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ABSTRACT

Products based on nanostructured flexible thin films, which are anticipated to

make their way into our lifetimes in the near future. Therefore, nanostructured

metal-oxide thin-film materials grown on flexible substrates are anticipated to

meet emerging technological requests. In this article, we present a promising

light-weight and flexible thin-film material using un-doped and Ni-doped CuO

samples. Ni:CuO flexible thin-film materials were fabricated by using the cost-

effective SILAR method on cellulose acetate substrates and the effects of both Ni

doping and bending on the change in electrical and optoelectronic performances

were investigated. It is observed that Ni doping has a great impact on the main

physical properties of flexible CuO samples. The optical bandgap value of the

un-doped CuO film improves with increasing Ni ratio in the growth bath. Also,

sheet resistance values of the un-doped and Ni:CuO samples are a little affected

due to bending of samples for bending radius * 20 mm. These flexible all

solution-processed nanostructured CuO samples are promising candidates for

use in future optoelectronic applications.

1 Introduction

Microdevices, such as pH sensors, gas sensors and

printed electronics received significant attention in

many fields, including health monitoring systems

and low-cost wearable sensing electronics [1, 2]. In

particular, devices made with doped metal-oxide

materials (MOs), such as ZnO, CuO, NiO, SnO2, and

TiO2, with semiconductor properties are extremely

important in this regard and have been the subject of

much research [3–5]. MOs represent one of the

important classes of functional materials in terms of

their abundance for their practical use and added

value opportunities for continuous quality/perfor-

mance improvement. These MOs are one of the most

common groups of compounds on earth, with a wide

variety of chemical compositions, atomic structures,

and crystalline shapes. Almost all known effects can
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be observed in MOs, including superconductivity,

thermoelectric effects, photoelectric effects, lumines-

cence and magnetism. In addition, MOs have played

a key role in the successful application of device

technologies for many years due to their unique

combination of redox chemistry, optics, electrical and

semiconductor properties [6, 7]. This attractive class

of materials can be fabricated economically on flex

substrates [8]. Among these MOs, the prominent one

is (CuO), also known as cupric oxide, due to its

widespread availability, stability, low cost and ease

of synthesis. CuO has an indirect optical narrow

bandgap (of roughly 1.4 eV). It shows p-type con-

ductivity with a big carrier concentration in the range

of 1017–1022 cm-3 due to the excess of copper or

oxygen vacancies in its structure. [2, 9–11].

Due to its excellent electrical, optical, chemical, and

physical properties and its ability to be produced

with this simple production technique, CuO films

find various uses/applications in various gas sensors,

optical devices, and the production of some semi-

conductor-based devices. Moreover, some of its

physical properties can be rearranged by doping.

Especially, different element ions such as Ni, Li, Ag,

Co, Al, In, Zn, etc. into the metal-oxide lattice struc-

ture to improve the physical properties and to modify

the band structures of films have been investigated.

CuO films on which the device will be built can be

obtained using different methods (sputtering, elec-

trochemical deposition, pyrolysis, chemical bath/

spray deposition, and successive ionic layer adsorp-

tion and reaction (SILAR) [12–16]. Here, SILAR is the

most preferred technique due to its own simple and

low-cost nature [16–18]. Nowadays, there is a large

interest in novel materials which allow for elevated

efficiency electronic devices to be generated onto

flexible substrates. These new generation flexible

electronic materials open up a broad range of exciting

novel implementations such as wearables with sen-

sors that help monitor health condition, textiles,

architecture, and light-weight energy harvesting

materials [19, 20].

In addition to this easily accessible production

technique, devices produced on flexible substrates

are needed to meet the requirements of wearable

devices and real-time monitoring systems. To opti-

mize the integration of sensors or microdevices with

monitoring systems and to build integrated systems,

it is necessary to build these devices on flex sub-

strates. Thus, built on flexible and transparent

substrates, some metal-oxide-based nanostructures

have attracted significant attention considering their

unique properties [21, 22]. Currently, several research

groups have reported different types of sensors on

electrical insulated and flexible substrates, such as

polyimide (PI), polyethylene naphthalate (PEN), cel-

lulose acetate (CA) and polyethylene terephthalate

(PET) [2, 21, 23]. This semi-transparent and/or flexi-

bility properties of CuO on flexible substrates facili-

tate future applications and integration with

wearable systems and sensors [21, 22].

