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Abstract

In this investigation, we achieved successful deposition of nanostructured cupric oxide (CuO) thin films onto glass substrates
through implementation of successive ionic layer adsorption and reaction (SILAR), all carried out at room temperature.
This approach has proven to be highly efficient and yielded favorable results in terms of film quality and uniformity. A
comprehensive investigation was conducted to analyze the effect of gold (Au) on the structural, morphological, optical, and
electrical properties of nanocrystalline CuO thin films. The structural analysis confirmed that the films were polycrystalline,
exhibiting a monoclinic crystal structure with preferential orientations along the (111) and (111) planes. The estimated
crystallite sizes ranged from 20.37 to 30.77 nm, indicating the nanoscale nature of the films. Scanning electron microscopy/
energy-dispersive x-ray analysis (SEM/EDX) was executed to reveal the Au dopant on the surface of CuO thin films.
Surface analysis revealed the presence of uniformly dispersed CuO nanostructures across the film surfaces. Through optical
investigations, it was observed that the bandgap energy of the CuO thin films decreased from 1.52 to 1.45 eV with increasing
Au concentration. Furthermore, the average transmittance of the films exhibited a decrease from 4.9% to 1.3% as the Au
concentration increased. The electrical properties of the Al/Au:CuO/n-Si heterojunction were studied using current—voltage
(I-V) measurements for various light power densities. The Al/Au:CuO/n-Si heterojunction exhibited good photodiode
behavior, with 3.44 A/W responsivity and 1.58 x 10'” Jones specific detectivity for the 2% Au-doped CuO interfacial layer.
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Introduction

In recent years, optoelectronic devices such as laser diodes,
solar cells, light-emitting diodes (LEDs), and photosensors
have played a significant role in human life. Among these
devices, photosensors are particularly attractive, as they can
convert optical signals into electrical signals. There are vari-
ous types of photosensors available for different applications,
including photodiodes, UV photodetectors, photoresistors,
and phototransistors. Photosensors can be classified into two
main types based on their device structure: metal-semicon-
ductor—metal (MSM) and heterojunction photodetectors.
Considering previously published reports, the p—n junction
photodetector is more efficient than MSM photodetectors, as
it generates electron—hole pairs through the internal electric
field in its depletion region.' The choice of materials for
photodetectors depends on their intended application in the
electromagnetic spectrum, such as the ultraviolet (UV), vis-
ible, or infrared (IR) regions.
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For the fabrication of a heterojunction photodiode,
the material must have a high absorption coefficient, a
suitable energy bandgap, and good electrical conductivity.>
Metal oxide-based materials are considered prominent
candidates for heterojunction photodiode production,
from a technological and scientific perspective. These
materials include magnesium oxide (MgO), aluminum
oxide (Al,05), zinc oxide (ZnO), cadmium oxide (CdO),
nickel oxide (NiO), and cupric oxide (Cu0).>® CuO stands
out among these oxides for its remarkable multifunctional
properties, encompassing magnetic, semiconducting, and
optoelectronic functionalities.”!! CuO exhibits fascinating
characteristics as a p-type semiconductor, displaying a high
absorption coefficient (~1.2x 10° cm™") and a low bandgap
(~1.4-2.1 eV)."? This compound holds significant appeal
due to its affordability, exceptional reactivity, and nontoxic
nature.'?

As a result, CuO finds extensive utility in diverse
electrical components such as solar cells, gas sensors, Li
batteries, and catalysts. Its versatile application across these
fields showcases the broad spectrum of benefits offered by
Cu0. 1418

Currently, a wide range of physical and chemical
deposition processes are being used to fabricate copper
oxide (CuO) thin films. Upon careful examination, it has
been established that chemical deposition methods offer
superior economic feasibility and practicality compared
to their physical counterparts. Several techniques have
been employed for the deposition of CuO thin films,
including spin coating generated from sol-gel,'” spray
pyrolysis,?® microwave-assisted hydrothermal synthesis,*!
electrochemical deposition,?? chemical bath deposition
(CBD),? and successive ionic layer adsorption and reaction
(SILAR).>* Notably, SILAR stands out among these
chemical deposition methods due to its straightforward
solution-based approach, allowing for precise control over
film thickness and deposition at low temperatures.

