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a b s t r a c t

In this work, we report the effect of F doping on some physical properties of CdO films. Ultrasonic spray
pyrolysis technique has been used to obtain the films. Thicknesses, refractive indices and extinction coef-
ficients of the films have been determined by spectroscopic ellipsometry technique using Cauchy–Urbach
model for fitting. Transmission and reflectance spectra have been taken by UV spectrophotometer, and
band gap values have been determined by optical method. X-ray diffraction patterns have been used
eywords:
ltrasonic spray pyrolysis
dO:F
hin film
pectroscopic ellipsometry

to study the structural properties such as crystallinity level, texture coefficient, crystallite size and lat-
tice constants. Atomic force microscope images have been taken to see the effect of F doping on surface
topography and roughness of CdO films. Finally, it has been concluded that both of the F doped CdO films
have improved properties and are promising materials for solar cell applications.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Materials exhibiting high electrical conductivity, optical trans-
arency and that can be grown efficiently as thin films are used
xtensively for variety of applications [1] such as photovoltaic solar
ells [2], phototransistors [3], photodiodes [4], gas sensors [5],
tc. CdO thin films have great technological interest due to their
igh-quality and optical properties [6]. CdO is an n-type semicon-
ucting material with band gap energy between 2.2 and 2.7 eV [7,8].
he impurities used as doping agents for CdO films are fluorine
9–12], aluminum [13], tin [14,15] and indium [14]. Many meth-
ds have been employed to prepare CdO thin films like sputtering
16,17], thermal evaporation [18], laser ablation [19], spray pyrol-
sis [20–22], sol–gel [23], MOCVD [24]. Among these techniques,
pray pyrolysis competes with the others due to its low cost and
uitable properties and this technique is a process well suited to

arge-scale production [20,24,25].

Transparent conducting oxide (TCO) technology needs new and
lternative materials with improved characteristics. Use of a low-
ost technique is also important for cost-reduction purposes. CdO
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is a promising material with its high mobility as compared to other
TCOs. But, it is not preferred due to its moderate bang gap of∼2.2 eV.
With respect to this aim, we have tried to improve the character-
istics (especially increasing the band gap) by F incorporation. Also,
we have used an ultrasonic spray pyrolysis (USP) set-up which
is simple and economic, allow doping of different elements and
deposition onto large-areas without the need for vacuum.

2. Experimental details

2.1. Film formation

Ultrasonic spray pyrolysis (USP) technique was used to deposit undoped and
F doped CdO films. Details of the USP technique were given in our previous
works [26,27]. The ultrasonic oscillator frequency was 100 kHz, and the droplet
size was 20 �m. Heated microscope glasses (Objekttrager, 1 cm × 1 cm) were used
as substrate. Substrate heating was performed by an electrical heater, and the
substrate temperature was controlled with an iron-constantan thermocouple.
Cd(CH3COO)2·2H2O and NH4F (ammonium fluoride) solutions were used as Cd and F
sources, respectively. Deionized water was used as the solvent. The starting spraying
solution was mixed and heated (30 ◦C) with a magnetic mixer to prevent sedimen-
tation. Details of other experimental parameters are given in Table 1. The samples
have been named as CF0 (undoped CdO), CF2 (F doped at 2%) and CF4 (F doped at
4%). F doping percentages represent the amount in the starting solutions.
2.2. Film characterization

In spectroscopic ellipsometry (SE) measurements, two parameters, and�, are
measured as a function of the wavelength (or photon energy) from a given sample.
These two parameters are related to the optical and structural properties of the
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Table 1
Details of experimental parameters used to produce CdO:F films.

Material CdO:F
Sample codes CF0, CF2, CF4
Doping level (at%) 0, 2 and 4
Source solutions Cd(CH3COO)2·2H2O and FH4N
Molarity 0.1 M
Total volume of spraying solution 150 cm3

Substrate temperature 300 ± 5 ◦C
3 −1
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Solution flow rate 5 cm min
Spraying time 30 min
Nozzle to substrate distance 25 cm
Carrier gas/pressure Air/1 bar

ample through the following expression;

= Rp
Rs

= tan  exp(i�) (1)

here Rp and Rs are the complex reflection coefficients for the light polarized parallel
p) and perpendicular (s) to the plane of incidence, respectively [28].

