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Abstract

We report herein the analysis of the properties of copper(I) oxide thin films deposited by an optimized ammonium-free
successive ion layer adsorption and reaction (SILAR) technique. The Cu,O thin film deposition process was carried out
at room temperature using copper acetate monohydrate, sodium citrate as complexing agent, and hydrogen peroxide as
precursors of copper and oxygen ions, respectively. The harmless and easy-to-handle sodium citrate replaces the volatile
NH,OH commonly employed as complexing agent in the SILAR technique for the deposition of metal oxide thin films. The
optical, structural, morphological, and electrical properties of the as-deposited Cu,O thin films were studied as a function
of the number of cycles during deposition, as well as their modifications produced by the effect of rapid thermal annealing
(RTA) in vacuum in a temperature range of 200-250°C for 1 min, 3 min, and 5 min. The as-deposited thin films had cubic
crystalline structure corresponding to the Cu,O phase as determined by x-ray diffraction (XRD), with a direct energy bandgap
of 2.43-2.51 eV depending on the number of cycles, and electrical resistivity of the order of 10° © cm. The XRD and x-ray
photoelectron spectroscopy (XPS) analysis of the Cu,O thin films treated by RTA demonstrated an increase of the crystal
size with time and temperature of the RTA and reduction effects from Cu?* to Cu!* oxidation states. On the other hand,
the RTA treatments also decreased their energy bandgap to 2.38 eV and electrical resistivity to 10> Q cm. The high energy
bandgap values of the Cu,O thin films were attributed to quantum confinement effects produced by their small crystal size
in the range of 3.6-8.6 nm.
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Introduction

Semiconductor metal oxides have a wide variety of elec-
tronic applications because of their electronic charge trans-
port properties ascribed to the interaction between the ns
metal and 2p oxygen orbitals. These orbital interactions pro-
duce a significant difference in the charge transport charac-
teristics as compared to common covalent semiconductors. '
The electrical conductivity of semiconductor metal oxides
can be either n- or p-type, with the n-type being the most
widely studied. This is because the p-type semiconductor
metal oxides with good electrical properties represent a chal-
lenge due to their high hole effective mass, which can be a
serious drawback.”™ Nevertheless, p-type metal oxides*”’
like NiO, CuO, Cu,0, and SnO with good electrical proper-
ties have been developed for different optoelectronic appli-
cations such as photodetectors, sensors, and p-channel thin
film transistors. One of the p-type metal oxide materials that
recently has attracted great interest is copper oxide, which
can occur in two stable crystalline forms, namely, cuprite
(Cu,0) and tenorite (CuO). Particularly, the Cu,O phase
is a semiconductor metal oxide with p-type electrical con-
ductivity, energy bandgap values ranging between 2 eV and
2.6 eV, and a high absorption coefficient of electromagnetic

radiation in the visible region. Furthermore, it is abundant
in nature with zero toxicity and low cost.>* Due to these
characteristics, Cu,O is a material widely used in several
technological applications such as thin film transistors,
solar cells, photocatalysis, light-emitting diodes, and pho-
todiodes.'*"!3 Some properties of the Cu,0 phase favor its
use over CuO for specific applications. For example, it has a
direct bandgap of around 2.0 eV, which is ideal for absorb-
ing sunlight in solar cell applications, while CuO has an
indirect bandgap of about 1.2 eV, making it less efficient at
absorbing sunlight. Because of the stability and high surface
area of Cu,O0, it has been exploited as a catalytic material
for a variety of chemical reactions, including photocatalytic
water splitting, CO oxidation, and reduction of NO. On the
other hand, the characteristics of the CuO phase are more
suitable for use as a catalyst material in gas-sensing applica-
tions. However, in general, it is more challenging to achieve
the Cu,O phase in the form of thin films than CuO because
of the higher thermodynamic stability of the latter. Indeed,
Cu,0 requires more specific deposition conditions, such as
lower temperatures and the use of reducing agents, to either
avoid or minimize the formation of the CuO phase.