The scientific community widely recognizes the existence
of various strategies for manipulating the physical and
optical properties of thin films fabricated through solution
phase deposition techniques.?® One such strategy involves
incorporating dopant materials into the growth solution.?®
Dopant incorporation plays a pivotal role in determining the
physical attributes and potential applications of different
materials, particularly semiconductors.?” Throughout the
deposition process of CuO thin films, several dopants,
including Ni, Ce, Ag, and Co, have been extensively
explored.?®3! Consequently, it is reasonable to explore the
effects of Au doping as it holds the potential to enhance
multiple characteristics of CuO-based materials.

Considering the aforementioned factors, numerous
researchers remain actively involved in endeavors to further
enhance the diverse properties of CuO-based semiconductor

materials. To the best of our knowledge, no other authors
have yet investigated the impact of Au doping on CuO thin
films synthesized through SILAR. Therefore, our study
aims to fill this gap in the literature and contribute to a more
comprehensive understanding of the potential benefits of Au
doping for CuO-based materials.

The objective of this study is to utilize the SILAR
technique for the fabrication of Al/Au:CuO/n-Si
heterojunction structures, while examining how the growth
strategy affects the crystallographic structure, shape, optical
properties, and electrical properties.

Experimental Section
Thin Film Growth Procedure

Nanocrystalline CuO thin films were synthesized on pre-
cleaned soda lime glass substrates using SILAR, with
varying concentrations of Au. In this process, an aqueous
copper—ammonia ion complex ([Cu(NH3)4]2+) was utilized
for the cationic precursor solution. A suitable amount of
CuCl,-2H,0, a highly pure cupric chloride dihydrate
purchased from Sigma Aldrich, and 25% aqueous ammonia
solution from Merck were carefully added in appropriate
proportions to form the precursor solution. CuCl,-2H,0O was
used to reduce the concentration of the copper(Il) chloride
solution to 0.1 M while maintaining a 1:10 molar ratio
of copper to NH;. Reaction temperature was maintained
at 90 °C during the entire process. The anionic precursor
solution consisted of hot deionized water at the same
temperature. CuO thin films were synthesized by immersing
glass substrates consecutively in the [Cu(NH;),]**
combination and the precursor anionic solution. The
prepared solution was applied to the substrates vertically
and left on for 20 s, and this dipping process was repeated
for a total of 15 cycles. In order to investigate the impact
of Au as a dopant, different concentrations of Au (1.0 M%,
2.0 M%, and 4.0 M%) were incorporated into the growth
solutions. Au acts as a chelating agent associating with
copper ions to facilitate the formation of CuO thin films. As
a result, the Cu®* and O% ions in the solution were released
under control, leading to their condensation onto the glass
substrates and ultimately resulting in the formation of CuO
thin films. To prepare the samples for characterization, they
were annealed for 2 h at 400 °C under an air atmosphere.

Thin Film Characterization
The surface morphology and elemental composition of the
deposited thin films were investigated using a Zeiss EVO

LS 10 scanning electron microscope (SEM, Carl Zeiss
NTS GmbH, Oberkochen, Germany) equipped with an
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energy-dispersive x-ray spectroscopy (EDX) system. For
the characterization of the microstructure of the deposited
thin films, x-ray diffraction (XRD) was carried out using
a Bruker D8 Advance diffractometer (XRD, Bruker AXS
GmbH) equipped with Cu-Ka radiation (wavelength
A=1.5418 A). The diffraction angles were selected within
the range of 30° to 70°. The thickness of the CuO thin films
with different Au concentrations was determined using the
NanoMap-500LS contact surface profilometer . The UV—Vis
absorption and transmission spectra of the thin films were
obtained over the wavelength range of 190-1100 nm using a
UV-Vis—near-infrared (NIR) spectrophotometer (Jasco Inc.,
MD, USA). A Keithley 6487 picoammeter/voltage source
(Keithley Instruments, Cleveland, OH, USA) was used to
test the electrical conductivity and resistivity of all deposited
layers.

