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a  b  s  t  r  a  c  t

Cr  doped  ZnO  thin  films  were  prepared  via  sol–gel  method.  The  effects  of  dopant  concentration  (0%,
1.5%  and 3%)  annealing  temperature  and  film  thickness  on  UV–Vis  spectra  of  prepared  films  were
investigated.  Also,  the  thickness  and  surface  topology  of  thin  films  were  investigated  by thickness
profile  meter  (DEKTAK)  and  Atomic  Force  Microscopy  (AFM),  respectively.  In  addition,  the  band  gap
and Urbach  energy  of  prepared  films  were  calculated  completely  for the  samples.  The  results  showed
eywords:
emiconductors
hin films
ol–gel processes
ptical properties

that  by  increasing  the  dopant  concentrations,  the  microstrain  of the prepared  thin  film  structures  also
increases  while  the band-gap  values  decrease.  Meanwhile,  an increase  in annealing  temperature  makes
a decrease  in  band  gap  and  microstrain  of  thin  films.  The  increase  in thickness  resulted  in  red  shift  in
band  gap  and  reduction  in  interior  microstrains.

© 2011 Elsevier B.V. All rights reserved.

ight absorption and Reflection

. Introduction

Nowadays, wide band gap thin film semiconductors, among
hich ZnO has known to be promising candidate for different opto-

lectronic applications such as UV detectors, UV filters, solar cells,
ight Emitting Diodes (LED), photocatalysts, etc. [1,2], are widely
sed in various applications ranging from biotechnological sen-
ors to optoelectronics devices [3]. ZnO has a large exciton-binding
nergy of 60 meV  and wide bandgap energy of 3.37 eV at room
emperature in bulk form [4].  Existence of native defects such as
inc interstitials (Zni) and oxygen vacancies (VO) in ZnO structure
akes it an n-type semiconductor in undoped form [5,6]. Con-

rolling these native defects becomes necessary when controlling
he electrical and optical properties of produced ZnO thin films is
equired. There are technological difficulties in producing ZnO thin
lms with exact properties by chemical methods due to the com-
lex relation between different synthetic variables in synthesizing
rocedure and the amount of native defects. Using metal doped zinc
xides has been attracting many researchers’ attention due to its
bility in controlling type and also carrier density of these semicon-

uctors [7].  Trivalent elements such as Al [8],  Ga [9],  Cr [10] could
e used as extrinsic elements for producing n-type ZnO with higher

∗ Corresponding author. Tel.: +98 9144151594; fax: +98 411 5565295.
E-mail address: MSTGAhmad@Gmail.com (A.E. Kandjani).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.133
controllability on its electric conductivity and optical properties by
varying their concentrations.

Among these dopants, Cr is an important transition metal ele-
ment with closer ionic (Cr3+) radius parameter to that of Zn2+, which
can penetrate into the ZnO crystal lattice or easily substitute the
position of Zn2+ in the ZnO lattice [11]. Although optical properties
of doped ZnO films have been delineated to a large extent, in-depth
reports on studies of linear optical properties of Cr doped ZnO thin
films are still few.

Controlling characteristics of coating (i.e. homogeneity, rough-
ness and coat thickness) is important for tailoring final properties
of semiconductors coatings [12]. Different approaches have been
employed to produce ZnO thin films, including: Pulsed Laser Depo-
sition (PLD) [13], Chemical Vapor Deposition (CVD) [14], Chemical
Bath Deposition (CBD) [15] and sol–gel [16] methods. Sol–gel is
known as an inexpensive chemical method with simple proce-
dure, high thickness controllability and coating ability of large and
complex shaped substrates. Various parameters, including temper-
ature, medium pH, aging period, amount and type of modifier and
hydrolysis agent, can change the morphology and lattice parame-
ters of final products as well as their band structures [17].

In the present article, we  report a simple method for synthesiz-
ing Cr doped ZnO thin films. The effects of dopant concentration,

calcinations temperature and period and film thickness on optical
properties of final zinc oxide coats were studied through atomic
force microscopy (AFM) and thickness profile meter for surface
analyses and UV–Vis spectroscopy for linear optical properties.

dx.doi.org/10.1016/j.jallcom.2011.01.133
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:MSTGAhmad@Gmail.com
dx.doi.org/10.1016/j.jallcom.2011.01.133
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Table  1
Sol–gel variables for preparing ZnO thin films.

