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Abstract

Two simple, safe and environmental friendly chemical solution methods which are suitable to mass production, applicable at low temperatures

and cost effective, were used to prepare homogenous nano-structured cupric oxide (CuO) films. By using different types of substrates (glass, quartz,

Cu foil and Si) and techniques various types of CuO nanostructures (plate, needle and network like) were produced. The products were

characterized by scanning electron microscopy, X-ray diffraction and temperature dependant dark electrical resistivity measurements in order to

investigate the effects of substrate on morphology, crystallographic structure and electrical properties of the films. From these characterizations it

was seen that there are significant differences in the morphological, crystallographic, structural and electrical properties of the nanostructures that

were produced by different techniques and/or on different substrates. Besides, growth mechanisms of CuO films have been investigated.
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1. Introduction

Nano-structured materials such as nanotubes [1,2], nano-

wires [3–6], nanorods [7–9], nanoribbons [10,11] and

nanosheets [12–14] have attracted more attention in the last

decades due to their unique optical, electrical and magnetic

properties and their potential applications in nanodevices [15].

Nano-materials exhibit outstanding and surprising properties

with the decrease in the dimensions and the change in shape and

in crystal structure. Because of these unique and predictable

properties, they can be used in nano-scaled electronic devices.

Owing to these novel properties, many researchers work on

nano-structured materials in order to use them as building

blocks for the integration of the next generation of

nanoelectronics, ultra small optical devices, gas sensors,

biosensors and so on.

In recent years, cupric oxide (CuO) has attracted increasing

interest for its prospective applications in many fields. As an

important low cost and non-toxic transition metal oxide with a

narrow bandgap of �1.2 eV at room temperature, copper oxide
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films have received much attention for its various applications

some of which are in catalysis [16], semiconductors [17],

batteries [18], gas sensors [19], biosensors [20], magnetic

storage media [21], solar cells [22], electronics [23], varistors

[24], capacitors [25] and field transistors [26]. Because the

chemical and physical properties of CuO are strictly dependant

of its morphology, in recent years considerable efforts have

been made to synthesize various types of CuO nanostructures.

A number of different techniques such as heating copper sheets

in O2 atmosphere [6], immersing CuO sheets into ammonia or

sodium hydroxide solutions [27], electrodepositing Cu(II) ions

[28] or using a wet-chemical route [29] have been used to

control size and morphology of CuO nanomaterials. Among

these techniques, chemical bath deposition method (CBD) – a

wet-chemical method – and direct reaction with ammonia or

sodium hydroxide solutions are promising techniques because

they are both simple, safe, environmental friendly, suitable to

mass production, low temperature and cost effective solution

methods. By using these different methods, considerable

powder samples of CuO nanoparticles have been reported

[30,31]. But nano-structured CuO thin films that were grown on

a substrate have been reported seldomly. In some of them, Cu

foils were used [27,32], but only in a few of them some other

materials like microscope glasses and stainless steel slices
d.
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[33,34] were used as substrates. For this reason, substrate effect

on CuO films needs more investigations.

In this work we report a simple route for the synthesis of

dense, continuous and stable nano-structured CuO films by two

methods. The first method is immersing glass, quartz, silicon and

Cu foil substrates in an aqueous solution of copper(II) chloride

dehydrate and ammonia. And the other method is immersing Cu

foils in an aqueous solution of ammonia and sodium hydroxide.

The morphology of CuO nanostructures can be changed by using

different types of substrates. We have investigated the growth

mechanism, crystal structure and morphology of synthesized

CuO films. Besides, we have investigated the temperature

dependent dark electrical resistivity measurements in order to

calculate the ionization energy values of the impurity levels and

the band gap energy values of the films.

2. Experimental details

2.1. Materials

All the chemical reagents used in the experiment were

analytical grade and were used without further purification.

Copper(II) chloride dehydrate (CuCl2�2H2O), sodium hydro-

xide (NaOH), sulfuric acid (H2SO4) and copper foil (Cu) were

purchased from Sigma–Aldrich Co. Ammonia solution (NH3)

and acetone (CH3COCH3) were purchased from Merck KGaA.

p-type Si wafers (boron doped, resistivity: 1–10 Vcm,

thickness: 400 mm) were purchased from Si-Mat.

