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1 wt. % Co-doped ZnO (CZO) thin films of varying thicknesses (3, 5 and 7 layers, which correspond to
403, 545 and 725 nm as thickness) are deposited using the sol-gel method onto glass substrates by dip coat-
ing technique. Zinc acetate dehydrate, cobalt acetate, 2-methoxyethanol and ethanolamine are used as
primary materials, solvent and stabilizer, respectively. The thermally annealed films are characterized to
study the structural, surface morphology, electrical and optical properties. X-ray diffraction (XRD) shows
that these films have a polycrystalline hexagonal structure (wurtzite structure with space group P63mc),
possessing compressive stress and presenting a preferred orientation along the (002) plane. We note that
the particle size increases when the thickness increases. The surface morphology of the prepared CZO thin
films is investigated by atomic force microscopy (AFM). It reveals the emergence of a uniform columnar
structure and shows that the particle size and the root mean square (RMS) of CZO increase with increas-
ing thickness. UV-visible spectroscopy shows (in the visible region) a transmittance between 75 and 86 %
for all the films, strong absorption (in the UV region) and a decrease in the optical band gap. Moreover, the
near band edge (NBE) and visible emissions detected by photoluminescence are affected by the thickness.
The electrical conductivity of the sample with 725 nm is found to be 4.43 (Q-cm)-1.
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1. INTRODUCTION

Recently, zinc oxide (ZnO) has been widely exploited
in solar cells, light-emitting electrode tubes, UV detec-
tors, lasers, surface acoustic wave devices, transparent
bright conduction electrodes, spintronic devices, nano-
biosensors designs, optoelectronic and gas sensors [1-4].
It has a wide range of applications, which has increased
people's interest in its optical and electrical properties.
ZnO is a direct band gap semiconductor (Eg= 3.37 eV).
It has a high exciton binding energy (60 meV) at room
temperature [5]. There are many preparation methods
for ZnO thin films, such as pulsed laser deposition [6],
colloidal [7], chemical vapor deposition (CVD) [8], co-
precipitation method [9], RF magnetron sputtering
[10], sol-gel [11], spray pyrolysis [12], etc.

The properties of ZnO thin films prepared depend on
the process parameters used in processing. Although
there are several reports regarding the effect of different
parameters of elaboration methods, however, the influ-
ence of the thickness on the characteristics of ZnO films
has not been widely reported. Myoung et al. [6] reported
that the structural, electrical and optical properties of
ZnO films grown by pulsed laser deposition on sapphire
(0001) substrates are thickness dependent. Reddy et al.
[10] studied the effect of film thickness on the structur-
al, morphological and optical properties of ZnO films
prepared by RF magnetron sputtering. Kumar et al. [11]
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presented the effect of thickness variation on the struc-
tural, morphological and optical properties of ZnO films
deposited on glass substrates by the sol-gel spin coating
technique. For application in optoelectronic devices, the
optimum film thickness is normally chosen to obtain the
best device performance. With this in mind, it is very
important to study the effect of film thickness on the
properties of ZnO films. Therefore, Co-doped ZnO thin
films of different thicknesses were prepared by the sol-
gel method on glass substrates via the dip-coating tech-
nique. The impact of the thickness on the structural,
morphological, optical and electrical properties of ZnO
films has been studied.

2. EXPERIMENTAL DETAILS

0.7 g of zinc acetate dihydrate (Zn(AC)2) was dis-
solved in 30 ml of 2-methoxyethanol at room tempera-
ture. When the solution turned milky, 0.6 ml of mono-
ethanolamine (MEA) was added drop by drop in the
above solution. After stirring at 60 °C for 1 h, we ob-
tained a clear, transparent and homogeneous solution.
The presence of OH in 2-methoxyethanol contributes to
the conversion of salt to a hydroxide by thermal decom-
position. Co doping solution was prepared by dissolving
X (g) in 30 ml of the pure solution to get a rate mass
doping of 1 wt. %. After stirring at 60 °C for 15 min, the
solution became homogeneous. The doping solution was
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then deposited by dip coating technique on cleaned
glass substrate using the dipping speed controller at
10 mm/h. The preheated temperature of the thin films
is taken at 350 °C for 15 min.

Meanwhile, the evaporation of the solvent occurred,
while the heat treatment was carried out at 500 °C for
2 h in order to promote the thermal decomposition of
zinc hydroxide and the crystallization of ZnO.