Sample Annealing
temperature (◦C)

Number of coats Dopant (atm%)

Z-1 200 1 0
Z-2 300 1 0
Z-3 400 1 0
Z-4 500 1 0
Z-5 200 1 1.5
Z-6 300 1 1.5
Z-7 400 1 1.5
Z-8 500 1 1.5
Z-9 200 1 3
Z-10 300 1 3
Z-11 400 1 3
Z-12 500 1 3
Z-13 400 2 0
Z-14 400 3 0
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Z-15 400 2 3
Z-16 400 3 3

. Experimental

.1. Materials

Zinc acetate (Zn(CH3COO)2·2H2O), chromium nitrate (Cr(NO)3·3H2O) and
ono-ethanolamin (MEA) were purchased from Merck and used without any fur-

her purification.

.2. Synthesis method

Zinc acetate with desired amounts of Cr(NO)3·3H2O, as dopant, was firstly
issolved in methanol and mono-ethanolamin (MEA) solution at 50 ◦C. The con-
entration of zinc acetate was kept at 0.1 M and the weight ratio of MEA to zinc
cetate was  kept at 1.0. Then, the solution was  aged for 24 h at 50 ◦C. A soda lime
lass was  used as substrate material washed with absolute acetone and methanol in
n  ultrasonic bath and then washed with deionized water. The glass substrates were
ipped into the solution and withdrawn at the rate of 3.0 cm/min and the coated
ubstrates were dried at 75 ◦C for 1 h in air. Then the coated glasses were annealed
or  1 h in air. Annealing temperature, number of dip coating procedure and dopant
oncentration for producing ZnO thin films are listed in Table 1.

.3. Analysis

The crystalline structures of materials were studied using a Unisuntis (XMD 300)
-ray diffractometer (XRD) with Cu-K� radiation (� = 0.154178 nm). The morphol-
gy of the film surface was  analyzed by a Scientific (SB-4) atomic force microscope
AFM). To measure the thickness of thin layers, a thickness profile meter (DEKTAK
000) was used. Linear optical properties of the samples were studied by double-
eam Shimadzu UV-2450 Scan UV–Visible spectrophotometer.

.4. Used equations

The surface topology of obtained zinc oxide thin films was analyzed using AFM.
lso, to investigate the final roughness of the coats five roughness parameters were
onsidered and analyzed including [18]: roughness average or arithmetic average
f absolute values (Ra):

a = 1
n

n∑
i=1

|hi| (1)

oot  mean square (Rq):

q =

√√√√ 1
n

n∑
i=1

|h2
i
| (2)

eak-to-peak height or max  height of profile (Rt):

t = Rp − Rv (3)

urface skewness (Rsk):
sk = 1

nR3
q

n∑
i=1

|h3
i
| (4)
Fig. 1. XRD pattern of sample Z-3.

and surface kurtosis (Rku):

Rku = 1

nR4
q

n∑
i=1

|h4
i
| (5)

where n is the number of obtained surface points and hi is the height of ith element
obtained from AFM analysis. Rp and Rv are maximum peak height and maximum
valley depth, respectively. In particular, Rsk is a measure of the curve symmetry
described as the height distribution, and can discriminate between wide valleys
with narrow sharp peaks and high plateaus with sharp deep valleys. Rku represents
the  height distribution through the ‘peakedness’ of the profile. A surface with a
Gaussian height distribution has a kurtosis value of 3 and one with a narrow height
distribution has a kurtosis value >3, while a kurtosis value of <3 relates to a surface
that has a widely spread out height distribution.

Absorption coefficient (˛(�)) can be derived from transmission spectra using
[19]:

˛(�) = 1
d

ln

(
1
T

)
(6)

where d is thickness of thin films obtained from DEKTAK thickness profile meter and
T  is transmission spectra of synthesized ZnO thin films. Also, absorption coefficient
˛(�) of semiconductors is obtained by the following expression:

˛(�) = A
(h� − Eg )0.5

h�
(7)

where A is coefficient of the given electronic transition probability. The (˛h�)2

versus the photon energy h� variation in the fundamental absorption region must
be  plotted to determine the Eg . Extrapolation of linear portion to the energy axis at
(˛h�)2 = 0 gives the Eg value.