PHE-102 spectroscopic ellipsometer (250–2300 nm) was used to determine the
parameters, refractive indices (n) and thicknesses (d) of the films. Cauchy–Urbach

ispersion model was used to fit the experimental � parameters. This model is a
odified type of Cauchy model. In the Cauchy–Urbach dispersion model, the refrac-

ive index n(�) and the extinction coefficient �(�) as a function of the wavelength
re given by,

(�) = A+ B

�2
+ C

�4
(2)

(�) = ˛ exp ˇ

(
12,400

(
1
�

− 1
�

))
(3)

here A, B, C, ˛, ˇ and � are model parameters [29]. Cauchy–Urbach model may be
sed for samples with low absorption. So, we performed our measurements between
200 and 1600 nm wavelength range where the films have low absorption. For the
amples having depolarization effect, the incident angle is an important factor. This
ill affect the intensity and phase of the reflected light which then goes to the

nalyzer. Six different incident angles (50◦ , 55◦ , 60◦ , 65◦ , 70◦ , 75◦) were tried to take

he measurements. The best angle was determined to be 75◦ using experimental

spectra. Then, the parameters (A, B, C, ˛, ˇ) related to the Cauchy–Urbach model
ere determined.

Shimadzu-SolidSpec-3700 UV-VIS-NIR spectrophotometer was used to take
ransmittance (T) and reflectance (R) spectra. Also, band gap values of the films
ere determined by optical method.

Fig. 1. SE spectra o
mpounds 509 (2011) 1947–1952

Rigaku X-ray diffractometer with CuK� radiation between 20◦ ≤ 2�≤ 80◦ was
used for X-ray diffraction studies. Crystallinity levels of the films were investigated,
and some structural parameters such as lattice constants, texture coefficient and
crystallite size were determined.

Park System XE-70 AFM was used to take surface images. The measurements
were taken in non-contact mode, ∼300 kHz frequency and 0.55 Hz scan rate in air
at room temperature. A silicon cantilever which has a spring constant of 40 N/m
was used. Also, root mean square (rms, Rq), average (Ra) and peak to valley (Rpv)
roughness values were obtained using XEI version 1.7.1 software. All the images
were taken from an area of 2.5�m × 2.5 �m. The roughness values belong to whole
scanned area.

3. Results and discussion

SE spectra of CdO:F films on glass substrates in the wavelength
range of 1200–1600 nm are shown in Fig. 1. The experimental data
were analyzed using the Cauchy–Urbach model, and a good fit
is found between the model and experimental data. However, it
was determined that there are some deviations on fitted � values
probably caused by the roughness, grain boundaries and morphol-
ogy of the samples. Also, the rough surface and backsides of the
samples may affect the reflection of light. Besides, the grain bound-
aries and morphologies would depolarize the incident polarized
light, resulting deviated experimental ellipsometric parameters
and deteriorating the SE fitting [30]. Thicknesses, refractive indices
and extinction coefficients of all films have been determined using
these � spectra. These values and model parameters are given
in Table 2. It was determined that F doping caused the thickness
values to increase. Besides, there is a little increase in the aver-
age refractive index value of CF4 films as compared to CF0. The
little change in the refractive index of the samples is due to the
change in reflectance values. When we look at the reflectance spec-
tra between 1200 and 1600 nm wavelength ranges, it is clear that
CF4 has higher reflectance than other films and CF2 has the lowest

reflectance value. This supports the refractive index values of same
samples, as CF4 having the highest refractive index value. Probably,
the good packing density of CF4 on the surface caused this sample
to have the highest reflectance and refractive index values. It was
also determined from Table 2 that F doping caused the extinction

f CdO:F films.
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Table 2
Thicknesses, model parameters, mean square error (MSE) values, average refractive indices and average extinction coefficients of CdO:F films.

Material d (nm) A B (×10−2) (nm)2 C (×10−2) (nm)4 ˛ ˇ (nm) MSE n k

CF0 538 1.687 −55.2 9.1 0.043 3.59 0.36 1.42 1.30
CF2 684 1.597 −39.8 3.2 0.002 1.55 0.36 1.39 0.16
CF4 623 1.380 18.3 −3.6 0.031 2.18 0.54 1.47 0.02
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Fig. 2. The transmittance spectra of CdO:F films.

oefficient to decrease, and the extinction coefficient of a material
s directly related to its absorption characteristic.

The transmittance and reflectance spectra of CF films are given
n Figs. 2 and 3, respectively. F doping at 4% showed higher trans-

ittance as compared to others. There is not a linear variation in
eflectance values with F doping. The lowest reflectance value has
een obtained for sample CF2.

