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Abstract

In the current work, CuO thin films (~ 110 nm) are grown by employing chemical bath deposition (CBD) method on Si
substrate for fabricating the p-CuO/n-Si heterojunction photodetectors. The as-grown films are annealed at 250, 550 and
850 °C for 10 min in Ar ambient for tuning optoelectronic properties of the as-grown CuO thin films. Comparative study
on systematic annealing of the film within 250-550 °C indicates a morphological change of the as-grown CuO film to
nano-fiber type with its chemical composition remaining unchanged. A variation of refractive index and dielectric constant
in the range of 2.65-2.93 and 7.2-9.7, and a change of absorption coefficient and bandgap from 1.33 x 10° to 6.06 x 10°
cm™!and 1.5 to 2.16 eV have been observed. The current—voltage characteristics both in dark and illuminated conditions
suggest that the annealing of CuO film at 550 °C provides the best performance in terms of photo-to-dark current ratio and
photoresponsivity. A respective enhancement of 5.07 and 10% for the photo-to-dark ratio and photoresponsivity has been

observed for the 550 °C annealed sample.

1 Introduction

Metal-oxide thin films have drawn noteworthy research
interests in recent years due to their multifaceted applica-
tions in the areas of electronics, optoelectronics, energy
scavenging and catalysis [1-3, 16]. In this context, copper
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oxide is gaining more and more attention due to its unique
physical and chemical properties and cost-effective growth/
deposition technology [3, 4]. It finds wide range of applica-
tions in the domain of energy harvesting and storage [5],
photo-electro-chemical cells [6], photo-catalysts [1, 2, 7],
batteries [8], field-emission devices [9], gas sensors [2], pho-
tovoltaic devices [10], and superconductors [11]. It has also
huge potential for bio-medical/biological applications due
to its non-toxic nature [1, 10].

Copper oxides can be of two types: the tenorite (CuO)
and cuprite (Cu,0) [3], and both have semiconducting nature
with promising electrical and optical properties [10]. Both
the cupric- oxide (CuO) and cuprous-oxide (Cu,O) are [I-VI
p-type semiconductors in general and hence potentially
useful for developing different electronic devices. Cuprous
oxide is reported to be a direct bandgap semiconductor with
a bandgap of 2 eV while cupric oxide is of monoclinic struc-
ture with a direct bandgap of 1.21-1.51 eV [10, 12]. The
relatively smaller band gap of CuO makes it a potentially
superior material for photo-detection and optical switch-
ing applications in the visible or near-infrared region [12].
Moreover, since solar spectrum comprises of both UV and
visible wavelengths, significant research efforts are being
made to design photodetectors to absorb the entire solar
spectrum [5]. In this context, the responsivity of CuO based
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photodetectors can be further increased by incorporating a
wide band-gap semiconductor, such as, n-ZnO due to its
direct band gap of 3.37 eV. Recently, a photovoltaic device
with the combination of p-type copper oxide (CuQO) and
n-type Zinc oxide (ZnO) has been reported with superior
performance [12].

The chemical and physical properties of such thin films
depend on their thickness and morphology which change
significantly with thermal treatment due to subsequent
processing [12]. Reports are also available to indicate that
the electrical and optical properties of the devices based
on these films depend significantly on their thicknesses,
and therefore, the thickness has been optimized for supe-
rior optoelectronic performance [3]. Thus, investigation
of the morphological changes during subsequent thermal
treatment at different temperatures on such optimized CuO
films is immensely crucial for their appropriate use in the
areas of nano-electronics, optoelectronics and bio-sensing.
Also, there are few reports available in literature, based on
the effect of annealing temperature of CuO. However, most
of them reported the impact of annealing up to 500 °C and
shown that the photovoltaic performance and the film crys-
tallinity improves upon annealing [12, 30]. Thus, investigat-
ing the optimized annealing temperature at which the CuO
film has the best optimized photovoltaic performance is
immensely vital for the optoelectronic applications.

