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ABSTRACT

Polycrystalline cuprous oxide (P-Cu,O) films are deposited on Cu substrates for various (0.2, 0.3 and 0.4 mbar) oxygen
pressures (OP) by thermal evaporator. The XRD pattern shows the development of Cu (200), Cu,O (200) and Cu,O
(311) diffraction planes which confirms the deposition of P-Cu,O films. The intensity of Cu,O (200) and Cu,O (311)
planes is associated with the increase of OP. The crystallite size and microstrains developed in (200) and (311) planes
are found to be 19.31, 21.18, 11.32 nm; 22.04, 23.11, 12.08 nm and 0.113, 0.103, 0.193; 0.099, 0.096, 0.181 with
increasing OP respectively. The d-spacing and lattice constant are found to be 0.210, 0.128 nm and 0.421, 0.425 nm
respectively. The bond length of P-Cu,O film is found to be 0.255 nm. The crystallites/unit area of these planes is found
to be 12.21, 7.46, 45.16 nm™ and 8.21, 5.75, 37.16 nm respectively. The texture coefficients of these planes are found
to be 1.22, 1.26, 1.11 and 0.78, 0.74 and 0.56 with increasing OP respectively. The O and Cu contents are found to be
5.31, 5.92, 6.94 wt % and 83.01, 82.44, 80.65 wt % respectively. The thickness and growth rate of P-Cu,O films are
found to be 87.9, 71.9, 65.5 nm and 17.6, 14.2, 13.1 (nm/min) with increasing OP respectively. The SEM micro-
structures reveal the formations of patches of irregular shapes, rounded nano-particles, clouds of nano-particles and
their distribution depend on the increasing OP. The refractive index and energy band gap of P-Cu,O films are found to
be 1.96, 1.89, 1.92 and 2.47, 2.44 and 2.25 eV with increasing OP respectively.
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1. Introduction

Copper oxide films have attracting huge attention as an important semiconducting material because of their outstanding
applications in solar cells, magnetic storage devices, photoelectrochemical cells, catalysts for water splitting, gas sensor,
biosensors and electrode material for lithium ion battery. Copper being multivalent, it forms many oxides, among them;
cupric oxide (CuO) and cuprous oxide (Cu0) films are well known p-type semiconducting materials. The CuO and
Cu,0 materials show different crystal structures; CuO has monoclinic crystalline structure with lattice parameters a =
0.468 nm, b =0.342 nm, ¢ = 0.513 nm whereas Cu,O has cubic crystalline structure with lattice parameter a = 0.427 nm.
It is known that the energy band gap (2.1 eV) of CuyO film is greater than the energy band gap (1.21-1.51 eV) of CuO
film. The remarkable properties of Cu,O films which make it suitable for the deposition of thin film solar cells are
cellular inertness, good carrier mobility, relatively high minority carrier diffusion length, high optical absorption
coefficient, high transparency, non-toxic, high energy band gap in the visible region and better electrical responsel!1.
The CuO or CuO films are being deposited through various routes like DC and RF sputtering, sol-gel,
electrodeposition, chemical vapor deposition, pulsed laser deposition, thermal evaporation and plasma evaporation have
been used to deposit Cu,O films on various substrates!’!l, In the present work, thermal evaporator is used to deposit
Cuy0 films because thermal evaporator is cost effective and simple route to deposit such type of important material in
the form of thin films.
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The polycrystalline cuprous oxide (P-Cu,O) films are deposited on Cu substrates for various (0.2, 0.3 and 0.4 mbar)
oxygen pressure (OP) by thermal evaporator while the other deposition parameters like the boat temperature (800 °C),
source to substrate distance (2 cm) and the deposition time (5 min) remain constant. The deposited P-Cu,O films are
characterized by using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and ellipsometric spectroscopy (ES) in order to study the crystal structure, crystallinity, crystallite
size, dislocation density, micro-strains, lattice parameters, unit cell volume, texture coefficient, number of
crystallites/unit area, surface morphology, shape, size and distribution of nano-particles, elemental analysis, absorption

coefficient, refractive index and energy band gap respectively.

