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Effect of Zn doping on the structural and
optical properties of NiO thin films deposited
by spray pyrolysis technique
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We have prepared undoped and Zn-doped NiO thin films (2 wt. %, 4 wt. % and 6 wt.
%) by spray pyrolysis technique, deposited on heated glass substrates (450°C). Nickel
chloride hexahydrate and zinc acetate dihydrate have been used as starting precursors. The
effect of zinc doping on the structural and optical properties of NiO thin films has been
determined using X-ray diffraction and UV-visible spectroscopy, respectively. Structural
analysis by X-ray diffraction confirmed that our samples are polycrystalline with cubic
structure (FCC). The variations of the microstructural parameters such as the crystallite
size, lattice constant and dislocation density in the films as a function of Zn doping
concentration were investigated. The crystallite size increases gradually with an increase
in the Zn doping degree. The values of the optical transmission and the optical band gap
of the films decrease with an increase in the doping degree. The values of optical
transmission of the films can reach from 45 % to 65 % in the visible range. The values
of optical gap are varied between 3.62 eV and 3.69 eV.

Keywords: NiO, zinc doping, spray pyrolysis, XRD, optical band gap.

Buiaue aerysamus Zn Ha CTPYKTYpHi Ta ontuuni BaactuBoctri tomkux maisox NiO,
OCa/KeHUX METOJ0M PO3NMWIIOBAJNBHOrO mipoaisdy. A.Ferdi, AHafdallah, B.Harkati, L.Herissi

Hocnigmeno memerosani Ta jerosami muHkom Touki miuixkm NiO (2 mac.%, 4 mac.% i
6 mac.%), oTpuMaHi MeTOJOM POSMUJIIOBAJLHOIO IMiposisy, HaHeceHi Ha HarpiTi criaani
niggaaggu (450°C). Texcarigpar xJjopugy Hikesdo i gurigpar aierary LUHKY BUKOPUCTAHO
B AKOCTi BUXIZHUX HpeKypcopiB. Boaus jJeryBaHHS IIMHKOM Ha CTPYKTYPHL i omTuuni Biac-
TuBocTi ToHKUX miaiBoxk NiO BusHauemo sa pmomomoroi penTtreHiBebkol gudpaxiii ta YO
Buaumol cuekrpockonii Bigmosizuo. CTpyKTypHUil ananis merogom gudpakiii peHTreHiBCh-
KUX IPOMEHIB HiATBEPAUB, IO HAIII 3pasKU € MOJiKPUCTANIYHMMHU 3 KyOiuHOI CTPYKTYpOIO
(THK). Hocaimxeno sMiny MIiKpoCTpYKTYpHUX IapaMmeTpiB, Takux sIK poaMmip Kpucrasniris,
mocTifiHa PpeIliTKY Ta IiJbHICTh AUCIOKAIIN y IJIiBKax, B 3aJlesKHOCTI Big KoHIleHTparrii
JeryBaHHA ITUHKOM. PosMip kpucramniTiB mocTymoBo 36inbiryernea 31 36iMbITeHHAM CTYIEHIO
JeryBauHuA ZN. 3HAYEHHS ONTUYHOI'O IPOMYCKAHHS Ta OINTUYHOL IIUPUHU 3a60POHEHOI 30HU
IJIiBOK BMEHINTYIOTHCA 31 30iMBIIEHHAM CTYIeHIO JieTyBaHHSA. ONTHYHe IPONYCKAHHA ILJIiBOK
MOJKe gocAraTu sHauveHb Bim 45 % mo 65 % y Bumumomy pmiamasoHi. SHAUEHHS ONTUYHOL
mriineEM BapiwioTbesa Big 3,62 eB go 3,69 eB.
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WccnegoBans: HeJIeTMPOBaHHBIe U JierMpoBaHHBIe UIWHKOM ToHKue mieHku NiO
(2 mace.%, 4 macc.% m 6 macc.%), HONyUeHHBIE METOAOM PACIBLINTENLHOTO MUPOJIN3A,
HaHeCeHHBIE Ha Harperble cTeKJsHHBIE HOoANOKKU (450°C). Iexcarugpar xjmopuga HUKeIA U
IUTHpAT alleTaTa ITUHKA HCIOJb30BAHBI B KauecTBe NCXOAHBIX NIPEKypcopoB. Biuawnue ie-
TUPOBaHUSA LIWHKOM HA CTPYKTYPHBbIE U OnTHUYecKUe cBolicTBa ToHKuX mieHok NiO ompenese-
HO C IIOMOIILIO PEHTTEeHOBCKOIN Audparnuy u ¥ P-BUANMOI CIEKTPOCKOINN COOTBETCTBEHHO.
CTpyKTYpHBIH aHaau3d MeToZOoM AMMPAKINY PEHTIeHOBCKUX JydYel NOATBEPAUJ, UTO HAIIN
00pasIbl ABIAIOTCA IOJIUKPUCTALINYeCKUMEU ¢ Kybuueckorii crpykrypoii (I'IIK). Mccnenosa-
HO N3MeHeHIe MUKPOCTPYKTYPHBIX IapaMeTpPOB, TAKUX KaK pasMep KPUCTaJINTOB, [IOCTOSIH-
Had pPeNIeTKN U IJIOTHOCTL AWCIOKAITNII B IIJIEHKAX, B B38BHCHUMOCTH OT KOHIIEHTDPAIUU
JIETUPOBAHUA ITMHKOM. PasMep KPHCTANJINTOB IIOCTEIIEHHO YBEJINUYNBAETCA C yBeJINUYEHUEM
cTemeHy JiernpoBaHus ZN. SHAUEHUS ONTUYECKOIO NPONYCKAHUS U OINTUYECKOIN IIMPUHBL
3alpelleHH Ol 30HLI IIJIEHOK YMEHBINAIOTCA C YBEJINUeHUEM CTeleHU JernpoBanHuda. OuTudec-
Koe TIPOIlyCKaHte IJEeHOK MOKeT JOCTUTaTh 3HaueHuil oT 45 % mo 65 % B BuauMom puama-