The absorption coefficient  ̨ near band edge varies exponentially with photon
energy. It would be assumed that the spectral dependence of the absorption edge is
in  accordance with Urbach formula [20]:

˛(�) = ˛0 · exp

[
h�

E0

]
(8)

where ˛0 is the Urbach absorption at the edge and E0 is the Urbach energy width
weakly dependant on temperature and believed to be a function of the structural
disorder. E0 values were estimated from the slopes of the linear plot of ln(˛) against
h�.

3. Results and discussion

3.1. XRD and AFM analysis

The XRD pattern of Z-3 as a typical sample is shown in Fig. 1. All
peaks are attributed to wurtzite ZnO (JCPDF 36-1451) and no peak
of other crystalline phases was detected. As shown in this figure,
(1 0 1) plane sets have the highest intensity and the intensity order
of peaks were similar in all other samples.

Fig. 2 shows the AFM images of samples Z-3, Z-7 and Z-11. By

using Eqs. (1)–(5),  the roughness parameters, analyzed through
AFM, are listed in Table 2. By an increase in dopant concentra-
tion the average roughness of the film increases slightly while the
thicknesses are close to each other and equal to 74 ± 2 nm.
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Fig. 2. The AFM images of ZnO films, (a) Z-3, (b) Z-7 and (c) Z-11. The 3D and 2D AFM images are shown with the histograms of height distribution of the coatings.

Table  2
The thickness and roughness parameters from the surface analysis of AFM topography.

Sample Ra [nm] Rq [nm] Rt [nm] Rsk [nm] Rku [nm] Thickness [nm]

Z-3 7.76 8.0841 16.59 1.1174 1.3277 74
Z-7  14.7055 15.0493 33.87 1.0695 1.1948 73
Z-11  19.1375 19.6902 52.52 1.0928 1.2826 75
Z-13 24.395 25.2813 46.13 1.1015 1.2801 95
Z-14 32.0441 33.0078 69.85 1.0872 1.2441 147
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Fig. 3. The AFM images of ZnO films, (a) Z-3, (b) Z-13 and (c) Z-14. The 3D and 2

Fig. 3 shows the AFM images of Z-3, Z-13 and Z-14. Accord-
ng to these images and Table 2, with an increase in the number
f applied dipping steps, the thickness and the roughness of the

hin films were increased. This could be resulted from the growth
f surface crystallites during the calcinations process and subse-
uence increase in layer thicknesses of sol–gel derived ZnO thin
lms [21].
 images are shown with the histograms of height distribution of the coatings.

3.2. The effect of annealing temperature on linear optical
properties of ZnO:Cr films
The transmission spectra in the range of 350–800 nm at room
temperature for doped and undoped ZnO thin films at differ-
ent annealing temperatures are shown in Fig. 4. All films exhibit
high transmission in the studied UV–Vis range. Through Eq. (7),
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Fig. 4. The transmission spectra and variations of (˛h�)2 versus the photon energy h� for ZnO thin films with (a) 0, (b) 1.5 and (c) 3% Cr.

a
t
Z
t
(

d

Fig. 5. Band gap variation by varying annealing temperature.

bsorption coefficients (˛(�)) of thin films were obtained from
heir transmission spectra. Using Eq. (8),  the bandgap of obtained
nO thin films was driven from their spectra. By an increase in

he dopant concentration due to increase in surface roughness
Table 2), the absorption edge becomes less sharp [22].

The obtained Eg versus annealing temperature for coatings with
ifferent dopant concentrations are shown in Fig. 5. As seen in

Fig. 6. The Urbach plots of the ZnO thin fi
Fig. 7. Urbach energy of the ZnO films with different dopant concentrations as a
function of the annealing temperature.

this figure by increasing the annealing temperature, the band gap
decreases. This red shift could be related to subsequence growth of
ZnO crystallites due to increase in annealing temperature. Also, by

an increase in dopant concentration band gap values of thin films
show a decrease. This observation have a good agreement with
Chang-feng et al. work where they reported red shift for Cr doped

lms with (a) 0, (b)1.5 and (c) 3% Cr.
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us the photon energy h� for ZnO thin films with (a) 0 and (b) 3% Cr.
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Fig. 8. The transmission spectra and variations of (˛h�)2 vers

nO thin films [23]. This phenomenon could be resulted from the
act that the excess Cr doping degenerates the crystal quality of ZnO
lms.