2. Experiment

The P-CuyO films are deposited on Cu substrates for various (0.2, 0.3 and 0.4 mbar) OP by thermal evaporator. Figure
1 shows the schematic diagram of thermal evaporator used to deposit P-Cu,O films. The detailed information about the
locally available thermal evaporator is found in literature?”), however, in this experiment, the conventional heater and
thermal evaporator plate are replaced by power supply and tungsten boat respectively. A power supply is used to
provide current to tungsten boat and hence temperature. The solid Cu (purity 99.9%) is polished with SiC abrasive
papers of different grids, washed with acetone to remove the contamination and then placed inside the tungsten boat as
a source material whereas the Cu substrates are placed at 2 cm in front of tungsten boat.
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Figure 1. Schematic illustration of thermal evaporator.

The vacuum chamber is evacuated down to the pressure of 1072 mbar with the help of rotary pump and is filled with
oxygen gas up to the desire (0.2, 0.3, 0.4 mbar) OP. The basic mechanism behind the formation of P-Cu,O films on Cu
substrates is as follows: the solid Cu placed inside the tungsten boat gets sufficient amount of energy results in its
evaporation in the form of atoms, molecules or ions which travels through the oxygen environment towards the
substrate surface. The evaporated Cu species may or may not react with oxides to form copper oxide depending on the
energy of oxides and evaporated Cu species. We hypothesize that the evaporated Cu species are of different kinds
according to their energies. The higher energy Cu species may reach at the substrate surface without making any
reaction with the oxides and deposit on the substrate surface in the form of layer. The lower energy Cu species have
sufficient time during their travelling and may react with oxides to form copper oxide which is deposited on the
substrate surface in the form of layer. Keep in mind, the energy of the evaporated Cu and newly formed copper oxide

phase are decreased with the increase of OP.



3. Results and Discussions

3.1 Elemental Composition, Thickness and Growth Rate of Films

The ES technique is used to estimate the film thickness and growth rate of P-Cu,O films deposited for 0.2, 0.3, and 0.4
mbar OP. The growth rate (nm/min) is the ratio of film thickness to the deposition time®?’!. Figure 2 demonstrates the
variation of film thickness and growth rate of P-Cu,O films as a function of OP. The film thickness and growth rate of
P-Cu,O films are found to be 87.9, 71.9, 65.5 nm and 17.6, 14.2, 13.1 (nm/min) for various OP respectively. It means
that the film thickness and growth rate are decreased with the increase of OP. It is known that the collisions between the
involved species increase with the increasing OP. The increasing collisions will decrease the energy of the involved and

hence flux which in turn decrease the deposition rate and hence film thickness and growth rate.

Figure 3 shows the elemental composition of O and Cu in the P-Cu,O films deposited for various (0.2, 0.3 and 0.4
mbar) OP. The elemental composition of O and Cu are found to be ~5.31, ~5.92, ~6.94 wt % and ~83.01, ~82.44,
~80.65 wt % when the P-Cu,O films are deposited for various OP respectively. The greater Cu content indicates the
deposition of Cu-rich P-CuyO films. Figure3 reveals that the amount of Cu in the deposited films is decreased with the
increase of OP while the amount of O is increased with the increase of OP. The decreasing amount of Cu indicates that
the film thickness is increased.
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Figure 2. Variation of film thickness and growth rate Figure 3. Variation of O and Cu contents in P-Cu,0
of P-Cu20 films as a function OP. films as a function OP.

3.2 Structural Analysis

XRD analysis is used to investigate the various structural parameters like crystallite size (C S), strain (g), dislocation
density (), weight fraction Vg, d-spacing (d), lattice constant (@), bond length (L), texture coefficients (T C) and
number of crystallites per unit area (,) of different planes related to Cu,O films deposited for 0.2, 0.3 and 0.4 mbar OP.
The average C S of different planes related to Cu,O phase is estimated by using the formulal?!- 22!:

kA
~ FWHMcos6
where k=0.9 (numeric constant), A = 1.54 A (wavelength of incident radiation) and FWHM is the full width at half

maximum of the corresponding diffraction peak. The € developed in different planes of Cu,O film is estimated by using
23, 24].

