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Abstract

Thin film of copper oxide was deposited onto a silicon substrate through DC magnetron sputtering system. Nitrogen ions
(N*) were implanted into the film using Pelletron Accelerator at different doses (5 x 10'2,5 x 1013 and 5 x 104 ions/cmz)
while maintaining a constant ion energy of 300 keV. The X-ray diffraction study revealed a diffraction peak of CuO (— 111)
in all the samples. The crystallite size of CuO decreased at 5 x 10'2 ions/cm? and then increased with the dose up to 5 x 1014
ions/cm?. The decrease in crystallite size was attributed to structural disorder in the film caused by ions irradiation, while
at relatively higher doses (> 5 x 10'? ions/cm?), localized thermal effects improved the structural ordering of the material
through the annihilation of defects. The surface morphology of the film showed a decrease in its grain size at 5 x 10'2
ions/cm?, followed by an increase with a further increase in the ion dose. N* implantation at 5 x 10'? ions/cm? decreased
the surface roughness of CuO, while the roughness remained constant at the higher doses. The electrical resistivity of CuO
decreased upon N* implantation at 5 x 10'? ions/cm? and then increased with a further increase in the ion dose. The band gap
of the CuO exhibited a similar trend to that of its resistivity and crystallite size. These findings show that the N* implantation
serves as an effective method for tuning the physical properties of the copper oxide film, for its superior performance in the
electronic and optoelectronic devices.
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1 Introduction

Copper oxide is a well-known semiconductor with p-
type characteristics. It commonly exists in three primary
phases, known as CuO (tenorite), CupO (cuprite) and
CusO3 (paramelaconite). Among these phases, the most
stable forms of copper oxide are the tenorite and cuprite
[1, 2]. Copper oxide exhibits a high absorption coeffi-
cient in visible region, along with high carrier mobility,
and a wide band gap. As a result, copper oxide films are
widely used in various devices including solar cells, gas
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sensors, photo-electrochemical cells, photocatalysis, light
emitting diodes, magnetic media, superconductors, antibac-
terial agent and photodetectors [3—13]. Copper oxide films
can be synthesized using various methods, including both
chemical/physical deposition techniques [14—18]. Among
these methods, the magnetron-sputtered films exhibit supe-
rior uniformity and better adhesion to the substrate [19, 20].
Tuning the physical properties of metal oxides films through
ion implantation is recognized as a valuable technique. In this
process, impurity ions are introduced into metal oxides using
anion implanter or accelerator. The implanted ions can poten-
tially enhance their physical properties. The controllability
and repeatability of the results in the case of ions-implanted
films are found to be superior to that of the chemically doped
films [20-22]. Consequently, ion implantation in thin films
is widely utilized to control and enhance their properties.
Researchers have investigated the ion implantation effects
in copper oxide film. Ahmad et al. [23] reported silver ion
(Ag*) implantation effects on the copper oxide film. The
result revealed a decrease in refractive index, band gap, and
resistivity of the film due to Ag* implantation. Ungeheuer
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et al. [24] implanted chromium ions (Cr*) at 10 keV into the
magnetron-sputtered Cu,O film at different doses. The Cr*
implantation led to a reduction in optical absorption and an
increase in the band gap of the film. Jafari et al. [25] inves-
tigated the copper oxide film’s properties after implanting
30 keV nitrogen ions with a dose of 1 x 10'8 jons/cm?.
The results indicated a decrease in grain size, an increase in
surface roughness and band gap of the ion-implanted film.
Similarly, Sberna et al. [26] reported a decrease in the electri-
cal resistivity of the CuO film due to 46 keV N* implantation
initatdifferent doses. Another study revealed that the 50 keV
N* implantation enhanced the crystallinity of copper oxide
while simultaneously reducing its sheet resistance [27]. All
of these studies demonstrated a pivotal role of nitrogen ion
implantation in controlling the physical properties of the cop-
per oxide films.

The previous studies on nitrogen-implanted copper oxide
films were mostly conducted using low-energy (< 100 keV)
and high-dose nitrogen ions (> 10" ions/cm?). Low-energy
ion implantation in a material leads to nuclear stopping,
resulting in the creation of displacement cascades and lattice
defects in the material [20]. In the present work, we employed
relatively high-energy (300 keV) and low-dose (10'2-10'*
ions/cm?) nitrogen ions compared to the previous investiga-
tions. Here, the structural, electrical and optical properties of
the N*-implanted copper oxide film have been examined at
different doses.

