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Semiconductor Research Laboratory, Physics Department, Faculty of Art and Science, Mustafa Kemal University, 31034 Hatay, Turkey
a r t i c l e i n f o

Article history:

Received 22 June 2012

Received in revised form

18 October 2012

Accepted 4 December 2012
Available online 13 December 2012

Keywords:

A. Nanostructures

B. Chemical synthesis

C. X-ray diffraction

D. Crystal structure

D. Electronic structure
97/$ - see front matter & 2012 Elsevier Ltd. A

x.doi.org/10.1016/j.jpcs.2012.12.005

esponding author. Tel.: þ903262455845; fax

ail addresses: suleymanmku@gmail.com,

an@mku.edu.tr (S. Kahraman).
a b s t r a c t

In this study, we investigated the effects of coumarin presence in the growth solution on the properties

of ZnO. Significant changes/improvements were observed in morphology and crystal structure. From

the morphological studies, it was seen that the substrates were uniformly covered with rod/rice-like

nano-structures and average diameters of the structures decreased with increasing coumarin content in

the growth solution. Also coumarin affected the surface morphology, coverage density and uniformity

of the shape of the structures. The X-ray diffraction patterns indicated that all diffraction peaks were

well indexed to hexagonal phase crystalline ZnO. The greater intensities of (0 0 2) peaks in the patterns

revealed c-axis orientation normal to the substrate. The crystallization of the samples was gradually

enhanced with increasing coumarin volume up to 5%. When the coumarin volume exceeded 5%, the

crystallization was affected negatively. The electrical resistivity values increased with increasing

coumarin content and it was attributed to the decrease in carrier concentration originated by carrier

traps at the grain boundaries.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As a useful, economic and environmental II–VI binary semi-
conductor, ZnO is still a popular material due to its excellent
electro-optical properties such as wide direct band gap (�3.3 eV),
large exciton binding energy (60 meV), transparency in the visible
range, non-toxicity, abundancy in nature, etc. [1–3]. ZnO nanos-
tructures have attracted considerable attention because of
their good optical, electrical and easily tunable morphological
properties and their potential applications in solar cells, solar
energy-hydrogen conversion devices, photo-electrochemical
(PEC) hydrogen generation applications and sensors [4–7]. ZnO
is such a functional material that can be obtained in various
morphologies by using low-cost solution based methods [8,9].
Using additives in solution based methods is a rich area. By this
way, the properties of a well-characterized/known material can
completely be changed/enhanced. Generally, additives used in
aqueous solution growth methods control the surface morphol-
ogy, crystalline structure and refine the grain size [10]. The
presence of additives also influences physical and mechanical
properties of electrodeposits such as grain size, brightness, inter-
nal stress, pitting, corrosion behavior and even chemical compo-
sition. As an organic additive material generally used in nickel
plating industry, coumarin considerably refines the grain and
make the grains more uniform [11]. Mimani et al. reported the
ll rights reserved.

: þ903262455867.
adsorption of coumarin onto the platinum during the nickel
deposition [12]; with the crystal growth, the adsorbed coumarin
becomes incorporated into the deposits. The incorporation of
coumarin into the zinc deposits results in the production of zinc
deposits with a finer grain size. By considering the reports about
coumarin above, we thought that coumarin can be used to change
some physical properties of ZnO. It is well known that the
properties of ZnO depend on both size and morphology of the
particles. Many investigations have been still carrying out to
improve characteristics of ZnO materials. However, there is only
one study, which belongs to our research group, report the
coumarin effect on ZnO. In this study, unlikely, we tried to
optimize deposition parameters, used additional characterization
methods and used coumarin in a wider range to see the effects of
coumarin presence in the growth solution.
2. Experimental details

ZnO nanostructures were prepared by Chemical Bath Deposi-
tion (CBD) method. Before the deposition, glass substrates were
cleaned as reported elsewhere [13]. Throughout the experiments,
all used chemical materials were highly pure for analytical use.
The zinc source bath was prepared with 0.05 M Zn(NO3)2.6H2O
and aqueous ammonia. Initial pH value of the zinc nitrate solution
was adjusted to �11. 0.1 M Coumarin (Molecular formula:
C9H6O2;CAS no: 91-64-5; M¼146.15 g; mp: 69–73 1C) solution
was added to starting solutions as additive at the volume of 0, 1,
3, 5, 10 and 20 ml. Each complex solution was stirred for 20 min.
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Then, the substrates were immersed and the solutions were
allowed to boil for 20 min at a rate of 7 1C/min. In the method
used in this study, tetra ammonium zinc complex solution
[Zn(NH3)4]2þ is thermally decomposed in neutral aqueous solu-
tion and ions of Zn2þ and OH� are released into solution. Finally
Zn(OH)2 or ZnO particles are formed. Possible reactions before the
heating process are presented below [14].