It is important to investigate the metal-oxide

nanostructures and such as how the slightly doping

process changes optoelectronic features and electrical

conductivity are altered when the composition varies.

In this article, un-doped CuO and Ni (1.0%, 2.0% and

4.0%)-doped CuO thin films were fabricated on

flexible cellulose acetate (CA) substrates by using the

SILAR technique. X-ray diffractometers (XRD),

scanning electron microscopy (SEM), and atomic

force microscopy (AFM) ensured information of the

crystalline structure and surface morphology of the

CuO samples. The optical characteristics of the sam-

ples were examined by ultraviolet–visible (UV–Vis)

spectroscopy. The electrical properties of un-doped

CuO and Ni- doped CuO films on a flexible substrate

were characterized using sheet resistivity measure-

ments for normal and bending conditions.

2 Experimental details

In the experiment, materials such as copper (II)

chloride dehydrate (Cl2CuH4O2, C 99.0%), nickel (II)

nitrate hexahydrate (H12N2NiO12, C 98.5), ammo-

nium hydroxide (NH4OH), sulfuric acid and acetone

(C3H6O) were used as source material without any

purification to synthesize un-doped and Ni-doped

CuO films. These chemicals, available from interna-

tional commercial suppliers such as Merck Company

and Sigma-Aldrich Company, are at analytical

reagent grade. Distilled water and ammonium

hydroxide were used as solvents.

Un-doped and Cu1-xNixO (x: 0.01, 0.02 and 0.04)

films were synthesized on CA substrates using the

SILAR procedure. The solution was prepared from

150 ml 0.1 M copper (II) chloride in distilled water

and was stirred with a magnetic stirrer for 5 min at

room temperature to obtain a stable solution. NH4OH

was added to assay the pH of the bath to about 10
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and the solution was heated to about 75 �C. To obtain

CuO film, the CA substrates were immersed in the

reaction bath for 20 s and then in a cleaning bath

(distilled water) for 20 s to remove weakly bound

ions. A total of 35 SILAR cycles were performed to

synthesize a homogeneous CuO film of the desired

thickness. The schematic of the SILAR method to

obtain the CuO film is presented in Fig. 1. Possible

chemical reactions occurring during the SILAR

deposition process of CuO film are given in Eqs. 1

and 2 [24]:

CuCl2 þ 6NH4OH ! Cu NH3ð Þ4
� �þ2þ 2OH�

þ 4H2O þ 2NH4Cl ð1Þ

Cu NH3ð Þ4
� �þ2þ 3H2O ! CuO þ 4NHþ

4 þ 2OH�

ð2Þ

To investigate the effects of Ni (1.0%, 2.0% and

4.0%) doping element, Ni-doped CuO films were

synthesized in the same way. The obtained films

were labeled as un-doped CuO, Cu0.99Ni0.01O,

Cu0.98Ni0.02O and Cu0.96Ni0.04O.

A profilometer NanoMap 500LS 3D (AEP technol-

ogy) was used to measure the thickness of the CuO

and Ni-doped CuO films. A Bruker D8 Advance

X-ray diffractometer (using CuKa k = 0.1518 nm

radiation, 40 kV, 30 mA) (CuKa1, k = 1.5405 Å,

45 kV, 40 mA) was used to examine the crystalline

quality of all deposited CuO films. Surface properties

along with elemental content were examined using

an Evo Ls 10 (Carl Zeiss NTS, accelerating voltage;

18 kV) scanning electron microscopy (SEM) equip-

ped with energy-dispersive X-ray spectroscopy

(EDX, Detector; Bruker AXS, XFlash Detector 5010,

analysis software; QUANTAX ESPRIT 1.9). An

atomic force microscope (AFM) NT-MDT/Ntegra

Solaris [Nova (Nova_11147_win32_Release)] was

used to examine the morphology and root mean

square (RMS) distribution of grains. A Genesys 10S

UV–Vis. spectrophotometer (Thermo Scientific, the

spectral range from 190 to 1100 nm) was employed to

measure the absorption of the spectra. A Keithley

6487 picoammeter/voltage source (Keithley Instru-

ments, Cleveland, OH), was used to determine the

sheet resistances of all deposited CuO films.