soHe. 3HAUEHMS ONTHYECKON IMeaM Bapbpupyiores ot 3,62 sB mo 3,69 »B.

1. Introduction

Transparent conductive oxide (TCO) thin
films are widely used in solar cells, light-
emitting diodes, sensing and flat panel dis-
play devices [1]. Most of these TCOs are
n-type semiconductors. However, thin films
of p-type semiconductors are relatively rare
but required in many applications. In 1997
Kawazoe et al. reported first p-type TCO in
a highly transparent thin film of (CuAlO,),
which opened up a new field in transparent
electronics applications [2—-4]. Among them,
nickel oxide (NiO) is one of the most ex-
haustively investigated p-type TCOs due to
its low cost, non-toxicity, and high optical
transparency. It is characterized by a wide
band gap varying between 3.6 eV and
4.0 eV [5]. Generally, the variation of their
physical properties is related to the change
of deposition parameters such as precursor
type, elaboration method, doping concentra-
tion, defects [6].

Stoichiometric NiO has a NaCl-like FCC
structure [7]. However, Ni cation vacancies
in NiO non-stoichiometric crystallites pro-
vide a wide variety in physical properties
depending on the deposition process parame-
ters and resulting defect structures. The
presence of Ni2* vacancy and/or interstitial
oxygen creates NiS* ions in the NiO crystal-
line lattice following the reaction:
Ni2* — Ni3* + e [7, 8].

Several experimental studies have been
made to improve the physical properties of
NiO thin films by doping with various
chemical elements such as: Li [9], Co [10],
Zn [11], etc. Zn is a promising transition
metal element used for doping NiO due to
its ionic radius which is close to that of Ni
and it forms highly crystalline oxide mate-
rials [12].
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Up to date, several methods have been
used to prepare NiO thin films such as sput-
tering [13], pulsed laser deposition [14],
evaporation [15], chemical bath deposition
[16] and also spray pyrolysis [17, 18]. The
latter is a simple and economical method for
obtaining uniform NiO coatings over a large
area due to the absence of a vacuum system
and ease of setup. Moreover, it allows us to
tune a lot of deposition parameters which
plays a significant role in determining vari-
ous properties of metal oxide thin films [4].
Due to these economically and experimen-
tally favorable conditions, spray pyrolysis
technique has been employed to prepare NiO
thin films.

In this work, we have focused firstly on
the deposition kinetic of Zn doped NiO thin
films by spray pyrolysis technique and con-
firmation of the FCC structure. Second, the
effect of Zn doping on structural and opti-
cal properties of resulting NiO thin films
has been investigated. The obtained results
provide valuable information about struc-
tural and optical properties of NiO, which is
a very helpful issue for better under-
standing and perfection of the material
quality for the electronic application.