Cu,0 thin films can be deposited by different techniques
such as radio-frequency (RF) sputtering,'*!> chemical
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vapor deposition,'® electrodeposition,!” spray pyrolysis,'®
dip-coating,'” chemical bath deposition (CBD),?*?! and
successive ion layer adsorption and reaction (SILAR).?*’
The SILAR method is a relatively new chemical deposition
method derived from CBD. The basic principle of this
method for the deposition of binary compounds consists of
carrying out two chemical reactions in aqueous solutions
sequentially, as follows: (i) immersion of the substrate in the
precursor cationic solution, where the cations of the element
of interest are adsorbed on the surface of the substrate; (ii)
immersion of the substrate, commonly in deionized water,
for rinsing to release the excess cations not adsorbed on the
surface; (iii) immersion of the substrate in the precursor
anionic solution, where the anions react with the cations
adsorbed on the surface and form the solid binary compound
of interest; and (iv) second rinse stage where the excess
ions are removed from the thin film surface. After this, one
SILAR cycle is completed, producing a very thin layer of
the binary compound, whose thickness can be increased in
a controlled way just by repeating the cycles. The SILAR
method is quite appropriate for the deposition of metal oxide
semiconductors, which include ZnO, SnO,, TiO,, Fe,03,
among others.?® The properties of the metal oxide thin films
deposited by SILAR such as crystalline structure, grain size,
thickness, and roughness depend on the concentrations of
the precursor solutions, number of deposition cycles, rinsing
and immersion times, etc. The advantages of the SILAR
method for the deposition of metal oxide thin films include
the possibility to deposit on a large area of several types
of substrates at normal pressure and low temperature, the
use of a simple setup with inexpensive instruments, and
avoiding vacuum conditions, resulting in a low-cost process.
Furthermore, the SILAR method also features great control
over stoichiometry, morphology, thickness, and grain size of
the deposited materials with an excellent growth rate.
There is a vast body of scientific literature, including
review papers,”>~"* on the deposition and characterization
of copper oxide thin films using the SILAR technique. These
studies focused on the understanding of the relation between
the deposition parameters and the structural, morphological,
optical, and electrical properties of the films, to enhance
their performance in specific applications. Some of the
reports also included an analysis of the influence of substrate
type, annealing conditions, and post-treatment processes on
the properties of the deposited copper oxide thin films. With
regard to Cu,O thin films deposited by the SILAR technique
and their applications, the following is a brief review of the
recent literature. Vasuhi et al.** synthesized Cu,O thin films
using copper sulphate pentahydrate, sodium thiosulfate, and
sodium hydroxide at 80°C as precursors. The Cu,O thin
films were doped with tin (Sn) to improve their structural
and optical properties. In addition, there is a similar work
by this author where the Cu,O material was evaluated as an
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ammonium gas sensor under different doping concentrations
of silver (Ag).?! On the other hand, Sassi et al.*? studied
the performance of the heterostructure formed by Cu,O
nanoparticles deposited by SILAR and TiO, nanotubes
in the degradation of amido black dye. The precursors for
copper oxide were copper sulphate pentahydrate, sodium
thiosulfate, and sodium hydroxide at 70°C, plus an extra
rinsing step. Chatterjee et al.”? used CuCl, and NH,OH in
the cationic solution and H,0, for the anionic solution with
methanol for the rinsing steps to obtain thin films of the
Cu,0 phase by SILAR, which was transformed to the CuO
phase by thermal annealing in air at 450°C. Baig et al.”®
reported CuSO, and Na,S,0; in a cationic solution and
NaOH, at several temperatures in the range of 40-80°C
for the anionic solution with water for the rinsing steps.
Altindemir and Gumus?® studied the properties of Cu,O thin
films obtained from different copper salts in the cationic
precursor solution mixed with Na,S,0; and NaOH at 60°C
in an anionic solution.

Thermal treatments are often applied to thin films
deposited by different techniques to achieve specific
crystalline phases of copper oxide.*>° In addition, these
treatments can improve the general properties of the
material. Among these treatments, rapid thermal annealing
(RTA) has garnered increasing attention recently due to its
great advantages, including sudden heating up to 1000°C
for a short period, as compared to conventional treatments.
This heating can be achieved by heat radiation sources
such as tungsten halogen lamps, graphite heaters, and arc
lamps, ranging from ultraviolet (UV) to infrared (IR).”” The
main advantages of RTA compared to conventional thermal
processes, in which heating sources display electrical
resistance, are that they are short-term treatments for a few
(single) samples, ensuring better uniformity in the diffusion
and activation of dopants, densification of thin films, etc., as
compared with conventional steady-state thermal treatments.
Furthermore, the energy consumption with RTA is lower.
Also, the RTA process can be carried out under vacuum
conditions or controlled inert or reactive atmospheres such
as Ar, N,, or forming gas. In a recent paper,*® CuO thin films
deposited by dip coating on Cd,SnO, films were transformed
to Cu,O films by RTA in vacuum at temperatures in the
range of 300-450°C for 10 min.

As in the CBD technique, the cationic precursor solution
in SILAR also includes a complexing agent of metallic
cations for better control of the thin film growth process. This
is the role of NH,OH and Na,S,05 in many papers reporting
the SILAR deposition of Cu,O thin films.?*~* In this regard,
efforts have been made to replace toxic chemical complexing
agents such as volatile NH,OH with other compounds, which
are easier to handle, cheaper, and have lower toxicity. In this
work, Cu,O thin films were deposited at room temperature
by an optimized ammonium-free SILAR method using
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sodium citrate as complexing agent, which, unlike NH,OH,
is a nontoxic, nonvolatile, and easy-to-handle reactant.
Sodium citrate is a versatile compound with numerous
applications due to its unique properties as reducing and
stabilization agent, pH controller, anticoagulant, etc. Sodium
citrate is very effective as a complexing (chelating) agent
capturing metal ions and forming relatively stable metal
complexes in aqueous solutions. The gradual release of the
metal ions from these complexes plays a crucial role during
thin film growth in solution. Therefore, the substitution of
NH,OH by sodium citrate in the SILAR process has great
relevance due to its potential to improve the environmental
impact, safety, process efficiency, and waste reduction in
the thin film deposition process. The aim of this paper is to
assess the properties of the Cu,O thin films to demonstrate
the viability and convenience of the ammonia-free, citrate-
based SILAR method. In addition, this SILAR method
is very simple because it involves only two steps: the
alternating immersion of the substrate in cationic and
anionic solutions. Furthermore, to improve the properties of
the Cu,O thin films obtained by SILAR at room temperature,
we analyzed the effects of RTA on their structural, optical,
morphological, and electrical properties.