2.2. Synthesis of CuO films on glass, quartz, Si and Cu

substrates by CBD method

Synthesis of the films onto the glass, quartz, Si and Cu

substrates were described as follows: at first, substrates were

cleaned in three steps which are cleaning in dilute sulfuric acid

solution (H2SO4:H2O, 1:5, v/v), in absolute acetone and in de-

ionized water (18.2 MV cm�2) for 5 min each in an ultrasonic

bath. Then, 1.705 g copper(II) chloride dehydrate (CuCl2�2H2O)

was dissolved in 100 ml de-ionized water under stirring in a

magnetic stirrer at room temperature to obtain 0.1 M copper

chloride solution. The solution was stirred for 1 h to ensure that

CuCl2 dissolved completely. Then, pH value of the solution was

increased to �10.0 by adding aqueous ammonia (NH3) under

constant stirring. A blue solution of Cu(OH)2 was soon produced.

The pH of the solution was measured by Hanna pH 211/213 pH-

meter. Previously cleaned glass, quartz, Si and Cu substrates

were immersed into the solution. Glass substrates were tilted

against the wall of beaker where the angle between the substrates

and the beaker bottom is �608. The other substrates were

attached to a piece of glass and immersed into the solution as

tilted where all of the substrates (quartz, Cu, polished and

unpolished sides of Si) were positioned upward. Then the

solution was started to boil at �90 8C in order to convert

Cu(OH)2 into CuO. Heating rate was 10 8C/min and it took about

10 min to boil the solution. After 15 min boiling, the substrates

were taken out from the bath and rinsed in de-ionized water for

about 5 min in an ultrasonic bath in order to remove larger and
loosely bonded CuO particles. Before the analyses, the substrates

were dried in air at room temperature for a day.

2.3. Synthesis of CuO films on Cu foils by solution method

Synthesis of the films onto Cu foils was described as follows:

At first, copper foils (2 cm � 2 cm) were sandpapered and then

washed in dilute sulfuric acid solution (H2SO4:H2O, 1:5, v/v)

for 5 min and subsequently washed with de-ionized water and

absolute ethanol to remove the surface impurities as well as

oxide layers. Next, a solution with pH � 12.0 was prepared by

adding enough amount of NaOH into 175 ml de-ionized water.

Next, 15 ml NH3 was added to the prepared solution. Then, the

treated Cu foils were immersed into the above solution and kept

at 80 8C for 48 h. Then, the solution cooled down to room

temperature and the Cu foils kept at the solution for 48 h more.

Finally, the Cu foils were taken out from the solution, washed

with de-ionized water and dried at room temperature for a day.

It was seen that the Cu foils were completely covered by black

films (CuO films). After drying, one of the foils was annealed at

300 8C for 1 h in a PROTHERM PTF 12/50/450 tube furnace in

order to investigate the heat treatment effect on the nano-scaled

CuO structures. In our previous paper it was seen that heat

treatment did not make more changes on the nano-structures

that were grown glass substrates by CBD method [35].

2.4. Characterization of the samples

The crystal structure of the samples was examined by Philips

X’pert Pro X-ray diffractometer (XRD) (CuKa radiation,

l = 1.540056 Å). A scan rate of 0.028/s was applied to record

the pattern in the 2u range of 20–608. A JEOL JSM-5500LV

scanning electron microscope (SEM) was operated at an

acceleration voltage of 20 kV for morphological imaging.

Thickness values of some of the films were calculated by

gravimetric methods and measured by crossectional SEM

analyses. A Keithley 6487 Picoammeter/Voltage Source was

used to investigate the temperature dependant dark electrical

resistivity measurements in order to calculate the ionization

energy values of impurity levels and the band gap energy values

of the films.

3. Results and discussion

3.1. Morphology

Morphology and microstructure of the CuO films were

investigated by SEM. As seen from the Fig. 1, CuO plates form

CuO clusters on the glass substrates. Fig. 1(a) shows the SEM

image of the back side of a glass substrate (the surface which

having the angle of 608 with the beaker surface) where

formation of CuO clusters was very week. On the other hand, on

the front side of the glass substrates (Fig. 1(b)), all of the CuO

clusters touch to each other and form continuous films that are

necessary for electrical conductivity. Fig. 2 shows the SEM

images of front sides of as-synthesized and annealed (at 300 8C
for 1 h) CuO films. It can be seen that the substrates are fully



Fig. 1. SEM images of (a) back side and (b) front side of the glass substrate.