Zn NO3ð Þ2þ2NH4OH-ZnðOHÞ2ðsÞþ2NH4NO3 ð1Þ

ZnðOHÞ2ðsÞþNH4OH2ðNH4ÞZnO2
�
þH2OþHþ ð2Þ

When the solution is heated, the ionic product exceeds the
solubility product. Precipitation occurs on the substrate. The
reaction can be expressed as follow:

ðNH4ÞZnO2
�
þHþ-ZnOþNH4OH ð3Þ

After the deposition, a heat treatment process at 640 K for 2 h
was performed to remove possibly included hydroxide phases.
Crystal structures of the samples were investigated by using
Philips X’pert Pro X-ray diffractometer (XRD) with Cu Ka radia-
tion (l¼1.5418 Å). A scanning electron microscope (JEOL JSM-
5500LV, Japan) was used to analyze the morphology. Electrical
activation energies of the impurities were investigated by two
point probe method in the temperature range of 300–723 K by
using a Keithley 6487 coupled with a computer. The resistivity
values of the structures were measured at room temperature by
using 1 mm spaced four probe system. Optical absorption spectra
in the UV–vis spectral range (200–1100 nm) of the films was
determined by using a UV-visible spectrophotometer (Hitachi
U-1900).
Fig. 2. X-ray diffraction patterns of the samples.
3. Results and discussions

3.1. Morphological properties

Fig. 1 shows the SEM images of the samples. From the figure, it
can be seen that the substrates are uniformly covered with well-
defined rod/rice-like nano-structures. Also it is clear that cou-
marin affects the surface morphology, coverage density and
uniformity of the shape of the structures. Mouanga et al. [10]
investigated the behavior of coumarin on zinc electro-deposition
process. They concluded that the electrodeposits obtained with
coumarin have finer grain size than the free zinc deposits. In our
study, as expected, grain sizes of the structures got smaller and
became more uniform in size with respect to increasing coumarin
5%

0%

Fig. 1. Plain view SEM images of the ZnO samples obtained in the gro
content. From the images, decreasing of the diameter of the
structures can be clearly seen with increasing coumarin volume.
Average diameters of the structures were calculated by using IT
3.0 image analyzer program. The results were found as 460, 400,
360, 330, 280 and 250 nm for the samples obtained from the
solutions containing 0, 1, 3, 5, 10 and 20% coumarin, respectively.
This result shows that the presence of coumarin in growth
solution affects the growing behavior of ZnO crystallites, causes
to form smaller crystallites via preventing to combine with each
other. So it means that this effect may be used for the purpose
of obtaining more uniform and densely packet thin films to
improve/change their performances in potential application areas.
3.2. X-ray analysis

X-ray diffraction patterns of the samples were obtained at
40 keVof operating voltage and 35 mA of current. The 2y range of
10–701 was recorded at the rate of 0.021. The obtained patterns
are shown in Fig. 2. XRD results indicated that the ZnO nanos-
tructures are polycrystalline hexagonal wurtzite type. The results
5µm
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wth solutions containing various volumes of coumarin additive.



Fig. 3. lnðRÞvs 1000/T graphs of the samples obtained in the growth solutions

containing various volumes of coumarin additive.
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indicated that all diffraction peaks are well indexed to hexagonal
phase crystalline ZnO (wurtzite structure space group:
P63mc(186); a¼0.3249 nm, c¼0.5206)(JCPDS 36–1451 card). The
greater intensities of (0 0 2) peaks in respective patterns indicated
that crystallites grow preponderantly oriented with c-axis normal
to the substrate. This preferential growing feature is correlated
with the self-ordering effect determined by the film trend to
lower its surface energy during growth [13,15,16]. As it is shown
in Ref. [15], the film grains, after their coalescence, grow mainly
in the direction normal to the substrate surface. In the case of
hexagonal crystalline structure, this direction is [0 0 2] one.
Additionally the interaction between the deposited material and
the substrate surface or other deposition factors can influence the
film crystallization and crystallites having other orientation may
grow. Peaks that refer to the presence of Zn(OH)2 were not
observed in the patterns. This may be because of some reasons
such as its absence, very small extent, distribution along grain
boundaries or its non-crystallinity. As seen from the XRD pat-
terns, the crystallization of the samples gradually enhance with
increasing coumarin volume up to 5%. When the coumarin
volume exceeds 5%, the crystallization is affected negatively. So,
it can be said that under our experimental conditions, optimum
coumarin volume for the best crystallization is 5%. In the Table 1,
the relative intensities Ihkl of observed peaks for each pattern
were normalized to the maximum value. The greater values of the
(Ihkl) peak intensities revealed the c-axis preferred orientation.
The degree of orientation was estimated by the Lotgering orienta-
tion factor [17] f defined in Eq. (4).

