphology of the films
was analyzed using scanning electron microscopy
(SEM). This technique allows for visual examination of
the film's surface. The contact angle (CA) measurements
were conducted at ambient temperature using an optical
system consisting of a lamp that provided white light for
illumination. The light source used in this system was a
LEYBOLD type light source, operating at 6 Vand 30 W.
The optical system also included a projection lens, which
allowed for the enlargement of the image of the drop de-
posited on the sample. The enlarged image of the drop
was projected onto a translucent screen with dimensions
of 30 cm by 30 cm. To ensure consistent measurements
and avoid the effects of water evaporation, the contact
angle measurements were taken 5 seconds after depos-
iting a 5 pl drop of water onto the prepared films. This
delay allowed sufficient time for the drop to stabilize be-
fore capturing the image and measuring the contact an-
gle. The optical transmission properties of the ZnO thin
films in the UV-visible range (300 — 800 nm) were meas-
ured using a Shimadzu UV-3101 PC spectrophotometer.
This analysis provides information about the film's abil-
ity to transmit light across different wavelengths.

3. RESULTS AND DISCUSSION
3.1 X-Ray Diffraction Study

In the XRD analysis of the ZnO thin films deposited
by thermal evaporation and annealed at different tem-
peratures, shown in Fig. 1, the diffraction peaks corre-
sponding to various crystallographic planes were ob-
served. The peaks at 31.7°, 34.6°, 36.2°, 47.5°, 56.7°,
63.2°, 66.4°, 68.0°, 69.1°, 72.3°, and 76.9° were indexed
to the (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004), and (202) planes of ZnO, respectively. All
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these diffraction peaks can be attributed to the wurtzite
structure, which is the hexagonal phase of ZnO [1-2].
The intensity of the peaks corresponding to (100), (002),
and (101) gradually increases with increasing annealing
temperature, indicating a more ordered and crystalline
structure. This phenomenon is commonly observed in
films prepared by spray [1] or sputtering methods [12].
The growth mechanisms involved in these methods re-
sult in the condensation of zinc and oxygen species on
the substrate. As the annealing temperature increases,
the surface reactions and species mobility are enhanced,
allowing the incoming species to occupy more favorable
sites on the substrate.
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Fig. 1 — XRD pattern of ZnO thin film annealed at different
temperature.

The crystallite size (D) of zinc oxide nanocrystals for the
(002) orientation can be calculated using the Scherrer for-
mula. The Scherrer formula is expressed as [13-14]:

094
pcosé (1)

Where, 1 is the X-ray wavelength (0.15406 nm for Cu K«
radiation), £ 1is the full width at half maximum (FWHM)
of the peak corresponding to the (002) orientation and f1is
the Bragg angle corresponding to the (002).

Table 1 - XRD parameters of annealed ZnO thin films for
(002) plane

Sample D, (nm) FWHM
Annealed at 400 °C 32 0.2652
Annealed at 450 °C 35 0.1404
Annealed at 500 °C 37 0.1023
Annealed at 550 °C 39 0.0468

In Table 1, the variation of particle crystallite size and
Full Width at Half Maximum (FWHM) with an-nealing
temperature is presented. The results demon-strate that
as the annealing temperature increases, the FWHM of all
peaks narrows slightly, indicating an in-crease in the
crystallite size of ZnO films from 32 nm to 39 nm. This
enlargement in crystallite size indicates that higher an-
nealing temperatures facilitate the growth of larger crys-
tal grains and enhance the overall crystallinity of the
films [15]. Additionally, the significant de-crease in
FWHM with increasing annealing temperature signifies
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an improvement in the crystallinity of the films. This im-
plies that the films become more structurally perfect, with
a reduced number of defects, which has a positive impact
on their optical properties [15].