The thin films of copper oxide can be grown by adopt-
ing different techniques including the reactive sputtering
[13], chemical vapor deposition (CVD) [14], chemical con-
version [15], vapor liquid solid [16], thermal oxidization
[17], rapid precipitation, spin coating [18], solid state reac-
tion [19], sono-chemical reaction, sol—gel techniques [20],
solvo-thermal route [21], electrochemical route [22], spray
pyrolysis, thermal oxidation and hydrothermal method [23].
Also, the performance of such films developed by each of
these individual techniques has been reported [13, 24]. In
this context, the chemical bath deposition (CBD) is a growth
process that has drawn significant attention due to its sim-
plicity, cost-effectiveness, reproducibility and capability of
large area scaling for commercial production [3, 25, 26]. The
deposition rate and hence thickness of the deposited film
can be precisely controlled by varying pH, temperature and
concentration of the solution.

In the current work, thin films of CuO are grown by
employing chemical bath deposition process on n-Si <100>
substrates. The grown CuO films are furnace annealed at
250, 550 and 850 °C for 10 min in Argon environment. Mor-
phological changes of the heat-treated films are investigated
from SEM micrograph analysis and their crystallite qual-
ity is studied from X-ray diffraction pattern. The refractive
index (n), static and high-frequency dielectric constants (g,
and ¢;,), absorption coefficient (a) and bandgap energy (E,)
of the as-grown and annealed films are investigated by using

spectroscopic ellipsometer. The electronic and optoelec-
tronic performance of the p-CuO/n-Si hetero-junction diodes
are performed by measuring its rectification properties, bar-
rier height, ideality factor and photo-detection properties.

2 Experimental

Chemical bath deposition technique has been employed for
growing thin film of CuO on n-Silicon (Si) <100> substrate.
The Si wafers are initially cleaned by following the RCA-I
and RCA-II steps and then immersed into 20% HF solution
for native oxide removal. The 0.1 M CuCl,-2H,0 is used
as the source of Cu®" in the CBD solution and ammonium
hydroxide (NH,OH) solution is used as a precursor which is
added drop-wise. The volume of the CBD growth solution is
~100 mL and the cleaned Si substrates are placed in a Teflon
holder to immerse into the solution. The beaker containing
the solution is then placed on the hot plate under constant
stirring and heated from room temperature to ~60 °C at a
rate of 5°C/min. When the temperature of the bath is reached
to ~60 °C, then 5 ml of ammonia solution is added drop-by-
drop to the reaction mixture. After the addition of ammonia
solution, the bath is again heated until its temperature rises
to ~85 °C. At that instant, the temperature settings of the
hot plate are adjusted to maintain a steady heating condi-
tion for up to ~ 15 min until the solution colour changes
to black which also indicates the formation of CuO phase.
After the formation of CuO phase, the as-deposited sample
has been grown for 10 min. The as-deposited CuO films on
Si substrates are then taken out from the beaker, and thor-
oughly rinsed in DI water to remove the residual solutes and
impurities from the surface [1]. The samples are then further
sonicated in DI water for 10 min to remove the non-adherent
particulates and finally dried up by blowing nitrogen gas.
The as-deposited sample is then broken into four pieces
for investigating the impact of annealing temperature on
such CBD grown samples. One of the as-deposited sam-
ples is kept unprocessed and the rests are annealed in argon
(Ar) environment in a furnace for 10 min at 250, 550 and
850 °C, respectively. The as-deposited and post-annealed
samples are characterized by employing structural, optical
and electrical techniques. An ITO layer of thickness 100 nm
is evaporated on the CuO film followed by the formation of
Al dots on it to take electrical contact having an effective
device area of 2.06x 1072 cm? of the p-CuO/n-Si diodes.
The chemical nature and oxidation states of copper on the
surface of as-deposited and annealed samples are examined
by XPS analysis. The XPS data are deconvoluted using Peak
Fit software (Version-4.12). Spectroscopic ellipsometry (SE)
is used to analyze different optical parameters such as refrac-
tive index (n), absorption coefficient (o), static and high fre-
quency dielectric constant (¢, and ¢ ,) and optical band gap
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(E,) of both the as-deposited and annealed CuO thin films
on Si substrate. The current—voltage (I-V), photo-switching
and spectral response (responsivity) measurements of the
p-CuO/n-Si heterojunctions are performed by using Keithley
4200-SCS Parameter Analyzer. The photo-detecting (respon-
sivity) measurements are done under the illumination of
100 mW/cm? incident light power (Model No. LCS-100
Series Small Area Solar Simulator, Oriel Instruments) cou-
pled with the source meter and a monochromator.