f ¼ P�Poð Þ= 1�Poð Þ ð4Þ

where P is peak intensity ratio of all direction for oriented sample
and Po is that for powder as standard specimen. When orientation
factor f is 1, it means that the degree of orientation for (1 1 2) is
complete; on the other hand, complete random state is shown by
f¼0. The value of f for (0 0 2) was found as 0.283; 0.559; 0.812;
0,592 and 0.416 for the samples obtained from the solutions
containing 0, 1, 3, 5, 10 and 20% coumarin, respectively. The f002

value estimated from the reference powder data [18] was 0.151.
As can be seen, the sample obtained in the solution containing 5%
coumarin additive has the highest f value which also confirms the
preferred orientation.

3.3. Electrical measurements

The resistance-temperature measurements of all the samples
have been carried out by two point probe method in the tempera-
ture range of 300–723 K. Silver electrodes were used to achieve
ohmic contacts. Generally, ZnO structures without any additional
doping exhibit n-type conduction due to the intrinsic defects, which
are attributed to native defects such as the Zn interstitial atoms and
the oxygen vacancies [19]. n-type conductivity of the structures was
Table 1
Some structural data of the samples.

hkl 1% 3% 5%

Rel. Int. (%) d(Å) Rel. Int. (%) d(Å) Rel. Int. (%) d(Å)

(1 0 0) 26.66 2.77565 6.00 2.77845 1.58 2.7760

(0 0 2) 100.00 2.56918 100.00 2.56820 100.00 2.5682

(1 0 1) 57.13 2.44675 15.70 2.43663 4.11 2.4366

(1 0 2) 17.89 1.89398 8.95 1.89362 3.05 1.8927

(1 1 0) 11.12 1.61314 2.69 1.61248 0.90 1.6108

(1 0 3) 23.03 1.46782 16.75 1.46753 9.15 1.4673

(2 0 0) 8.28 1.36940 2.19 1.37040 0.79 1.3694

(0 0 4) 3.83 1.29425 2.66 1.29278 2.05 1.2937

f (0 0 2) 0.283 0.559 0.812
also proved via hot probe method. As may be shown from the solid-
state theory of semiconductors [20,21], in case of a semiconductor
with one or more impurity levels, the temperature dependence of
dark electrical resistance is given by

RðTÞ ¼ RoeEg=2kTþ
Xn

i ¼ 1

R00,ie
DEi=kT ð5Þ

In equation above, Ro and R0,i’ are constants, Eg is the thermal band
gap energy, DEi is the electrical activation energies of the impurity
levels, k is Boltzmann constant, and T is temperature. In the region of
relatively lower temperatures, the overall conductivity of the
semiconductor samples is dominated by the charge carriers gener-
ated by ionization of impurity levels (extrinsic conductivity), and
thus the second term in Eq. (5) prevails in the RT dependence. At
sufficiently higher temperatures, on the other hand, the temperature
dependence of conductivity is dominated by the band-to-band
electronic transitions. Under such conditions, the charge carriers
acquire enough thermal energy to make an inter-band transition
(the intrinsic conductivity is ‘‘activated’’ at these temperatures) [21].
According to previous discussion, the two terms appearing in Eq. (5)
may be treated independently in the corresponding temperature
intervals. So in the graph of lnðRÞvs 1000/T a number of linear trends
appear which indicate the forbidden band gap and a number of
10% 20% Ref. [18]

Rel. Int. (%) d(Å) Rel. Int. (%) d(Å) Rel. Int. (%) d(Å)

6 6.73 2.77605 17.00 2.77616 57 2.8143

2 100.00 2.56757 100.00 2.56825 44 2.6033

3 16.74 2.44642 28.75 2.43663 100 2.4759

7 6.59 1.89314 9.44 1.89413 23 1.9111

8 2.09 1.61162 5.29 1.61299 32 1.6247

5 12.07 1.46708 16.74 1.46782 29 1.4771

4 2.61 1.29375 5.05 1.36940 4 1.3782

7 – – 3.42 1.29424 2 1.3017

0.592 0.456 0.151
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impurity levels (band gap states) in the forbidden band gap. But, for
a semiconductor with wide forbidden band gap like ZnO, conduc-
tivity is dominated by the charge carriers generated by ionization of
impurity levels in the studied temperature interval. Thus the second
term in Eq. (5) prevails in the RT dependence. The decrease of dark
electrical resistance upon increase of temperature in the region of
extrinsic conductivity (corresponding to the lower temperature
Fig. 4. The plots of (ahn)2 vs. photon energy, (hn) of the samples obtained in
interval) follows the equation:

RðTÞ ¼
Xn

i ¼ 1

R00,ie
DEi=kT ð6Þ

lnðRÞvs 1000/T graphs of the samples are shown in Fig. 3. As seen
from Fig. 3, there are discrete linear regions. Different impurity
the growth solutions containing various volumes of coumarin additive.
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levels can be calculated for each sample via slopes of the linear
regions. By using Eq. (6), DE can be easily written as

DE¼ k
d ln RðTð ÞÞ

d 1=T
� � ð7Þ

The impurity level ionization energy values were calculated from
the slopes of lnðRÞvs 1000/T graphs. The obtained impurity level
ionization energy (DE) values are 0.62, 0.12 eV;0.36, 0.07 eV; 0.21,
0.03 eV; 0.37, 0.03 eV and 0.37, 0.02 eV for the samples growth in
the solutions containing 1, 3, 5, 10 and 20% coumarin, respectively.
These values are in good agreement with those in previous
studies [22,23]. The resistivity values of the structures were mea-
sured at room temperature by four probe method. The calculated
resistivity values are 1.3�103, 1.5�103, 2.4�103, 5.1�103 and
8.8�103 O cm for the samples growth in the solutions containing 1,
3, 5, 10 and 20% coumarin, respectively. As can be remembered from
the Section 3.1, grain size of the samples decreased inversely
proportional with coumarin content in the growth solutions. The
increase in the resistivity values with increasing coumarin content
can be attributed, depending on the reducing in grain size, to the
decrease in carrier concentration originated by carrier traps at the
grain boundaries.

3.4. Optical measurements

Optical absorption spectra in the UV–vis spectral range (200–
1100 nm) of the samples were determined using a UV-visible
spectrophotometer. The analysis of the dependence of absorption
coefficient on photon energy in the high absorption regions is
performed to obtain the detailed information about the energy
band gaps of the structures. Near the absorption edge or in the
strong absorption zone of the transmittance spectra, the absorp-
tion coefficient is related to the optical energy gap, Eg following
the power-law behavior of Tauc’s relation [24,25]

ðahnÞ ¼ B hn�Eg

� �m
ð8Þ

where B is an energy-independent constant, Eg is the optical band
gap energy and m is an index that characterizes the optical
absorption process and it is theoretically equal to 2 an 1/2 for
indirect and direct allowed transitions, respectively. According to
theoretical and practical results, ZnO exhibits direct inter band
transitions [26]. Thus we can choose m as 1/2. Plotting the graph
of (ahn)2 againstphoton energy (hn), the band gap value can be
determined by extrapolating the straight line portion.

Fig. 4 illustrates the plots of (ahn)2 vs. photon energy, (hn) of
the samples. Through using the slope of linear portion of the plots,
the Eg values were found in between 3.02 and 3.30 eV. Typical
band gap value of ZnO is �3.30 eV [1]. It is clear that the sample
obtained in the solution without additive has a band gap value
of 3.30 eV while the others have lower values. This shifting of the
absorption edges to longer wavelengths (red shift) is usually
attributed to deviation from stoichiometrical ratio of constituent
elements. Therefore, it can be said that the coumarin not only
affects crystal structure and morphology but also stochiometry.
4. Conclusion

As a summary, to see the effects of coumarin presence in the
growth solution, we tried to optimize deposition parameters,
used additional characterization methods and used coumarin in
a wider range. As a conclude;
�
 From the SEM images, it was seen that the substrates were
uniformly covered with rod/rice-like nano-structures and
average diameters of the structures decreased with increasing
coumarin content in the growth solution. Also coumarin
affected the surface morphology, coverage density and uni-
formity of the shape of the structures.

�
 The XRD patterns indicated that all diffraction peaks were well

indexed to hexagonal phase crystalline ZnO. The greater
intensities of (0 0 2) peaks in the patterns revealed c-axis
orientation normal to the substrate. The crystallization of the
samples was gradually enhanced with increasing coumarin
volume up to 5%. When the coumarin volume exceeded 5%, the
crystallization was affected negatively.

�
 The increase in the resistivity values with increasing coumarin

content was attributed to the decrease in carrier concentration
originated by carrier traps at the grain boundaries.

Optical band gap values were estimated via using optical
absorbance spectra. A red shift was observed which might be
originated from non-stoichiometry.
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