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In this work, a theoretical transmittance model has been used to analyze the optical characteristics,
namely, the refractive index, the absorption loss, and the thickness of Zng gg9-xCup,01CoxO (x = 0.01—-0.05,
with an increment of 0.01) thin films based on their optical transmittance data. All the thin film samples
are low loss and double-facet-coated substrate systems. Our model assumed the Cauchy's dispersion
equation of three-term for refractive index and Lorentzian absorption profile for the extinction coeffi-

cient due to the low loss of the samples. The equations of refractive index and extinction coefficient, and
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the total transmittance for the thin films were derived and fitted to the experimental data in a least-
squares method. The thicknesses of these sample films were found in the range of 338—355 nm. The
effects of increasing cobalt concentration on the extinction coefficient have been observed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Optical thin films, due to their unique properties, are widely
used in several areas such as automotive industry, medical equip-
ment, communications, computers, spintronics, optoelectronics,
biomaterials, data storage, energy conversion, and even in archi-
tecture [1—8]. Various film parameters like thickness, coarseness,
homogeneity should be controlled accurately to fabricate thin films
of a certain application. Thin films have been fabricated by various
physical and chemical methods like sputtering, physical vapor
deposition (PVD), pulsed laser deposition (PLD), chemical vapor
deposition (CVD), molecular beam epitaxy (MBE), atomic layer
deposition (ALD), spray pyrolysis, electrodeposition, metal-organic
chemical vapor deposition (MOCVD) and sol-gel method [8—16].
Among these methods, sol-gel dip coating method has various
advantages such as deposition under non-vacuum/ambient con-
ditions, not requiring sophisticated equipment, highly precise and
easily arranged doping ratios. Besides, unlike physical methods like
MBE or sputtering, loose structure of thin films deposited by sol-gel
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method is ideal for applications requiring large surface area, like
sensors [2,3,7—10,15].

1.1. Double facet coated substrate structures

The sol-gel dip coating method, just like Langmuir-Blodgett and
chemical bath deposition (CBD) methods, results in a thin film on
both sides of the substrate material [7,17,18]. As a result, there will
be two symmetric thin films on both sides of the substrate as
shown in Fig. 1b.

In this paper, such a structure will be named as “Double Facet
Coated Substrate” (DFCS), whereas a standard film coated on the
substrate will be named as “Single Facet Coated Substrate” (SFCS)
(Fig. 1a). Due to the second thin film, the interaction between the
light and the DFCS is fundamentally different from the interaction
between the light and the SFCS. Therefore, the widely used enve-
lope method (Swanepoel's method) for analyzing and character-
izing the thin films on a substrate is not applicable to DFCS systems.

In our earlier work, a mathematical model was developed to
calculate the optical properties together with the thickness of a thin
film on a DFCS based on its optical transmittance measurement
[19]. This previous approach, which can be considered as a modi-
fied version of the Swanepoel's method, assumed lossless thin films
on a lossless substrate. In this paper, the low loss of both the thin
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Fig. 1. (a) Single facet coated substrate (SFCS), (b) Double facet coated substrate
(DFCS).

films and the substrate are included in the model.
1.2. Co/Cu co-doped zinc oxide thin films

Zinc oxide is one of the attractive materials for optoelectronic
applications in the visible and infrared regions. When ZnO is doped
with transition metals such as (Cu, Fe, Cr, Ni, Co, Mn, etc.), its
electrical, optical, magnetic and mechanical properties change
[20—25]. Especially, doping copper into zinc oxide may change the
electrical and optical properties of the nanomaterials. Omri et al.
showed that when Cu concentration was increased AC conductivity
increased however activation energy decreased [26]. Asikuzun et al.
found that the transmittance values decreased with increasing Cu
doping level and 1% Cu doping ratio of thin film was the best ratio to
show the smoothest surface [2]. Co doped ZnO films are known as
transparent, high conductive and low-cost [27—30]. As Co con-
centration increased this transparency disappeared due to d-
d transitions of Co ions [7 and references therein].