To obtain the Urbach energy of obtained films, as shown in Fig. 6,
he variation of ln(˛) against h� near band edge of obtained thin
lms was plotted.

The calculated Urbach energies from Eq. (8) are shown in Fig. 7.
ny increase in the annealing temperature, results in decrease of

he Urbach energy. As mentioned above, the increase in anneal-
ng temperature results in growth and also reduction of defects of
he obtained films. But, by an increase in Cr dopant the distortion
n ZnO crystallites increases due to exerting the dopant atoms into

urtzite structure of zinc oxide. Doped Cr3+ atoms occupy the posi-
ion of Zn2+ in ZnO crystals and changes the lattice constants and
onsequently increase the lattice distortions [24].

.3. The effects of applied dip coating layers numbers on linear
ptical properties of ZnO:Cr films

The transmission spectra for prepared ZnO thin films with dif-
erent thicknesses are shown in Fig. 8. As could be seen from these

gures, all the films exhibit high transmission in the studied UV–Vis
ange but by any increase in thickness of thin films the optical trans-
ission decreases. Also the band gaps of prepared thin films are

btained using Eqs. (7) and (8) as shown in part 2 of Fig. 8.

Fig. 10. The Urbach plots of the ZnO th
Fig. 9. Band gap variation by varying coating layer numbers.

The obtained band gap variation by coating layer numbers for
undoped and 3% Cr doped samples is shown in Fig. 9. As illustrated
in this figure, the band gap decreases with increasing film thickness.
The band gap of doped films is less than undoped ones. The reason
for this phenomenon was  already discussed.
To obtain Urbach tail of the films, the variation of ln(˛) against
h� near band edge of obtained thin films was plotted, as shown in
Fig. 10.

in films with (a) 0 and (b) 3% Cr.
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ig. 11. Urbach energy of the ZnO films with different dopant concentrations as a
unction of applied dip coating layers numbers.

The variation of Urbach energies with changing thicknesses of
he films is shown in Fig. 11.  As could be seen from this figure, by
ncreasing the thickness of ZnO film, the Urbach energy decreases.
he high amounts of Urbach energies show the poor crystallinity
f the samples which means there is a large number of defects in
he film structures. Oztas et al. showed that an increase in film
hickness results in an increase in the crystallite size of ZnO thin
lms by a columnar growth of crystallites. The growth of crystallite
ize is due to predominant recrystallization process and reduction
f lattice imperfection [25]. Thus, by an increase in the film thick-
ess the film tends to be crystallized with less disordering sites.
his phenomena affects the band gap and also, a decrease in the
and gap could be resulted from the same phenomenon, i.e. by
n increase in film thickness, ordering of the film structure (crys-
allinity of the film) and crystallite sizes of the film both increases
nd consequently the band gap decreases. Also, as shown in Fig. 8, in
he thicker films, absorption edge becomes less sharp, which could
e resulted two phenomena: first, by increasing the film thickness,
ia applying additional dipping steps in coating procedure, bigger
rystallites are formed; and, second, an increase in the film thick-
ess results increase of surface roughness of the coatings (as listed

n Table 2) which consequently increases scattering areas of the
urface.

. Conclusion

The ZnO thin films were synthesized via a simple sol–gel process
ith different dilute Cr dopant concentrations. The effects of three

ynthetic parameters including: doping concentration, annealing
emperature and film thickness on optical absorption and surface
opology of thin films were investigated thoroughly. The results

ould be summarized as following:

By increasing in dopant concentration the average roughness of
the film increases slightly while the thickness remains constant.

[

[

[
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• By an increase in the number of applied dip coating, film thickness
increases from 74 nm (after 1 procedure dip coating) to 147 nm
(3 procedures dip coating), which results in an increase in the
roughness of the films.

• By an increase in dopant concentration and film thickness, the
absorption edge becomes less sharp.

• An increase in dopant concentration results in a decrease in band
gap values while the interior microstrain shows an increase.

• An increase in annealing temperature results in decrease in band
gap values and interior microstrains of thin films.

• By an increase in the number of applied dip coating, film thickness
increases from 74 nm (after 1 procedure dip coating) to 147 nm (3
procedures dip coating) and band gap values and interior micros-
trains of thin films show a decrease.
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