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Within the proposed model, the calculated Urbach energy of the undoped and
Bi-, Sn- and Fe-doped ZnO thin films is studied as a function of doping levels.
The Bi-, Sn- and Fe-doped ZnO films were deposited by spray depositions at
various conditions such as ZnO-based solution molarity and doping levels.
The measurements by means of this proposed model are found to be in a quali-
tative agreement with the experimental data with high correlation coeffi-
cients of 0.92-0.98. The Urbach-energy calculations for doped films are im-
proved to maximum enhancement corresponding to minimum error, which is
found for the Sn- and Fe-doped ZnO films to be 5.5 and 5.1%, respectively.

Y pamMkax 3alrpoIIOHOBAHOTO MOJIEJII0, PO3Pax0oBaHy eHeprio Ypbaxa HeJero-
BaHUX i Jerosanux Bicmyrom, Cranymom i @epyMoM TOHKUX ILTiBOK ZnO Bu-
BUEeHO AK (pyHKIIiI0 piBHIiB JieryBanusa. Jlerosaui Bicmyrom, Ctanymom i Pe-
pyMmom miiBku ZnO 6y HaHeceHi ocaKeHHAMU MaTepiday, 110 PO3IMOPOIIY-
€ThCs, 38 Pi3HUX YMOB THUOY MOJSAPHOCTH PO3YMHY Ha OCHOBi ZnO Ta piBHIB
JeryBaHHA. MipsaHHA 3a TOIIOMOTOIO ITHOTO 3aIIPOIIOHOBAHOTO MOJIENI0, K BU-
ABJISETLCS, IIepPe0yBaloTh ¥ AKiCHill 3rofi 3 eKCIIepUMeHTAJbHUMU TaHUMU 3
BUCOKUMHU Koedimiearamu xopendmnii y 0,92—-0,98. O6uuciennsa exeprii ¥Yp-
6axa JJId JIeTOBAHUX ILIiBOK IIOJIIIIIEHO ak 0 MAaKCHMAaJbHOTO IIiABUIeHHS,
110 BiAmoBizae MiHiMaNbHiN moMuali, AKY 3HalgeHo Ajag miaiBok ZnO, jero-
Bauux Cranymom i @epymom, piBHOMIO 5,51 5,1% Bigmosigmo.

B aToi1 paboTe, B paMKax IIPeAJIO:KEHHOU MOJIeJIN, PACCUNTAHHASA dHEePTUA ¥ p-
0axa HeJIETMPOBAHHBIX U JIETMPOBAHHBLIX BHCMYTOM, OJIOBOM M JKEJIE30M TOH-
Kux miIéHok ZnO msydeHa Kak GQYHKIUS ypoBHell jerupoBaHus. JlerupoBau-
HbI€ BUCMYTOM, OJIOBOM U JKeJjie3oM ILIEHKM ZNnO Oy HaHeCeHBI OCAMKIeHU -
MU PaCHBLIAEMOr0 MaTepuaJjia B PasinYHbIX YCJIOBUAX THUIA MOJAPHOCTH pPac-
TBOpa Ha ocHOoBe ZnO u ypoBHeii JjerupoBaHusd. MI3MepeHNA IOCPEACTBOM STOM
IPeAJOKeHHON MOoJesn, Kak OOHApy:KMWBaeTCA, HAXOMATCA B KAUeCTBEHHOM
COTJIACUU C SKCIEPUMEHTAJbHLIMI JAaHHBIMU C BBICOKHMHU KO3(PUIIMEHTAMU
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koppenamuu 0,92-0,98. Beruucienusa suHepruii ¥ypbaxa OJs JeTHPOBAHHBIX
IJIEHOK YJYYINEeHBbI BILJIOTh A0 MaKCHMAaJLHOTO TOBBIIIIEHUA, COOTBETCTBYIO-
1Iero MUHUMAJBHOI oIubKe, KoTopasd HalifieHa AJd MIeHoK ZnO, JerupoBaH-
HBIX 0JIOBOM U JKeJie30M, paBHOM 5,5 1 5,1% cooTBeTCTBEHHO.
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1. INTRODUCTION