In this work, zinc oxide films doped with both copper and cobalt
were fabricated using the sol-gel dip method. By changing the co-
balt concentration from 0.01 to 0.05, five different Znggg-
xCupp1Cox0 thin films were obtained and their optical trans-
mittance were measured between 200 and 1100 nm. The main
reason for the choice of cobalt doping is the three resonant ab-
sorption peaks around 500 nm. Moreover, the optical properties
such as refractive index and extinction coefficient of optical thin
films were studied and analyzed for those materials on different
doping ratios of cobalt to obtain the optimal configuration for the
best performance. To attain this, the parametric equations of
refractive index, extinction coefficient, and transmittance for the
thin films were derived, then numerically calculated in a least-
squares method and visualized by MATLAB code.

2. Review of theoretical transmittance model

2.1. The derivation of the optical transmittance model for a lossy
DFCS structure

The well-known Fresnel reflection and transmission coefficients
of the electric field between the media 1 and 2 at a normal inci-
dence are given as follows, respectively:

m—"
1y =112 1
2= T (1)
21,
t1o = 2
12 n + M2 @)

In the above equations, n; and 7, correspond to the complex
refractive indices of the media 1 and 2, respectively. The complex
refractive index is defined as n= n + ik where n is the refractive
index and k is the extinction coefficient which are related to each
other via Kramers-Kronig relation [31].

Since the electric field reflects multiple times between the two
interfaces of a thin film (air-film and film-substrate), the total
reflectivity and transmissivity of the thin film are found by an
infinite coherent summation of these multiple reflected electric
fields, where the phase shift due to the film thickness should be
included in the calculation. This wavelength-dependent phase shift
results also in a wavelength-dependent transmission function. The
resulting electric field reflection and transmission coefficients for
an air-film-substrate (afs) system are respectively given by:

N Taf + 15 exp(if) 3)
o= Ty TafTs exp(if)

trtr exp(if/2
os = aftfs €xp(if/2) (4)

1+ T Tss €xp(if)

where 6 = 41y, dgy, /A is the complex phase shift at each round
trip through the film of thickness dg;,, at the wavelength 4, and 7,
is the complex refractive index of the thin film. However, the
experimentally more relevant parameters are the intensity reflec-
tance and transmittance, since they are real numbers and can be
measured directly. These parameters are formulated in the
following equations:

Rafs = raferfs (5)

n *
Tafs = thafs tafs (6)

where * operator denotes the complex conjugate. Note that these
equations assume that the substrate thickness is semi-infinite, and
the transmitted light is still inside the substrate medium. If a sub-
strate of finite thickness is considered, then the transmittance
formula, shown in Eq. (6), transforms into the well-known Swa-
nepoel's formula [32].

In our study, a DFCS structure was considered and thus the effect
of the finite substrate has been modified by including the existence
of the second thin film as well as the associated losses of both thin
films and the substrate.

In this analysis, there are three regions of interest where the
electric field reflects multiple times as shown in Fig. 2. The region 1
is the first thin film which is sandwiched between air and the
substrate. The region 2 is the finite substrate sandwiched between
the two thin films. Finally, region 3 is the second thin film sand-
wiched between the substrate and air.

One important aspect of this analysis is that the transmittance
measurements are done using a broadband light source having a
short coherence length comparable with the thickness of the thin
films. Therefore, for the regions 1 and 3, the acquired phase shift of
the electric field due to the film thickness should be included in the
reflectance and transmittance formulae, since these are based on
the coherent summation of the multiple reflected electric fields.