Fabrication and Measurements of the Al/
Au:Cu0/n-Si Heterostructure

An n-type Si wafer with a carrier concentration of
7.3% 105 cm™3, polished on one side and oriented in the
(111) direction, was employed in the fabrication of the
Al/Au:CuO/n-Si heterostructures. The n-type Si wafer
was sliced into 1x2 cm? pieces and then cleaned by
ultrasonication in isopropanol, acetone, and deionized
water solvents. To remove the undesired oxide layer, the
pieces were dipped into HF:H,O (1:10) solution for 30 s
after cleaning. A thermal evaporator was used to deposit
aluminum to obtain an ohmic contact of 150 nm on the back
surfaces of the Si wafer pieces, followed by annealing in N,
medium for 5 min in an oven. After deposition of Au:CuO
films on the polished surface of the pieces, Au:CuO/n-Si
structures were again immediately transferred into the
thermal evaporator to obtain 1-mm-diameter Al metallic
contacts of 100 nm on the top of the Au:CuO film layer by
a hole array mask. Thus, fabrication of the Al/Au:CuO/n-Si
heterostructures was completed. Current—voltage (I-V) and
I-t measurements were obtained by a Fytronix FY-7000
solar simulator measurement system under various power
densities from 20 to 100 mW/cm? at room temperature for a
voltage range of +5 V by a 1.5 AM filter.

Results and Discussion

Structural Evaluation

X-ray diffraction (XRD) measurements were performed to
examine the structural properties of both Au-doped and
undoped CuO thin films. The XRD parameters were employed

to estimate crystallite size, peak intensity, texture coefficient,
and microstrain. Figure 1a presents the XRD patterns for CuO
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samples with and without Au, providing a comprehensive
depiction of their structural features. The XRD analysis
revealed that all the deposited CuO thin films possessed a
distinct crystalline structure, exhibiting diffractograms
consistent with the monoclinic phase of CuO (JCPDS file No.
01-080-0076). Analysis of the XRD patterns in Fig. 1a reveals

a preferential growth of CuO thin films along the <T1 1) and

(111) crystallographic planes, as evidenced by the prominence
of two dominant peaks (20=35.64°, 38.78°). In addition to the
two primary peaks, six additional diffraction lines correspond-
ing to the (110), (202), (020), (113), (311), and (220) crystal-
lographic planes were identified. No supplementary peaks
indicative of other CuO phases were detected. The observed
relative peak intensity values of Au-doped and undoped CuO
¢hin films corresponding to the (1 10),<T1 1 ) (111), and (202)

planes are displayed in Fig. 1b and Table I. According to
Table I and Fig. 1b, it can be observed that the intensities of
the (T] 1) and (111) peaks increased proportionally with the
Au content, indicating enhanced preferential growth in these
crystallographic planes. Similarly, other XRD peaks such as
(110), (202), (020), (113), (311), and (220) also exhibited
similar increases upon Au doping. These changes are likely
attributable to the internal strain induced by the presence of
Au. These findings suggest the potential preferential orienta-
tion of CuO thin films, which can be attributed to their aniso-
tropic crystallographic characteristics.

The texture coefficient (TC ;) is a quantitative measure
that indicates the degree of orientation preference of crystal
planes within the CuO film. (TC,,,)) values are used to assess
the dominant growth orientation in each CuO sample. The
coefficient values for the different crystallographic planes are
provided according to the following relationship™?;

L
ik Loy

TC =
(hkl)
-1y 1
N %‘ (hkl)/ Loy

6]

the texture coefficient TC ;,,, is determined based on the
measured peak intensity /y, and the standard refer-
ence intensity values [, taken from JCPDS card no.
01-080-0076.

The TC;y, for various crystallographic planes are pre-
sented in Fig. 1c and given in Table I. Variations in the TC,,
values were observed in CuO thin films with different Au
concentrations.