3 Results and discussion

3.1 Morphological properties

The morphology of flexible un-doped and Ni-doped

CuO films with different Ni doping ratios (1.0%, 2.0%

and 4.0%) was studied using SEM. The SEM pho-

tographs of un-doped CuO and Cu1-xNixO (x: 0.01,

0.02 and 0.04) films are shown in Fig. 2. From the

SEM photographs, it is seen that the surface mor-

phologies of both un-doped and Ni-doped CuO films

are in the plate-like structure. Also, the SEM pho-

tographs in Fig. 2 show that the flexible CuO film

surfaces contain shaped grains that aggregate to form

plate-like surface morphology. There are similar

results of plate-like structure for CuO films produced

Fig. 1 Schematic illustration

of our experimental setup of

the SILAR deposition

procedure for the deposition of

CuO and Ni-doped CuO films.

To obtain CuO film, the CA

substrates were immersed in

the reaction bath for 20 s and

then in a cleaning bath

(distilled water) for 20 s to

remove weakly bound ions. A

total of 35 SILAR cycles were

performed to synthesize a

homogeneous CuO film of the

desired thickness
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by the SILAR technique [25, 26]. The plate-like

structures on the CuO film surfaces vary depending

on the Ni doping concentration. These alterations in

the surface morphological structure of un-doped and

Ni-doped CuO films can be attributed to the rela-

tionship between the thermodynamically

stable growth, free surface formation nucleation and

coalescence process of the films [27–29].

EDX was used to control the content of Ni atoms

included, as well as the ratio between Cu and O in the

synthesized films. Figure 3 shows the EDX spectrum

of elemental analysis of un-doped CuO and and

Cu1-xNixO (x: 0.01, 0.02 and 0.04) films. The substi-

tution of the expected elements to the thin-film

structure such as Cu, O, and Ni was observed from

the EDX spectrum, which affirms Ni doping on the

CuO lattice. Additionally, since the film surfaces are

coated with Gold (Au) to increase the conductivity of

the films, Au peaks appear in the region between 2

and 3 keV in the EDX spectrum. However, these

peaks are not indicated in Fig. 3. Atomic percentage

ratios of all CuO films are given in Table 1. The ratio

of each element listed in Table 1 makes it clear that Ni

is doped in the CuO matrix. It can be seen from the

table that the atomic percentage of Ni increased from

0.70 to 1.40% as the Ni concentration in the solution

increased from 1.0 to 4.0%. Diverse electronegativity

and ionic radius of precursor salts also influence the

growth dynamics in the bath solution, therefore the

variation in elemental composition for Cu, Ni, and O

for each doping conditions [30, 31].

Elemental mapping was also performed to show

the distribution of Cu, O and Ni in the film surface

structure. In other words, supplementary confirma-

tion of each element and doping homogeneity in the

produced CuO films was performed by EDX map-

ping as shown in Fig. 4. These mapping images

clearly show the homogeneous entity of all possible

elements in the films. From the mapping pictures in

Fig. 4, the presence of not only Cu (red) and O

(green) elements in the Cu0.98Ni0.02O film, but also Ni

(orange) element means that Ni doping is successful.

It is critical to control the film thickness as it has a

great influence on the electrical, optical and structural

properties of the grown film. As given in Table 2, the

thickness values of the CuO films varied between

1.70 and 1.14 lm depending on the increasing Ni

concentration. SEM and AFM images also support

Fig. 2 SEM images of un-

doped and different levels of

Ni-doped CuO films on flex

substrate. From the SEM

photographs, it is seen that the

surface morphologies of both

un-doped and Ni-doped CuO

films are in the plate-like

structure
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that the surface changes with the film thickness

[32, 33]. Surface topologies such as roughness of un-

doped CuO and Ni-doped CuO films were investi-

gated with 2D and 3D AFM images, as shown in

Fig. 5. It can be seen that the films synthesized from

the AFM images are dense, uniform and dispersed on

the entire CA substrate with a rough surface. Table 2

shows the mean roughness (Sa), root mean square

(Sq) and entropy values obtained from AFM for the

deposited films. As seen in the table, Sa, Sq and

entropy values take high values depending on the

doping level of Ni. This change may be due to the

accumulation of small grains and the formation of big

grains on the film surface as the doping ratio of Ni

increases [34, 35]. Additionally, from Table 2, it was

observed that the roughness values decreased with

the increase in film thickness. This change may be

due to the presence of more nucleation sites with

increasing film thickness [36, 37].