On the other hand, the thickness of the region 2 (i.e. the sub-
strate) is much longer compared to the coherence length of the
light source, hence there will not be any interference among the
multiple reflected electric fields (i.e. the acquired phase shift
through the substrate is irrelevant to the total transmittance). So,
the effect of the finite substrate is involved as the summation of the
multiple reflected intensities instead of the electric fields. However,
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Fig. 2. The derivation of the total transmittance formula of the DFCS system.
the substrate thickness is still included in our calculations since it
determines the amount of loss the light beam experiences. Rsystem = Rafs + Tofa* Tafs * R U? (1 U?RY, + U*RY, + U°RY,
As shown in Fig. 2, there is an infinite coherent summation in-
side the first thin film that is phase-dependent, and the trans- + >
mittance, T,n, was given in Eq. (6). After exiting the region 1, the (10)
light passes through the substrate and experiences an absorption
loss U given as: and be simplified as:
sfa *Lafs 'Rsfa -U?
Rsystem = Rafs Tt 5 (11)

U = Exp(— agyp * dsup) (7)

where asub is the absorption coefficient of the substrate given by
Ogup =4 ark b ks is the extinction coefficient of the substrate, and
dg,p is the substrate thickness.

At the other end of the substrate, there is a second thin film
(region 3), where another phase dependent transmission occurs
(Tgs,)- However, part of the light reflects from this second thin film

with the reflection coefficient Ry, experiences the loss U again and
reaches the first thin film and reflects again. As a result, it is easy to
show that after each round trip through the substrate, the light
acquires an additional Ustfa multiplier, and the total transmittance
of this DFCS system Tsyseem can be calculated by the summation of
all these coefficients:

Toystem = Tafs'U'Tsa(1 + Ustfa + U4Rsfa + UGRsfa ) (8)

Using the geometric series expansion formula, provided that

’U2 sfa| < 1, the above equation is simplified as:

Tafs ° Tsfa ‘U

LR [ 9
1—R%,-U? )

Tsystem =

The reader should note that if one considers a lossless substrate
(i.e. U = 1), then Eq. (9) transforms into the improved Swanepoel's
formula reported in our earlier work [19].

In a similar manner, the total reflectance of the DFCS system
Rsystem can be found as follows

1-R%,-U2

2.2. Functional form of the complex refractive index of the thin film

The total transmittance Eq. (9) was used to determine the
refractive index, loss, and the thickness of Znggg.xCugg1CoxO
(x=0.01-0.05, with an increment of 0.01) thin films prepared by
the sol-gel method. For this analysis, the refractive indices of these
thin films are modelled after the Cauchy's dispersion equation of
three-term as follows:

B C
=A+— /_{2 + 1_4
Similarly, the extinction coefficients of these films are modelled
after four different Lorentzian absorption profiles and a
wavelength-independent term as follows:

nﬁlm (12)

D E F G

—2 " — " 7+t —
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+H

(13)

kﬁlm =

where D, E, F, and G are the heights of the Lorentzian peaks, H is the
wavelength-independent extinction coefficient (assumed to be
zero); Ap, Ag, Ar, and Ag are the resonance wavelengths; wp, wg, W,
and wg are the corresponding absorption widths. The first three
peaks (D, E, F) are chosen to model the three resonant low ab-
sorption peaks of cobalt around 500 nm as stated in Section 1.2. The
fourth peak (G) was included to explain the heavy loss at shorter
wavelengths. Since the overall loss at the wavelength range of
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interest is very low, the Kramers-Kronig relation between the
refractive index and the extinction coefficient has been omitted in
this analysis.

2.3. Derivation of the substrate loss

The refractive index of the soda lime silica glass used as the
substrate in our experiments was taken from the literature as [33]:

-3
gy =1.513 — 3.169 x 10-%%% (14)
The reader should note that Eq. (9) gives the transmittance of a
bare (uncoated) substrate when the film thickness is taken as zero
meters (dg,, = 0, i.e.no film) or when the complex refractive index
of the film is taken the same as air (i.e. ngy, = 74r)- Using one of
these substitutions in Eq. (9) and applying the quadratic formula,
one can determine an equation for the single pass substrate ab-
sorption loss U:

2 4 2 2
U— —Tgs + \V Tos +4-Rgs-Toup (15)

2. Rﬁs *Tsup

where Tgs and Ry are the transmittance and reflectance of the air-
substrate interface respectively, and Ty, is the experimental
transmittance data of the bare substrate shown in Fig. 3.

