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The Co and Cu co-doped thin ZnO films are successfully deposited on glass
substrate by spray pneumatic method. In this work, it is obtained a semi-
conductor as Co and Cu co-doped thin ZnO films with good optical and
electrical properties. XRD patterns of the Co and Cu co-doped thin ZnO
films indicate that the obtained thin films are hexagonal ZnO (wurtzite,
JCPDS 36-1451). Structural, optical, and electrical properties of thin
films are studied as functions of atomic percentage (Co/Cu) co-doping thin
ZnO films. It is fixed the doping level of atomic percentage of 2% Cu and
various Co-doping atomic percentage (1.5%, 2%, 3%, 5%, 7%) in order
to find out the influence of Co/Cu co-doping on thin ZnO film properties.

Touki maisku ZnO, nerosani Co i Cu, Oyau ycHilllHO HaHeCeHi Ha CKJIAHY
OigKJIaIUHKY THeBMATUUYHUM METOAOM PO3MOPOINeHHsA. ¥ AaHiii poboTi oxe-
PoKaHoO HAMiBOPOBIAHUK y BUIMIALL TOHKHX MIIiBok ZnO, merosanux Co i Cu,
3 XOPOIIUMHU ONTUUYHUMU ¥ eJIEKTPUUYHUMHU BJIACTUBOCTAMU. PeHTTeHOTpaMu
TOHKUX ILTiBOK ZnO, smerosanmx Co i Cu, BKa3yioTb Ha Te, IO OJepPrKaHi
TOHKi mriBKu € rekcaroHajdbHuM ZnO (Broprut, JCPDS 36-1451). CTpyKTy-
pPHi, onTuuHi # eJeKTPUYHI BJIACTUBOCTI TOHKUX ILJIIBOK BUBUEHO AK (DYHK-
1mii aromoBoro Bigcorka (Co/Cu)-meryBanHs TOHKHX MIiBOK ZnO. 3adikco-
BAHO piBeHbL aTOMOBOI'O BifcoTka JeryBaHHA yv 2% Cu Ta pisHi aTomoBi Bifg-
corku jgerysauasa Co (1,5%, 2%, 3%, 5%, 7%), mo6 3’scyBaTu BILIUB Ha
BJIACTUBOCTI TOHKOI miaiBKM ZnO cuinxbHOro (Co/Cu)-meryBanus.

Key words: ZnO, thin films, Co and Cu co-doping, spray pneumatic method.

Karouosi cmoBa: ZnO, Touki mimiBku, jeryBanua Co i Cu, posmopoIryBaib-
HUII THeBMATUYHUN METOI,.
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1. INTRODUCTION

ZnO is a natural semiconductor with a straight band gap of 3.37 eV
and a huge exciton binding energy of 60 meV. It is one of the most
important and increasingly popular semiconductor materials [1, 2].
ZnO has been widely employed in a variety of fields, including the
automobile industry, medical equipment, communications, comput-
ers, spintronics, optoelectronics, biomaterials, data storage, energy
conversion, and even architecture, due to its unique features [1-5].

It is crucial to figure out what element or elements ZnO has to be
doped with in order to manage the band gap, electrical conductivity,
and carrier concentration.

Because of the potential uses in spintronics, several researchers
have recently focused on doping ZnO with transition metals (TMs)
such as Mn, Ni, Fe, Cu, Co, and Cr [1-7].

Cu is virtually optimal for changing the characteristics of ZnO
among the other doping elements because Cu atoms have a radius and
electronic shell that are comparable to those of Zn atoms; conse-
quently, replacing Zn with Cu does not result in a change in the lat-
tice constant. Cu-doping effects on magnetism, photoluminescence,
band gap, and transmittance of ZnO films generated by magnetron
RF sputtering, magnetron DC sputtering, spray pyrolysis, pulsed la-
ser deposition, and sol-gel methods have all been researched exten-
sively [6—10].