In past years, the investigation of new materials for photovoltaic
applications was depended and related to the experimental and mod-
elling parameters of any properties. However, zinc oxide is one of
the most important semiconductor materials for its semiconducting
characteristics. It is an inorganic compound with the formula ZnO,
which has a wurtzite structure. This is a hexagonal crystal struc-
ture; ZnO is available as large bulk single crystals [1-4]. Transpar-
ent conducting oxides (TCO) (such as ZnO) based glasses have
gained much interest in science and technology; they are a unique
class of materials based on metal oxides that exhibits both optical
transparency, low resistivity, and good optical-gap energy due to
their interesting applications such as transparent conductive, fer-
romagnetism, semiconductors, piezoelectric and solar cells [1-3].
However, in the past years, ZnO was used as primary films for a
gas sensing due to their high optical transmission and high electri-
cal conductivity. So far, ZnO as a thin film can be used with verity
of investigated application for optoelectronic, piezoelectric, and
photovoltaic applications such as sensors [4], thermoelectric devices
[6], catalysis [6], fuel-cell electrodes [7], dye-sensitized solar cells
(DSSCs) [8], and electrochromic material for displays [9].

ZnO is one of the most important binary II-VI semiconductor
groups. The native doping of the semiconductor due to O vacancies or
Zn interstitials is of n-type. ZnO has a wide-band gap of 3.37 eV at
room temperature and a large exciton binding energy (60 meV)[9, 10].

ZnO thin films can be produced by some techniques such as reactive
evaporation, thermal annealing, molecular beam epitaxy, magnetron
sputtered technique, low-temperature solution method, potentiostatic
electrodeposition, sol—gel technique, pulsed laser deposition, chemical
vapour deposition, electrochemical deposition, and spray pyrolysis
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[11-18], which have been reported to prepare thin films of ZnO.

The main object of this work is to present a new-proposal model
to calculate the Urbach energy of Bi-, Sn- and Fe-doped ZnO thin
films; these estimations were studied by varying the precursor mo-
larities and doping level of doped films.

2. MATERIALS AND METHODS

In this work, we have investigated a correlation to be used for
study the relation between the Urbach energy and the preparing
conditions of ZnO thin films, which were studied, the influence of
evolution of the precursor molarity, doping level and the band-gap
energy on Urbach energy. The optical properties of ZnO such as
band-gap energy and the Urbach energy of undoped and doped films
were taken from the literature [19—34] (Tables 1 to 4) to study the

TABLE 1. Experimental data [29]. Undoped ZnO thin films with
a~3.28711 and b~ 0.0184683.
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[19] 0.05 350 3.08 0.9221 0.938 1.72
[19] 0.075 350 3.22 0.3186 0.281 11.80
[19] 0.1 350 3.37 0.085 0.069 18.82
[19] 0.125 350 3.15 0.1757 0.201 14.39
[20] 0.1 350 3.10 0.2734 0.279 2.05

[21] 0.1 350 3.267 0.108 0.108 0
[22] 0.02 350 3.19 0.08 0.071 11.25
[23] 0.1 350 3.25 0.064 0.074 15.62
[24] 0.1 350 3.304 0.1139 0.101 11.32
[25] 0.1 350 3.317 0.0983 0.097 1.32
[26] 0.1 350 3.27 0.17 0.165 2.94
[27] 0.1 350 3.25 0.209 0.203 2.87
[28] 0.1 350 3.23 0.490 0.444 9.39

Note: E,,—experimental optical-gap energy; E,,—experimental Urbach energy;

E .,—correlate Urbach energy.

ule)
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TABLE 2. Experimental data and the Urbach energy correlate for Bi-doped
7ZnO thin films with 0.02 mole-1™?, A ~-1.837189 and B ~ —39.00365.
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0 350 3.19 0.08 0.071  11.25

1 350 3.195 0.011 0.035 _

2 350 3.21 0.08 0.081 1.25

3 350 3.21 0.095 0.102 7.37 122
4 350 3.225 0.52 0.487  6.34

5 350 3.239 0.53 0.498  6.04

0 450 3.250  0.2527 0.281  11.19

1 450 3.240  0.4159 0.454  9.16

3 450 3.200  0.4573 0.465 1.68 1301
5 450 3.120  0.4954 0.462  6.74

effect of precursor molarity, doping level and substrate temperature
on physical properties of undoped and doped ZnO thin films with
Bi, Sn and Fe. The thin films were deposited on glass substrates by
chemical spray ultrasonic and pyrolysis techniques. The proposal
model to calculate the Urbach energy of Bi-, Sn-, and Fe-doped ZnO
thin films was based on estimation for the undoped films that is
found in nonlinear format as expressed in Ref. [29].