C.S.

the relation!
FWHMcos@
E=—

4
The o is defined as the length of dislocation lines per unit volume of the crystal and is estimated by employing the
relation(?* 24;
1
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The weight fraction of Cu,0 (200) and Cu,O (311) phases is estimated by using the relation!®!:
)
V. =
(RkD =y Tthip
where /g4 and Vi are the peak intensity and weight fraction of the respective planes of Cu,O film. The d, a, L, T C

and N; of Cu,0O films are calculated by using the relation>* 26-281:

2dsinf = ni
a=dh*+k*+ 132
L=06a
. I(hkl)/IO(hkz)
TCohny = T .
Wz I(flkl)/lo(hkz_)

Film thickness

t = (Crystallite size)?

where n = 1 and 1 is the wavelength of x-rays whereas [k, [o(hkl), N and N: are the observed and standard peak
intensities, total number of diffraction peaks and total number of crystallites per unit area respectively. The above
mentioned equations are used to calculate the different structural parameters like peak intensity, d-spacing, a, cell
volume, C S, 6, T C, €, N, L and Vuy of various phases of P-Cu,O films and their variation with increasing OP.

Figure 4 shows the XRD patterns of P-Cu,O films deposited on Cu substrates for 0.2, 0.3 and 0.4 mbar OP. The XRD
pattern shows the development of Cu,O (200) and Cu,O (311) planes for all OP which confirms the deposition of P-
Cuy0 films. The intensity of these diffraction planes strongly depends on the increase of OP. The calculated values of d-
spacing and “q” are found to be 0.210, 0.128 nm and 0.421, 0.425 nm respectively which are close to the reported one
(a = 0.427 nm) . The small variation in “a” indicates the creation of defects and microstrains. The change in “a” is
responsible to change the other parameters like cell volume and d-spacing with increasing OP. The bond length between
the involved species is found to be 0.255 nm. The XRD analysis shows that the evaporated copper species make bond

with oxygen molecules instead of atomic oxygen having sufficient energy results in the formation of Cu,O phase.
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Figure 4. XRD patterns of P-Cuz0O films deposited for 0.2, 0.3 and 0.4 mbar OP.

The interpretation of the formation of Cu,O phase through thermal evaporator can be illustrated by the following

chemical equation:

1
2Cu +§02 - Cu,0



The absence of CuO phase (XRD patterns) indicates that the dissociation of oxygen molecules to atomic oxygen does
not exist because the evaporation temperature provided to the source material is not sufficient to dissociate the oxygen
molecule into atomic oxygen. Figure 5 reveals the variation in peak intensities of Cu (200), Cu,0 (200) and Cu,O (311)
planes with increasing OP. The change in peak intensity is associated with the increase of OP. The peak intensity of Cu
phase is more for 0.3 mbar OP whereas the peak intensities of Cu,O (200) and CuO (311) planes are greater for 0.2 and
0.4 mbar OP respectively. It means that the ion energy flux available for 0.2 mbar OP is more favorable for the
formation of Cu2O (200) phase whereas the ion energy flux available for 0.4 mbar OP is more suitable for the formation
of Cuy0 (311) phase.

Figure 6 reveals the variation in C S of Cu (200), Cu,0 (200) and CuO (311) planes as a function of OP. The average
C S of (200) and (311) planes of CuxO phase are found to be 19.31, 21.18, 11.32 nm and 22.04, 23.11, 12.08 nm for 0.2,
0.3 and 0.4 mbar OP respectively. The value of C S of all planes is maximum for 0.3 mbar OP whereas it is minimum
for 0.4 mbar OP. The defects and microstrains developed in Cu,O film deposited for 0.3 mbar OP are lower than the
defects and microstrains developed in CuyO film deposited for 0.4 mbar OP because smaller the crystallite size, greater
will be the FWHM and hence defects and microstrains!’l,

Figure 7 reveals the variation in & developed in Cu (200), Cu0 (200) and Cu,O (311) planes as a function of OP. The
value of € developed in Cu,O films deposited for 0.3 mbar OP is minimum whereas it is maximum when the Cu,O film

is deposited for 0.4 mbar OP. This indicates that there is an inverse relation between the C S and € developed in Cu,O

films.
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Figure 8 reveals the variation in N; (nm?) for CuO (200), Cu (200) and Cu,O (311) planes as a function of OP. The
value of N, are found to be 12.21, 7.46, 45.16; 14.77, 8.5, 54.38 and 8.21, 5.75, 37.16 corresponding to various
diffraction planes (mentioned above) with increasing OP respectively. For all OP, the value of », is greater for Cu (200)
plane which indicates that Cu phase is re-crystallized more thereby indicating the formation of defects and microstrains.
It is well known that T C is one of the basic structure parameters in polycrystalline materials which show the
crystallization level of deposited film.