Fig. 2. SEM images of front sides of the CuO nanoplates: (a) as-synthesized and (b) annealed at 300 8C for 1 h.

Fig. 3. Cross sectional SEM images of front sides of the CuO films: (a) as-synthesized and (b) annealed at 300 8C for 1 h.
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covered by clusters of CuO nanoplates. Annealing process

decreases both the diameter of clusters and thickness of

nanoplates. Before annealing the average cluster diameter is

�2.5 mm and the average thickness of the nanoplates is

�110 nm. After annealing the average cluster diameter

decreases to �1.9 mm and the average nanoplate thickness
Table 1

Band gap energy and impurity level ionization energy values, cluster diameters, fi

Substrates Eg (eV) DE (eV) Cluster diameter (mm) 

Glass (as-synthesized) 1.37 0.30 2.5 � 0.5 

Glass (annealed) 1.39 0.32 1.9 � 0.6 

Cu foil (solution method) 1.47 0.42 2.1 � 0.8 

Cu foil (CBD method) 1.45 0.40 – 

Quartz 1.40 0.39 – 

Silicon 1.40 0.38 – 
decreases to 75 nm. Fig. 3 shows the cross-sectional SEM

images of front sides of as-synthesized and annealed films.

Average thickness of front sides of as-synthesized films is

2.5 mm; on the other hand the average thickness of annealed

films is 2.3 mm. These values are listed in Table 1. From the

gravimetric measurements the average film thickness (front
lm and nanoplate/wire thickness values and nanowire lengths of the samples.

Film thickness (mm) Plate/wire thickness (nm) Wire length (mm)

2.5 � 0.2 110 � 20 –

2.3 � 0.2 75 � 25 –

2.6 � 0.2 87 � 10 –

– 80 � 10 –

– 95 � 11 1.0 � 0.4

– 84 � 12 0.8 � 0.3



Fig. 4. SEM images of the needle-like CuO nanostructures that were deposited

on (a) quartz, (b) polished side of silicon and (c) non-polished side of silicon.
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side) was found as about 1.9 mm for as-synthesized films which

implies that the porosity (�24%) of the films is high. Also the

decrease in the front side thickness of the annealed film that

measured by gravimetric method is in accordance with that of

the crossectional SEM measurements. Heat treatment can cause

a re-crystallization and can convert Cu(OH)2 into CuO and

H2O. Re-crystallization or removing water from the structure

may have caused a decrease in the sizes of the nanostructures,

clusters and in the thickness of the films.

On the other hand if the substrates are crystalline, CuO

nanostructures do not form clusters but they homogenously

cover the whole surface of the crystalline substrate or they form

clusters very close to each other that there seems no boundary

between them as in Fig. 4. As seen from the images needle-like

CuO nanostructures were grown on the substrates. The number

of active bonding or adsorption centers on crystalline surfaces

is higher than that is on non-crystalline or amorphous surfaces.

In the case of high periodicity of atoms more active bonding or

adsorption centers can occur on the surface. But in non-

crystalline or amorphous surfaces week periodicity of atoms on

the surface cause a decrease in the number of active bonding or

adsorption centers. Average thickness values of the needle-like

nanostructures are 95, 84 and 86 nm and the average lengths of

these structures are 1.0, 0.8 and 0.9 mm, respectively for quartz

(Fig. 4(a)), polished side of Si (Fig. 4(b)) and non-polished side

of Si (Fig. 4(c)) substrates. In Fig. 4, it is also seen that there

exists some CuO clusters on the surface. But these clusters were

formed on the surfaces that were covered by CuO needles. And

on non-polished side of the Si surface (Fig. 4(c)) it was seen that

there were some sunk regions, this may be because of non-

smooth surface.