3 Results and discussion

3.1 Structural and material characterization
of p-CuO thin film grown on n-Si

Figure 1a—d shows the SEM micrographs of the as-depos-
ited, 250, 550 and 850 °C annealed samples, respectively.
SEM image of the as-deposited sample indicates the for-
mation of a non-uniform film with no well defined grain
boundaries however, after annealing at 250 °C, the morphol-
ogy is changed to nano-fibre type. This is a thermodynami-
cally driven process and can be explained as follows: the
atoms at the surface of the as-deposited film are energeti-
cally less stable. Upon annealing, as the system tries to lower
its overall energy, molecules on the surface of the film will
tend to detach from the surface. When all small particles do
this, it increases the concentration of free molecules. When
the free molecules are supersaturated, they have a tendency

Fig. 1 FESEM images of the
CBD grown CuO thin films for
the: a as-deposited; b 250 °C
annealed; ¢ 550 °C annealed
and; d 850 °C annealed samples
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to condense on the surface forming larger particles. Thus,
all smaller particles shrink, while larger particles grow, and
overall the average size will increase. With the increase of
annealing temperature to 550 °C, the nano-fibre shaped
structures coalesce to form relatively larger nano-structures,
as depicted in Fig. 1(c).

However, the micrograph of Fig. 1d obtained for 850 °C
annealed sample indicates the formation of a uniform film
where the nanostructures are agglomerated to form larger
structures which may be attributed to larger surface ten-
sion working over the films [27]. Such formation of film at
relatively higher annealing temperature is due to the ther-
modynamic preference of energy lowering by minimizing
total surface area of the structures. Consequently, all the
nanostructures coalesce to form a film-like morphology at
higher annealing temperature.

The EDAX spectra of as-deposited CuO thin film and
those for the samples annealed at different temperatures are
measured by employing JEOL-JSM 7600F FESEM system
and are shown in Fig. 2a. It is apparent from elemental plots
that the ratio of Copper and Oxygen is ~1:1, and hence,
confirms the formation of appropriate stoichiometric CuO
film. Further, it would be relevant to mention that the inten-
sity of Si peak in EDAX spectra of both the as-deposited
and 850 °C annealed samples is much higher in compari-
son to Copper and Oxygen. This may be attributed to the
porous CuO film through which more electrons reach up to
the Si substrate. In comparison, the 250 and 550 °C annealed
samples exhibit high intensity peaks for Cu and O than Si
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Fig.2 a Comparative plots of EDAX spectra for the as-deposited and
250, 550 and 850 °C annealed samples; b comparative plots of XRD
patterns for the as-deposited, 250, 550 and 850 °C annealed samples

which corroborate the higher surface area covered by the
nano-structures formed during annealing. Therefore, the
composition of CuO phase remains unchanged even after
annealing at 850 °C [28].

To investigate the crystallographic as well as structural
orientation of the grown samples, X-ray diffraction meas-
urements are performed and the relevant spectra are plotted
in Fig. 2b for the as-deposited and annealed samples. The
samples exhibit diffraction peaks that confirm the formation
of monoclinic CuO, verified by JCPDS card no. 80-1917.
Figure 2b suggests an increase in intensities and decrease of
widths (FWHM) of the X-ray peaks for the annealed sam-
ples up to 550 °C, thereby, confirms the improvement of
crystalline quality of the CBD grown samples due to anneal-
ing. However, the decrease in peak intensity and increase in
FWHM for 850 °C annealed sample suggest a degradation of
crystalline quality which may be attributed to the conversion
of its main [002] plane to [110] plane [28].

The average crystallite size and micro-strain has been
calculated and are summarized in Table 1. As expected, the
lattice strain has decreased with the increase of crystallite
size which suggests the improved orientation of CuO crys-
tallites upon annealing at 550 °C [29].