2. Experimental

Zinc-doped mnickel oxide thin films have
been deposited onto heated glass substrates
by spray pyrolysis (SP) technique. Before
deposition, the substrates were first cleaned
by acetone for eliminating any greasy track,
then with methanol and at last abundantly
rinsed with distilled water. Finally, they
were dried. The substrate temperature dur-
ing the deposition was fixed at 450°C. This
temperature has been shown to be efficient
to achieve NiO films [19]. Nickel chloride
hexahydrate (NiCl,-6H,0) and zinc acetate

Functional materials, 28, 4, 2021
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Table 1. Optimized deposition parameters for the preparation of Zn-doped NiO thin films

Parameters Values
Precursor Nickel chloride hexahydrate
Dopant Zinc acetate dihydrate
Solvent Distilled water
Precursor concentration 0.1 M
Dopant concentration 0,2, 4, 6 wt.%
Substrate temperature 450°C
Deposition time 5 min
Substrate-Nozzle distance 20 ecm

(111) (220)
’ (200) i

wﬂwug l (3; 1 )6% Zn
|
H
W”h \ - 4% Zn
— I l " o
MM‘HIM‘I' “ 2% Zn

) h " \ 0% Zn

80 QO

,a.u.

10 20 30 40 50 60 70
20, deg

Fig. 1. XRD patterns of Zn-doped NiO thin
films deposited by spray pyrolysis.

dihydrate (Zn(C,H30,),-2H,0) were used as
precursor sources for NiO and Zn dopants
respectively. 0.1 M of nickel chloride was
dissolved in distilled water and Zn doping
was achieved by addition of zinc acetate to
the precursor solution. The doping weight
concentrations (2, 4 and 6 wt.% Zn) have
been measured by the weight percentile
method using the molarity equation [20].
The resulting solution was stirred at room
temperature for 20 min to yield a clear and
homogeneous solution of green color. The
deposition conditions for elaborated Zn
doped NiO are listed in Table 1.

Spraying the solution on the surface of a
heated substrate at a sufficient temperature
makes it possible to decompose dissolved
products in the solution (pyrolytic decompo-
sition) and to activate the chemical reac-
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tions that can form a thin NiO film after
the evaporation of excess elements. The re-
action process can be expressed as the fol-
lowing:

NiCl, - 6H,0 + H,0 3¢ (1)
NiO + 2HCIT + 6H,0T

The film thickness has been estimated by
Swanepoel’s envelope method [21, 22]. The
XRD patterns were measured by an X-ray
diffractometer (Bruker-AXS, D8 advange)
with CuKo radiation (Agyke = 1.5418 A).
Transmittance spectra of the deposited films
were measured in the range of 300-1100 nm
using a SHUMADZU 1601 PC UV-visible
spectrophotometer. All these measurements
were performed at room temperature.

3. Results and discussion

3.1. Crystalline structure and orientations

The X-ray diffraction spectra of NiO thin
films deposited on 450°C heated glass sub-
strates and obtained at different zinc dop-
ing concentrations are shown in Fig. 1. The
crystalline state of the thin films (crystal-
line or amorphous) can be determined from
the XRD spectra. The XRD patterns show
that our samples are polyerystalline. In-
deed, the presence of various diffraction
peaks [(111), (200), (220) and (311)] indi-
cates that NiO films are polycrystalline with
a cubic type crystal structure (FCC) as com-
pared with the standard spectrum: JCPDS
NiO card (JCPDS, N°04-0835). It can be
mentioned that no diffraction peaks indicat-
ing the presence of other secondary phases
were revealed in the XRD spectrum. As a
rule, the positions of the peaks in the dif-
fraction spectra of zinc-doped NiO films are
slightly shifted towards a lower 20 deg as
compared to the wundoped NiO film
(Table 2). This shift results from the distor-
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Table 2. Comparison of 26 values of X-ray
diffraction peaks (our samples) as a func-
tion of Zn doping concentration

Sample |20 (111)[26 (200)[2 6 (220)|26 (311)
NiO:Zn 37.385 | 43.412 | 63.027 | 75.571
(0 wt.%)

NiO:Zn 37.390 | 43.876 | 62.992 | 75.513
(2 wt.%)

NiO:Zn 37.369 | 43.861 | 62.970 | 75.491
(4 wt.%)

NiO:Zn 37.377 | 43.840 | 62.974 | 75.472
(6 wt.%)

JCPDS 37.812 | 48.334 | 62.974 | 75.516
NiO

database

tion in the crystal lattice due to the intro-
duction of the dopant Zn into the crystal
lattice (ionic radii R (Zn*2) = 74 pm and R
(Ni*2) = 69 pm) [23]). Moreover, the slight
shift of peaks in the XRD spectra of pure
NiO sample compared to the standard peaks
position of JCPDS NiO can be attributed to
the effect of the stress during the growth of
our film.