After calculation of U, one can use the previously stated Eq. (7) to
obtain the extinction coefficient (kg,;,) of the soda lime silica glass
substrate and the substrate thickness was directly measured as
1240 pm using a caliper.

After introducing the functional forms of ngp, Ksm, and nu-
merical values of ng,;, and kg, into Eq. (9), the total transmittance
equation becomes a function of wavelength and 16 unknown pa-
rameters (3 parameters from refractive index of the thin film, 12
parameters from the extinction coefficient of the thin film, and the
film thickness (dgp,))-

3. Experiment
3.1. Fabrication of thin films

To experimentally confirm the validity of our approach, a DFCS

100-
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Fig. 3. . The optical transmittance of the uncoated soda lime silica glass substrate.

samples are fabricated by coating a soda lime glass substrate by Co/
Cu co-doped ZnO thin films by sol-gel dip method. In this method,
Zinc acetate dihydrate (ZnAc), Cobalt acetate tetrahydrate (CoAc)
and Copper acetate tetrahydrate (CuAc) were used as the precursor
materials and methanol (ME) and monoethanolamine (MEA) were
used as solvents and sol stabilizer. ZnAc, CoAc, and CuAc are dis-
solved in ME with a concentration of 0.25 M and MEA is added to
the solution as ZnAc, CoAc, and CuAc: MEA ratio is kept at 1:1. The
final solution mixed with a magnetic stirrer at room temperature
until a transparent solution was obtained. The pH of the solutions
was measured by standard pH meter. The viscosity of the solutions
was controlled by adding ME, see for details [2,3,7,8].

To achieve the best quality of thin films, it is important to clean
extremely well the soda lime glass before deposition of the thin
film. Soda lime glass is first washed with detergent, rinsed with
distilled water, sonicated with 20% sulfuric acid/distilled water
solution for five minutes and rinsed with distilled water again.
Cleaned substrates are dried under nitrogen flow. It was found that
the cleaning treatment removed all of the contaminants success-
fully from the surface of soda lime glass substrate.

The cleaned glass substrates were dipped into the Co/Cu co-
doped ZnO solutions and then pulled through the vertical furnace
at 400 °C. The film thickness on the substrate was controlled by the
withdrawal speed, the number of dipping and the dilution of the
solution. The process was repeated until to achieve a dense and
uniform film for the desired thickness. Then, Co/Cu co-doped ZnO
thin films/glass substrates are heated at 600 °C for 30 min to form a
crystal structure.

3.2. Measurements

The optical transmission measurements are performed with
Shimadzu UVmini 1240 UV/Vis/NIR spectrophotometer. XRD scans
were recorded using a Rigaku diffractometer with Cu Ko radiation.
Microstructure properties of prepared samples were observed us-
ing a scanning electron microscope (JEOL, JSM-5910LV).

As stated earlier, the transmittance data were measured for five
different Zng gg.xCug01CoxO (x =0.01—-0.05, with an increment of
0.01) thin films in the range of 190—1100 nm as seen in Fig. 4a. With
the increasing doping ratio of cobalt, the absorbance of the three
dominant lines around 566, 614, and 661 nm was increased as well.
The red shift was observed when Co concentration was increased.

4. Results and discussion
4.1. Curve fitting methodology

Our curve-fitting method only considered the range of
400—1100 nm since below 450 nm the thin films have a very high
optical loss. With the increasing doping ratio of cobalt, the absor-
bance of the three dominant lines around 566, 607, and 656 nm was
increased and these results were in good agreement with experi-
mental data as depicted in Fig. 4b. Those three wavelength values
correspond to the parameters Ap, Ag, and Ar. The fourth absorption
term (A¢) in our kg, formula corresponds to the strong absorption
of the thin film at even shorter wavelength.