Figure 9 shows the T C of Cu,O (200) and Cu,O (200) planes developed in P-Cu,O films deposited for 0.2, 0.3 and 0.4
mbar OP. The value of T C for CuyO (200) plane is greater for 0.3 mbar OP whereas it is maximum for Cu,O (311)
plane for 0.4 mbar OP. It means that the CuyO (200) phase grows preferentially for 0.3 mbar OP whereas Cu,O (311)
phase grows preferentially for 0.4 mbar OP. It is concluded that the increase in OP plays a vital role to change the
preferential growth of P-Cu,O films. Moreover, the change in T C value is associated with the adatoms kinetic energy

of the involved species which is changed with the increase of OP due to change in number of collisions.

Moreover, the change in adatoms kinetic energy of the involved species is associated with the change in substrate
surface transient temperature (SSTT), affects the surface energy which is responsible to change the preferential growth

of materials like Cu,O films. It is well known that the change in T C value is attributed with the nucleation of phases,

5



film surface roughness, development of new crystalline phases in the near vicinity, broaden and asymmetric peaks!?®- 30,

Figure 10 exhibits the variation in weight fraction of Cu,O phases with increasing OP. The total weight fraction of
Cuy0 phases is decreased with the increase of OP. We have already mentioned that the thickness of P-Cu,O films is
decreased with the increase of OP (Figure 2). Hence there is a direct relation between the film thickness and weight

fraction with the increase of OP.
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3.3 SEM Analysis
Figure 11 illustrates the SEM microstructures of P-Cu,O films deposited for 0.2, 0.3 and 0.4 mbar OP. For 0.2 mbar

OP, the SEM microstructure shows the formation of patches of irregular shapes (thickness = ~50 nm) and round- ed
nano-particles (size ranged from ~15-20 nm). The distribution of patches of various shapes and rounded nano-particles
is uniform which makes the surface compact (outlook appearance). The formation and distribution of various patches,
rounded nano-particles and dark or bright regions make the surface rough. For 0.3 mbar OP, the SEM microstructure
reveals the formation of clouds of irregular shapes, sliding one above the others, confirming the formation of multi-
layers. The formation of dark deep regions and bright hills makes the surface rough. These irregular clouds and their
sliding make the surface compact and rough. However, it is difficult to estimate the dimensions of nano-particles
forming the irregular clouds and bright hills. For 0.4 mbar OP, the SEM microstructure exhibits the formation of
rounded nano-particles of dimensions ranged from 25-150 nm which are distributed uniformly.
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Figure 11. SEM images of P-CuxO films deposited for (A) 0.2, (B) 0.3 and (C) 0.4 mbar OP.
The outlook appearance of SEM image shows the formation of cluster of grapes like microstructure which are compact
in nature showing uniform distribution. The formation of large hill like particles, containing nano-particles, cluster of
rounded grapes and dark deep region make the surface rough. It is concluded that the formation of patches, rounded
nano-particles, cluster of grapes and their distribution is associated with the increase of OP. For normal visualization of
SEM microstructures, the compact nature of P-Cu,O films deposited for various OP shows a good adherence to the
substrate surface. The changes in surface morphology of P-Cu,O films are in good agreement with the change in
structural parameters. In order to study the optical properties, the CuyO films are again deposited on glass substrates for

the same deposition parameters.



3.4 Optical Analysis
The optical study of P-Cu,O films deposited on glass substrates is done viva optical Cauchy model by employing ES
and is used to find the optical constants like film thickness (d), refractive index (#), absorption coefficient (&) and

optical energy band gap (E;). We have already discussed the film thickness in section 3.1 which shows that the film
thickness is decreased with the increase of OP. Figure 12 exhibits the variation in n as a function of wavelength. The n

of P-Cu,0 films is decreased with the increase of wavelength; however, it strongly depends on the increase of OP.
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Figure 12. Variation of n values of P-CuxO films as a function of wavelengths.

The value of n is greater for 0.2 mbar OP whereas it is smaller for 0.3 mbar OP at all wavelengths. The » values of P-
Cu,0 films deposited for 0.2, 0.3 and 0.4 mbar OP are found to be 1.99, 1.91 and 1.94 respectively. This shows that the
n of P-Cu,0 films strongly depend on the increase of OP.