Morphology of CuO particles on Cu foils are considerably

different from that were grown on glass, quartz and Si

substrates. Fig. 5 shows the SEM images of CuO nanoparticles

that were grown on Cu foils. They were prepared by immersing

Cu foils in ammonia and sodium hydroxide solution (Fig. 5(a)

and (b)) and in copper chloride solution (Fig. 5(c)). In Fig. 5(a)

and (b) it is seen that dense spherical CuO clusters were grown

in network-like CuO nanowires. Fig. 5(b) shows the annealed

CuO film while Fig. 5(a) shows as-synthesized CuO film. There

exist some small changes in the sizes of the structures. In as-

synthesized case average cluster diameter is 2.1 mm while in

annealed case that is 2.6 mm. Addition of copper(II) chloride to

the bath and/or different cleaning processes cause a sharp

modification in the shape of CuO structures (Fig. 5(c)). By

adding some new chemical to the solution can possibly cause

some extra chemical reactions in the intermediate steps which

could considerably affect the morphology of the films. In this

case, plate-like structures were formed on the Cu surface as

they were formed on the glass substrates. But instead of forming

spherical CuO clusters, CuO nanostructures have been

accumulated along some lines on the surface of Cu foils. In

the cleaning process of the solution method, Cu foils were

sandpapered and is expected to be rougher than that for CBD

method. The different roughness could also impact the CuO

morphology. The average thickness of CuO nanoplates is

80 nm. At least 10 different points chosen randomly from the
different parts of the samples used for the evaluation of the

average thickness, diameter and length values for each sample.

3.2. Crystal structure

XRD analyses were employed to study the crystal structures

of the CuO films. Fig. 6 show typical XRD patterns of the as-

synthesized and annealed (at 300 8C for 1 h) films that were



Fig. 5. SEM images of the network-like CuO nanostructures: (a) as-synthe-

sized, (b) annealed and (c) plate-like CuO nanostructures on Cu foils.
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Fig. 6. XRD patterns of front sides of the CuO nanoplates: (a) as-synthesized

and (b) annealed at 300 8C for 1 h.
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grown on glass substrates. There were no XRD peaks referred

to Cu(OH)2, which means the grown film completely consist of

only CuO molecules or Cu(OH)2 may be present in small extent

and accumulated along the grain boundaries of the crystallites

constituting the film or Cu(OH)2 may be amorphous [36]. XRD

pattern also provides information on crystal orientations: the

Miller-indexed ð0 0 2Þ=ð1̄ 1 1Þ and (1 1 1)/(2 0 0) reflections are
the strongest, which indicate that they are preferential crystal

planes of the nanoplates. From the XRD patterns it can be

deduced that annealing causes an increase in the intensities of

the peaks ð0 0 2Þ=ð1̄ 1 1Þ and (1 1 1)/(2 0 0) and causes a

decrease in the intensity of (1 1 0) peak. Intensity values of the

peaks at ð0 0 2Þ=ð1̄ 1 1Þ and (1 1 1)/(2 0 0) orientations change

from 38 to 49 and from 37 to 44, respectively. Fig. 7 shows the

XRD patterns of the films that were grown on quartz and silicon

substrates. From the figure it can be seen that the intensity

values are not high as much as that are in Fig. 6 which means

that formation of CuO nanostructures on glass substrates are

stronger than that are on quartz and silicon substrates. But in

this case there appears a peak shift towards higher 2u values on

both ð0 0 2Þ=ð1̄ 1 1Þ and (1 1 1)/(2 0 0) peaks. This fact

indicates the presence of the lattice strains in the films.

Fig. 8 shows the XRD patterns of the films that were grown on

copper foils. Before annealing (Fig. 8(a)) ð0 0 2Þ=ð1̄ 1 1Þ peak is

dominant but after annealing (Fig. 8(b)) the intensity of this

peak decreases and (1 1 1)/(2 0 0) and ð2̄ 0 2Þ peaks appear.

Fig. 8(c) shows the XRD pattern of CuO nanostructures that

were grown on Cu foils in copper chloride bath. Interestingly,

these three peaks have relatively lower intensities. All

diffraction peaks for all samples can be clearly indexed to

the monoclinic CuO phase with lattice constants of

a = 4.6797 Å, b = 3.4314 Å, c = 5.1362 Å, and b = 99.26208
(JCPDS Card No.: 01-080-0076).