The elemental composition and chemical states of the
as-deposited and annealed samples are analyzed by X-ray

photoelectron spectroscopy and the results are shown in
Figs. 3a, b, 4a—d, 5 and 6a—d. Figure 3a shows the high
resolution Cu 2p doublet X-ray photoelectron spectra for the
as-deposited and annealed films. Also in order to get more
information about the oxidation states of Cu, the main Cu
2p;, photoelectron peak along with its satellite are decon-
voluted and are shown in Fig. 4a—d, respectively. The XPS
spectra of all the samples show the main Cu 2p;,, photoelec-
tron peak and its satellite, where the latter being indicative
of Cu™? state [3, 30].

Also it is worthy to note that except the film annealed at
550 °C, the as-deposited and all other annealed films com-
prise of two kinds of phases: a 2p,,, peak of Cu’/Cu* located
at ~932 eV and the Cu”" 2p,, peak located at ~933.4 eV .

However, comparison between the spectra of as-deposited
and annealed samples exhibit significant changes in rela-
tive intensity of satellite to the main peak. Also, there is an
obvious shift in the Cu2p;/, main peak binding energy which
may be attributed to the change in Cu** and/or Cu%Cu*
composition at the film surface with annealing temperature.

The ratio of integrated areas under the main and satel-
lite peaks are used to demonstrate the impact of Cu** and/
or Cu’/Cu™ at the surface of the as-deposited and annealed
films. Therefore, for developing an inclusive idea about the

C.P.S (a.u.)
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Fig.3 a Cu 2p X-ray photoelectron spectra of the as-deposited and
annealed CuO films showing: (i) Cu 2p;,, main peak; (ii) satellite line
of Cu 2p;,; (iii) Cu 2p;,, main peak and (iv) satellite line of Cu 2p,;
b O 1s XPS spectra for the: ( A) as-deposited; (B) 250 °C annealed;
(C) 550 °C annealed; and (D) 850 °C annealed samples

Table 1 Summary of the

Sample (ID) Peak position (deg.) FWHM (deg.)  d-spacing (A) Crystallite ~ Micro-strain
ptclrame.ters extrac.ted from X-ray size (nm)
diffraction analysis
As-deposited 35.689 [002] 0.1948 2.517 29.00 0.0026
38.861 [111] 0.1258 2.316 21.33 0.0032
32.574 [110] 0.1299 2.308 43.75 0.0020
250 °C annealed  35.672 [002] 0.1598 2.517 35.42 0.0022
38.882 [111] 0.1948 2.316 29.33 0.0024
32.574 [110] 0.1342 2.931 41.75 0.0021
550 °C annealed  35.687 [002] 0.1548 2.516 36.57 0.0021
38.913 [111] 0.1598 2.314 35.76 0.0020
850 °C annealed  32.564 [110] 0.1548 2.514 36.56 0.0021
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Fig.4 Deconvoluted X-ray photoelectron spectra for the Cu 2p;),
main line and its corresponding satellite line of a as-deposited; b
250 °C annealed; ¢ 550 °C annealed and d 850 °C annealed samples
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Fig.5 Effect of annealing in Cu®* surface concentration as repre-
sented by Cu 2ps/, main to satellite peak area ratio and Cu 2ps, main
peak binding energy

amount of Cu?* and/or Cu®/Cu™ phase at the film surface,
the area-ratio of Cu 2p peak (main/satellite) and Cu 2p
main peak binding energy is plotted for different samples
in Fig. 5. The value of area-ratio of the main and satel-
lite peaks of Cu 2p5,, is observed to increase first for the
250 °C annealed sample, then becomes a minimum for
550 °C annealed sample and finally, attains a maximum
value upon subsequent annealing at 850 °C. It is reported
that the Cu?* represents both the satellite and main peak
whereas Cu® and/or Cu™ contribute to the main peak only
[31]. The trend of area-ratio, as revealed from Fig. 5, is
attributed to the decreasing importance of Cu>* and/or an
increasing importance of Cu’/Cu* in the surface region
of the 250 and 850 °C annealed samples. The decrease in
the area-ratio of 550 °C annealed sample can be attributed
to the formation of maximum amount of Cu®* phase. The
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Fig.6 Deconvoluted O 1s X-ray photoelectron spectra of: a as-depos-
ited; b 250 °C annealed; ¢ 550 °C annealed and d 850 °C annealed
samples

similar trend about the oxidation state of Cu in the sur-
face layer is also observed from the plot of Cu 2p main
peak binding energy with annealing temperature. Thus, it
is clear from the Cu 2p XPS study that on annealing the
as-deposited sample at 550 °C, only Cu?* exists and hence
gives superior photovoltaic performance as compared to
all other samples.