This work seeks to obtain a semiconductor from Co and Cu co-
doped ZnO thin films with good optical and electrical properties.
We investigated the effect of different Co and Cu concentrations on
the structural and optical properties of Co and Cu co-doped ZnO
thin films. The ZnO thin films were deposited onto glass substrate
by using the spray pneumatic method at 400°C for 2 ml/min of
deposition rate.

2. MATERIALS AND METHODS

Prepared Zn;_ g2.,Cu,02C0,0 thin films were deposited by using the
spray pyrolysis technique onto glass substrates. The solution was
prepared by dissolving zinc acetate (Zn(CH;CO,),, 2H,0) in distilled
water to a 0.1 M solution, with cobalt chloride (CoCl,, 6H,0) and
copper nitrate (Cu(NO;),, 3H,0). The atomic percentage of [Co—Cu]
was varied as 1.5%, 2%, 3%, 5%, and 7 at.%. The solution was
sprayed onto the preheated substrates at and held at optimized sub-
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strate temperature (380°C) substrate temperature, the distance be-
tween the nozzle and substrates (25 cm) was kept constant for all
experiments.

The structural characterization of deposited thin films was car-
ried out by analysing the x-ray diffraction patterns recorded by
(XRD, Bruker AXS-8D) with (Agk, =0.15406 nm) by varying the
scanning range of (20) from 20° and 90°. The ultraviolet visible
spectrophotometer (JASCO V-770 UV-Vis/NIR)) to find the trans-
mittance, band gap and Urbach energy.

2. RESULTS AND DISCUSSION
2.1. Structural Properties

To determine the structure of Co and Cu co-doped ZnO thin films,
spray pyrolysis samples were deposited on glass substrates at atomic
percentage of Cu was 2 at.% and Co was varied as 1.5, 2, 3, 5 and
7 at.% . The films’ XRD patterns were captured using a diffractom-
eter and CuK,. Source of radiation (with wavelength =1.506 nm).
The XRD scan was performed on a scale of 20° to 90°. The XRD
diffraction patterns of Co and Cu co-doped ZnO thin films deposited
at different atomic percentage of Cu using the spray pyrolysis tech-
nique are shown in Fig. 1.

In all the Co and Cu co-doped ZnO thin films, XRD diffraction
peaks from the (100), (002), and (101) planes were found. For all
the samples, the observations revealed three diffraction peaks, the
greatest at 20 =31.6°, 20 = 34.4° and 36.1°, matching to the follow-
ing plans (100), (002) and (101), respectively. This indicates that Co

Zn . Cu, Co, O

0.965 .02 0.015

Znﬂ.ﬁﬁcuﬂ.OECOO.OQO

Intensity, a.u.

Intensity, a.u,

20 30 40 50 60 70 S0 90 100 20 30 40 50 60 70 80 90 100
20, degree 20, degree

Fig. 1. X-ray diffraction spectra of fabricated Zn, ¢5;Cug2C0g0150 thin
films.
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and Cu co-doping have no effect on the structure of ZnO. There are
no additional peaks (such as Co, CoO, Cu, CuO, Cu,0). Furthermore,
with the Cu ions doping, all of the diffractive peaks in the XRD
patterns gradually shift to the lower angle side [11].

The lattice constants a for <100> plane and ¢ for <002> plane are
computed from Refs. [12, 13]:

2 2 2

1 4{}; +hk+k}+l "

7,3

hkl

a’ 2’
The average crystallite sizes determined in Table 1 were calcu-
lated from following relation:
D — D100 + D002 + D101 + D102 (2)
m 4 b

where B,, is the FWHM, K is a constant equal to 0.90, A is the
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TABLE 1. Lattice parameters, average crystallite size D,, and mean strain
€ in Zn, ¢3Cuy ¢,C0,0 thin films

Sample name a, A | ¢, A Average crystallite Mean strain &, %
size D,,, nm

Zn0O 3.260 5.223 35.607 0.33
7y 05:CUg05C00 0150 3.253  5.250 27.701 0.85
7y 04C0p 0,Cl 0s0  3.274 5.226 29.760 0.38
7y 0,Cly 5C00,050 3.2484 5.239 25.697 0.63
Zng 0,CUy 05C000:0 3.380 5.214 23.376 0.15
7y 0,Clly 5C00 0,0 3.249 5.233 33.074 0.52

wavelength of the incident x-rays (A=0.15406 nm), D is the crys-
tallite size, and 0 is the Bragg angle.