2 Experimental Work

Thin films of copper oxide were deposited on n-type Si (100)
substrates. The experiment was started with the cutting and
cleaning of Si specimens of dimensions 1.5 x 1.5 cm”. The
specimens were cleaned using acetone. A magnetron sput-
tering system comprising of a sputtering chamber, power
supply and vacuum system was utilized for the deposition
of copper oxide film. A copper target of purity 99.999% was
cleaned using emery paper to eliminate any impurities on its
surface before being placed inside the chamber. The pump
was activated to create a vacuum in the chamber. Argon gas
was introduced into the chamber along with oxygen (Ar:O;
80:20) to facilitate the reactive sputtering process. Plasma
was generated by applying a DC voltage across the target and
substrate. The initial and working pressures were measured
to be 1 x 10" mbar and 0.002 mbar, respectively. Copper
sputtering was conducted at 100 W with a deposition rate
of 0.7 A/sec [28]. The thickness of the CuO film was mea-
sured to be about 350 nm. Subsequently, deposited films on Si
(100) were taken out of the chamber for ion implantation. One
specimen was left pristine, while the others were implanted
with nitrogen ions (N*) using a Pelletron Accelerator (Model:
6SDH-2 NEC, USA). The operation of Pelletron Accelerator
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is elucidated in our recent studies [20, 29]. To conduct ion
implantation, the films were affixed to a plate inside the accel-
erator chamber. Nitrogen ions (N*) were generated using a
TiN SNICS cathode and were accelerated toward the films.
The films were implanted with nitrogen ions at the doses of
5 x 10'2,5 x 10!3 and 5 x 10'* ions/cm?, while the ion
energy was same (300 keV) for all the specimens. The ion
irradiation experiment was performed at room temperature.
The SRIM software was utilized to determine the range of
N* within the copper oxide film. Figure la, b displays the
SRIM results of a copper oxide film implanted with 300 keV
N* at a dose of 5 x 10'# ions/cm?. The penetration range of
N* within the film was determined to be 116 nm (Fig. 1a).
Figure 1b presents the SRIM results of target displacements
and vacancies induced by N* in the film.

X-ray diffraction analysis of pristine (untreated) and
N*-implanted copper oxide was conducted using an x-ray
PANanalytical X Pert Pro Diffractometer, employing Cu-k-
alpha radiations (step size = 0.02°) at 40 kV and 20 mA.
The films were examined for surface morphology using
a field emission scanning electron microscope (FESEM,
Model: Nova NanoSEM 450). Morphological images were
then utilized to generate topographic histograms through
WSxM 5.0 develop Nanotech software for the measurement
of surface roughness. Electrical resistivity of the films was
measured using a four-probe apparatus, while the energy
band gap was evaluated using ultraviolet—visible reflectance
spectroscopy. The results obtained from these characteriza-
tions were subsequently correlated.

3 Results and Discussion
3.1 X-ray Diffraction Analysis

The X-ray diffraction (XRD) patterns of the copper oxide
films are depicted in Fig. 2. Figure 2 reveals the presence of
cupric oxide (CuO) phase of the film at 35.5° corresponds
to (— 111) plane, indicating monoclinic crystal structure
(JCPDS Card No. 00-048-1548) [30]. No peaks related to
Cu,0 and Cuy0O3 phases were detected in the XRD patterns.
The XRD patterns also show that the position, intensity and
width of the CuO peak vary with changes in the N* dose. For
a more detailed analysis, the peak position (26) has been
plotted against the N* dose (Fig. 3a). The peak shifts to
higher angle of diffraction with an increase in the dose to 5 x
10" jons/cm? and then to lower angle at 5 x 10'% ions/cm?.
The shift to a higher angle indicates compressive stresses in
the N*-implanted film. Conversely, tensile stresses are pro-
duced at the higher dose, resulting in a lower-angle peak shift.
These compressive stresses originate from structural disor-
der due to N* implantation. Implanting N* in CuO at 5 x
10'* ions/cm? enhances the crystallinity of the material as
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Fig.2 XRD patterns of untreated and N*-implanted CuO films

N* occupy the vacant oxygen sites. Since the oxygen ionic
radius has a lower value (0.138 nm) than that of the nitrogen
ionic radius (0.146 nm), this causes tensile stresses in the
film [31].