The optimization code was written in MATLAB to solve
nonlinear curve-fitting (data-fitting) problem in a least-squares

sense, i.e. find the parameters, say x, that solve the problem
N —_
min > " Tsystem < X, A,-) — TransmittanceData;> (16)
X =1

given input wavelength data A and the observed transmittance data
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where N is the number of data points, Tsystem( X, 4;) was defined in

Eq.(9), and x is a 16-dimensional vector consisting of the unknown
parameters that needs to be optimized. The initial values of these
16 parameters for the curve-fitting algorithm were determined by
assuming a wavelength independent refractive index and loss (i.e.
the parameters B-G are taken as zero). It was assumed that the
system had no white loss. After the fitting algorithm was run, the
resulting curve-fitting models together with their corresponding
thin film transmittance data for five different samples are shown in
Fig. 5 together with their zoomed versions.

The reader should note that the peak at 950 nm on all plots at
Fig. 5 is due to the substrate, and since our model derives the
substrate loss from the experimental data, the theoretical model
partly fits to the peak at 950 nm intrinsically.

The curve fitting model using the least-squares method has
provided the optimum values of 16 parameters which are listed in
Table 1. Also, the relative error of each fitting was calculated by

2
|Experimental Data—Curve Fitting| :
\/Z ( Experimental Datal and the resulting values were

included in Table 1 for each doping ratio of cobalt. The optimization
code uses the large-scale algorithm which is a subspace trust region
method and is based on the interior-reflective Newton method that
is solved using the method of preconditioned conjugate gradients,
see for details in Refs. [34,35].

4.2. Determined film parameters

Using the optimized A, B, C values from Table 1, the corre-
sponding dispersion relation (Eq. (12)) for each thin film plot was
shown in Fig. 6.

As seen in Fig. 6, the average refractive index increases as the Co
concentration increases. However, at x=0.04 a drop has been
observed in the refractive index, which then increases again with
increasing x value. This unexpected reduction on refractive index
requires further investigation. Also, the extinction coefficients for
each film can be plotted in a similar way based on Eq. (13) using the
values from Table 1 as in Fig. 7.

As seen in Fig. 7, the extinction coefficient kg, values increase as
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Table 1
The curve-fitting model parameters for five thin film Zng g9.xCug01C0xO (X = 0.01—0.05, with an increment of 0.01) transmittance data.

Zng,98Cu0,01C00.010 Zn.97Cu0,01C00,020 Zng.96Cu0,01C00.030 Zng.95Cu0,01C00,040 Zn9.94Cu0,01C00,050
A 1.7039 1.6901 1.7411 1.7033 1.7778
B -0.02 0.0033 -0.02 -0.02 -0.02
C 0.0036 —0.0003 0.0048 0.0062 0.0043
D 0.0012 0.0026 0.0038 0.0029 0.0025
E 0.0007 0.0037 0.0048 0.0083 0.0081
F 0.0047 0.0061 0.0087 0.0079 0.0117

0.1138 0.0652 0.0787 0.0817 0.0855
wp (um) 0.0293 0.0287 0.0302 0.0198 0.0112
W (um) 0.0127 0.0226 0.0207 0.0309 0.0242
W (um) 0.0726 0.0392 0.0404 0.0239 0.0321
wg (um) 0.0213 0.024 0.0277 0.0278 0.0246
Ap(um) 0.5644 0.5659 0.5675 0.5642 0.5669
g (um) 0.6044 0.6061 0.6073 0.6101 0.6078
Ap(um) 0.6417 0.6523 0.6529 0.6575 0.6561
g (um) 0.38143 0.3864 0.3863 0.3851 0.3920
Film Thickness (um) 0.3414 0.3535 0.3458 0.3552 03383
Substrate Thickness (um) 1240 1240 1240 1240 1240
Relative Error 1.781 x 103 2.235x 1073 329x 103 1.881x 103 6.437 x 1073

190 the doping ratio of cobalt increases.