To examine the impact of Au doping at various concentra-
tions on the microstructural characteristics, the crystallite size
(D) and microstrain (¢) of the CuO thin films was determined
using the XRD data and the following equations™?;

0.944
D =
pcos@ @)
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Fig.1 XRD patterns of Au-doped CuO thin films (a). The relative films in relation to different Au concentrations (c). The relationship

peak intensity values for (110), (Tll), (111), and (520> planes of between the crystallite size and microstrain of CuO thin films in

. . . relation to different Au concentrations (d).
CuO thin films as a function of Au concentration (b). The texture

coefficient for (110), (Tn), (111), and (520) planes of CuO thin

Table! The relative peak Au Concentra- Recorded peak intensity  TC,

intensities and TC ) values of tion, M%
CuO thin films were examined - = —
in relation to different Au (111) 11 (110) (111) (111) (202)
concentrations using XRD
analysis 0 879 704 0.91 1.42 1.14 0.53
1.00 1232 1002 0.79 1.49 1.21 0.51
2.00 1247 1060 0.76 1.46 1.24 0.55
4.00 1355 1145 0.75 1.47 1.24 0.54
and x-ray wavelength. The XRD measurements provided the
mean crystallite size and microstrain values for CuO samples
£ = @ (3)  with varying concentrations of Au doping. The FWHM of

the peak, Bragg's diffraction angle (), and the x-ray wave-
where 6 is the Bragg diffraction angle, f8 is the full width ~ length (A) were used to determine the crystallite size. The
at half-maximum (FWHM) value of the peak, and A is the  results are presented in Table II. It was noted that increasing
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the Au concentration caused the crystallite size of the CuO
samples to grow. Figure 1d depicts the variation of crystal-
lite size and microstrain with Au solution concentration. It
can be seen from Fig. 1d and Table II that the crystallite size
exhibited a decrease from 33.43 nm to 27.45 nm, whereas
the microstrain demonstrated an increase from 1.26 x 107>
to 1.45x 10~ with an increase in the concentration of Au
in the reaction mixture. In other words, Fig. 1d illustrates a
reverse relationship between the microstrain and crystallite

Table Il The dependence of CuO thin film properties, including crys-
tallite size, microstrain, film thickness, and optical bandgap, on vary-
ing concentrations of Au doping

Au concentra- Crystallite Microstrain, Film Optical

tion, M% size, nm ex 1073 thickness, bandgap,
nm eV

0 33.43 1.26 852 1.52

1.00 27.03 1.37 1327 1.47

2.00 29.88 1.36 1494 1.48

4.00 27.45 1.45 1612 1.45

EHT =18.00 kV

Signal A = SE1
| Probe = 100 pA

Mag= 10.00KX 1+
WD =11.6mm

Signal A = SE1
| Probe = 100 pA

Mag= 10.00KX [1H™

EHT =20.00 KV
& WD =11.0mm

EHT =20.00 kV
N WD =10.5 mm

size values of the CuO thin films in relation to different Au
concentrations. Other researchers have observed similar
findings**3* in the literature.

Morphological Analysis of Thin Film Surfaces

SEM Analysis

The optical characteristics of CuO thin films are influenced
by their surface properties, which are important for applica-
tions in optoelectronic devices. In order to investigate the
impact of Au doping on the surface morphology of CuO thin
films, SEM-EDX analysis was conducted. The SEM images
in Fig. 2a, b, ¢, and d illustrate the morphology of CuO thin
films with different molar concentrations of Au. The images
clearly show that the CuO thin films adhere strongly to the
glass substrate surface, with a considerable number of par-
ticles uniformly distributed across the entire surface area of
the glass slide. The introduction of Au into the solution bath
leads to changes in particle size and structure. Therefore, the
morphological changes observed can be attributed to the

EHT =20.00 kv
WD =10.5mm

Signal A = SE1
| Probe = 127 pA

Mag= 10.00 KX

Signal A = SE1
| Probe = 500 pA

Mag= 10.00 KX

Fig.2 SEM images obtained for CuO thin films doped with various molar concentrations of Au: (a) 0 M%, (b) 1.0 M%, (c) 2.0 M%, (d) 4.0 M%.
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Fig.3 EDX spectra of CuO thin films doped with Au at varying molar concentrations. (a) Undoped, (b) 1% Au doping, (c) 2% Au doping, and

(d) 4% Au doping.