3.3. Electrical measurements

Silver paste was used to make ohmic contacts with CuO thin

films. I–V dependence of the films is linear within the studied

voltage range which proves that the contacts are ohmic. The
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Fig. 7. XRD patterns of the needle-like CuO nanostructures that were grown on

(a) quartz and (b) polished side of silicon substrates.
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Fig. 9. Band gap energy values of the samples.
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derivative ð@I=@VÞ�1
is constant and equal to the electrical

resistance of investigated CuO thin film, indicating a negligible

value of the contact resistance. We have measured the

temperature dependence (in the range of 300 K–500 K) of

dark electrical resistivity for all CuO films in order to determine

the ionization energy values of the impurity levels and the

thermal band gap energy values of the films. The details of the
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Fig. 8. XRD patterns of the network-like CuO nanostructures: (a) as-synthe-

sized, (b) annealed and (c) plate-like CuO nanostructures on Cu foils.
calculations are given in the previous work [35].

Eg ¼ 2k
d lnðRðTÞÞ

dð1=TÞ (1)

The band gap energies were calculated from the slopes of lnðRÞ
vs. 1000=T graphs by using Eq. (1). The obtained Eg values of

the samples (Fig. 9) are listed in Table 1. These values are in

good agreement with the one obtained from optical spectros-

copy measurements [29].

As seen from Fig. 10, there exists only one impurity level

(one linear region at low temperatures).

DE ¼ k
d lnðRðTÞÞ

dð1=TÞ (2)

The impurity level ionization energy values were calculated

from the slopes of ln(R) vs. 1000/T graphs by using Eq. (2). The

obtained impurity level ionization energy (DE) values of the

samples (Fig. 11) are listed in Table 1.

3.4. The growth mechanism

For copper ions aqueous solution, when the ion product (IP)

of the solution is higher than the solubility product (SP) the
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Fig. 10. ln R vs. 1=T dependence of the as-synthesized CuO films (front side).
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Fig. 11. Impurity level ionization energy values of the samples.
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precipitation Cu(OH)2 occurs. It is commonly accepted that the

degree of supersaturation (S), defined as the ratio of IP to SP, is

an important parameter to evaluate the precipitation process in

aqueous solution. If S is lower than 1, no precipitation occurs. If

S is higher than 1 but lower than a critical value Sc, a

heterogeneous precipitation occurs on the walls of container

and substrate because the value of S is not sufficient to induce

nuclei in the bulk solution. And if S is higher than Sc, a

homogenous precipitation occurs in the bulk solution [37].

According to this theory, S value for copper ions must be fixed

in between 1 and Sc in order to get heterogeneous nucleation on

the substrate.

In the first part of these series of experiments CuCl2�2H2O

and NH3 were used as ion source and reagent respectively. Cu2+

ions were obtained by dissolving 1.705 g CuCl2�2H2O in

double distilled water as shown in Eq. (3). Before the start of

precipitation reaction, the pH value of the solution was �3.80.

The possible chemical reactions are as follows:

CuCl2�2H2O ! Cu2þ
ðaqÞ þ 2Cl�ðaqÞ (3)

NH3þ H2O $ NH4
þ
ðaqÞ þ OH�ðaqÞ (4)

NaOH þ H2O ! NaþðaqÞ þ OH�ðaqÞ (5)

Cu2þ
ðaqÞ þ 2OH�ðaqÞ ! CuðOHÞ2 (6)

CuðOHÞ2 ! CuO þ H2O (7)

In the suggested reaction scheme, ammonia played key role

for the formation of desired CuO nanostructures. The pH value

of the solution is raised to the value of �10.0 by adding

ammonia which introduces ammonium and OH? ions (Eq. (4)).

This is the critical stage in the chemical reaction because this

stage controls the supply of OH? ions which determines the

degree of supersaturation S. And also Cu(OH)2 precipitate

cannot dissolve in the solution with a high OH? concentration

to form dissoluble complex ions such as Cu(OH)4
�2. Therefore

we believe that CuO crystalline nuclei in nanoscale were

formed in the dehydration of Cu(OH)2 precipitate and gradually

grown on the substrates and wall of the container. Subsequent

heating of the solution (Eq. (7)) causes this decomposition.