3.2. Microstructural parameters

The lattice parameter a can be evaluated
from the standard relation [24]:

d = a (2)
VhZ + B2 + 127

Interplanar spacing d is calculated from
Bragg’s formula (2dsin 0 = n)) and (kkl) are
the Miller indices of the planes.

The calculated values of the lattice pa-
rameter (a) and the unit cell volume (V) for
each sample are given in Table 3. The crys-
talline structure of NiO is FCC and, there-
fore, the unit cell volume is calculated
using the relation: V = a3. The difference in

Table 3. Lattice constant and unit cell vol-
ume of NiO thin films as a function of Zn
doping concentration ((JCPDS NiO data-
base: a = 4.1769 A).

Sample |a (111), | a (220), |V (111), |V (220),
A A A3 A3

Pure | 4.1629 | 4.1681 |72.1419|72.4126
NiO

(0 wt.%)

NiO:Zn | 4.1628 | 4.1702 |72.1107 | 72.5221

(2 wt.%)

NiO:Zn | 4.1646 | 4.1715 | 72.2303 | 72.5899

(4 wt.%)

NiO:Zn | 4.1637 | 4.1712 | 72.1885 | 72.5743

(6 wt.%)

the lattice parameter between undoped and
Zn-doped NiO thin films is probably due to
the substitution of the Ni*2 ions by Zn*2
doping ions of larger ionic radius as has
been previously stated [23, 25]. This leads
to a distortion of the lattice.

The crystallite size values (D) of the
samples were estimated from Debye-Scher-
rer formula [26, 27] and their variations
with different concentration of zinc doping
are shown in Table 4.

0.91

— 3
~ PBeosd’ ©

where B is the full width at half maximum
(FWHM) of the diffraction peak in radian,
A is the X-ray wavelength (Ac, ko) and 0 is
the Bragg diffraction angle of the peak (in
degrees).

The average crystallite size values (D,,)
of NiO thin films (Fig. 2) were calculated
from the peaks (111) and (220). We note
that the crystallite size increases gradually
with increasing of the doping rate (slight

Table 4. Values of full width at half maximum (FWHM) and crystallite size (D) for (111) and
(220) planes of NiO thin films

Sample | (111) peak | (111) peak | FWHM D |(220) peak|(220) peak| FWHM | D (220)
Position (°)| Intensity |[(111) peak| (111) | Position | Intensity [(220) peak| (nm)
(20) (a.u.) (°) (nm) | (°) (20) (a.u.) (°)

NiO:Zn 37.385 299.306 0.5258 | 16.66 | 63.027 | 251.897 | 0.6683 14.57
(0 wt.%)

NiO:Zn 37.390 195.311 0.5003 | 17.51 | 62.992 172.107 | 0.5907 16.48
(2 wt.%)

NiO:Zn 37.369 209.824 0.4716 | 18.58 | 62.970 | 192.983 | 0.5702 17.07
(4 wt.%)

NiO:Zn 37.377 228.144 0.4723 | 18.55 | 62.974 | 206.597 | 0.5749 16.93
(6 wt.%)
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Fig. 2. Variations of the average crystallite
size of pure NiO and Zn-doped NiO thin films
at different concentrations of Zn.

increase). The same result has been obtained
by other authors [25].

The thickness of the films varied from
332 nm to 354 nm depending on the doping
concentration. The number of crystallites
per unit area (N) and the dislocation density
(0) [28, 29] in the films have been deter-
mined by the following relations, and their
values are given in Table 5.

__t 4)
N=Dz,

_ 1 (5)
0= ng.

Here t is the film thickness and D, is
the average crystallite size.

3.3. Optical properties

The dependence of the optical transmis-
sion on the wavelength (1) in the spectral
range of 300-1100 nm for NiO and Zn-
doped NiO films prepared at different Zn
doping rates is shown in Fig. 3. The general
appearance of the transmission spectra is
identical. All of these spectra are composed
of two regions:

— A region of high absorption corre-
sponds to the fundamental absorption
(A < 400 nm). This absorption is due to the
interband electronic transition (between the
valence band and the conduction band). The
size of the optical gap is determined by the
change in transmission in this region.

— A second region of high transparency
is located between 400 and 1100 nm. It can
be seen that the transmission is decreased
with an increase in the dopant concentra-
tion. Indeed, the dopant atoms (Zn) intro-

Functional materials, 28, 4, 2021
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Fig. 3. Transmission spectra of Zn-doped NiO
thin films.