Typical O 1s spectra and the corresponding deconvo-
luted spectra of as-deposited and annealed samples are
shown in Figs. 3b and 6a-d, respectively. It is evident
from Fig. 6a—d that the main peak at ~530.3 eV for all
the samples is originated from the lattice oxygen O*~. For
the as-deposited and 250 °C annealed samples the peak at
528.1 eV is also attributed to the O>~ phase. Further, the
broad peak at 532.3 eV for all the samples except the one
annealed at 850 °C is attributed to the adsorbed oxygen
in the surface of the film [32, 33]. Since the contribution
of lattice oxygen O*~ is more than 90% of the total O 1s
intensity in all the cases, the entire area of O 1s peak is
taken as the denominator to express “copper-to-oxygen”
ratios for the film surfaces.

It will also be more informative if the numerators in
such ratios are the integrated areas of Cu** and Cu®/Cu™*
peaks other than the integrated area of Cu 2p;;, main peak,
since the latter does not discriminate between Cu?* and/
or Cu®/Cu* phases. Values of all such relevant ratios are
computed for all the samples and have been summarized
in Table 2. It is apparent from Table 2 that a proper stoi-
chiometric CuO film surface is formed on annealing the
as-deposited film at 550 °C and such results corroborate
with those of XRD analysis.
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Table 2 Comparispn of relative Sample Normalized peak areas and their ratios
surface concentration of oxygen,
Cu?*, Cu’%/Cu™ and total Cu and Ols Cut? Culor Cu™* Clro Cu’or Cu* Cu?* Cugga Cu’or Cu*
their corresponding normalized Ols Ols ots Cu
ratios of the as-deposited and As-dep 0.069 0.39 0.268 0.658 03.88 5.65 09.53 0.690
anncaled samples 250 °C 0070 044 1.000 1.440 14.30 628 2057 2270
550 °C 1.000 1.00 0 1.000 0 1.00 1.00 0
850 °C 0.710 0.16 0.340 0.500 0.48 0.22 0.70 2.125
16 where o is the absorption coefficient in cm™", hv is the pho-
60 (b) > & i< th s th d 4
£ le ton energy, E, is the energy gap, A is the energy dependent
9 40 [ 4 x constant and the value of n depends on the nature of electronic
Z’ 07: 3 TE transition (Y2 for direct allowed transition).
— u .
s 20 (_I ] 28 The energy bandgap of the as-deposited and 250, 550 and
© 1" 3 850 °C annealed CuO thin films is estimated to be 1.75, 1.66,

400 500 600 700 800

o ]
As-dep 250°C 550°C 850°C
Wavelength (nm)

Annealing temperature (°C)

Fig. 7 a Plots of the extracted absorption coefficient with wavelength
for the as-deposited and annealed samples and; b variation of grain
size and absorption coefficient with annealing temperature

3.2 Optical characterization of p-CuO thin film
grown on n-Si

Spectroscopic Ellipsometric (SENTECH SE850) measure-
ment is performed in the spectral range of 400 nm to 800 nm
for obtaining ¥ [the amplitude ratio between reflected and
polarized component (p)] and A (phase difference between
the reflected and polarized component) for the 60° angle of
incidence. The measured ellipsometric parameters ¥ and A
are utilized to determine the values of extinction coefficient
(k) for both the as-deposited and annealed CuO films. The
absorption coefficients of the as-deposited and annealed
films are extracted from the measured extinction coefficient,
by using the formula:

drk
“=T ®

where k is the extinction coefficient and A is the wave-
length of the incident photon. The variation of absorption
coefficients of the as-deposited and annealed films with
wavelength are shown in Fig. 7a. The 550 °C annealed sam-
ple is observed to exhibit the highest absorption coefficient
within the wavelength range considered which may be attrib-
uted to the highest amount of CuO phase formed and highest
grain size of the dominating [002] plane as observed from
SEM, XRD and XPS analyses.