Band gap values of all films have been determined by optical
ethod using (˛h	)2 ∼ h	 plots given in Fig. 4. F doping caused the

and gap values to increase. This is an improvement for solar cell
pplications as the studies on CdO concentrate on increasing the
ow band gap value as compared to other TCOs.

Fig. 5 shows the XRD patterns of the sample. The data related to
he peaks with different intensities and widths on these patterns
s given in Table 3. All the films have polycrystalline structures.
here are three intensive peaks which belong to the reflections
rom (1 1 1) CdO2, (1 1 1) CdO and (2 0 0) CdO planes. This shows
he films contain two phases as CdO and CdO. We think that these
2
hases have been formed as a result of the chemical reaction during
he deposition process. It is previously mentioned in the literature
hat there are three possible charge states for the interstitial oxy-
en as (i) null effective charge (ii) single negatively charged (iii)

Fig. 3. The reflectance spectra of CdO:F films.
Fig. 4. (˛h	)2 ∼ h	 plots of CdO:F films.

doubly negatively charged [31]. As a result of the chemical reac-
tion during the experiment, oxygen would probably join the lattice
as interstitial having single negative charge and caused the forma-
tion of CdO2 phase. We know that from our previous experiences
that this phase is an unstable phase and can disappear after ther-
mal treatments. Peaks with high intensities and narrow full width
half maximums show that the crystallinity levels of the films are
good.

XRD patterns show that the degree of orientation of different
planes is not similar. In order to investigate a possibility of the pre-
ferred orientation, the Harris analysis was performed [32,33]. The
calculated texture coefficient (TC) values are given in Table 3. It
was determined that all films have three TC values bigger than one.
This means they have dominant growth directions through three
different planes. Crystallite size (D) values have been determined
for both of the phases (CdO and CdO2) using Scherrer’s formula [34]
and listed in Table 3. There is a little decrease in the crystallite size
of CdO2 phase with F doping.

Lattice parameters for all samples have been determined for the
orientations with highest TC value and compared with the ones in
ASTM (American Society of Testing Materials) cards. These values
are given in Table 4. A good agreement is found between these two
values.

AFM images of all films are shown in Fig. 6. A granular struc-
ture with grains in different sizes is dominant for CF0 films. White
regions in this figure represent the formation of agglomerated
grains one on the top of the other. For these white regions, we think
that neighboring grains come together forming large clusters. So,
grains in the white regions are larger in size as compared to oth-
ers. From all of these interpretations, film growth mechanism is
thought to be formed firstly layer by layer and then island growth
type (mixed growth). It was determined from AFM images of CF0
films that there are also black regions which represent the grain
cavities on the film surface. Probably, atoms coming to the surface
do not prefer these regions as growth centers and migrate to the
white regions with bigger atom groups by surface diffusion. Also,
the glass substrate has roughness on its surface. Regions on the

substrate surface such as hollows, valleys and step outsets behave
like a high energy barrier for the atoms which tend to leave from
the surface. So, these are appropriate regions where defects and
atoms of the film tend to nucleate. Thus, the substrate also affects
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Fig. 5. XRD patterns of CdO:F films.

Table 3
The data related to the peaks with different intensities and widths on XRD patterns.

Material 2� (◦) d (Å) I/I0 (h k l) Crystal system TC B × 10−3 (radian) D (Å)

CF0

29.42 3.034 100.00 (1 1 1) CdO2 cubic 1.93 3.16 474
32.99 2.712 96.70 (1 1 1) CdO cubic 1.87 6.94 217
38.34 2.346 67.20 (2 0 0) CdO cubic 1.30 7.12 215
55.32 1.659 24.90 (2 2 0) CdO cubic 0.48 7.92 206
66.00 1.414 15.10 (3 1 1) CdO cubic 0.29 10.40 165

CF2

29.52 3.023 100.00 (1 1 1) CdO2 cubic 1.84 3.35 447
33.16 2.699 99.70 (1 1 1) CdO cubic 1.83 7.01 215
38.50 2.336 71.70 (2 0 0) CdO cubic 1.32 7.38 207
55.52 1.654 30.00 (2 2 0) CdO cubic 0.55 8.41 194
66.10 1.412 19.40 (3 1 1) CdO cubic 0.36 8.62 200
29.60 3.016 100.00 (1 1 1) CdO2 cubic 2.40 3.16 474

t
s
t
h
t
d
a
d

T
L

CF4
33.16 2.699 63.70 (1 1 1)
38.50 2.336 50.70 (2 0 0)
55.58 1.652 19.00 (2 2 0)
65.99 1.414 10.10 (3 1 1)

he homogeneity of the surface and size of the grains. F doping
howed itself as an increase in the agglomerated regions, which in
urn increases the grain cavities. For CF2 film, agglomerated areas
ave waterway-like and sharp formations. F doping at 4% caused

he formation of grains which are smaller in size and difficult to
etect. This film also has mount-like grains on its surface. Rq, Ra

nd Rpv values of CdO:F films are given in Table 5. It is clear that F
oping affected the roughness values of CF films.

able 4
attice parameters, d and B values for CdO:F films.