YT x=0.01 The X-ray scan of the Cu/Co co-doped ZnO (x = 0.01—0.05) thin
< 185 — x=0.02 film on glass substrate was illustrated in Fig. 8. The scan shows that
o ) x=0.03 there is a dominant peak which is the (002) reflection of ZnO thin

© 180 — x=0.04 films. It is c-axis oriented with significant intensity. The thin films
£ oY x=0.05 are observed using a scanning electron microscope to verify our
O 4 75 calculated thickness values. The cross-sectional SEM measure-
= Y ments revealed the thickness of the Zng ggCug01C0g,010 thin film as
"6 170 approximately 338 nm as shown in Fig. 9c, which is in a very good
9 IV — agreement with the predicted value of 341.4 nm by our method.
'-'q—) 165 The relative error is 1%. In other words, the thickness of the thin
o T films may be measured more accurately. Textured smooth, crack-
160 free and pinhole-free Zng gg9.xCug91CoxO (002) thin film could be

3 T T T T T T 1 . . .
rown on glass substrates by using the sol—gel dip-coating process.
500 600 700 800 900 1000 1100 & & v Hone ge =P &P

Wavelength (nm)

Fig. 6. Refractive index vs. wavelength for Znggg.xCug01CoxO (X =0.01-0.05, with an
increment of 0.01) thin films.
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Fig. 7. Extinction coefficient vs. wavelength for Zng g9.xCtig 01C0xO (x = 0.01-0.05, with
an increment of 0.01) thin films.

Fig. 9a and b show the SEM surface morphology of ZngggCup o1-
C00,010 thin film. The film depicts homogeneous surface with
uniformly distributed grains. Energy Dispersive Spectroscopy (EDS)
spectrum of Zng ggCug 01C00.010 was plotted in Fig. 9c. As shown in
Fig. 9¢, Zn, Cu, Co, and O peaks were clearly observed.

5. Conclusion

In this work, a standard transmittance model has been used to
characterize the optical properties of five different Znggg-
xCup01Cox0 (x =0.01-0.05) thin films with varying dopant ratios
of cobalt using the sol-gel technique. Since the thin films were
double-facet coated the model has been modified to account the
effect of the secondary surface. The refractive index was assumed as
a Cauchy function and the losses were taken as having Lorentzian
line-shape neglecting the Kramers-Kronig relation due to the low
loss. We assumed that the white loss in the system was neglected.
The calculated and experimentally measured thin film thicknesses
are in good agreement with a relative error of 1%. Our simulations
showed that film thicknesses were in the range of 338—355 nm.
The average refractive index increases as the Co concentration in-
creases. However, at x=0.04 a drop has been observed in the
refractive index, which then increases again with increasing x
value. This unexpected reduction on refractive index requires
further investigation. The curve fitting model used for trans-
mittance data had a relative error of 0.312%, i.e. the order of accu-
racy was third. The absorption peaks that we found in our
simulations were in good agreement with the experimental data.

The X-Ray diffractions show that a strong peak of Znggg-
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Fig. 8. XRD patterns of ZngggxCug01Cox0O (x = 0.01, 0.02, 0.03, 0.04, and 0.05) thin films.
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Fig. 9. a) and b) SEM images, c) EDS image, and d) cross section of ZngggCug 01C0g 010 thin film.

xCUp.01Cox0 (x = 0.01-0.05) thin film (002) appears which matches
with the hexagonal ZnO lattice. The cross-sectional SEM mea-
surements revealed the thickness of the ZngggCug1C00010 thin
film as approximately 338 nm which is in a very good agreement
with the predicted value of 341.4 nm by our method. Dense, crack-
free and pinhole-free Zng g9-xCug 01C0x0 (x = 0.01—0.05) (002) thin
film could be grown on glass substrates by using the sol—gel dip-
coating process. Fig. 9a and b show the SEM surface morphology
of ZngggCug1Cop010 thin film. The film depicts homogeneous
surface with uniformly distributed grains.
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