The crystalline structure was analyzed with X-ray
diffraction (XRD), the data presented in this work were
obtained using a PANalytical X’Pert Pro Philips dif-
fractometer (with Cu-Ka radiation source; wavelength
2=1.5406 A, and a Ni filter at 40 kV and 20 mA in the
260 range (10-80°). The morphology was identified by
using Atomic Force Microscopy (AFM) through a nano-
observer atomic force microscope developed by CS In-
struments. The UV-visible spectra of ZnO thin films
were characterized by an UV-Vis Shimadzu double-
beam spectrophotometer in the energy region of 2-6 eV,
(UV-3101 PC) in the wavelength range 300-900 nm.
The PL spectra measurements were carried out using a
380 nm lamp excitation from a Perkin-Elmer LS 50B
luminescence spectrophotometer. The film thickness was
measured using surface-profilometry.

3. RESULTS AND DISCUSSION
3.1 Structural Properties

Fig. 1 shows the relationship between the CZO film
thickness and the number of coatings. It can clearly be
seen that the film thickness depends quasi-linearly on
the number of coatings. Such dependence represents a
typical characteristic of the sol-gel dip-coating method,
and the average film per coating cycle is estimated to
be approximately 115 nm.
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Fig. 1 — Thickness of Co-doped ZnO films as a function of the
number of coatings. The dashed line represents linear fit to
the experimental data

To investigate the thickness effect on the crystalline
quality of the CZO films, XRD analysis was performed.
Fig. 2 displays the XRD spectra of all the CZO thin
films deposited on the glass substrate at various thick-
nesses recorded in the 26 diffraction range 10-80°. It can
be seen that three diffraction peaks were recorded for 20
diffraction angles of 31.7, 34.4 and 36.2° corresponding
to the (100), (002) and (101) peaks respectively.

All diffraction peaks ((100), (002) and (101)) were
indexed with the hexagonal wurtzite crystal structure
of ZnO (JCPDS card no. 36-1451) [3], and it is seen that
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in all the films the peak, associated with the (002)
plane, is predominant regardless of the film thickness.
As previously reported in the literature, the c axis pref-
erential orientation may be associated with the mini-
mization of the surface energy and internal stress, as
well as the highest atomic density found along the (002)
plane [5].
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Fig. 2 — XRD spectra of Co-doped ZnO thin films with differ-
ent thicknesses after the thermal treatment at 500 °C for 1 h

As the film thickness increases, the (002) peak be-
comes intense and sharper, indicating an improvement
in the crystal quality of the films. Despite the existence
of very weak additional peaks associated with the (100)
and (101) planes of the hexagonal phase in CZO films
with a thickness exceeding 403 nm, the increase in the
film thickness mainly affected the intensity of the pre-
ferred orientation (002) in thin films.

An increase in intensity can be a direct consequence
of an increase in film thickness. This result is in good
agreement with that already found by the authors of
references [2].

The crystallite size D (nm) of CZO films was deter-
mined using the Scherrer formula [11]:

kA
Lcost’

(€

where % is a constant known as the shape factor value
equal to 0.9, A is the wavelength of the Cu-Kai line
(1=10.15406 nm), f is the full width at half maximum
(FWHM) of the diffraction peak measured in radians,
and 26 is the Bragg diffraction angle. The calculated
values of D are listed in Table 1. The average sizes of
ZnO crystallites are found to be 14.8, 20.7 and 22.9 nm
for 403, 545 and 725 nm CZO thin films respectively.
Thicker films exhibit larger crystallite size.

We noticed that all samples have nanometric crys-
tallite sizes. This result is in good agreement with lit-
erature data [13, 14].

The lattice constants for the ZnO hexagonal struc-
ture have been calculated using Bragg's law:

2d,,,sin6,,, =nAi, (2)

where drri is the inter-planar spacing, 6 is the Bragg
diffraction angle, n is the diffraction order (n = 1), and
A is the Cu-Ka radiation wavelength.

Also, we can find that the dr of the hexagonal lat-
tice can be written as [13]:
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where h, k and [ represent the Miller indices of the
planes, a and c are the lattice parameters.

For the (002) peak, the lattice constant ¢ was calcu-
lated with ¢ = 2dooz. The values of the lattice constant ¢
were found to be 5.2254, 5.2041 and 5.2080 A for 403,
545, 725 nm, respectively. Then the lattice parameter a

can be calculated for (100) peak with a=2d/+3. Tt is
noted that the lattice parameter a increases from 3.2205
to 3.2564 nm with increasing thickness. The variations
of the lattice parameters are shown in Table 1.

The dislocation density § is defined as the length of
dislocation lines per unit volume (lines/nm?2). The dislo-
cation density 6 of ZnO films is calculated by the follow-
ing equation [13]:

1

52?’