3.2 Morphological Study
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Fig. 2 — Surface morphology of ZnO thin films at (a) 400 °C and
(b) 500 °C

Fig. 2 illustrates scanning electron microscopy (SEM)
images of ZnO thin films that were deposited on a glass
substrate at various annealing temperatures. The SEM im-
ages provide visual evidence that the grain size of the thin
films tends to increase as the annealing temperature rises.
This observation aligns with the findings from X-ray dif-
fraction (XRD) analysis, where an increase in annealing
temperature resulted in larger crystallite sizes. The SEM
studies confirm the XRD results and support the notion
that the crystallite size of the ZnO thin films increases with
higher annealing temperatures.

3.3 Wettability Study

Fig. 3 shows the variations in contact angles of water
droplets as a function of the annealing temperature of
the films. The results indicate that the contact angle
gradually increases with annealing temperatures. At
350 °C, the contact angle is 65°, at 400 °C it is 73°, at
450 °C it 1s 103°, and at 500 °C it is 98°. Based on the
experimentally measured contact angles, the films an-
nealed at 350 °C and 400 °C exhibit a hydrophilic nature
[13], as their contact angles are less than 90°. In con-
trast, the films treated at 450 °C and 500 °C demon-
strate a hydrophobic behavior [9], with contact angles
greater than 90°.
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Fig. 3 — Water contact angles of our samples at: (a) 350 °C, (b)
400 °C, (c) 450 °C and (d) 500 °C

This hydrophobic characteris-tic is significant in the
context of solar cells. The varia-tion in contact angles
with annealing temperature is likely influenced by sev-
eral factors, including the size and radius of available
pores, their distribution [16-17], the density of the layers
[14], the deposition technique, the roughness [9] and the
size of the crystallites [14]. The findings suggest that the
annealing temperature of 400 °C represents a critical
point in the transition from a hydrophilic to a hydropho-
bic surface morphology for the films. These conclusions
align with the measured crystallite sizes and the images
obtained through scanning electron microscopy (SEM).

3.4 Optical Study

Knowledge of the optical properties of materials is in-
deed crucial for the design and analysis of optoelec-tronic
devices. The information provided in Fig. 4 indi-cates that
the optical transmission of ZnO thin films is influenced by
the annealing temperature. The trans-mission spectra in
the visible wavelength range (300 — 800 nm) demonstrate
a clear trend: as the annealing temperature increases at
500 °C, the transmission value also increase. For in-
stance, the transmission values in the visible region are
reported as 76.29 %, 75.76 %, 75 %, and 79.42 % for an-
nealing temperatures of 350 °C, 400 °C, 450 °C, and
500 °C, respectively. This suggests that up to 500 °C,
higher annealing temperatures enhance the transmission
of the thin films. Several researchers have previously re-
ported that the increase in transmittance after annealing
is closely associated with an improvement in crystallinity
[18, 19]. Enhanced crystallinity leads to a reduction in op-
tical scattering and defects within the films, consequently
resulting in increased transmittance [19]. The same be-
havior was observed by Humayan Kabir et al. [18] and
Chaitra et al. [20]. In addition, many researchers have re-
ported that the films exhibited an average transparency
of over 78% in the visible region, which indicates good
structural homogeneity and crystallinity. This level of
transparency is advantageous for optical device applica-
tions [18, 21].
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Fig. 4 — Optical transmission T (%) of ZnO thin films as a func-
tion of photon wavelength at different annealing temperature

We determined the optical gap (Eg) of the ZnO thin
films by analyzing the dependence of the absorption coef-
ficient values (@) on the photon energy. We employed
Tauc's relation [22] to calculate the optical gap. Tauc's re-
lation is a commonly used empirical formula that relates
the absorption coefficient (@) to the photon energy (hv) for
direct bandgap materials. It can be expressed as:

(ahv) = B(hv— Eg) @)

In this equation, B is a parameter related to the
transition probability, Eg represents the optical band
gap energy of the material, Av denotes the photon en-
ergy, and n is an index that characterizes the optical
absorption process. The value of n is theoretically equal
to 2 and 1/2 for direct allowed and indirect allowed
transitions, respectively.