From the XRD patterns of the films that were synthesized in the
copper(II) chloride solutions, it was concluded that the grown

film were completely composed of only CuO molecules. In the

second part NH3 and NaOH played key role. Adding these two

chemicals into the bath introduced OH? ions (Eqs. (4) and (5)).

These OH? ions in the bath form Cu(OH)2 by bonding to Cu

atoms in the surface of Cu foil. We believe that subsequent

heating of the solution (Eq. (7)) causes dehydration of Cu(OH)2

into CuO.

4. Conclusion

In summary, we have synthesized dense, continuous and

stable CuO films with good crystallinity in a short time, e.g.

15 min. SEM, XRD and temperature dependant dark electrical

resistivity investigations on the nanostructures have been

carried out. From SEM images, average thickness of the CuO

nanostructures (plate, needle and wire) deposited on glass,

quartz, silicon and copper substrates are found as �100 nm.

The XRD measurements showed that the CuO nanostructures

have a high crystal quality with monoclinic crystal structure

preferentially in (1 1 0), ð0 0 2Þ=ð1̄ 1 1Þ; (1 1 1)/(2 0 0) and

ð2̄ 0 2Þ directions. From the temperature dependent dark

electrical resistivity measurements, ionization energy values

of the impurity levels have been calculated in between 0.30 and

0.42 eVand the band gap energy values have been calculated in

between 1.37 and 1.47 eV.
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[23] R. Ao, L. Kümmerl, D. Haarer, Present limits of data storage using dye

molecules in solid matrices, Advanced Materials 7 (1995) 495.
[24] Y. Jiang, S. Decker, C. Mohs, K.J. Klabunde, Catalytic solid state reactions

on the surface of nanoscale metal oxide particles, Journal of Catalysis 180

(1998) 24.

[25] H. Zhang, M. Zhang, Synthesis of CuO nanocrystalline and their applica-

tion as electrode materials for capacitors, Materials Chemistry and Physics

108 (2008) 184.

[26] W. Jia, E. Reitz, P. Shimpi, E.G. Rodriguez, P.X. Gao, Y. Lei, Spherical

CuO synthesized by a simple hydrothermal reaction: concentration-de-

pendent size and its electrocatalytic application, Materials Research

Bulletin 44 (2009) 1681.

[27] W. Zhang, S. Ding, Z. Yang, A. Liu, Y. Qian, S. Tang, S. Yang, Growth of

novel nanostructured copper oxide (CuO) films on copper foil, Journal of

Crystal Growth 291 (2006) 479.

[28] S. Wei, Y. Chen, Y. Ma, Z. Shao, Fabrication of CuO/ZnO composite films

with cathodic co-electrodeposition and their photocatalytic performance,

Journal of Molecular Catalysis A: Chemical 331 (2010) 112.

[29] R.A. Zarate, F. Hevia, S. Fuentes, V.M. Fuenzalida, A. Zuniga, Novel

route to synthesize CuO nanoplatelets, Journal of Solid State Chemistry

180 (2007) 1464.

[30] N.R.E. Radwan, M.S. El-Shall, H.M.A. Hassan, Synthesis and characteri-

zation of nanoparticle Co3O4, CuO and NiO catalysts prepared by physical

and chemical methods to minimize air pollution, Applied Catalysis A:

General 331 (2007) 8.

[31] C.L. Carnes, K.J. Klabunde, The catalytic methanol synthesis over

nanoparticle metal oxide catalysts, Journal of Molecular Catalysis A:

Chemical 194 (2003) 227.

[32] S.C. Vanithakumari, S.L. Shinde, K.K. Nanda, Controlled synthesis of

CuO nanostructures on Cu foil, rod and grid, Materials Science and

Engineering B 176 (2011) 669.

[33] H.T. Hsueh, T.J. Hsueh, S.J. Chang, F.Y. Hung, T.Y. Tsai, W.Y. Weng, C.L.

Hsu, B.T. Dai, CuO nanowire-based humidity sensors prepared on glass

substrate, Sensors and Actuators B 156 (2011) 906.

[34] Y. Xu, C. Wang, D. Chen, X. Jiao, Fabrication and characterization of

novel nanostructured copper oxide films via a facile solution route,

Materials Letters 64 (2010) 249.
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