4

The residual in-plane stress o (GPa) of the films
was calculated using the following relations [11]:

C C Cfilm
o =2C, _M% , (5)
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3.2 Morphological Properties

It is noteworthy to investigate the effect of CZO
films with different thickness on the surface morpholo-
gy, which may affect the properties of the devices. AFM
images of 10 x 10 um2 scan areas on the films were
taken in non-contact mode.

Two and three-dimensional AFM images of the sur-
face morphology are displayed in Fig. 3 for 403, 545
and 725 nm of CZO thin films, respectively.

All CZO films show homogenous grain distribution
characterized by columnar growth perpendicular to the
substrate. This observation is in agreement with the
XRD results (c-axis orientation). Furthermore, the
films exhibit different surface topographies, which
seems to be dependent on the film thickness. The root
mean square roughness (RMS) and R, were deduced
from these images and their values are shown in Ta-
ble 2. Based on the data analysis, the RMS values vary
between 5.36 and 32.44 nm when the film thickness
varies between 403 and 725 nm, indicating that the
films are very smooth.

This observation of increasing RMS is mainly at-
tributed to the columnar growth related to the c-axis
texture/growth with thickness.

a— 403 (nm)

where Cj are the elastic constants of ZnO, taking the
following values: Ci1=209.7 GPa, Ci2=121.1 GPa,
C13=105.1 GPa, Cs33=210.9 GPa. Ando the lattice pa-
rameter of JCPDS card is Co = 5.1876 A. The data from
XRD analysis including 26 angle, hkl plane, d-spacing,
FWHM, lattice parameters values, c/a ratio and crys-
tallite size are shown in Table 1.

Table 1 — Values of the calculated parameters and lattice
stresses of CZO thin films with different thicknesses grown on
glass substrates

d =403
Sample (nm) d =545 (nm) d =725 (nm)

26 (°) 34,281 | 31.762 | 34.425 | 36.269 | 31.703 | 84.400 | 36.254

FWMH (°) | 0.561 | 0.514 | 0.385 | 0.440 | 0.277 | 0.376 | 0.469 ]

(hkD) (002) | (100) | (002) | (101) | (100) | ©02) | (101

dnit (A) 2.61268 [2.81509|2.60206]2.474872.82011(2.60399| 2.47586

Dinoy (nm) 14.8 20.7 29.9

a(d) — 3.2505 3.2564

c(A) 5.2254 5.2041 5.2080

cla - 1.60 1.60

5104

: .| 45.65 23.33 19.07 . . o . .

(lines/nm?) Fig. 3 — AFM micrographs of CZO thin films with different

€2z —0.00730 —0.00318 —0.00393 thicknesses: (a) 403 nm, (b) 545 nm, (c) 725 nm

Cglfilm) 202.804 206.156 205.541

o (GPa) 1.6 1.4 1.7 Table 2 — AFM results with parameters for the CZO thin films

As shown in Table 1, the FWHM decreases from Samples RMS Average

0.561 to 0.376°. Consequently, the average size of the thicknesses roughness, roughness,
crystallite increases from 14.8 to 22.9 nm when the film (nm) (nm) R, (nm)
thickness varies from 403 to 725 nm. This observation 403 5.36 3.43
suggests that crystallite sizes increase in the same man- 545 13.46 9.97
ner as crystallinity, indicating that the structural prop- 795 39.44 93.43

erties of CZO films improve with rising film thickness.
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3.3 Optical Properties

The fundamental optical properties of the investigat-
ed CZO films were studied by spectral transmittance.
The optical measurements of transmittance for CZO
samples of different film thicknesses are shown in Fig. 4.
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Fig. 4 — Optical transmittance spectra of zinc oxide thin films
of different thicknesses (the inset corresponds to optical ab-
sorption of CZO thin films) on glass substrate after annealing
at 500 °C

The measurements have been taken in the wave-
length range 300-900 nm. We note the presence of a
region of high transparency between 380 and 900 nm
with a maximum transmittance (about 86%) for the
film with 407 nm thickness. The film of 729 nm is rela-
tively less transparent with transmission of about 81 %
at 900 nm. A similar behavior was observed by Necib et
al. for Al-doped ZnO prepared by sol-gel [4]. This de-
crease in transmittance with film thickness may be
attributed to the thickness effect along with morpholog-
ical changes and higher reflection loss due to roughness
induced surface scattering in the films [9]. On the other
hand, the region of strong absorption (the near-UV)
corresponds to the fundamental absorption
(A< 380 nm) in CZO films.