To determine the optical gap, the authors plotted
(ahv)? as a function of the photon energy (hv). By exam-
ining this plot, they identified the linear portion of the
curve that intercepts the x-axis (Fig. 5). The energy
value at this intercept corresponds to the optical gap of
the ZnO thin films. The optical gap of the films was eval-
uated using the Tauc's plot of (ahv)? versus hv, as shown
in Fig. 6 of the study. By extrapolating the linear portion
of the plot to the x-axis, the authors obtained the optical
gap value of the ZnO thin films.
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Fig. 5 — Optical band gap of annealed ZnO thin films with pho-
ton energy

We notice that the optical gap of the ZnO thin films
decreases as the annealing temperature increases. This
decrease in the optical gap can be attributed to several
factors. Firstly, the annealing process can lead to the re-
moval of defect levels within the films. Defects in the
material can introduce energy levels within the band
structure, affecting its optical properties. Additionally,
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the dominant behavior of tensile strain during anneal-
ing can contribute to the decrease in the optical gap. Liu
et al. [23] reported that the direct optical band gap
shifted to the lower energy as a consequence of the an-
nealing temperature increasing in air.
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Fig. 6 — Variation of the optical gap & Urbach energy in ZnO
thin films vs. the annealing temperature

The heat treatment process during annealing can help
eliminate stacking faults and promote the alignment of
individual crystallites, resulting in defect-free grain
boundaries. Furthermore, the increase in crystalline size
of the ZnO thin films after annealing, as indicated by the
X-ray diffraction (XRD) data in Table 1, can also be asso-
ciated with the decrease in the optical gap. As the crystal-
line size increases, the confinement effects on the elec-
tronic states diminish, leading to a decrease in the energy
gap. It is worth noting that other authors have also re-
ported similar findings, where the annealing process im-
proves the crystallinity, increases the average grain size,
reduces defect concentration, and consequently decreases
the strain in the films, leading to a decrease in the optical
band gap energy [18, 24].

The Urbach tail is an important parameter used to as-
sess the level of crystallinity, structural defects, or the de-
gree of disorder present in film materials [1]. It is com-
monly employed to characterize localized states within
the optical bandgap of materials. The width of the Urbach
tail, also known as the Urbach energy, influences optical
transmission and the structure of the optical bandgap. It
is related to the distribution of localized states within the
bandgap. This Urbach tail manifests as an exponential
decay of transmission in poorly crystalline, poorly crystal-
line, disordered, or amorphous materials, because these
materials exhibit localized states that extend into the
bandgap [25]. The Urbach energy (Eo) of ZnO thin films
can be determined using the following relation, as stated
in references:

a=a, exph—v 3
EO

In this equation, a represents the absorption coeffi-
cient, hv denotes the photon energy (hv
(eV) = 12400/ A(nm)), ao is a constant, and Eo represents
the Urbach energy.

To calculate the Urbach energy, we plot the natural log-
arithm of the absorption coefficient (In(a)) as a function of
the photon energy (Av). The slope of this linear plot is re-
lated to the Urbach energy (Eo). By analyzing the slope of
the In a versus hv plot (Fig. 7), we can determine the value
of the Urbach energy for the ZnO thin films.
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Fig. 7 — Urbach energy diagram of annealed ZnO thin films
with photon energy.

It is clear that in Fig. 8 demonstrates a decrease in
the Urbach energy or the width of the Urbach tail with
increasing annealing temperature. This decrease indi-
cates a reduction in structural disorder within the film
as the annealing temperature is raised. Consequently,
the improved crystallinity and structural order of the
film are reflected in the diminishing Urbach energy.
Furthermore, the calculated value confirms that the film
exhibits the lowest value of structural disorder when an-
nealed at 500 °C. This finding suggests that an anneal-
ing temperature of 500 °C is optimal for promot-ing max-
imum crystallinity and minimizing the degree of disor-
der in the film.