The mean strain € in the films in the direction of the c-axis cal-
culated from the following relation:

e = Cum =G0 1009 , (3)

where C,=5.206 A.

It can observed the average crystallite size D,, increase when Co
(at.%)=1.5% to 2% and decrease with Co (at.%)=3% to 5%,
then, increase Co (at.%)=7%.

It can be seen the change in cell parameters caused by (Cu, Co)
co-doped ZnO thin film.

The texture coefficient (TC,,), in terms of each directional inten-
sity (I,,) is calculated to the corresponding intensity of the JCPDS
card ([y,,). From it, we take information about the growth potential
according to the trend [kEl].

The parameter (TC,,) is given by the following relationship [14]:

1

hkl

— Lope , 4)

15 L
NZL’:II

Ohkl

TChkl

where N is the number of diffraction peaks.

The texture modulus values for the peaks of thin films of ZnO
and Zn, g3 ,C0, 02Cu,0 are shown in Fig. 2.

It should be noted, the value of the largest texture coefficient for
all films corresponds to the peak (002), indicating that it is the pre-
ferred orientation except for the film Zn, ;Cuy ¢2C00.0:;0 Whose ori-
entation was according to the peak (100).
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Fig. 2. Texture coefficient values for all peaks of fabricated ZnO and
Zn, ¢5-.Cug ¢2C0,0 thin films.

2.2. Optical Properties

In the wavelength range from over 300 nm to 1200 nm, optical
transmittance and absorbance versus wavelength curves of the Co
and Cu co-doped ZnO deposited onto glass substrates at different
atomic percentage of Cu were measured. Thin film transmittance
and absorbance are depicted in Figs. 3 and 4, where the highest
transmittance values are around 95%. The transmittance initially
decreases with Co (=2 at.%), then, increase, but with fewer fringes.

100+
©
qu; 80
g —Zn ,;,Cn, ,C0, 4,0
E 60 Zn,,.Cu, . Co,, .0
£ 7n, ,.Cu, ,,C0, ,,.0
§ 401 Zn, 5,0, 4,C0, 4,0
= Zn,,,Cu, ,C0, 4,0
204
T

400 600 800 1000 1200
Wavelength, nm

Fig. 3. Transmission spectra of fabricated Zn, s ,Cu,¢2;C0,0 thin films.
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Fig. 4. Absorbance spectra of fabricated Zn, s ,Cu, ¢;C0,0 thin films.

It should be noted that the optical transmission spectra recorded in
the visible region are related to electronic transitions and help to
understand the electronic band structure of semiconducting films
[15, 16].

The absorption edge corresponds to the electronic excitation of
the valence band at the conduction band, which determines the di-
rect optical band gap value. The well-known equation [17] connects
incident photon energy Av and absorption coefficient a. Thin films’
direct optical band-gap values are calculated by extrapolating the
straight-line portion of the (ahv)®=f(hv) (Fig. 5). By drawing Ina
versus hv, we can determine E, value as the reciprocal of the linear
part slope graph in Fig. 6. The direct optical band gap and the Ur-
bach energy values of thin films are shown in Table 2.

The variation of optical band gap E, and Urbach energy E, of fab-
ricated Zn, g5 ,Cug ¢2C0,0 thin films versus Co (at.%) shown in Fig. 7.