Figure 13 exhibits a plot between (a/4v)? and photon energy (hv). The value of E; of P-Cu,O films is determined from
the value of intercept of the straight line at. It is found that the E; values of P-Cu,O films are found to be 2.47, 2.44 and
2.25 eV. This shows that the E, values are decreased with the increase of OP. Results indicate that the values of n and
E; are maximum for lower (0.2 mbar) OP, however, the values of n and E, are smaller for 0.3 and 0.4 mbar OP
respectively. It is concluded that after 0.2 mbar OP, these values are strongly associated with the increase of OP. It is
known that the value of optical absorption is increased with the increase of film thickness which reduces the transmit-
tance. In our case, the film thickness is decreased with the increase of OP. This indicates that the optical absorption of

the deposited films is decreased with the increase of OP which enhances the transmittance.
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Figure 13; Variation of E; values of P-Cu2O films deposited for various OP as a function of photon energy.

Therefore, the P-CuO film deposited for 0.2 mbar OP may act as more optical absorber whereas the P-Cu,O films
deposited for 0.4 mbar OP is more transparent comparatively. It means that the optical transmittance of P-Cu,O films
strongly depends on the increase of OP. It is well known that the E, value is ranged from 2.0 to 2.6 eV for CuO film

whereas it is ranged from 1.3 to 2.1 eV for CuO film depending on the deposition temperature®'-33]. In our case, the E,



value of copper oxide films ranges from 2.47 to 2.25 eV with increasing OP which confirms the formation of Cu,O
phase only. The formation of CuO or Cu,O phase depends on the sticking probability which depends on oxygen to Cu
flux ratio. In our case, the oxygen to Cu flux ratio is ranged from 0.06 to 0.09 corresponds to 0.2 to 0.4 mbar OP which
is sufficient to form Cu,O phase only because no diffraction peak related to CuO phase is observed (XRD patterns). It

means that the dissociation of oxygen molecules in to atomic oxygen does not occur during the deposition process.

In our case, we imagine that the dissociation of oxygen molecules into atomic oxygen may be associated with the
evaporation temperature given to the source material. It means that the applied evaporation temperature is not sufficient
to dissociate the oxygen molecules into atomic oxygen to Cu,O phase and hence higher evaporation temperature is
needed to dissociate the oxygen molecule into atomic oxygen. It is concluded that a simple and cost-effective thermal
evaporator can be used to deposit P-Cu,O films which is a p-type semiconductor material. The energy band gap of
Cuy0 film deposited by thermal evaporator is ranged from 2.25 to 2.47 eV depending on the OP and can be used for
solar cell applications.

4. Conclusion

P-Cu,O films are deposited on Cu substrates for 0.2, 0.3 and 0.4 mbar OP by thermal evaporator. The XRD pattern
shows the development of various diffraction planes confirming the deposition of P-Cu,O films. The intensity of
various planes strongly depends on the increasing OP. The C S and € developed in (200) and (311) planes are found to
be 19.31, 21.18, 11.32 nm; 22.04, 23.11, 12.08 nm and 0.113, 0.103, 0.193; 0.099, 0.096, 0.181 with increasing OP
respectively. The values of d-spacing and a are found to be 0.210, 0.128 nm and 0.421, 0.425 nm respectively. The L of
P-Cu,0 film is found to be 0.255 nm. The N, of the above-mentioned planes is found to be 12.21, 7.46, 45.16 nm™ and
8.21, 5.75, 37.16 nm? whereas the T C are found to be 1.22, 1.26, 1.11 and 0.78, 0.74 and 0.56 respectively with
increasing OP. The O and Cu contents are found to be 5.31, 5.92, 6.94 wt % and 83.01, 82.44, 80.65 wt % respectively.
The thickness and growth rate of P-Cu,O films are found to be 87.9, 71.9, 65.5 nm and 17.6, 14.2, 13.1 (nm/min) with
increasing OP respectively. The SEM microstructures reveal the formations of patches of irregular shapes, rounded
nano-particles, clouds of nano-particles and their distribution depend on the increasing OP. The n and E, values of P-
Cu0 films are found to be 1.96, 1.89, 1.92 and 2.47, 2.44 and 2.25 eV with increasing OP respectively. Therefore, the

P-Cu,0 films are p-type semiconductor material and can be deposited by a simple and cost-effective thermal evaporator.
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