3.2 Microstructural properties

XRD is a significant tool to explore the structural

features, crystallite size and can specify the existence

of any undesirable impurity phases. Figure 6 denotes

the characterization of XRD peaks of CuO and

Cu1-xNixO (x: 0.01, 0.02 and 0.04) films deposited on

flexible CA substrate by using the SILAR technique.

The XRD model confirmed that all of the obtained

flexible CuO films were polycrystalline in nature. The

distinct diffraction lines settled at 2h values of 32.74�,
35.73�, 38.71�, 48.67�, 52.96�, 58.13�, 61.61�, 65.51�, and
68.31�, which correspond to ð110Þ, ð111Þ, ð111Þ, ð202Þ,

Fig. 3 Elemental analyses of un-doped CuO and Cu1-xNixO (x:

0.01, 0.02 and 0.04) films deposited on CA substrates. The

substitution of the expected elements to the thin-film structure such

as Cu, O and Ni was observed from the EDX spectrum, which

affirms Ni doping on the CuO lattice

Table 1 Elemental composition of un-doped CuO and

Cu1-xNixO (x: 0.01, 0.02 and 0.04) films

Sample name Cu (at%) O (at%) Ni (at%)

CuO 46.64 ± 2.33 53.36 ± 2.66 –

Cu0.99Ni0.01O 37.41 ± 1.87 61.90 ± 3.09 0.70 ± 0.03

Cu0.98Ni0.02O 51.13 ± 2.55 47.87 ± 2.39 1.00 ± 0.05

Cu0.96Ni0.04O 42.49 ± 2.12 56.12 ± 2.80 1.40 ± 0.07
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ð020Þ, ð202Þ, ð113Þ, ð311Þ and ð220Þ crystal planes of

monoclinic phase the monoclinic structure, respec-

tively (JCPDS card no. 05–0661) [38, 39]. Among these

diffraction peaks, ð111Þ and ð111Þ peaks are the most

prominent peaks in the XRD model of the synthe-

sized CuO films. It obviously presents that the

Fig. 4 EDX mapping analysis images of Cu0.98Ni0.02O film

synthesized on flexible substrate. These mapping images clearly

show the homogeneous entity of all possible elements in the films.

From themapping pictures in Fig. 4, the presence of not onlyCu (red)

and O (green) elements in the Cu0.98Ni0.02O film, but alsoNi (orange)

element means that Ni doping is successful (Color figure online)
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heights of ð111Þ and ð111Þ diffraction peaks are much

higher than that of other diffraction peaks, which

implies a preferential orientation of the constituted

crystals along these integrity. The relative intensity

values of ð111Þ and ð111Þ peaks are listed in Table 3. It

is clear from Table 3 that the peak height of CuO

films increases with 1.0% Ni concentration and then

reduces with increasing Ni concentrations (2.0% and

4.0%) in the solution. The varying peak densities of

the CuO films showed that the Ni material signifi-

cantly affected the film crystallinity [40].

It can be seen from the XRD plot that there are no

extra peaks corresponding to Ni or the relevant phase

(metallic Ni, NiO) in 1.0% and 2.0% Ni-doped CuO

films. This shows that Ni2? ions have effectively

substituted in Cu2? sites without altering the struc-

ture of the CuO matrix. This is due to the ionic radius

differences between the superseding ion Ni2? and the

host ion Cu2? (Ni2?:0.69 Å, Cu2?:0.73 Å for coordi-

nation number VI) [41, 42]. When the Ni concentra-

tion in the solution is 4.0%, it is seen that Ni (OH)2-

related peaks appear in the Cu0.96Ni0.04O film. The

diffraction peaks at 34.22� and 39.96�were ascribed to

the reflections of the planes (100), (101), respectively,

of Ni(OH)2 (JCPDS No: 14-0117) [43, 44].

The average crystallite size ðDÞ of the CuO and

Cu1-xNixO films was computed using the Scherrer’s

relationship [45, 46]:

D ¼ 0:94k
bcosh

ð3Þ

where k = 1.5406 Å is the incident radiation wave-

length, b is the full width at half maximum (FWHM)

of XRD diffraction peaks and h is the Bragg’s

diffraction angle, respectively. The obtained values

are listed in Table 3. The calculated results show that

the crystallite sizes are 12.89, 16.30, 17.13, and

17.88 nm for CuO, Cu0.99Ni0.01O, Cu0.98Ni0.02O and

Cu0.96Ni0.04O samples, respectively. In this study, it

was found that the D raised with increasing Ni

content from 1.0 to 4.0% in aqueous solution. The

reason for this change in crystallite size may be that

the addition of Ni to the CuO unit cell causes the cell

volume to expand, thus causing a strong attractive

force between O-2 ions and Ni2? ions and strong

repulsive forces with Cu2?. Also, the increase with D

an increase in Ni ratio may be due to conglomeration

[47–49].