Crystallite size (D), microstrain (¢) and dislocation den-
sity (6) of the film were calculated using the following
equations [32];

COLLISION EVENTS
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0
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Here, k represents the shape constant, while the wavelength
of X-rays, FWHM and Bragg’s angle are depicted here by A,
B and 6, respectively. Figure 3b illustrates the variations of
D and ¢ of CuO with N* dose, whereas Fig. 3¢ shows § as a
function of the N* dose. The value of D decreased due to N*
implantation at 5 x 10'? ions/cm? and increased afterward at
the higher N* doses. The changes in ¢ and § of the CuO film
are found to be opposite to that of its crystallite size. In most
of the previous studies, low-energy and high-dose nitrogen
ion implantation in copper oxide films was investigated. For
example, Jafri et al. [25] reported a decrease in the crystallite
size ‘D’ of the Cuy O-CuO film implanted with 30 keV nitro-
gen ions implantation at 1 x 10'8 ions/cm?. The decrease in
the value of D was ascribed to high dislocations density and
a large number of defects in the film. However, the results of
Bind et al. [27] revealed the transformation of the amorphous
copper oxide into crystalline CupO phase by 50 keV nitro-
gen ion implantation at the lower dose (2.5 x 10'3 ions/cm?)
and the crystallinity of the Cu; O was improved owing to the
thermal effects of ion irradiation. By increasing the ion dose
(1 x 10 jons/cm?), the CuyO was converted into the CuO
phase with a reduced value of D. In this work, 300 keV nitro-
gen ion implantation in CuO decreased its crystallinity at the
lower dose, while at the higher doses (> 5 x 10'2 ions/cm?),
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Fig. 3 a—c Variations of structural parameters of CuO film with N* dose

the crystallinity improved; however, no phase change was
observed compared to the previous studies. The increase in
crystallinity of a material is beneficial for improving the per-
formance of electronic devices based on it. The structural
properties of copper oxide film are explained here using a
well-known model called the thermal-spike model of ion
irradiation [20, 22, 29, 32, 33]. According to this model, ions
interact with matter by colliding with its atoms either elas-
tically or inelastically. The inelastic collisions occur when
the ion and electron interactions take place, while the elas-
tic collisions take place due to the ions—nuclei interactions.
Both of these collisions result in creating radiation damage in
the material through primary knock-on atoms formation and
then displacement cascades. The energy lost by the atoms
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N* dose (x 10 ' ions/cm?)

(c)

during cascade collisions not only produces lattice disorder,
but also produces localized heating in the material [32]. This
heat minimizes the radiation damage through the annihilation
of structural defects. The survived defects are responsible
for changing the physical properties of the material. In this
work, implanting 300 keV N* of dose 5 x 1012 ions/cmz,
structural disorder in the film occurs due to the formation of
vacancies and interstitials which decrease ‘D’ and increase €
and 3 values of the film [20-22]. Increasing the ion dose to 5
x 103 jons/cm? and above results in an increase in the num-
ber of incident ions on the material’s surface, causing more
cascade collisions. This generates more localized heat in the
surrounding area which minimizes the structural disorder of
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the film. Consequently, the value of ‘D’ increased, whereas
‘e’ and ‘6’ decreased at the higher doses.

3.2 Surface morphology

The micrographs of CuO films (Mag. 200,000x) are pre-
sented in Fig. 4. These micrographs depict granular structure
of the CuO. The grains are coarse and closely spaced together
in the case of untreated film. These are randomly distributed
with some grains agglomerated with each other. The grain
boundaries are quite distinct in all the samples. The grain
size of the film was calculated using ImagelJ software. After
irradiation at the lower ion dose of 5 x 10!2 jons/cm?, the
number of grain boundaries increased, while with increasing
ion dose, the size of grains increased, resulting in a reduction
of grain boundaries.