Table lll Elemental analysis
(reported as relative weight
percentages, wt%) of CuO thin
films doped with Au at varying
molar concentrations (0 M%,
1.0 M%, 2.0 M%, 4.0 M%)

Au concentra- Element  Series Unn. C, wt.% Norm. C, wt.% Atom. C, at. % Error, %

tion, M%

0 Copper K-series ~ 47.32 72.69 40.25 1.3
Silicon K-series 2.78 4.27 5.74 0.1
Carbon K-series 3.30 5.07 14.85 0.6
Oxygen  K-series 11.70 17.98 39.55 1.8

1.00 Copper K-series 70.80 73.49 59.72 1.9
Gold L-series 14.98 15.55 4.08 0.6
Oxygen  K-series 9.78 10.15 32.76 1.4
Carbon K-series 0.77 0.80 3.45 0.3

2.00 Copper K-series 72.83 70.47 67.26 2.1
Gold L-series 22.99 22.26 7.00 0.9
Oxygen  K-series 7.02 6.79 23.49 13
Carbon K-series 0.51 0.48 2.25 0.3

4.00 Copper K-series 7291 67.49 65.77 2.1
Gold L-series 27.99 2591 8.15 1.1
Oxygen  K-series 6.66 6.17 23.87 1.3
Carbon K-series 0.46 0.43 221 0.3

unn. C [wt. %] is the unnormalised concentration in weight percent of the element

interaction between Cu’" and Au throughout the synthesis

procedure.>**°

The EDX spectra and elemental analysis of these depos-
ited nanostructures are presented in Fig. 3 and tabulated in
Table III. Figure 3 reveals the presence of Cu and O atoms
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in the undoped CuO sample, with a proportional distribution
of Cu (72.69%) and O (17.98%). When the other spectra are
examined carefully, the Au concentration in the chemical
composition clearly increases by weight with an increase
in the ratio of Au doping. At 1% Au doping concentration,
the sample contains 73.49% Cu, 10.15% O, and 15.55% Au.
When the Au doping level reaches 2%, the chemical com-
position is 70.47% Cu, 6.79% O, and 22.26% AU. When the
Au doping concentration is 4%, the maximum Au content
(25.91%) in the chemical composition is reached.

Optical Evaluation

The optical properties of both Au-doped and undoped CuO
thin films were analyzed using a UV-Vis spectrophotom-
eter. The bandgap energies of these films were calculated
using Eq. 4, where « is the absorption coefficient, v is the
frequency, E, is the bandgap energy, m is the exponential

(b)

constant (m ="V for permitted direct transition), and C is
the proportionality constant:

ahy = C(hv—Eg)m 4

To analyze the effect of Au concentration on the band-
gap values, the graphs of (ahv)? versus (hv) were drawn
in relation to different Au concentrations, as shown in
Fig. 4a. The obtained optical energy values for all CuO
thin films are also presented in Table II. Figure 4b dem-
onstrates that the CuO thin films’ energy values shown in
Fig. 4b were determined as 1.52, 1.47, 1.48, and 1.45 eV
for Au concentrations of 0 M%, 1.00 M%, 2.00 M%, and
4.00 M%, respectively.

The optical transmittance spectra of CuO thin films were
measured at different Au concentrations (0, 1.0, 2.0, and
4.00 M%) within the spectral range of 400-1100 nm, as
depicted in Fig. 4c. The CuO thin film without Au doping
exhibited the highest transmittance, approximately 4.9%.

(@) 40- = Pure CuO
1 = 1.0wt%Au-CuO
%9 = 2.0wt%Au-Cu0
1 = 4.0 wt % Au-CuO
o 304
£
L
>
IC
‘o
&
2
K-
2

(© .

Transmittance (%)

4 > o

Pure CuO

1.0 wt % Au-CuO
2.0 wt % Au-CuO
4.0 wt % Au-CuO

400

T T T
500 600 700 800

Wavelength (nm)

T
900

T T T
1000

1100

Fig.4 CuO thin film bandgap energy values evaluated with various
Au concentrations (a). The impact of doping on the bandgap of CuO
thin films, comparing undoped films with Au-doped films (b). The
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transmittance spectra of CuO thin films measured at different Au con-
centrations (c). The variations in CuO thin film thickness and band-
gap analyzed as a function of Au concentration (d).
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However, as the Au content in the solution bath increased,
the optical transmittance decreased rapidly, ranging from
approximately 4.9%—1.3%. The maximum transmittance of
around 4.9% was observed with a 4.0 M% Au concentra-
tion. CuO thin film transmittance values varied, and it was
determined that this was because each film had a different
thickness and degree of transparency.*®