3.3 Molecular properties and FT-IR
analysis

Fourier transform infrared (FT-IR) spectroscopy is a

useful technique for structural and compositional

analysis. FT-IR spectra of un-doped and Ni:CuO on

CA flex substrate shown in Fig. 7. Metal-oxide

materials generally exhibit unique absorption bands

in the fingerprint region resulting from stretching

vibrations, but, also in here, strong absorption peaks

of CA as well as CuO were observed together in all

spectra because of the penetration depth of IR. The

FT-IR spectrum of un-doped CuO on the CA sub-

strate presented three typical intense peaks corpo-

rated with the Cu–O vibrations of monoclinic CuO at

420 cm-1, 491 cm-1 and 615 cm-1 [50–52]. The posi-

tion of the absorption peak (615 cm-1) in the finger-

print region is usually attributed to the presence of

Cu2O, but traces of Cu2O were not seen in the XRD

spectra. When these values were compared with

those previously reported, it was observed that two

absorption peaks at low wavelengths were slightly

blue-shifted and the higher one was red-shifted

[52, 53]. These shifts are usually attributed to the

decrease in the surface area and surface defects and

significant changes with doping [51, 54, 55].

CA, among other peaks, has the presence of three

important peaks belonging to acetyl group vibrations

at 1732 cm-1 (tC=O), 1327 cm-1 (t–CH3), and

1248 cm-1 (tC–O) [50, 56, 57]. Because of the acetyla-

tion process, the peaks of the –OH functional groups

Table 2 Average roughness (Sa), root mean square (Sq), entropy and thickness values of CuO and Cu1-xNixO (x: 0.01, 0.02 and 0.04)

films

Sample name Average roughness Sa (nm) Root mean square Sq (nm) Entropy Film thickness (lm)

CuO 34.06 46.01 10.80 1.70

Cu0.99Ni0.01O 38.96 50.76 10.94 1.64

Cu0.98Ni0.02O 45.38 59.71 11.16 1.46

Cu0.96Ni0.04O 94.60 117.77 12.17 1.14
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Fig. 5 2D and 3D AFM images of un-doped and Ni-doped CuO films on flex substrate over a scan area of 10 lm 9 10 lm. It can be seen

that the films synthesized from the AFM images are dense, uniform and dispersed on the entire CA substrate with a rough surface
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were reduced and were not observed in the spectrum

[56]. No shift was observed in the main peaks of CA,

indicating that the CuO and Ni-doped CuO films did

not react with the substrate. Also, FT-IR spectrum of

Ni-doped CuO on CA has an absorption band at

2357 cm-1 due to the antisymmetric stretching mode

of vibrations of CO2 molecules adsorbed from air

[45, 58]. This situation can be explained as a because

of growing clusters with the doping of Ni ions causes

form a structure with larger spaces between clusters.

This is confirmed by the RMS values obtained via

AFM and the increasing thickness values (Table 2).

3.4 Optical properties

The optical bandgap energy for all pure and Ni-

doped CuO films was determined according to the

Tauc expression [59, 60].

ahm ¼ Cðhm� EgÞn ð4Þ

In this Tauc equation, a, ht, C and Eg are the

absorption coefficient, the photon energy, a constant,

and the optical bandgap. Also, n is � for direct

allowed transitions [61, 62]. A graph is drawn

between (aht)2 and ht the points where the drawn

tangents intersect the horizontal axis (ht axis, y = 0)

to give the bandgap energy value as shown in Fig. 8.