Experimental Section

The SILAR process for the deposition of Cu,O thin films on
glass substrates consisted of two immersion steps, in cationic
and anionic precursor solutions. For both steps, the solutions
were at room temperature, and the immersion time was 45 s,
without rinsing between steps. The cationic solution was pre-
pared by mixing in a 100-ml beaker 30 ml of monohydrated
cupric acetate (Cu(CH;COO), +H,0,>99% purity, Golden
Bell) at 0.1 M, 30 ml of sodium citrate (Na;C;H;O0(COO)s,
>99% purity, Baker) at 0.1 M, and approximately 3 ml of
potassium hydroxide (KOH, > 85% purity, Sigma-Aldrich)
at 2 M to achieve a solution pH of 12. The anionic solution
consisted of 100 ml of 1% diluted hydrogen peroxide (H,O,,
Golden-Bell). Before the thin film deposition, the glass sub-
strates were cleaned by washing with a sponge and liquid
detergent and rinsing with deionized water. Afterward, they
were placed in a glass container for slides filled with deion-
ized water and subjected to an ultrasonic bath for 10 min. The
same procedure was repeated substituting deionized water with
a mixture of acetone/ethanol solvents in a 1:1 ratio. The two-
step SILAR process was applied to deposit a set of four thin
films at 20, 40, 60, and 80 cycles, respectively. The deposited
thin films were homogeneous, very well adhered to the glass
substrates, and with a dark yellowish color, as observed in the
photographs of the complete set of thin films in Fig. 1. The

a)

Fig. 1 Photographs of the Cu,O thin films deposited on glass sub-
strates (1 inchx 3 inches) by SILAR at (a) 20, (b) 40, (c) 60, and (d)
80 cycles.

color of these thin films agrees with the color reported for the
Cu,0 crystalline phase.*

To enhance the crystalline and electrical properties of the
as-deposited thin films, they were subjected to RTA in vac-
uum at temperatures of 200°C and 250°C for 1 min, 3 min,
and 5 min. The crystalline structure of the as-deposited and
annealed thin films was analyzed by x-ray diffraction (XRD)
using a Rigaku D/Max 2100 diffractometer (30 kV, 16 mA)
with copper CuKa radiation. The surface morphology and
thickness of the samples were observed by scanning electron
microscopy (SEM) using a JEOL JSM-6380LYV instrument.
The optical reflectance (R) and transmittance (7)) spectra of
the films at normal incidence were measured using a FilmTek
3000 SCI spectrophotometer in the wavelength range from
240 nm to 840 nm. The surface morphology and roughness
of the thin films were determined from atomic force micros-
copy (AFM; Nanoscope IV Dimension 3100) images recorded
in tapping mode. XPS spectra were collected using an x-ray
spectrometer (Phi 5100). The high-resolution XPS spectra
(HR-XPS) were collected with 15 eV pass energy and a step
size of 0.05 eV. The HR-XPS spectra were aligned with the
C ls signal at 284.8 eV. Before the measurements, argon ion
bombardment under ultrahigh vacuum conditions was used
to clean the surface of the samples. The electrical resistivity
of the Cu,0 thin films was measured by the transmission line
method. For this, contact pairs of titanium with a range of dis-
tances between contacts of 40—100 pm were deposited by the
thermal evaporation technique on the thin film surface using a
shadow mask. Then current versus voltage curves were meas-
ured with a Keithley 4200 semiconductor parameter analyzer
in the voltage range from -5 Vto 5 V.
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Fig.2 XRD pattern of the Cu,O thin film deposited at 80 cycles.

Results and Discussion

Figure 2 displays the XRD pattern of the thin film deposited
at 80 SILAR cycles, where a very clear diffraction peak at
36° is observed over the noise. The red and blue dotted
vertical lines indicate the 20 angles of the diffraction
peaks for the monoclinic CuO (PDF #48-1548) and cubic
Cu,O (PDF #05-0667) crystalline phases, respectively.
From the comparison with these reference lines, the
observed diffraction peak at 36° can be related with the
(111) diffraction line of the cubic Cu,O crystalline phase.
There is no evidence in this pattern of the CuO phase, and
therefore, the thin films deposited by the SILAR process can
be identified as cubic Cu,O thin films. This XRD analysis
included only the thickest film deposited at 80 cycles, whose
thickness is 120 nm, because the thinner films with thickness
less than 100 nm, deposited at a lower number of cycles, did
not show observable diffraction peaks. In Fig. 3, the thin film
thickness, measured by cross-sectional SEM image analysis,
as a function of the number of SILAR cycles shows a linear
film growth trend with a growth rate of 1.5 nm/cycle. The
cross-sectional SEM image of the 80-cycle Cu,O thin film,
in the inset of this figure, shows its uniform thickness around
120 nm. The following is a list of reactions that can explain
the formation of the Cu,O thin films in the two-step SILAR
deposition process:

Cu(CH,C00), - H,0 —* Cu** +2(CH,CO0) "~ + H,0
()
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Fig.3 Cu,O thin film thickness versus number of cycles. The inset
shows the cross-sectional SEM image of the film deposited at 80
cycles.