The thickness of the deposited thin films plays a crucial
role in determining their physical characteristics, particu-
larly their optical properties. To investigate this, the thick-
ness of CuO thin films with different Au concentrations
was measured using a contact surface profilometer. Table II
presents the thickness values of all the deposited CuO thin
films. The dependence of film thickness and bandgap on Au
concentrations are demonstrated in Fig. 4d. It is observed
that as the Au concentration increases, the film thickness

10-3_

10

10-5_

Current (A)

10°-

107

Current (A)

Voltage (V)

increases while the bandgap values decrease. Specifically,
the film thickness ranges from 0.85 pm (without Au) to
1.61 pm (for 4.0 M% Au in the growth solution), while the
bandgap decreases rapidly from 1.52 eV to 1.45 eV. It is
possible to attribute changes in the surface crystallinity and
stresses present in the CuO films to the observed variations
in film thickness and bandgap with increasing Au content.*’

Electrical Analysis

The various Au-doped CuO thin films were used as inter-
facial material for the Al/Au:CuO/n-Si heterostructure to
determine photodetection performance. The I-V charac-
teristics of the various Au-doped CuO interlayered het-
erostructures have been given in Fig. 5 for various Au
doping levels. The reverse current values were increased

Current (A)

10-4 u
— 1054
<
€
g
5 10°
o
10-7 -
10-8 — T T T T T
-4 -2 0 2 4
Voltage (V)

Fig.5 I-V characteristics of the various Au-doped CuO interlayered Al/Au:CuO/n-Si heterostructures. (a) Undoped, (b) 1% Au doping, (c) 2%

Au doping, and (d) 4% Au doping.
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with increasing the Au doping level of 1% and 2% and
decreased slightly for 4% at the dark condition measure-
ments. Furthermore, the forward currents increased with
increasing light power, but the highest increase were seen

Table IV Diode parameters for various Au-doped CuO interlayered Al/Au

at the 4% Au-doped Al/Au:CuO/n-Si heterostructure. Au
decorated heterostructures exhibited higher current values
at reverse biases for 1% and %2 Au doping levels than
undoped ones with increasing dark currents. However,

:CuO/n-Si heterostructures for dark conditions

Au Saturation current, [, n,I-V- nCheung- ®,(/-V),eV @, Cheung,eV &, Norde, eV R, R, Cheung, R, Norde, kQ
doping Cheung, kQ
level kQ (HI)) (dV/din(D)
0% 1.11x1078 5.95 443 0.77 0.77 0.72 6.78 6.69 3.91
1% 8.94x 1078 1432  11.96 0.71 0.72 0.76 7.48 7.86 4.01
2% 436x1078 3.00 3.24 0.73 0.72 0.79 1.58 2.55 2.51
4% 5.77x1078 20.27  18.10 0.72 0.73 0.72 28.44 29.62 155.86
36\ (@ 41e (b)
30
3
24 -
14 [14
14 ]
® 1s- 2
12
14
6 ° ° ° °
0 T T T T T T 0 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
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14 (C) ( d)
° 2.6 1
12
°
./ 2.4 e ° ° ° ° °
[14
[ ./ 5
10 1 /
/ ) .
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Fig.6 RR plots of the various Au-doped CuO interlayered Al/Au:CuO/n-Si heterostructures. (a) Undoped, (b) 1% Au doping, (c) 2% Au doping,

and (d) 4% Au doping.
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they can be employed for photodetector applications.*®

In this study, Au was used at various doping levels into
CuO, and performance of the Al/Au:CuO/n-Si heterostruc-
ture against light was studied.