The optical bandgap was found to be 1.48 eV for the

un-doped CuO film and this value is in good accor-

dance with other studies [63, 64]. Figure 8 shows that

the Eg of Ni-incorporated samples improves with

Fig. 6 X-ray diffraction patterns of un-doped and Ni-doped CuO

films on flex substrate. The XRD model confirmed that all of the

obtained flexible CuO films were polycrystalline in nature. The

varying peak densities of the CuO films showed that the Ni

material significantly affected the film crystallinity

Table 3 Relative peak

intensity, crystallite size and

bandgap values of CuO and

Cu1-xNixO (x: 0.01, 0.02 and

0.04) films

Sample name Relative peak intensity (cps) Crystallite size (nm) Bandgap

(eV)
ð111Þ (111)

CuO 220 265 12.89 ± 0.11 1.48

Cu0.99Ni0.01O 323 272 16.30 ± 0.31 1.56

Cu0.98Ni0.02O 279 227 17.13 ± 0.13 1.63

Cu0.96Ni0.04O 145 123 17.88 ± 0.12 1.69

Fig. 7 FT-IR spectrum of un-doped CuO and Cu1-xNixO

(x = 0.01, 0.02 and 0.04)-doped CuO thin films on flexible CA

substrate. Metal-oxide materials generally exhibit unique

absorption bands in the fingerprint region resulting from

stretching vibrations, but, also in here, strong absorption peaks

of CA as well as CuO were observed together in all spectra

because of the penetration depth of IR
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increasing Ni ratio. The Eg results are tabulated in

Table 3 and were estimated to be 1.48, 1.56, 1.63, and

1.69 eV, respectively, for CuO, Cu0.99Ni0.01O, Cu0.98-

Ni0.02O, and Cu0.98Ni0.04O films. Due to the wide

bandgap (3.6–4.0 eV) of NiO films [65], the doping of

Ni on CuO will increase the bandgap of Cu1-xNixO

(x: 0.01, 0.02 and 0.04) films. This increment in

bandgap after Ni doping to CuO may be due to Ni

replacement at the Cu sites in the CuO matrix.

Moreover, this augmentation may be ascribed to

different agents, mainly oxygen stoichiometry,

quantum confinement, and quantum size effect

[66–68].

Figure 9 demonstrates the optical transmittance

plot against the wavelength of the deposited un-

doped and Ni-doped CuO films. All the films

obtained show good transmittance and are recorded

in the wavelength range of 300–1100 nm. The trans-

mittance values alter between 11 and 37%, depending

on the Ni dopant concentration. From the graph, it

was found that the transmission for the un-doped

CuO film was about 11% and increased with rising Ni

level. This alteration in the transmittance of samples

is due to the difference in the thickness of the sam-

ples. Generally, the transmittance of these films

shows a significant increase with a decrease in film

thickness. This variation is due to the thickness effect

(Beer–Lambert’s law), where light is increasingly

adsorbed in a material originating from longer optical

paths. Also, the reason for the change in the trans-

mittance of the films may be related to the crystal

defects and the changing size (crystal size) [69–71].

3.5 DC-electrical properties

The electrical properties of un-doped CuO and Ni-

doped CuO films on a flexible substrate were char-

acterized using sheet resistivity measurements. This

is because the resistivity of a thin film depends

strongly on the nature of its not to bulk properties.

Two-probe technique was used to measure the dc-

electrical resistivity of un-doped and Ni-doped films.

Silver paste was used to make Ohmic contacts with

CuO thin films and the applied bias between two

conductive electrodes was 10 V. DC resistivity values

were calculated using Ohm’s law, R = V/I, where R

is the resistance, V is the applied bias and I is the

measured current. Sheet resistance Rsh was calculated

using the following equation [72];

Rsh ¼
wd

l
R ð5Þ

where w is the gap between the electrodes, d is the

film thickness and l is the length of the electrodes.

Fig. 8 Comparison of (ahm)2 versus hm plots of un-doped CuO

and Ni-doped CuO thin films on flexible substrate. The optical

bandgap was found to be 1.48 eV for the un-doped CuO film and

the Eg of Ni-incorporated samples improves with increasing Ni

ratio

Fig. 9 Optical transmittance spectra un-doped CuO and Ni-doped

CuO thin films on flexible substrate. The transmittance values alter

between 11 and 37%, depending on the Ni dopant concentration

J Mater Sci: Mater Electron (2022) 33:23806–23820 23815



Table 4. shows that the sheet resistance increases with

the doping ratio and decreases with increasing film

thickness. The effect of thickness on sheet resistance

cannot be explained because of the decrease in grain

boundaries causing lower resistance. This increment

could be explained by the increase in impurity scat-

tering at the grain boundaries due to Ni-incorpora-

tion and latter change of optical energy gap [73–75].