Na,C;H;0(CO0); — 3Na* + [C3H50(C00)3]3_ (@)

KOH — K+ + OH~ 3)

Cu®* + [C3H;0(CO0);]*™ + 20H"

3 )

- [Cu(OH),(C;H;0(CO0),)]
2H,0, - H,0 + 0, 6))
2[Cu(OH)Z(C3H50(COO)3)]3_ +H,0, - Cu,0 ©

+3H,0 + 0, + 2[C;H;0(CO0); ]~

The reactions (1)—(4) occur in the first step, during the
immersion in the cationic solution, and the reactions (5)—(6)
take place in the second one during the immersion in the
anionic solution, which include the formation of the Cu,O
phase after each cycle.

Figure 4a—d shows the SEM images of the Cu,O thin
films deposited at 20, 40, 60, and 80 cycles, respectively,
where their surface morphology can be observed. The
Cu,0 thin film surface is compact granular and homogene-
ous with complete coverage of the substrate. Also, the thin
film surface is rather rough; only the thinnest film surface is
smooth. There are no observed surface features like cracks
or pin holes. The round-shaped grains tend to agglomerate in
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Fig.4 SEM images of the Cu,O thin films deposited at (a) 20, (b) 40, (c) 60, and (d) 80 cycles.

irregularly shaped particles with increasing size as the num-  of the set of Cu,O thin films shown in Fig. 5a—d. The com-
ber of cycles increases, leading to rougher thin films. This  pact granular surface of the thin films displays an increasing
is corroborated by the three-dimensional (3D) AFM images  surface roughness with the increase in the number of cycles.

R,:11.4nm R.:19.9 nm

0,21 ym 022 ym

0,00 pm 0,00 ym

@
QW
'

R,:25.3nm

0,26 ym

0,00 pm

Fig.5 3D AFM images of the Cu,O thin films deposited at (a) 20, (b) 40, (c) 60, and (d) 80 cycles.
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The surface roughness determined from the 5 x 5 pm* AFM
images was 11.4 nm, 19.9 nm, 23.1 nm, and 25.3 nm for
the Cu,O thin films deposited at 20, 40, 60, and 80 cycles,
respectively.

The surface energy characteristics of the Cu,O thin
films were also analyzed from contact angle measurements,
employing water and ethylene glycol as testing liquids. The
surface energy is the energy associated with intermolecu-
lar forces at the interface between two media and provides
important information about the capability of the thin film
surface to interact with the surrounding liquids or gases.
Figure 6a shows the water and ethylene glycol contact angles
measured on the surface of the Cu,0 thin films, and Fig. 6b
their corresponding surface energy, as a function of the
number of cycles. The contact angle for both testing liquids
displays some variations with the number of cycles, which
can be due to the observed changes in the surface roughness
of the thin films. The water contact angle values between
60° and 70° reveal that the Cu,O thin film surface is rather

—m— Water
—eo— EG

Contact Angle (Degrees)

1004 (b)

80

60 —

Surface Energy (Dynes/cm)

40

20 T T T T T T T
20 40 60 80
Number of Cycles

Fig.6 (a) Contact angle and (b) surface energy versus number of
cycles of the Cu,O thin films.
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hydrophobic, while the values for ethylene glycol between
40° and 50° mark a tendency to its oleophilicity. These char-
acteristics of Cu,O have been reinforced in core—shell hybrid
nanofibers of Cu,0-PMMA with super hydrophobicity and
oleophilicity, which were applied successfully in the separa-
tion of oil from water. On the other hand, the surface energy
of the Cu,0 thin films shows an increasing trend with the
number of cycles, like the behavior of the surface roughness.
This is because surface roughness influences the surface
energy of a solid. In generally, increased surface roughness
enhances their surface energy because a rough material has
a larger total surface area than a smooth material due to the
tiny depressions and thus offers a larger wetting area.
Figure 7 shows the optical transmittance (7) and reflec-
tance (R) spectra of the complete set of Cu,O thin films,
and for comparison, the corresponding optical spectra of
the glass substrate. The transmittance of the thin films at
wavelengths higher than 550 nm is constant in the range of
80-90% depending on the number of cycles. The thicker
films are less transparent in this region. At lower wave-
lengths, the transmission of the thin films decreases, indicat-
ing that the absorption edge of the Cu,O thin films is around
the wavelength of 550 nm. In this region, it is observed that
the thicker the Cu,O thin films, the higher the optical trans-
mission reduction. On the other hand, the optical reflection
of the thin films at higher wavelengths is in the 7-13% range,
increasing with the thickness of the films. The absorption
edge can be seen better in the spectrum of the thickest film
deposited at 80 cycles. The absorption coefficient, a(1),

100
1 T
—~ 80
9 ]
(0]
o
[
& ]
s 601 —— Glass substrate
E ]
= — 20 cycles
= ] — 40 cycles
g 40 —— 60 cycles
S 1 —— 80 cycles
[&]
Q2
5] |
@ 20 R
o-r—— 1T 7
300 400 500 600 700 800

Wavelength (nm)

Fig.7 Transmittance (7) and reflectance (R) optical spectra of the
Cu,0 thin films deposited at 20, 40, 60, and 80 cycles.
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spectra of the Cu,O thin films were determined from their T
spectra employing the following equation:

1,11
b= tul}]
a(d) = —In| = (N
where ¢ is the thickness of the thin films. Then, by using the
Tauc relation,

ahy = A(hv - Eg)” (8)

where Av is the photon energy, A is a constant, and E, is the
energy bandgap, with n=1/2, which corresponds to allowed
direct transitions, the (ahv)”" spectra were plotted and fit-
ted in the linear region to calculate the energy bandgap of
the Cu,0 thin films. The results are shown in Fig. 8, where
the dashed straight lines represent the best linear fits of Eq.
(8) to the experimental data. The Eg values for the different
films, determined from the intersection of these dashed lines
with the energy axis, are included as insets in the Tauc plots.
The values of E, versus film thickness do not exhibit a trend,
only a lower value of 2.43 eV for the film deposited at 20
cycles, which may be due to the lack of a sharp absorption

T 1 1 v 1 1
8T (a) ]
6 80cycles ]
4l y 4
2 gt ]
i ; Eg= 2.51+0.034 eV
0 L 1 L 1 Rd 1 . 1 L
(b)
~_ 4 60cycles 7
§ 2f G |
> .7
2 _~E =2.49:0.037 eV
mO 0 L 1 L 1 A |g . 1 i
x 4L (c) ]
o~ I ]
& 3| 40cycles .
3
~ 2 ", =
T . “E,=2.47+0.034 eV]
0 , 1 A 1 i g R 1 A
5T (d)
T 20cycles ]
3 - -
2 - P 7 - -
1Lk .~ E,=2.43£0.033 eV-
0 [ N 1 N | 7 N 1 1 1 ]
2.0 22 24 26 238 3.0

Energy (eV)

Fig.8 Tauc plots for determining the energy bandgap of the Cu,O
thin films deposited at (a) 80, (b) 60, (c) 40, and (d) 20 cycles.

edge in the spectrum of this film. These values are in the
range of the energy bandgap reported for thin films with
the Cu,O crystalline phase.”*? Although these values are
rather high, they are in agreement with the energy bandgap
reported for Cu,O thin films obtained by SILAR with copper
acetate as the copper precursor, whose value is 2.47 eV.2
Among the different reasons to explain the high values of
the energy bandgap of Cu,O thin films, the most commonly
reported explanation is quantum size effects, which can be
significant in direct-bandgap semiconductors. The nanoscale
structure of Cu,O with small particle size can increase its
energy bandgap, as reported in the literature. For example,
chemically deposited Cu,O thin films with an energy band-
gap of 2.44 eV were reported by Ahirrao et al.,*' who attrib-
uted the high energy bandgap value to the decrease of the
particle size.*! Also, employing the same CBD technique,
Xu et al. reported high energy bandgap values in the range
of 2.49-2.7 eV, attributed also to the effects of quantum
confinement.?!

The electrical resistivity of the Cu,O thin film depos-
ited at 80 cycles was determined from the transmission line
methods, by measuring the current versus voltage (I-V)
curves at different distances, L, between coplanar electrodes.
These measurements are shown in the inset of Fig. 9, where
the linear behavior reveals the ohmic characteristics of the
contacts. The slope of these straight lines decreases with the
distance between the electrodes due to the increase of the

15 — T
g 4 —— 60 um
4 o 41——80um
14 gz,—mopm
€ ol
134 8°
=~ S -2
» O 4]
E 12
o N
S 41 4 2 0 2 4
N Voltage (V)
[0]
e
§ 10-
L
[72]
&) 0.9 1 //
[ |
/ .
0.8 —m— Resistance
et - - -Linear fit
0.7 1 V
T T T T T T T T
40 60 80 100

Distance (um)

Fig.9 Electrical resistance versus distance between electrodes meas-
ured in the Cu,O thin film deposited at 80 cycles. The inset displays
the I-V curves measured at the different distances between electrodes.
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electrical resistance, whose values are plotted as a function
of L in this figure. The dashed line in this graph represents
the best linear fit to the experimental data, which is substi-
tuted in the following equation to determine the electrical
resistivity, p, of the Cu,O thin film:

R(L) =R+ ©

where A is the area of the transverse section of the thin film,
and R is the resistance of the contacts, which is obtained
by the intersection of the straight line at L=0, R(0)=R,.
The results obtained for the electrical resistivity and con-
tact resistance for this Cu,O thin film were 3.55x 10°> Q cm
and 2.18 x 107 Q cm, respectively. The electrical resistivity
reported for Cu,O thin films depends on the deposition and
post-deposition annealing temperatures. For example, in the
work by Ozaslan et al., Cu,O thin films were deposited by
the SILAR technique at a temperature of 70°C and subse-
quently thermally annealed in air at temperatures of 100°C,
300°C, and 500°C. The value of the electrical resistivity of
the as-deposited Cu,O thin film (70°C) was 6.12 X 10* Q cm,
while those films annealed at 100°C, 300°C, and 500°C had
electrical resistivity values of 7.44 x 10° Q cm, 8.23x 10°
Q cm, and 5.11 x 10> Q cm, respectively. The crystalline
structure of these annealed thin films changed to the CuO
crystalline phase at a temperature of 300°C, which together
with their densification into a more closely packed micro-
structure produced the observed modifications to the elec-
trical resistivity.*” Table I shows the electrical resistivity of
Cu,0 thin films deposited by SILAR and other techniques
reported in the literature. These values confirm the influence
of the deposition temperature and the temperature of post-
deposition treatments. As can be seen, the values of electri-
cal resistivity of the Cu,O thin films deposited by SILAR
are in the range of 10%-10* Q cm. Therefore, the electrical
resistivity of our Cu,O thin films deposited at room tem-
perature lies in the range of values reported in the literature
included in this table.