2.1. The Urbach Energy Evaluated

The Urbach energy for ZnO thin films was calculated by Eq. (1)
[29]:

E, =exp[lnM+%lnEi]iAEu, if X, =0, (1)

g

where E,—Urbach energy [meV]; a, b—empirical constants for un-
doped film; M—concentration molarity (mole/l); AE, is the result-
ing error for Urbach energy; E, is the optical-band gap, and X, is
the doping concentration.
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In this work, the estimate of the Urbach energy for doped ZnO
thin films was investigated by the following Eq. (2):
1 a(l+ AX,
n
b(1+ BX,) E

g

E, = exp[lnM+ )JiAEu, if X, >0, (2)

where A, B—empirical constants for doped film; E,—optical-gap
energy [eV]; X,—concentration of doping [%].

The resulting errors for Urbach energy (AE,) can be measured
from Egs. (1), (2) by the following relationships as expressed in
Egs. (3), (4) [35]:

InE, ~In(a(1+ AX,))=(b(1+ BX,))[InM -InE, ], (3)

(b(1+BXo))(%—dﬂM}rd(b(lJrBXo))(lnEu ~InM)=
d(a(1+AX0)) _dE, (4)

" (a(i+Ax,) E

g

The difference found about the doping concentration of doped
thin films was limited, so we have d(a(l+AX,)=0 and
d(b(1 + BX,))=0.

Equation (4) can be written in the following form of Eqgs. (5), (6):

AE, AE,
(b(1+BX,)) Eu“ “E (5)
AE = 1 A, & (6)
“ (b(1+BX,)) E,

2.2. The Relative Error Measurement

The relative error value was measured between the experimental
data and correlate values by the following Eq. (7):

€= ‘(Eu exp Eu corr) / Eg exp

The correlation coefficient R depends on both relative errors and
doping via Eq. (8):

-100. (7

N
Zgi
R=1-5—. (8)
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TABLE 3. Experimental data and the Urbach energy correlate for Sn-doped
7ZnO thin films with 0.2 mole:1™!, A ~-1.91294 and B ~ 33.62015.

= & = R ey 5
= | i0 | B | B | B | g= |
= & 8 < < 2
o g 2 g 2 3
= e S £ = <
QO ) )
0 450 3.37 0.055 0.052 5.00
1 450 3.26 0.054 0.053 1.85
3 450 3.25 0.058 0.058 0.83 [31]
5 450 3.18 0.058 0.089 1.02
0 400 3.125 0.301 0.411 -
1 400 3.03 0.675 0.655 2.90 [32]
400 2.985 1.143 1.161 1.56
2 400 2.88 1.352 1.427 5.563

TABLE 4. Experimental data and the Urbach energy correlate for Fe-doped
ZnO thin films with A ~-13.92950 and B ~ -941.53779.

= & 5 K & 5
> 5 £ S z & 3
:E : s E &) % > :&3 > E-‘.) - :j o b
=z EX | g7 | 2| 8% | 8% | B¥ &
= = 2 g < < =
= |5 |2 | % |% |3
P8 8 |2 L f
()
0 300 3.29 0.073  0.074 1.37
0.2 molel 1 300 2.67 0.136  0.131  3.67 [33]
2 300 2.75 0.136  0.129 5.14
0 410 3.255  0.081  0.085 4.93
410 3.115 0.164 0.165 0.61
) 11 4
0.01 mole:l ™ 410 3135 0197 0196 051 o4

2 410 3.105 0.219 0.215 1.82
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Table 1 presents the summary results of experimental data,
which were obtained from published papers and the correlated Ur-
bach energy and relative error for undoped ZnO thin films [19].

3. RESULTS AND DISCUSSION

Figure 1 shows the variation of experimental and correlate Urbach
energy for undoped ZnO thin films.