All CZO films exhibit a sharp absorption edge in the
UV range due to the direct transition of electrons be-
tween the valence band and the conduction band. As
seen from the inset of Fig. 4, the absorption edge of the
samples shifts towards longer wavelengths with increas-
ing thickness, indicating that an increase in the film
thickness leads to a decrease in the optical band gap.

Based on the transmittance spectra in Fig. 4, the
optical band gap E; was obtained by extrapolating the
linear portion of the (ahv)? versus (hv) plot to a=0
(Fig. 5) according to the following equation [10]:

ah=p(h-E,)" (8)
where « is the absorption coefficient of the films; it was
calculated from the transmittance using the equation
a=(—1/d) InT, where T is the transmittance and d is
the film thickness; f#is the constant, hvis the energy of
photons, vis the photon frequency, n has different val-
ues depending on the optical absorption process (ZnO is
one of the most important multifunctional n-type direct
band gap semiconductors, so it was found that for ZnO
n = 1/2 is the best fit), Eg is the optical band gap.

The band gap values obtained from CZO films are
summarized in Table 3. These values are close to the
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values of the optical gap of CZO reported by Benrama-
che et al. [12].

The Urbach tail is the exponential region in the ab-
sorption spectrum, which is a function of the absorption
coefficient and photon energy. It reveals shifts between
the tails of the conduction and valence bands. We have
used the Urbach energy (Table 3), which is related to the
disorder in the film network, expressed as follows [12]:

a =a, exp [;J . )

The Urbach energy of the CZO thin films have been
estimated from the slopes of In(«) versus photon energy
(hv) plots (see Fig. 6). The inverted slope of In(a) versus
photon energy (hv) plot determines the values of the
Urbach energy (see Table 3).

Table 3 — Values of the optical gap and Urbach energy of CZO
thin films of different thicknesses

Thicknesses (nm)| Eg(eV) |Urbach energy (meV)
403 3.53 351
545 3.41 346
725 3.20 337
— 403 nm
0,6 4| —— 545 nm
725 nm

(ahn)’ cm?eV?)

Eg (403 nm) =3.53 eV
Eg (545 nm) =3.41eV

Eg (725 nm) = 3.20 eV
0,2

T
3,0 3!
Energy (eV)

Fig. 5 — Variation of (ahv)? as a function of energy for Co-
doped ZnO samples of different thicknesses
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Fig. 6 — Variations of the energy gap and Urbach energy (the
inset) at different thicknesses

The values of Urbach energy (E.) are calculated by
taking the reciprocal of the slope of the linear part in
the lower photon energy region of these curves. The
estimated Urbach energy of CZO films is found to de-
crease from 351 to 337 meV with increasing film thick-
ness (Table 3). The variation in Urbach energy in de-
posited films may be due to the decrease in the grain
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boundaries. We note that E; and E. decrease when the
film thickness increases.

3.4 Photoluminescence (PL) Analysis

The room temperature luminescence spectra of our
thin films were recorded in the 440-540 nm range un-
der Xenon lamp excitation (exc = 380 nm). Fig. 7 shows
the photoluminescence (PL) spectra of CZO thin films.
It seems quite obvious that the intensity of the spectra
changes with a very significant rate with increasing
thickness (408, 523 and 729 nm). The PL spectra have
four peaks originating around 446 nm (2.78eV),
467 nm (2.65eV), 478 nm (2.59eV) and 515nm
(2.40 eV) [5, 13], which correspond to the violet-blue,
blue, blue-green and green emission (515 nm) respec-
tively. It is clear from the figure, those overall intensi-
ties of all the peaks increase with increasing thickness
(408, 523 and 729 nm).

The blue emission peak at 467 nm is attributed to
the transition of electrons from the donor level of singly
ionized oxygen vacancies to the valence band [13]. We
found that the emission intensity of our samples in-
creases as the thickness increases.