Rapid thermal annealing (RTA) at 200 and 250° was car-
ried out on the Cu,O thin film deposited at 80 cycles for
1 min, 3 min, and 5 min. The XRD patterns of the annealed
thin films at 200°C and 250°C are presented in Fig. 10a and
b, respectively. The diffraction peaks for the cubic Cu,O
(PDF #05-0667) and cubic Cu (PDF #04-0836) crystalline
phases are included at the bottom and the top, respectively.
The observed peaks in these patterns at 36.48°, 42.36°,
61.36°, and 73.58° match with the (111), (200), (220), and
(311) diffraction lines characteristics of the Cu,O crystalline
phase, respectively. For both annealing temperatures, the
intensity of the diffraction peaks increases with annealing
time, indicating the enhancement of the Cu,0 thin film crys-
tallinity. However, the pattern of the Cu,O thin film annealed
at 250°C for 5 min displays weak signals at 43.25° and 50.5°
related to the (111) and (200) crystalline planes of the metal-
lic Cu phase, respectively. Therefore, the RTA at 250°C pro-
duces some reduction effects on the Cu,O thin films, which
results in the formation of the metallic Cu phase. The crystal
size, D, of the Cu,O phase was calculated from these

patterns by using the well-known Scherrer formula:

0.91
D =
PcosO (10)

where A is the x-ray wavelength, B is the full width at half
maximum (FWHM) of the diffraction peak, and 0 is the
Bragg angle. For this, the (111) diffraction peaks were fitted
to Gaussian functions to determine their FWHM. The results
are shown in Table II, where an increase in crystal size with
time and temperature of the RTA treatment is observed.
Figure 11 shows the HR-XPS spectra in the Cu 2p
region of the Cu,O thin films after rapid thermal anneal-
ing at 250°C for 1 min, 3 min, and 5 min. The two peaks
observed at binding energies of 942 eV and 944 eV have
been assigned to the spin—orbit pair of Cu 2p5;, and Cu 2p,,,
of Cu*, respectively, which is consistent with the forma-
tion of the Cu,O phas.e.22’45’46 However, the deconvolution
of the HR-XPS spectra in the Cu 2p;), region, shown in

Table| Electrical resistivity of

. > Deposition technique Temperature (°C) Resistivity (€ cm) References
Cu,0 thin films deposited by
SILAR and other techniques SILAR 70 (as-deposited) 6.12x 10* 42
100 (thermal treatment) 7.44%10°
70 (as-deposited) (1.8-3.73)x 10? 27
60 (as-deposited) 1.24%x10* 26
Room temperature 3.55%10° This work
250 (thermal treatment) 1.33x10?
Dip-coating 200 (thermal treatment) 471x103 36
400 (thermal treatment) 9.9%10! 43
RF sputtering Room temperature 1x10* 44
CBD Room temperature 1.2x10° 41
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Fig. 10 XRD patterns of the Cu,O thin films with RTA for 1 min, 3 min, and 5 min at (a) 200°C and (b) 250°C.

Table Il Crystal size of the Cu,O thin films with RTA for 1 min,
3 min, and 5 min at 200°C and 250°C

1 min 3 min 5 min

200°C 250°C 200°C 250°C 200°C 250°C
D (nm) D (nm) D (nm) D (nm) D (nm) D (nm)
- 3.6 3.7 8.6 6.4 7.3

Fig. 12a, where the XPS signals were deconvoluted using
four singlet peaks with a Voigt profile, reveals the presence
of both Cu!* and Cu®* oxidation states. These chemical
components are related to the XPS peaks located at around
933 eV and 935 eV, respectively.46 Furthermore, the weaker
peaks centered at 942 eV and 944 eV correspond to satel-
lite peaks characteristic of the oxidation state Cu>*.*® These
results show the formation of an amount of the CuO phase.
Nevertheless, this phase was not observed in the XRD pat-
terns. This discrepancy is explained in terms of the surface
sensitivity of the XPS technique of around 5-10 nm, as
compared to the XRD technique, in which the penetration
depth can be up to 20 microns. Therefore, it can be assumed
that the CuO phase is formed on the surface of the Cu,O
thin film as a consequence of slight oxidation upon con-
tact with the environment.***” The Cu!*/Cu®* area ratio
was obtained by comparing the total intensity of peaks of
Cu'!* and Cu?*, where the total area of Cu* includes the

250 °C Cu 2p
15 min satelites 2P1/2 2p50
Satellites
2
c
=)
£ .
< {3 min
2>
®
C
L
= |1 min

T T T T T T T T T
970 960 950 940 930
Binding Energy (eV)

Fig. 11 XPS spectra in the Cu 2p region of the of the Cu,O thin films
with RTA for 1 min, 3 min, and 5 min at 250°C.

satellite peaks. The values shown in Table III were 1.69
(1 min), 1.98 (3 min), and 0.98 (5 min). Interestingly, the
Cu’* oxidation state decreases from an annealing time of
1 min to 3 min, while this component increases again for
an annealing time of 5 min. This result demonstrates that
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Fig. 12 XPS spectra in the (a) Cu 2p3/2 and (b) O 1s regions of the of the Cu,O thin films with RTA for 1, 3, and 5 min at 250°C.