The correlate values were scaled parameter values according to
Eq. (1), as represented in Table 1, which were estimated as a func-
tion of solution molarity and optical energy. As can be seen, all es-
timated values are proportional to the experimental data. Thus, the
calculations by the proposed equations are in qualitative agreement
with the experimental data, so it is found that the correlation coef-
ficient is of about 0.92, i.e. the maximum agreement of the estima-
tion was found to be minimum error.

Table 2 presents the summary results of experimental data and
the Urbach energy correlate for Bi-doped ZnO thin films, which are
calculated from Eq. (2).

Table 3 presents the summary results of experimental data and
the Urbach energy correlate for Sn-doped ZnO thin films, which are
calculated from Eq. (2).

Table 4 presents the summary results of experimental data and
the Urbach energy correlate for Fe-doped ZnO thin films, which are
calculated from Eq. (2).

As shown in Fig. 2, the doping evolution of Bi-, Sn-, and Fe-
doped ZnO thin films influence on the estimation of Urbach energy
with doping levels and their optical-gap energy; here, the investiga-

1.0*4{ —e—E Exp. —*—E_ Corr. };
09,%
> 0.8 Undoped Zn0O
o 0'7 Rz =0.9204
g’é .
o 0.6 1
o 05
L
5 0.4 f
503 e
5 02 \ \ att
0.1 J&/ -4 Py t/%sﬁ/
0.0 Lr———

1 2 34 56 7 8 9 10111213
N. samples

Fig. 1. The variation of Urbach energy experimental.
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Fig. 2. The variation of Urbach energy experimental and correlate of Bi-,
Sn-, and Fe-doped ZnO thin films.

tions were carried out on the basis of Eq. (2).

As can be seen in Fig. 2 with comparing with undoped films, the
estimation of Urbach energy in the Bi-, Sn-, and Fe-doped films
have a high correlation coefficient of 0.9322, 0.9733 and 0.9742,
respectively. Besides, the calculation values are in qualitative
agreement with the experimental data, i.e. the maximum agreement
of the estimations was found to be with minimum relative error.

In Figures 3 and 4, we obtained that the relative errors of Ur-
bach energy of undoped and doped thin films, respectively.

For undoped films, all calculations have errors smaller than 18%,
however, we found after calculate that the relative error of the Ur-
bach energy for doped films are improved, and the maximum en-
hancement of minimum errors was found for Sn- and Fe-doped ZnO
thin films with 5.53 and 5.14%, respectively. It was confirmed that
these models are suitable for calculation of optical properties with
varying of some parameters. The decreases in the relative errors for
undoped films to doped ones can be explained by the good optical
properties, which can be observed with the fewer defects and less
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Fig. 3. The variation of error value of calculated Urbach energy for un-
doped ZnO thin films.
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Fig. 4. The variation of error value of calculated Urbach energy for Bi-,
Sn-, and Fe-doped ZnO thin films.

disorder.

4. CONCLUSIONS

In summary, the undoped ZnO and Bi-, Sn-, and Fe-doped ZnO films
were chosen for studying the calculation of Urbach energy with
same variations. Thin films were investigated by spray techniques
such as ultrasonic and pyrolysis. The model proposed to calculate
the Urbach energy of undoped and doped ZnO thin films were inves-
tigated. These relations suggest that the Urbach energy can be es-
timated by variations of optical-gap energy, concentration of ZnO
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solution and doping level. The measurements by means of these
proposed models are in qualitative agreement with the experimental
data that has been reliable in this work, because of the high correla-
tion coefficients, which were found to be in the range 0.92-0.98.
Thus, it is found that the relative errors for undoped ZnO films
in all calculation are smaller than 18% . However, we found after
calculate that the relative errors of the Urbach energy for doped
films are improved with the maximum enhancement corresponding
to minimum errors for Sn- and Fe-doped ZnO thin films, which are
equal to 5.53 and 5.14%, respectively. As confirmed, these models
are suitable for calculation of Urbach energy with variation of some
parameters. The decreases in the relative errors of undoped ZnO to
doped ZnO films can be explained by the good optical properties,
which can be observed with the fewer defects and less disorder.
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