Material Dominant orientation d (Å)

CF0 (1 1 1) CdO2 3.034
CF2 (1 1 1) CdO2 3.023
CF4 (1 1 1) CdO2 3.016
CdO cubic 1.53 7.10 212
CdO cubic 1.22 8.08 189
CdO cubic 0.46 8.90 183
CdO cubic 0.24 9.86 175

The current values of CdO:F films were measured at room tem-
perature in the dark by applying voltage values between 0.1 and
10 V. Electrical resistivity and conductivity values of the films were
calculated using two-probe method and are given in Table 6. A

noticeable increase in resistivity value of CF4 film could probably
due to the dominant amount of CdO2 phase in this film. We think
that increased number of oxygen interstitials which behave as scat-
tering centers affected the mobility of the carriers and increased

B × 10−3 (radian) Calculated ASTM
a = b = c (Å) a = b = c (Å)

3.16 5.254 5.313
3.35 5.237 5.313
3.16 5.223 5.313
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Fig. 6. AFM images o

Table 5
Rq , Ra and Rpv roughness values of CdO:F films.

Material Rq (nm) Ra (nm) Rpv (nm)

CF0 12 10 96
CF2 15 12 142
CF4 18 13 172

Table 6
Electrical resistivity and conductivity values of CdO:F films.

Material � (
 cm)−1 � (
 cm)−1

t
r
t
w
r
m
e

4

a
i
l
a
u
c
t

CF0 8.41 × 10−4 1.19 × 103

CF2 8.90 × 10−4 1.12 × 103

CF4 4.44 × 10−2 2.25 × 101

he resistivity value of this film. Another reason for the increase in
esistivity may be the electron–electron or electron–impurity scat-
ering which probably induced by F doping. Especially for CF4 film
hich has the highest reflectance value, increasing number of car-

iers may cause an increase in resistivity because of these scattering
echanisms. So, increasing band gap with F doping might be the

ffect of Moss–Burstein effect.

. Conclusion

In this work, the effect of F doping on the optical, structural
nd surface properties of ultrasonically sprayed CdO films has been
nvestigated. F doping affected each of these properties. Firstly, the

ow cost of the production system is an advantage for potential
pplications of these films. CF4 film caused the transmittance val-
es to increase which is a desired development for transparent
onducting oxide industry. Low reflectance value of CF2 film makes
his sample a promising material for anti-reflection coatings. Also
f CdO:F films.

at the end of our investigations, F doping has found to be an alter-
native solution to increase the narrow band gap of CdO films. This is
an other development of CdO:F films for optoelectronic and photo-
voltaic solar cell applications. The surface of undoped film modified
to have a grained texture with smaller grains by F doping. There is a
disadvantage of F doped samples as having a little higher roughness
value as compared to the undoped one. But, post-deposition pro-
cessing such as annealing in different atmospheres may probably
decrease the roughness and these doped films become promis-
ing materials for solar cell applications. However, rough samples
may be an alternative in single-junction �c-Si solar cells having
superstrate configuration. When we take into account the refractive
index and rough surface of the samples, rough interface between a
low refractive index material (CdO:F, n ∼ 1.6) and a high refractive
index material (for Si n ∼ 3.7) results in reduced reflection due to
gradual refractive index matching. In order to increase this effect
high rms roughness (Rq) values needed. Also this will allow light
trapping into Si layer and cause back and forth scattering at the
interfaces increasing the optical path within the Si layer. The most
important characteristics for TCO films in photovoltaic applica-
tions are high transparency and low resistivity. With respect to this
aim, we try to determine a quality factor (˚) for the films includ-
ing average transmittance (at 350–1600 nm) and sheet resistance
(Rs) values using Haacke’s figure of merit (˚= T10/Rs) [35]. The ˚
values of all films were calculated as 1.62 × 10−4, 2.33 × 10−4 and
1 × 10−5 (
)−1, respectively. The values of the figure of merit are
comparable with results reported by Kul et al. [22].
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