Table lll Cu'*, Cu®*, and Cu'*/Cu?* area ratio of the Cu,O thin films
with RTA for 1 min, 3 min, and 5 min at 250°C, determined from the
fittings to the XPS spectra in the Cu 2p5, region

RTA (min) Cult (%) Cu® (%) Cul*/Cu?*
62.8 37.2 1.69
66.4 33.6 1.98
495 50.5 0.98

the RTA treatments produced reduction effects on the Cu,O
thin films, as observed in the XRD patterns. On the other
hand, at the right in Fig. 12b, the O s signal of the Cu,O
thin films was fitted using a single peak located at 530 eV.
This chemical component is associated with Cu—O bonds.*®

The surface morphological characteristics of the Cu,O
thin films subjected to RTA were analyzed using SEM
images shown in Fig. 13. The images in Fig. 13a, b, and c
correspond to the films annealed at 200°C for 1 min, 3 min,
and 5 min, respectively, while the images in Fig. 13d, e, and
f correspond to the samples annealed at 250°C for 1 min,
3 min, and 5 min, respectively. The RTA at 200°C does
not produce a significant change in the morphology of the
Cu,0 thin films, which retain their compact granular and

@ Springer

homogeneous surface. On the other hand, the RTA at 250°C
resulted in a thin film surface with more compact grains
and some protruding agglomerations, observed mainly after
3 min.

Figure 14 displays the 7 and R optical spectra of the Cu,O
thin films after the RTA at (a) 200°C and (b) 250°C. The cor-
responding spectra of the thin film before RTA are included
for comparison. At both annealing temperatures, a shift to
higher wavelength of the absorption edge of the Cu,O thin
films is observed. The longer the RTA time, the higher the
red shift of the absorption edge, indicating a reduction in the
energy bandgap of the annealed Cu,O thin films. In addition,
the optical reflectance is increased to values around 30% of
the thin film annealed at 250°C for 5 min, which could be
due to the metallic Cu phase formed in this sample. Similar
to the as-deposited Cu,O thin films, the energy bandgaps of
the thin films after the RTA were determined from the Tauc
plots shown in Fig. 15a and b for temperatures of 200°C and
250°C, respectively. In this graph, the dashed lines represent
the best fit to the theoretical model, where the intersection
with the energy axis provides the energy bandgap value in
each case. In both cases, the value of the energy bandgap
decreases slightly with the time of RTA from 2.51 eV to
2.36-2.42 eV. At a temperature of 200°C, the RTA treatment
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Fig. 13 SEM images of the Cu,O thin film heat-treated by RTA at 200°C for (a) 1 min, (b) 3 min, and (c) 5 min and 250°C for (d) 1 min, (e)
3 min, and (f) 5 min.
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Fig. 14 Transmittance (7) and reflectance (R) optical spectra of the Cu,O thin films with RTA for 1 min, 3 min, and 5 min at (a) 200°C, and (b)
250°C.

resulted in a reduction of the energy bandgap of the Cu,0 there is also a reduction of the energy band gap after 1 min
thin films to values in the range of 2.42-2.45 eV depend- (2.38 eV) and 3 min (2.36 eV) treatment, which is followed
ing on the treatment time. On the other hand, at 250°C, by an increase after 5 min (2.39 eV). The energy bandgap
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Fig. 15 Tauc plots for determining the energy bandgap of the Cu,O thin films with RTA for 1 min, 3 min, and 5 min at (a) 200 and (b) 250°C.

4.0
2 —— 40 um
{= | ——60um
<1 —s80um
3845 | ——100um
)
c
=364 £
0 9.0 5-
£ O
o 2
'S 34 4 2 0 2
° Voltage (V)
% u
% 3.2 ’
(%]
(0]
04 :
3.04 —=— Resistance
) - - - - Linear fit
n
2.8
T T T T T T
40 60 80 100

Distance (um)
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plays the /-V curves measured at the different distances between elec-
trodes.
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behavior of the annealed films at 250°C could be due to
the presence of the Cu phase in the composition of the thin
films. The energy bandgap value reported for Cu,O thin
films obtained after RTA treatment at 400°C is 2.36 eV,*?
which is quite close to the values reported here. In general,
the wide range of energy bandgap values reported for Cu,O
thin films reflects their different characteristics, such as crys-
tal size, thickness, and doping.49 As mentioned above, the
most common reason for obtaining Cu,O thin films with
high energy bandgap values is quantum confinement effects
due to their small crystal size, on the order of 2—-14 nm. %52
This is because the Bohr exciton radius of Cu,O is 2.5 nm,>>
and then when the crystal size of Cu,O thin films is close
to this critical radius, quantum confinement effects result in
an increase in the energy bandgap values. According to the
XRD analysis of the Cu,O thin films with RTA at 250°C,
their crystal sizes are in the range of 3.6—8.6 nm, close to the
critical radius for quantum confinement effects, which can
explain the high values of the energy bandgap of these films.