The bandgap of such grown films is also extracted by
using Tauc’s relation [34]:

ahva(hv—Eg)n 2)

1.5 and 2.16 eV, respectively. The bandgap energy of bulk
CuO is reported to be in the range of 1.2—1.5 eV [28] and rela-
tively higher bandgap for the current structure is attributed to
the effect of quantum confinement, which is usually observed
in 1-D nanostructure [35]. The bandgap energy values are
observed to decrease with increasing annealing temperature
and attain a minimum of 1.5 eV for 550 °C annealed sam-
ple, however, for the 850 °C annealed sample the bandgap is
obtained to be 2.16 eV. This can be attributed to the enhance-
ment of CuO phase due to annealing at 550 °C, however,
it is minimum for 850 °C annealed sample which has also
been observed from XPS analysis. This band gap shift can
also be explained from the crystallite size of the dominating
CuO phase in the sample which has been extracted from XRD
results.

The obtained result complies with the effective mass theory
(EMA), which predicts r~2 dependence of the bandgap, with
1~ ! correction term in the strong confinement regime, where
r is the crystallite size. As mentioned earlier, the crystallite
size increases with the increase of annealing temperature
up to 550 °C which results to decrease the bandgap energy
according to the effective mass theory (EMA) [36]. The vari-
ation of grain size of the dominant phase and the absorption
coefficient corresponding to the bandgap energy value with
annealing temperature are plotted in Fig. 7b. The minimum
and maximum absorption coefficients are obtained for the 850
and 550 °C annealed samples, respectively. The results are
analogous with the grain size of the dominant [002] plane as
obtained from XRD results.

The plot of refractive index as a function of photon energy
is shown in Fig. 8a which indicates the refractive index
depends on the annealing temperature as well as film mor-
phology. The refractive indices are determined by using Moss
relation and Herve-Vandamme relation [37]:

*
- 3)

8
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Fig.8 a Variation of refractive index and energy bandgap of the CuO
films and; b the variation of g (static) as well as g, (high frequency)
dielectric constants of the as-deposited and annealed CuO films

where k is a constant with a value of 108 eV and

2
_ A
n= 1+<Eg+B> @

where A and B are numerical constants with values 13.6
and 3.4 eV, respectively.

The values of refractive index are extracted to be 2.81,
2.85, 2.93 and 2.65 for the as-deposited and 250, 550 and
850 °C annealed samples, respectively. Since refractive
index indicates quality of the grown films, the higher refrac-
tive index confirms the formation of highly dense films with
excellent crystalline structure upon annealing at 550 °C [27].
This is in collaboration with the XRD analysis which also
reveals the improvement of crystallite size upon annealing at
550 °C. Also, the refractive index values of the as-deposited
and annealed CuO films corroborate well with the literature
values [27, 38]. The CuO thin film annealed at 550 °C exhib-
its the highest refractive index compared to other annealed
samples and thereby indicates its suitability to use as the
anti-reflection coating material [38].

The dielectric constant is one of the fundamental intrin-
sic material properties [27] and it is also associated with
the property of altering (slowing down) the speed of light
in the material. The static dielectric constant (g,) and
high-frequency dielectric constant (g,) are extracted by
using the relation between the film permittivity, refractive
index and its energy bandgap [37]. Figure 8b shows the
plot of static and high frequency dielectric constant for the
as-deposited and annealed films. The dielectric constant
increases upon annealing as compared to the as-deposited
sample and the maximum value of dielectric constant is
observed to be 9.7 for 550 °C annealed film. It is worthy to
mention that the band gap, refractive indices and dielectric
constant values have been measured for 5 different samples
corresponding to each annealing temperature to verify the
repeatability and reliability of the results and a maximum
spread of +3.4% in the results has been observed which
suggests a good reproducibility of the results.
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Fig.9 a Schematic of the fabricated device, b plots of I-V character-
istics under dark condition (linear scale); inset shows the magnified
values of reverse biased current; ¢ variation of ideality factor and bar-
rier height with annealing temperature and; d variation of dark-cur-
rent and photo-current at 0 V bias of the devices for as-grown, 250,
550 and 850 °C annealed samples