Table 5.The number of crystallites per unit
area and the dislocation density in NiO:Zn
thin films

Sample Number of Dislocation
crystallites density (8):
per unit area [101! lines/cm?
(N): 1012 em™2
Pure NiO 9.201 4.103
NiO:Zn (2 wt.%) 6.769 3.464
NiO:Zn (4 wt.%) 6.255 3.149
NiO:Zn (6 wt.%) 6.197 3.177

duced into the crystal lattice of NiO films
take the substitutional sites
(R(Zn2%)= R(Ni2"). The decrease in the
transmittance with an increase in the con-
centration of dopant Zn atoms is explained
by increasing disorder in thin films (Fig. 4).
The transmittance of pure NiO thin film is
nearly 65 % and it decreases to 45 % at
6 % Zn in the visible region. This behavior
was observed by other authors [11, 30].

34. Study of the disorder (Urbach energy)

The Urbach relation was used to deter-
mine the state of disorder in our samples
from the change in the absorption coeffi-
cient. The absorption coefficient (o) is re-
lated with the Urbach energy (E,) by the
expression [31]:

o = ogexp(hv/ E,) (6)

where 0 is a constant.

The value of E,, which characterizes the
disorder, can be obtained from the depend-
ence Ino as a function of Av and its
straight-line slope. Fig. 4 shows the vari-
ation of disorder in NiO thin films as a

function of Zn concentration. From this fig-
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Fig. 4. Variation of the Urbach energy in NiO
films as a function of Zn concentration.

ure it can be seen that the degree of disor-
der increases with increasing zinc dopant.
This can be attributed to a decrease in the
crystalline order in our films with increas-
ing the value of incorporated foreign atoms
(Zn) in the NiO lattice (creation of defects).

3.5. Optical band gap

The NiO material has a direct band gap;
in this case, the absorption coefficient (o)
as a function of the optical band gap (E,) is
expressed by the Tauc relation [8, 32]:

ohv = A(hv — E)'/2. (M

Here A is a constant; E, is the optical
energy gap expressed in eV; hv is the pho-
ton energy.

We can determine the value of the opti-
cal energy gap (E,) by the extrapolation of
the straight-line portion of the spectrum
(0hv)2 = f(hv) to the zero value of the energy
axis. The variations of the optical energy gap
values for our films are shown in Fig. 5. The
optical band gap of NiO:Zn films slightly
decreases from 3.69 eV to 3.62 eV with in-
creasing Zn concentration. This can be ex-
plained by a higher mobility of free elec-
trons due to the effect of the dopant atoms
(Zn?*), since the mobility of charge carriers
in ZnO is greater than that in NiO [33—-36].
The slight difference in the variation of the
gap is explained by the fact that the doping
element (Zn) has two valence electrons
(Zn?*) like Ni; and their atomic radii are
R(Zn?*) = R(Ni2*). The same results on the
decrease in E, was reported by R.Sharma et
al. [11] for Zn-doped NiO thin films depos-
ited by spray pyrolysis, or by other tech-
niques [25, 30].

In Fig. 6 we have reported a comparison
between the variation of the band gap en-
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Fig. 5. Variation of the optical band gap en-
ergy of NiO thin films as a function of Zn
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Fig. 6. Variation of the optical band gap en-
ergy and Urbach energy as a function of Zn
dopant concentration.

ergy (Ep) and that of the Urbach energy
(E,) as a function of Zn concentration. A
decrease in E, with increasing E, is due to
an increased Zn doping (substitutional
atoms) in the crystal lattice of NiO films
which leads to the decrease in E, values as
has been explained previously.

4. Conclusions

Thus we studied the influence of Zn dop-
ing degree (2 wt.%, 4 wt.% and 6 wt.%)
on the evolution of structural and optical
properties of NiO thin films synthesized by
spray pyrolysis. These films (undoped and
Zn-doped NiO) were deposited on heated
glass substrates (450°C) with a concentra-
tion of 0.1 mol/l. With regard to the struc-
tural properties of the films, the XRD re-
sults confirmed that our samples are poly-
crystalline with FCC structure. The
difference in the lattice constant between
undoped and Zn-doped NiO thin films is
probably due to the substitution of the NiZ*
ions by Zn?* doping ions with a larger ionic

Functional materials, 28, 4, 2021
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radius. The average crystallite size in-
creases gradually with increasing Zn concen-
tration. From the study of optical proper-
ties, the transmission decreases with in-
creasing Zn concentration due to an increase
in the dopant concentration (distortion in
the crystal lattice). This behavior is ex-
plained by increasing the disorder in the
thin films. The optical band gap of our
films slightly decreases with increasing
dopant concentration. This can be explained
by the higher mobility of free electrons due
to the effect of the dopant atoms (Zn2*)
since the mobility of charge carriers in ZnO
is greater than that in NiO. The values of
E, of the films vary between 3.62 eV and
3.69 eV.
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