The electrical resistivity of the Cu,O thin film depos-
ited at 80 cycles after RTA was also determined from the
transmission line method, and the results are shown in
Fig. 16, where the inset displays the current versus volt-
age (I-V) curves measured at the different values of L. The
values of the resistance versus L decreases around one
order of magnitude, and the observed current increases in
the same proportion, as compared to the measured values



Effects of Rapid Heat Treatments on the Properties of Cu,O Thin Films Deposited at Room... 5387

Table IV Electrical resistivity of the Cu,O thin films after RTA at 200
and 200°C for 1 min, 3 min, and 5 min

1 min 3 min 5 min

200°C 250°C 200°C 250°C 200°C 250°C
p p 10? p 102 p 10 p 102 p 10
10°Qcm)  (Q cm) (Q cm) (Q cm) (Q cm) (Q cm)
6.36 2.55 3.25 1.33 5.21 341

before the RTA process (Fig. 9). Table IV shows the elec-
trical resistivity values of the Cu,O thin films as a func-
tion of the RTA time for both temperatures, 200°C and
250°C. The thin film treated at 200°C for 1 min has an
electrical resistivity on the order of 10° Q c¢m, the same
order as the as-deposited thin film. However, after 3 min
and 5 min of RTA treatment, the resistivity of these thin
films decreases one order of magnitude to 10> Q cm. On
the other hand, the values of the contact resistance of the
samples annealed with RTA were in the same order of
107 Q cm as that of the sample without RTA. The reduc-
tion of one order of magnitude of the resistivity of the
RTA-treated thin films is also observed at the temperature
of 250°C. The lowest resistivity of 1.33 x 10> Q cm was
determined for the thin film treated at 250°C for 3 min.
Furthermore, for both temperatures, we can observe a
slight increase in the resistivity from 3 min to 5 min of
RTA treatment. This feature can be also due to the forma-
tion of metallic copper aggregates in the Cu,O thin films,
which can function as charge dispersion centers.** Khoo
et al. reported this trend when the temperature increases
in an RTA process; the electrical resistivity decreases for
Cu,O layers in a chemically electrodeposited n-ZnO/p-
Cu,0 photovoltaic device, obtaining a minimum value of
3.1x10* Q cm at 523 K. The authors conclude that as
the treatment temperature increases, the number and size
of pores increase, while the grain boundaries in the thin
films decrease.’* An efficient heat treatment such as RTA
improves the electrical properties of Cu,O films, as in this
case, where the lowest value of the electrical resistivity
is on the order of 10> Q c¢m, which is consistent with the
values reported in other works using this type of RTA
treatments.”>>° Regarding the influence on the electrical
resistivity of the metallic Cu observed by XRD in the films
treated at 250°C, we assume that it is negligible for two
reasons. According to the relative intensity of the (111)
Cu diffraction peak in the XRD patterns of Fig. 10b, the
amount of Cu phase in the films treated at 250°C for 3 min
and 5 min should not be enough to form conductive paths
between electrodes. The resistivity of these films on the
order of 10> Q cm is consistent with this. Furthermore,
based again on the XRD analysis, the amount of Cu phase
in the film treated at 250°C for 5 min is higher; however,

the electrical resistivity of this film decreases as compared
to that of the film treated for 3 min, instead of increasing
as expected if the Cu phase had influence.

Conclusions

In this work we reported a two-step ammonia-free SILAR
process for the deposition of thin films of copper oxide(I)
(Cu,0) at room temperature, employing low-toxicity
precursors at low concentrations and an ammonia-free
complexing agent. It was possible to optimize this deposition
technique to minimize the number of steps, assuring the
good quality of the Cu,O thin films. These thin films were
polycrystalline with the cubic crystalline phase of Cu,0,
with thickness and energy bandgap values in the 30—120 nm
and 2.43-2.51 eV ranges, respectively, depending on the
number of cycles during deposition. In addition, the
electrical resistivity of the thickest Cu,O thin film was on
the order of 10 Q cm. When subjected to RTA treatments,
the Cu,0 thin films increased their crystal size, from 3.6 nm
to 8.6 nm, with a reduction in the electrical resistivity by one
order of magnitude, and in the energy bandgap to values of
2.38 eV. The surface morphology of the treated thin films
became more compact, which was corroborated by SEM
images. The XRD analysis showed the increase of the crystal
size with time and temperature of the RTA, resulting in
values in the range of 3.6—8.6 nm, close to 2.5 nm, which
is the Bohr exciton radius of Cu,0. However, XPS analysis
revealed the presence of the CuO phase on the surface of
the RTA-treated Cu,O thin films, and XRD showed the
presence of small amounts of the metallic copper phase after
5 min of RTA at 250°C. The minimum values of energy
bandgap and electrical resistivity were 2.38 eV and 133 Q
cm, respectively, and were achieved for the Cu,O thin film
after RTA treatment of 3 min. Despite challenges such as the
presence of CuO and metallic copper phases, our findings
demonstrated that the ammonia-free SILAR process enables
the deposition of polycrystalline Cu,O thin films at room
temperature, providing valuable insights for the further
development of this promising semiconductor material in
several optoelectronic applications.
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