3.3 Electrical characterization of the fabricated
heterojunctions

Schematic diagram of the fabricated p-CuO/n-Si heterojunc-
tion diode is shown in Fig. 9a. The electrical characterization
of such devices is performed by measuring the relevant cur-
rent—voltage (I-V) characteristics, shown in Fig. 9b, and the
magnified version of its reverse biased currents are shown
in the inset. The I-V plots indicate an increase of current
with annealing temperature under forward bias. The barrier
height and ideality factor of all the diodes are extracted from
such I-V characteristics and are plotted in Fig. 9c. Both the
barrier height and ideality factor are observed to decrease
with increasing annealing temperature and hence confirms
the formation of superior heterojunction on 850 °C annealed
film. This may be attributed to the reduction of series resist-
ance with increasing annealing temperature. Figure 9d
shows the comparative plots of dark- and photo- current at
0 V bias for the as-grown, 250, 550 and 850 °C annealed
samples. The maximum photo-current of 2.23 x 10~7 A with
a photo-to-dark current ratio of 6371 has been obtained for
the 550 °C annealed sample.

The presence of series resistance (Ry) is very impor-
tant since the net applied voltage across a diode is divided
between its depletion layer and series bulk resistance. The
values of such shared voltage drop depend on the depletion
layer thickness and R, thereby, control the performance and
reliability of these devices.

Series resistance values are determined from the inverse
slope of I-V characteristics (R; = dV,/dl;), under dark
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Fig. 11 Plot of light ‘ON’/‘OFF’ switching characteristics of the het-
erojunction photodiode at 0 V bias

condition as shown in Fig. 10, and is found to have a mini-
mum value of 9.2 K for 850 °C annealed sample. The rel-
evant modified Norde’s plots are also shown at the inset of
Fig. 10. By using Norde’s plot the value of series resistance
is calculated to be ~9.48 K for the 850 °C annealed sample.

To investigate the photo-detection characteristics of
the grown heterojunctions, time-dependent photocurrent
is measured by switching the white light source (in-built
with the probe station), ‘ON’ and ‘OFF’ periodically for
cycles of 20 s each and are shown in Fig. 11. The relevant
rise-time and fall-time are calculated from such data and are
found to be minimum for 550 °C annealed sample. The light
‘ON’/‘OFF’ characteristics indicate that such heterojunc-
tions can also be used for photo-detection.

Table 3 compares the band gap (E,), barrier height (¢p),
ideality factor (n), rise-time, fall-time, dark-current at 0 V,
photocurrent generated at 0 V bias and photo-to-dark current
ratio with annealing temperature of the p-CuO/n-Si hetero-
junction diode.

Rise-time and fall-time are observed to decrease with
annealing temperature up to 550 °C, however, it has been
observed to be maximum for 850 °C annealed sample. Also,
the photocurrent generated at O V bias is the maximum for
550 °C annealed samples. The comparatively faster response
of 550 °C annealed samples is attributed to the fact that the
photo-response vary with the amount of input light absorp-
tion by CuO films which depends on its morphology. Signifi-
cant morphological changes have been observed from SEM
images (Fig. 1) for the as-deposited and 250, 550 and 850 °C
annealed samples. Upon annealing at 250 °C, a crystalline
nano-fibre type structures are formed which agglomerate to
form nano-crystals after annealing at 550 °C. Such nano-
structures increase the effective area for light absorption and
lead to enhance the photo-response in comparison to the
as-deposited sample [39]. Due to further high temperature
annealing at 850 °C, the individual nano-crystals conglom-
erate to reconstruct the film with superior surface morphol-
ogy compared to the as-deposited sample. This enhances
reflection of the incident light from the surface and thereby
reduces its effective absorption. Also, the SEM image of
Fig. 1d and relevant EDAX data for 8§50 °C annealed sam-
ple indicated the exposure of more Si area which have also
reduced the amount of effective light absorption in CuO
layer, and thus, degrades the photo-responsivity [24].

To demonstrate the effectiveness of the fabricated
p-CuO/n-Si heterojunction photodetectors, the spectral
response has been measured at 0 V bias under illumination
of different wavelength light (300—-1000 nm) and is shown
in Fig. 12a.