Also, CuO is a low-mobility p-type semiconductor

and the incorporation of Ni results in an increase the

native defects. Therefore, a higher hole concentration

and scattering of holes at the native defects corre-

spond to lower mobility and higher resistivity [76].

We have studied on resistivity values at bending

conditions to examine the flexibility of CuO and

Ni:CuO thin films built on flex substrate. To for this,

films were folded onto a 4 cm diameter cylinder and

the sheet resistances of the films were calculated

under the new conditions (insets in Fig. 10). The

sheet resistance values of thin films slightly increased

(Fig. 10). This phenomenon can be interconnected

with the variation in mobility stimulated by the lat-

tice decoration due to the piezoresistive effect in the

thin film [77–79]. Conventionally, the conductivity of

p-type semiconductors decreases linearly (as in here)

because of the strain owing to the increase in the hole

population with decreased mobility by the deforma-

tion. Also, such thin films built on flexible substrates

tend to become brittle and form fractures during

bending.

The changes in the dc resistivity can be character-

ized using the ratio of the resistance to (Rsh) and after

bending (Rsh
*) (i.e. S = Rsh/Rsh

*) [21]. The conver-

gence of this ratio to unity simplifies device fabrica-

tion, while moving away from this value will have

undesirable effects on sensor properties. In here, this

ratio changes between the 1.14 and 1.17 for CuO and

Cu0.96Ni0.04O, respectively. Although this value is

slightly high, it is lower than the sensing response

parameter compared to similar studies [2, 80, 81].

4 Conclusions

Nanostructured flexible CuO films with varied ratios

of transition metal Ni were synthesized by the SILAR

technique on cellulose acetate substrates. From the

SEM images, it is seen that the surface morphologies

of both un-doped and Ni-doped CuO films are in the

nanorod structure. The substitution of the expected

elements to the thin-film structure such as Cu, O, and

Ni was observed from the EDX spectrum, which

affirms Ni doping on the CuO lattice. The XRD model

Table 4 Sheet resistance and

resistivity values of CuO and

Cu1-xNixO (x: 0.01, 0.02 and

0.04) films

Sample name Normal Bending

Resistivity

9 104 X cm

Sheet resistance

Rsh (9 108 X/sq.)
Resistivity

9 104 X cm

Sheet resistance

Rsh (9 108 X/sq.)

CuO 4.66 2.7 5.47 3.1

Cu0.99Ni0.01O 32.22 19.6 37.61 22.9

Cu0.98Ni0.02O 31.40 21.5 36.41 24.9

Cu0.96Ni0.04O 27.87 24.4 31.84 27.9

Fig. 10 Sheet resistance versus doping level graphs of

Cu1-xNixO films. Inset shows the bending conditions and

contact properties. The sheet resistance values of thin films

slightly increased with bending condition. This phenomenon can

be interconnected with the variation in mobility stimulated by the

lattice decoration due to the piezoresistive effect in the thin film
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confirmed that all of the obtained flexible CuO films

were polycrystalline in nature. The FT-IR spectrum of

samples on the CA substrate showed three charac-

teristic strong peaks associated with the Cu–O

vibrations of monoclinic CuO. The optical energy

gaps of different flexible CuO films prepared from

different Ni concentrations 1.0%, 2.0%, and 4.0%,

were calculated as 1.56 eV, 1.63 eV, and 1.69 eV,

respectively. This increment in bandgap after Ni

doping to CuO may be due to Ni replacement at the

Cu sites in the CuO matrix. Two-probe technique was

used to measure the dc-electrical resistivity of un-

doped and Ni-doped films. Obtained results show

that the sheet resistance increases with the Ni doping

ratio and decreases with increasing film thickness.

This is because the resistivity of a thin film depends

strongly on the nature of its not to bulk properties.

Additionally, we have examined the resistivity val-

ues at bending conditions to examine the flexibility of

CuO thin films for bending radius * 20 mm. The

sheet resistance values of thin films slightly increased

because of bending. This phenomenon can be related

to the change in mobility induced by the lattice

deformation due to the piezoresistive effect in the

thin film. These obtained results for light-weight and

flexible CuO thin-film materials make them ideal for

a wide variety of applications unsuitable for heavy

thin films.

Author contributions

All authors contributed to the study conception and

design. Material preparation, data collection and

analysis were performed by RA, AA and BŞ. The first
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45. A. Taşdemir, R. Aydin, A. Akkaya, N. Akman, Y. Altınay, H.
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