Figure 5 shows the variation in grain size of CuO with
respect to ion dose. The N* implantation of CuO reduced
the grain size at the lower dose (5 x 10'% ions/cm?) owing
to ion-induced structural damage in the film, forming vacan-
cies and interstitials [34]. As the dose was further increased,
the grain size increased due to localized heating of the film
by N* implantation. This reduced the defects created during
the elastic and inelastic collisions of ions with the CuO film,
leading to an increase in the grain size. The surface mor-
phology results validate the XRD results as discussed above.
Similar types of radiation effects were reported in previous
studies for ZnO films implanted with copper and nickel ions
[20, 21].

3.3 Surface Roughness Study

Surface roughness of the untreated and N*-implanted CuO
films was analyzed from the topographic histograms. The
histograms (not shown here) were generated by WSxM 5.0
develop Nanotech software using morphological images that
are depicted in Fig. 3. The root mean square value of the
surface roughness was calculated by the following expression
[35, 36]:

N 12
R = {(N) S (2 - 2,) } 4)

i=1

Z; is the value of a given specimen point obtained from the
histograms, while Z,, is the average value of the specimen
points in the analyzed area; thus, Z; — Z, is the absolute value
of the surface profile deviation value from the mean line. The
surface roughness was directly determined using WSxM 5.0
develop Nanotech software. The detail of the surface rough-
ness calculation using this method has been elaborated in the
literature [35, 36]. The surface roughness was plotted against
the ion dose (Fig. 6). The roughness decreased due to N*

implantation at 5 x 10'? ions/cm? and then almost remained
constant at the higher doses. The decrease in surface rough-
ness is attributed to changes in the shape and size of the
grains. When the N* impinge on the surface of the CuO film,
their energy is transferred to the target, resulting in structural
disorder as well as simultaneously recovery due to excessive
localized heat. The stresses within the grains are relaxed and
the grains of the film arrange themselves in a regular form.
This provides sufficient time for the atoms to resettle in the
localized heat region. Consequently, the surface of the film
becomes smooth and thus its roughness decreases. When the
N* dose increases, the roughness almost remains constant.
Some previous studies have shown a change in the surface
roughness of the copper oxide films due to ion implantation
in their surface [24, 25, 27]. Jafari et al. demonstrated that
30 keV nitrogen ions implanted in the Cuy O-CuO film at 1 x
10'® ions/cm? increased the surface roughness of the film due
to enhanced atomic movement induced by the ion implanta-
tion [25]. In another study related to the low-energy nitrogen
ion implantation in copper oxide film at higher doses (1 x
10'® ions/cm?), an increase in the surface roughness of the
film was ascribed to the transformation of the Cu,O into CuO
phase [27].

3.4 Electrical Resistivity

Electrical resistivity is an important parameter that deter-
mines the electrical characteristics of a film. In this work, the
four-probe method was used to measure current (/) and volt-
age (V) values of the CuO films, and the following equation
was used to evaluate the electrical resistivity (o) of the film
[21, 22, 37];

ESIE!

in3 is the correction factor, and film thickness is repre-

sented by ‘t’ (350 nm). The electrical resistivity values of the
untreated and N*-implanted CuO film are plotted against the
ion dose (Fig. 7). For the untreated specimen, the electrical
resistivity was 41.30 Q2-cm, which decreased to 5.42 Q-cm
upon ion implanting the nitrogen ions (with a dose of 5 x 10'2
ions/cm?). The decrease in the electrical resistivity occurred
due to the decrease in the crystallite size (D) of the material.
The resistivity almost remained constant (7.98 Q-cm) at 5
x 1013 jons/cm?2, while at a dose of 5 x 10! jons/cm?, the
resistivity increased to 20.98 Q2-cm. The reduced resistivity
due to N* implantation occurs because of disruption in the
structural order of the film. The formation of copper intersti-
tials or oxygen vaccines in the film leads to a partial decrease
in the semiconducting behavior of the CuO film [22]. On
the contrary, the increase at the higher dose might be due
to thermal recovery of the film due to localized rise in the
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Fig.4 Surface morphology of untreated and N*-implanted CuO films

temperature of the CuO lattice. Due to the decrease in the
electrical resistivity, the electrical conductivity of the CuO
film increases and vice versa. An increase in the N* dose
results in more nitrogen ions being implanted into the CuO
film, inducing collisional cascades in the material. Conse-
quently, more heat is generated, which increases the film’s
resistivity at 5 x 10'* ions/cm?. These results are consis-
tent with the literature where the resistivity of the nitrogen
ions-implanted Cu,O film was decreased as compared to the
untreated specimen [26, 27]. Additionally, these results can
also be compared with another study, which indicates the
dependence of the grain size of Gd—Ba—Cu—O with conduct-
ing copper oxide on its electrical resistivity [38].
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3.5 Band Gap Analysis