It is observed from the plot that the annealing temperature
has significant impact on the responsivity of the p-CuO/n-Si
system. The CuO film annealed at 550 °C shows relatively
higher photo-response as compared to other samples consid-
ered in the current work. This is attributed to the enhanced
absorption by the nanostructures formed upon annealing at
550 °C as confirmed from SEM (Fig. 1) and SE (Fig. 7)

Table 3 The comparison of band gap (Eg), barrier height (), ideality factor (n), rise-time, fall-time, dark current at 0 V, photocurrent (at 0 V

bias) and photo-to-dark current ratio with annealing temperature

Sample (ID) Eg eV) @g (V) Ideality Rise-time (sec) Fall-time (sec) Dark-current ~ Photo-current  Photo-to-dark
factor (n) at0V (A) at0 VvV (A) current ratio

As-dep 1.75 0.71 1.56 1.34 1.35 9.30E—-11 3.00E-8 323

250 °C 1.66 0.63 1.36 1.2 1.21 4.24E—-11 1.04E-7 2453

550 °C 1.50 0.60 1.32 0.85 0.83 3.50E-11 2.23E-7 6371

850 °C 2.16 0.58 1.06 1.70 1.79 2.51E-11 3.50E-9 139
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analysis. Also, it is observed from the responsivity plot that
photocurrent initially increases upto a certain wavelength
and then decreases sharply. This cut-off wavelength is meas-
ured to be 700 nm (1.77 eV), 750 nm (1.65 eV), 850 nm
(1.45 eV) and 600 nm (2.06 eV), for the as-deposited, 250,
550 and 850 °C annealed samples, respectively. It is wor-
thy to note that this cut-off wavelength very closely cor-
roborates with the energy band-gap values extracted from
the SE measurement (Fig. 8a). Moreover, the Full Width at
Half Maximum (FWHM) as measured from the responsiv-
ity plot for the as-deposited, 250, 550 and 850 °C annealed
samples has been obtained to be 294, 186, 304 and 177 nm,
respectively. Therefore, the measured FWHM suggests that
the 550 °C annealing will also increase the bandwidth of the
photodetector. Furthermore, it is observed that the FWHM
of the as-deposited and 550 °C annealed samples are very
close to each other. However, it should be noted that the
responsivity value of the 550 °C annealed sample has been
found to be increased almost ten times as compared to the
as-deposited sample. The maximum photoresponse for the
550 °C annealed device is obtained to be ~0.09-0.1 A/W
which is superior in comparison to the performance of
similar heterojunction photodiodes fabricated with CuO-
nanowires/Si [40] and by the combination of ZnO and CuO
nanowires [5]. The external quantum efficiencies of the fab-
ricated heterojunctions have been plotted in Fig. 12b and it
is also observed to be the maximum for the 550 °C annealed
sample.

4 Conclusions

CuO thin film has been grown by CBD method and annealed
in argon (Ar) environment in a furnace for 10 min at 250,
550 and 850 °C, respectively. Growth kinetics, structure
and photo-response of the CuO thin films have been sys-
tematically studied with annealing temperature. It has been
observed that the annealing temperature has significant
impact on the CuO film morphology, amount of CuO phase
formed and also on the crystallite quality and size of the

@ Springer

nanostructures. This is attributed to the fact that it gives
adequate energy to allow the movement of atoms to occupy
the correct site in the crystal lattice. The crystallite size is
measured to be the largest (~36 nm) for the 550 °C annealed
film. The crystalline nature and compositional analysis of
the film are determined by XRD and XPS studies and the
optical properties are investigated by SE analysis. Anneal-
ing the as-deposited CuO film at 550 °C for 10 min in Ar
environment has been found to be the best for developing
p-CuO/n-Si junction for photo-detection and other opto-
electronic applications and has been observed to deliver
the best optical and electrical performance compared to
the other annealing temperatures considered in the current
work. Thus, annealing the CBD grown thin film of p-CuO at
550 °C with average thickness of 110 nm under Ar environ-
ment has been found to be a promising low-cost alternative
technological route for the development of optoelectronic
devices with superior performance.
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