The structural, optical and electrical properties of Co and Cu co-
doped ZnO thin films were studied. Samples were deposited from Co
and Cu co-doped ZnO thin films using the pneumatic spray tech-
nique, where, in the first samples Zn; 45 ,C0y,Cu,0, we fixed the
percentage of Co at 2% and varied the percentage of Cu at 1.5, 2,
3.5 and 7%, and in the second samples Znqs ,Cug¢,C0,0, we fixed
the percentage of Cu at 2% and varied the percentage of Co at 1.5,
2, 3.5 and 7% . The crystal sizes of all samples were estimated using
Scherer’s equation and were in the nanometer range. The optical
properties of the samples were determined by ultraviolet visible
spectrophotometer. The average crystal size was between 14.668 and
31.820 nm for Zn,s,C040:Cu,O and between 23.376 and 33.074 nm
for Zng g5 ,Cuy¢2C0,0. The average crystal size for Zn, gz ,Cog¢.Cu,0
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Fig. 5. (ahv)? versus hv for fabricated Zn, 45 ,Cu, ,C0,0 thin films.

samples was slightly smaller than the average crystal size for
Zng 95-,Cug 02C0,0. The band gap energy of Zn, gz ,C0y0:Cu,0 samples
was between 3.31 and 3.50 eV. The band gap energy of the
Zn, 45 ,Cu, 12C0,0 samples is between 3.39 and 3.50 eV. The band gap
energy of Znggs ,C000:Cu,0 samples was slightly smaller than the
band gap energy of Zn, ¢s_,Cu, 02C0,0 samples.

Comparisons of two Zngg¢;C000:ClUp01;0 and Zng ¢5C0g 02CUg 050
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Fig. 6. Ina versus hv for fabricated Zn, g5 ,Cug¢,C0,0 thin films.

samples with two samples Zngys;Cug02C0p 0150 and Zn, ¢;Cuy 02C0¢.0:0
that have less D,, and less E, are shown in Table 3.

3. CONCLUSION

In this work, we investigated the effect of atomic doping ratio on



98 Tayeb SAOUD, Abdallah DIHA, Said BENRAMACHE, and Amira SBATHI

TABLE 2. Band gap energy E, and Urbach energy E,.

Sample name E, eV E, eV
Zin965C,02C0g 0150 3.40 0.30
Zn, 4,Cuy 02C00 0,0 3.50 0.27
Zn, 45Cuy 02C00 030 3.43 0.29
Zn 95CU, 2C0 50 3.42 0.29
Zny 9;Cu, 02C00 070 3.39 0.30

354 = ' ‘ ' —-—Eg : o300
] —a—F
3.524 /\ “ 0.295
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- 3.43? F0.285 5
¢ O
., 3.46 F0.280 .,
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3409 = -0.265
3.38 v T T T T T T T v T T T 0.260
1 2 3 4 5 6 7

Doping percentage of Co, %

Fig. 7. The variation of optical band gap E, and Urbach energy E, of fabri-
cated Zng 5 ,Cuy (,C0,0 thin films versus Co (at.%).

TABLE 3. Comparison of structural and optical properties.

Sample Average Dcrystallite size e, % |E, eV|E,, eV|o, s/m
s NI
71, 965C04 02CUg 0150 31.820 0.30 3.35 0.31
Zn, 43C04.02CU, ;0 27.4222 0.21 3.31 0.33
ZN065C U4 02COg 0150 27.701 0.85 3.40 0.30
71, 9,Cuy ¢2C0p 070 33.074 0.52 3.39 0.30

optical properties.

The structural and electrical properties of films deposited by
spray pyrolysis technique were investigated. The XRD results
showed that the precipitated films are single-phase and polycrystal-
line, and have a hexagonal structure with high-density peaks along
the [002] direction, except for the film Zn,¢;Cuy 02C00:150 has a
high peak along the direction (100). The average crystal size D,, was
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found to be increasing with Co (at.%)=1.5% to 2% and decreasing
with Co (at.%)=3% to 5%, then, increasing with Co (at.%)="7%.
Optical properties analysis showed that the direct optical band gap
values of the fabricated thin films are varied from 3.39 eV to 3.5
eV.
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