4. CONCLUSION

The ZnO thin films were deposited through thermal
evaporation, followed by an annealing treatment in air.
The effects of thermal annealing on the structural, mor-
phological and optical properties were investigated us-
ing X-ray diffraction (XRD), scanning electron micros-
copy (SEM), contact angle and spectrophotometry.
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Kopensauia misk crpykTypHuMH, MOPQOIOriYHUMH Ta ONTUIHHUMHU XapPaKTEePUCTUKAMU TOHKUX
mwiiBok ZnO, oTpuMaHuX TePMiYHUM BUMNAPOBYBAHHIAM
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1 Thin Films and Interfaces Laboratory (LCMI), University of Constantine 1, 25000 Constantine, Algeria
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VY upomy mociipreHH] BUKOPUCTOBYBAJIM TEPMIYHE BUIIAPOBYBAHHS JIJISI OCA?KEHHS] TOHKHUX ILJIIBOK OK-
cuny mHKY (Zn0O). [ToTiM maiBKM mgmaBau Bigmasay mpu pisHux Temimepartypax Big 350 °C mo 500 °C 3
dikcoBanum vacom Bimmasy 2,5 romwuu. ToBruHa IiBKH OyJia mocTiiiHoo Ha piBHI 300 HM. Mopdostoriumi,
ONITHUYHI BJIACTUBOCTI Ta CTPYKTYPHI 3MIHHU ILTIBOK ZnO JOCTIIKyBaIN 3a JOIIOMOI0I0 METO/IIB CKAHYIOUO] eJIe-
krpoHHOI Mikpockormii (SEM), perrrenisebkoi mudpaxiiii (XRD) Tta criexkTpockorrii y BuamuMomy yiabTpadiosie-
toBomy miamasoni (VIS-UV). Kapruuna XRD migrsepauiia, mo mwiiBku Zn0O MaoTh FreKCaroHAJIbHY KPUCTAJII-
YHY CTPYKTYPY BIOPIIUTY. SGHAUEHHS OBHOI IMMPUHHA HA mosioBuHI Makcumymy (FWHM) mudparmiinux mikis
3MEHIIYBAJIUCS 31 30LIIBITIEHHAM TEeMIIePaTyPH BIAIAITY, 110 BKA3ye HA KPAILy KPUCTAIYHICTS TOHKUX IIJTIBOK
mpy BHUIIUX TeMieparypax. 3oopaxenus SEM mokasyiors, 110 po3Mip 3epHA TOHKUX ILTIBOK MA€ TEH/IEHIII0
110 301IbIIeHHs 31 30LIbLIEHHAM TeMueparypu Binmany. Kytu konTakTy 3paskiB Oyiu 3HAYHO 301IbIIEH], a
3MOUYYBAHICTH IIOBEPXHI 1IApiB 3MiHMIIACA 3 TIpodiibHOI Ha rigpododry. Samne:xuocri VIS-UV mokasamnu, 1o
wrisku ZnO Oysu npodopumu y BuauMiit obsacti. KoedirieHT orrruaHOro mpormyckasHs gemo 3pocrae 3i 36i-
JIBIIEHHSM TeMIeparypu Bignay. Onruaswmii 3a3op (Eg) miriBok 3MeHIyBaBces 31 301/IbIIEHHAM TEMIIePATYPH
Bigmasny. PospaxoBani sHaueHHs eHeprii Ypbaxa moxasaiu, 1mpo aedexTd B iBkax ZnO 3MeHIIyI0ThCS 3 Te-
MIepaTypow Bigmasay. Haperrri, 6ys10 BU3HAYEHO KOPEJIAIII0 MK CTPYKTYPHUMH, MOPQOJIOTIUHUMHE, 3MOYY-
BAHUMU Ta ONTUYHUMH BJIACTUBOCTAME 3paskiB. Crocrepirasocs, 1o onTudYHa 3a00pOHEHA 30HA KOPEJIoe
TIPOIIOPIIIHO 3 PO3MIPOM KPHCTAJITY Ta 00epHEHO 3 eHeprieio Ypbaxa AK (pyHKIIIEn TeMIIepaTypy BiAmay.

Koouogsi ciosa: Tonxki triskn, ZnO, Tepmiuue sunmapysaunsa, XRD, SEM, Konrakrauit KyT.
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