Various diode parameters such as ideality factor, series
resistance, and barrier height values can be calculated by
various techniques.***> Thermionic emission theory can
help to determine or calculate the saturation current, ideal-
ity factor, and barrier height of the various Au-doped Al/
Au:CuO/n-Si heterostructures, and the obtained values
are listed in Table I'V. While saturation current (/) values
increased with Au doping level, the barrier height values
decreased according to undoped CuO interfacial layered
heterostructure. The ideality factor values fluctuate with

changing Au doping level. This fluctuation can be ascribed
to the measurement errors or nonuniform interfacial CuO
layer.*

Rectifying ratio (RR) plots of the various Au-doped CuO
interlayered Al/Au:CuQO/n-Si heterostructures are illustrated
in Fig. 6 for increasing light power density. The highest
RR value was obtained for pure the CuO interlayered Al/
Au:CuO/n-Si heterostructure in dark condition. The RR
values of the undoped and 1% Au-doped Al/Au:CuO/n-Si
heterostructure decreased 20 mW/cm? light power density
and stayed constant up to higher light power densities. In
the case of higher Au doping level, the RR values stayed
constant or slightly changed for changing light power den-
sity. These changes at the RR values can be attributed to the
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Fig.8 Cheung plots of the various Au-doped CuO interlayered Al/Au:CuO/n-Si heterostructures. (a) Undoped, (b) 1% Au doping, (c) 2% Au

doping-, and (d) 4% Au doping.

increasing Au doping which causes an increase of reverse
current with increasing voltage.

The junction resistance (R)) of the various Au-doped Al/
Au:CuO/n-Si heterostructures are shown in Fig. 7. The R;
values generally have a series resistance (R,) part at forward
biases and a shunt resistance (Rg;,) at reverse biases. These
regions are clearly observed for all Au-doped Al/Au:CuO/n-
Si heterostructures. All devices have a peak at around the 0
bias regions. The shunt resistance values decreased after Au
doping to the CuO interlayer. However, the obtained shunt
resistance values are at about 10° Q for all heterostructures.
The series resistance values fluctuate depending on the Au
doping level.

The Cheung method can provide a way to calculate vari-
ous diode parameters by plotting Cheung functions of dV/
dln/ and H(J) versus current.** Figure 8a, b, ¢, and d exhibit
Cheung function plots for various Au doping levels. All the Al/
Au:CuO/n-Si heterostructures have a linear profile and appro-
priate dV/dInl and H(J) functions. The calculated diode param-
eters are tabulated in Table IV for various heterostructures.

@ Springer

The determined ideality factor and barrier height values are
in good agreement with the diode parameters which were cal-
culated from thermionic emission theory. Furthermore, the
calculated series resistance from the dV/dIn/ and H(J) func-
tions exhibited good harmony each other and confirmed the
accuracy of the Cheung functions due to having close slope.

The Norde functions (F(V)) also can help to determine
series resistance and barrier height by plotting versus volt-
age.” Figure 9 shows the Norde function plots of the various
Au-doped Al/Au:CuO/n-Si heterostructures. The heterostruc-
tures revealed a Norde function profile with some distortion
due to an interfacial layer effect.*® The calculated barrier
height and series resistance values are listed in Table I'V. There
are some deviations from the calculated values of the thermi-
onic emission and Cheung method due to the approximation
differences.*’

The current transient measurements (/-t) reveal the level
of response to changing light power density of a detector. The
light is turned on and off sequentially to observe and measure
this response time. Figure 10 displays /¢ plots for the various
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ing-, and (d) 4% Au doping-.

Au-doped Al/Au:CuO/n-Si heterostructures depending on the
increasing light power illumination density. The current val-
ues increased almost linearly with increasing light power for
each heterostructure. These results confirm the photoconduc-
tive behavior of the various Au-doped Al/Au:CuQO/n-Si het-
erostructures.*® However, the 2% Au-doped Al/Au:CuO/n-Si
heterostructure has the highest current level.

The optical detector parameters of the various Au-doped
CuO interlayered Al/Au:CuO/n-Si heterostructures are
obtained by current transient characteristics. The photocurrent
(1,), photosensitivity (K), responsivity (R), and specific
detectivity (D”) values are calculated by the following
equations, respectively:

I, = Lign — g (®)]

K= fy
Idark
R= -
PA
D* =R A

2ql dark

Q)

(N

®)

where P is incident power density and A represents the

effective detector area.