The reflectance spectra of the untreated and N*-implanted
films were obtained using a UV—vis spectrometer, and the
data were analyzed. Figure 8a shows the results of the UV-vis
spectra of the CuO film that contain interference fringes. The
formation of these fringes is due to reflection of light beams
from the substrate surface and the CuO film. A stage comes
when these fringes disappear and the reflectance becomes
almost constant. This occurs when the film starts absorb-
ing the light and hence no more interference of the reflected
beams occurs. The wavelength value at this stage is known
as the cut-off wavelength (\).
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For finding the band gap energy (E,) of the CuO film, the
following relation was used [39, 40]:

E,=— (6)

‘h’ is the Planck’s constant and ‘¢’ is the speed of light. The
band gap was plotted against ion dose (Fig. 8b). The band gap
decreased initially at the lower N* dose (5 x 10'2 jons/cm?)
and then increased afterward. The high value of the band
gap of copper oxide is attributed to the quantum size effect
[11, 28]. These results show that changes in the band gap

45
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Fig. 7 Electrical resistivity of CuO film versus N* dose

of CuO are similar to those noticed in the electrical resistiv-
ity and grain size of the film. A decrease in the grain size
causes a decrease in both the resistivity and the band gap of
the CuO film and vice versa. This effect is more pronounced
at the lower ion dose due to lattice disorder. As a result, the
semiconducting nature of the CuO partially exhibits metallic
character. However, implanting N* in CuO at higher dose
results in the improvement of film’s crystallinity, owing to
the localized rise of temperature. This increases the electri-
cal resistivity and facilitates the widening of the CuO band
gap. The high band gap of CuO permits the absorption of
lower wavelength light and vice versa. Therefore, tuning the
band gap of copper oxide is helpful in enhancing the per-
formance of the devices based on it. Different observations
have been made regarding the change in the band gap of the
copper oxide film due to ion implantation. The work of Jafari
et al. [25] reported an increase in the band gap of nitrogen-
implanted Cu,O film due to the quantum size effect. Sberana
et al. [26] demonstrated that the nitrogen ion implantation in
the Cu, O film reduces its band gap due to decrease in the oxy-
gen vacancies, whereas, in this work, the band gap changes
are associated with the changes in the structural and sur-
face features of the film. The results obtained here show that
the low-dose nitrogen implantation in copper film is equally
effective in tuning its optical and electrical properties as pre-
viously done by the use of high-dose and low-energy nitrogen
ion implantation.

@ Springer



Arabian Journal for Science and Engineering

80
5x10 '* ions/cm? ' ' |

1
2

80

1 1
5x10 '3 ions/cm

60
40
20

80 >

5%10 2 ions/cm

60

% Reflectance

40

20

80

1
Unirradiated

60 [
a0 | -

485 nm -

0
300 400 500 600 700 800 900
Wavelength (nm)

(@

2.67
2.64 %
2.61
2.58

2.55 +

2.52 4

2.49 H +

2.46 T T T T T T
0 100 200 300 400 500

Bandgap (eV)

N* dose (x 10 2 ions/cm?)
(b)
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4 Conclusions

The implantation of nitrogen ions (N*) at an energy of
300 keV in copper oxide film induces structural defects in
it at lower dose (5 x 10'? ions/cm?), leading to a reduction
in the crystallite size/grain size. However, at higher doses (>
5 x 1012 ions/cmz), the effects of localized heating reduce
structural defects, resulting in an increase in the crystallite
size and grain size of the film. Furthermore, N* implanta-
tion in CuO results in a smoother surface compared to the
untreated specimen, attributed to changes in the shape, size

@ Springer

and orientation of the film’s grains. Moreover, at lower dose
(5 x 10'% ions/cm?), N* implantation decreases resistivity
and band gap of the CuO film. The results presented here
demonstrate that optimizing the electrical and optical prop-
erties of CuO has the potential to improve its performance
in electronic and optoelectronic devices. For future inves-
tigations, exploring the effects of implanting various other
types of ions in the copper oxide film could further refine its
properties.
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