725 nm
545 nm
— 403 nm

446 nm A gxc=380 nm

467 nm

515 nm

478 nm

e e A e

T T

T T
440 460 480 500 520 540
Wavelength (nm)

PL Intensity (a.u)

Fig. 7 — PL spectra of CZO films with different thicknesses

3.5 Electrical Properties

Fig. 8 shows the variation of the electrical conduc-
tivity of different thickness for CZO thin films. It is
noted that the conductivity of the samples has in-
creased from 2.57 (Q cm)-?! to 4.43 (Q cm)-! with in-
creasing thickness from 403 to 725 nm. The obtained
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results reveal that the conductivity of the samples is
dependent on crystallinity, as shown by the XRD re-
sults and an increase in the grain size.
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Fig. 8 — Variation of the electrical resistivity as a function of
the film thickness for ZnO:Co thin films

4. CONCLUSIONS

The properties of CZO thin films with different
thickness prepared by sol-gel dip-coating technique
were investigated. XRD analysis confirmed that the
ZnO thin films have a hexagonal (wurtzite) structure
with a preferential orientation (002) along the c-axis
perpendicular to the substrate. The crystallites forming
all our layers have nanometric sizes and increase with
increasing film thickness. The AFM images indicate
that the RMS and Rq of CZO thin films increase with
increasing film thickness, these results are in good
agreement with XRD analysis. The optical transmit-
tance of all the films is between 75 and 86 % in the
visible range. The optical band gap and Urbach energy
values of CZO thin films increase with film thickness.
Room temperature PL measurements display NBE
emissions, followed by defect-related emission peaks in
the visible range.
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Bnius roBmuEY niiBkn Ha BaacTuBocTi ToHKUX miaiBok Co-Zn0O,
OTPUMAaHUX 30JIb-Te€JIb ME€TOI0M
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Tonxi miisku ZnO, seroani 1 mac. % Co (CZO) pisuoi ToBrmuwn (3, 5 1 7 mapis, 110 BiAIOBIIAI0OTH TOB-
el 403, 545 1 725 HM) HAHOCATHCS 30JIb-TeJIb METOJIOM HA CKJISAHI IMJKJIaIKA TeXHIKOK HAHECEHHS IIOK-
purTiB 3aHypeHHsM. Jlerinpat amerary IMHKY, areTaT Ko0aJIbTy, 2-MeTOKCHETAHO 1 eTAHOIaMIH BHKODUC-
TOBYIOTBCSI BIANOBIAHO SIK IIEPBUHHI MaTepiayid, pO3YMHHUK 1 crabimidarop. TepmiuHo BifmaseHl ITIBKHA
0XapaKTePU30BAHO JJIs BUBUEHHS CTPYKTYPHU, MOP(OJIOTII II0BEPXHI, €JIEKTPUYHUX TA ONTHUYHUX BJIACTHUBOC-
reit. Jludpaxitis perrreriecerux mpomeris (XRD) mokaaye, 1110 11l IUTIBKHA MAIOTh ITOJIKPUCTAIIHY T€KCaTro-
HAJIBHY CTPYKTYPY (CTPYKTypa BIOPIIUTY 3 IIPOCTOPOBOIO Ipymoio P63mc), BoIOAiIOTH HAIPYTOo CTHCKY Ta
MAaTh IepeBakHy opieHTaro B30k iomman (002). Bingsuaunmo, 1m0 mpu 30L/IBIITEHH] TOBIIWUHA PO3MIP
YACTHHOK 3MeHIyeTbess. Mopdostorito moBepxHi oTpuMaHnX TOHKHX IIiBoK CZO mOC/IiIKyOTh 3a JOIIOMO-
O aTOMHO-CHJI0BOI Mikpockomii (AFM). Bora BusiBJIsie IOSABY OJHOPITHOI CTOBIIYACTOI CTPYKTYPH Ta IIOKA-
3ye, 110 PO3MIp YACTUHOK 1 cCepeIHbOKBaapaTuyHa IopcTkicTb CZO 30LIBIMYIOThHCA 31 30L/IBIIEHHAM TOBIIIH-
uu. YO-BUIMMAa CIIEKTPOCKOITIA moKasye (y BUOUMIN 00J1aCTl) IPOoITyCcKaHHA Bif 75 1m0 86 % [JIs BCIX ILTIBOK,
cutbHe ToryimHaHHA (B Y®-00s1acTi) 1 3MeHIIeHHs OIITUYHOI 3a00poHeHo01 30Hu. KpiM Toro, TOBIIUHA BILIN-
Bae Ha OmmskHiM kpait cmyru (NBE) 1 BuauMe BUIIpOMIHIOBAHHS, II0 BUABJIAETHCA (DOTOTIOMIHECIICHITIEIO.
EnexTpornpoBigHicTs 3paska 3 JOBKHUHO XBUJIL 725 HM craHOBUTH 4,43 (OM-cm) — 1.

Kmnrouosi cnosa: Touki mwriskn ZnO, nerosaui Co; IToxpurra sanyperuam; Tosmmaa, OoTosmrOMIHECIICHITISA,
XRD, EnexTpompoBiaHicTs.
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