Table V displays the photodetector parameters depending
on the increasing light power densities for the various Au-
doped Al/Au:CuQO/n-Si heterostructures. While the R and
D" values decreased with increasing light power density, the

@ Springer



2394 H. Cavusoglu et al.
100 mW
AT @ 1 e
420 - 75 80 mW
ﬂ 80 mW //‘ r‘ m
. 70 60 mwW
60 mwW
o 1Tl 'l e
=t p - ‘0 W
s 40 mwW ,/‘ g 65- "
£ ﬂ £
O 300 o om
20 m 60
240 55
50 T T T T
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)
7 200
3500 100 mW (c) 100 mW| (d)
80 mW
80 mW
3000 - 150 - 60 MW
< 60 mw < 40 mw
= 2500 - =
c c
£ omw £ 100-
3 3 20m
© 20004 ©
0m 50 n
1500
T T T T ; L L L L
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)
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I, and K values increased for all Au-doped Al/Au:CuO/n-
Si heterostructures. The highest R values were obtained for
the 2% Au-doped Al/Au:CuO/n-Si heterostructure, and the
highest K and D" values were calculated for the 4% Au-
doped Al/Au:CuO/n-Si heterostructure. The Au-decorated
heterostructures show better photodetection performance,
and thus Au doping can be used to improve the photodetec-
tion performance of polymer or metal oxide interlayers.*’

Conclusions
Copper oxide (CuO) thin films were fabricated using the
cost-effective SILAR (successive ionic layer adsorption

and reaction) technique, and their properties were inves-
tigated with respect to varying concentrations of gold

@ Springer

(Au). The introduction of different levels of Au (0.00 M%,
1.0 M%, 2.0 M%, and 4.0 M%) had a notable impact on the
structural, morphological, optical, and electrical charac-
teristics of the CuO thin films. Adjusting the concentration
of the doping agent played a significant role in modifying
the crystalline structure and surface morphology of the
films. The presence of Au led to a decrease in the crys-
tallite size of the CuO thin films. SEM analysis revealed
that the addition of Au to the growth solution resulted in
distinct surface modifications in the CuO thin films. The
optical bandgap energy of the films exhibited considerable
sensitivity to the varying Au concentration, with band-
gap values ranging between 1.45 eV and 1.52 eV. In con-
clusion, the outcomes of this study suggest that SILAR-
deposited CuO thin films with varying Au concentrations
possess a desirable range of optical transmittance and
electrical conductivity, making them suitable for various
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TableV Photodete.ctor Au doping level Power, Photocurrent, A Photosensitivity Responsivity, Specific
parameters for V.arlous mW/cm2 A/W detectivity,
Au-doped CuO interlayered Jones
Al/Au:CuO/n-Si of the
heterostructures for various Undoped 20 8.32x107° 0.43 0.53 5.93%10°
illamination densities 40 1.28x 107 0.65 0.41 453%10°
60 1.65x107* 0.83 0.35 3.90%10°
80 1.96x107* 0.98 0.31 3.47x10°
100 2.32x 107 1.15 0.30 3.26x10°
1% 20 1.00x107° 0.20 0.06 1.41x10°
40 1.51x107° 0.30 0.05 1.05%10°
60 1.87x107° 0.36 0.04 8.66x10°
80 2.19%x107° 0.42 0.03 7.56x10%
100 2.55%x107° 0.48 0.03 7.01x10%
2% 20 5.40%x 107 0.47 3.44 1.58x10'
40 1.05x1073 0.87 3.34 1.51x10'
60 1.43%1073 1.13 3.03 1.33%10'
80 1.73%1073 1.30 2.75 1.18x10'
100 2.03x107° 1.46 2.58 1.09x10'
4% 20 7.76x1073 7.13 0.49 2.35%10'°
40 1.19%x 1074 10.23 0.38 1.74%10'°
60 1.44%1074 11.50 0.31 1.35%10'
80 1.65x107* 12.10 0.26 1.11x10'
100 1.85x107* 12.54 0.24 9.61x10°
optoelectronic device applications. CuO films doped with References
varying amounts of Au were employed as the interlayer
to fabricate Al/Au:CuO/n-Si heterostructures, which were 1. Z.Bai and Y. Zhang, Self-powered UV-visible photodetectors

characterized by I-V and /-t measurements for various
power illumination densities. The Al/Au:CuO/n-Si hetero-
structures exhibited good photodiode behavior, with 3.44
A/W responsivity and 1.58 x 10! Jones specific detectivity
for 2% Au-doped CuO interfacial layer.
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