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Abstract: A novel photodetector, based on CuyZnSnS, CZTS, is deposited on Cu/CuFeO, for
wavelength and light power intensity detection. The preparation of CuFeO; is carried out by the
direct combustion of Cu foil wetted with Fe(NOj3), solution. The preparation of CZTS is carried
out using the hydrothermal method, then it is dropped on CuFeO; using the drop casting method
at 70 °C. Various analyses are used to look at the chemical, morphological, and optical aspects of
the Cu/CuFeO,/CZTS, such as UV-vis, SEM, TEM, selected-area electron diffraction, and XRD, in
which all characteristic peaks are confirmed for the prepared materials. The Cu/CuFeO,/CZTS thin
film’s SEM image has a homogeneous morphology, with particles that are around 350 nm in size,
demonstrating a significant improvement in morphology over Cu/CuFeO,/CZTS thin film. The
TEM analysis verified the nanostructured morphology of Cu/CuFeO,/CZTS. From XRD analysis of
Cu/CuFeO, /CZTS, the high intensity of the generated peaks indexed to hexagonal (2H) CuFeO,
and kesterite CZTS crystal structures revealed a compact highly crystal material. From optical
analysis, CZTS, Cu/CuFeO,, and Cu/CuFeO,/CZTS thin films recoded band gaps of 1.49, 1.75,
and 1.23 eV, respectively. According to the band gap measurements, the optical absorption of the
Cu/CuFeO, /CZTS photodetector has clearly increased. The Cu/CuFeO,/CZTS as photodetector
has a detectivity (D) and responsivity (R) of 1.7 x 1010 Jones and 127 mAW 1, respectively. Moreover,
the external quantum efficiency (EQE) is 41.5% at 25 mW-cm 2 and 390 nm. Hence, the prepared
Cu/CuFeO,/CZTS photodetector has a very high photoelectrical response, making it very promising
as a broadband photodetector.

Keywords: photodetector; Cu/CuFeO, /CZTS; lead-free inorganic; band gap; detectivity; responsivity

1. Introduction

In previous years, the prominence of metal oxide semiconductors has increased due
to their exceptional electrical properties, ease of production, optical properties, and great
thermal stability. Metal oxide semiconductors have recently gained attention as prospective
materials for optoelectronic applications, such as solar cells, heterojunction devices, and
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photodetectors [1-3]. One of these devices, heterojunction structures, is heavily researched
for photodetector applications because it combines semiconductors with various optical
band gaps and has high photosensitivity properties, high rectification ratios, and low
leakage current. The majority of metal oxide semiconductors used in optoelectronic device
applications, such as CdO, ZnO, TiO,, and SnO,, exhibit n-type conductivity [4]. These
n-type metal oxides have high mobility due to their highly aligned conduction band
minimum; however, their high carrier concentration is a result of how easily donor defects
can occur [5]. However, due to their strong localization, high hole-effect masses, and poor
stability, the manufacture of p-type metal oxides, the counterpart of n type metal oxides, is
still a problem that has to be addressed for optoelectronic device applications [1-5].

As a result, it is crucial to increase the performance of these p-type semiconductors
for optoelectronic applications, and extensive research is being conducted to find suitable
p-type metal oxide semiconductors. There are just a few p-type metal oxide semiconductors
employed in optoelectronic devices. The fact that copper oxide is a naturally occurring p-
type semiconductor due to its low production cost, non-toxicity, copper vacancies, and the
possession of plentiful nature makes it stand out among these few p-type metal oxides [6].
Cubic copper oxide (CupO) and monoclinic cupric oxide (CuO) are the two major phases
in which copper oxidises. CuO is more stable and simpler to manufacture than the Cu,O
phase, and it absorbs more light due to its smaller optical band gap [7,8]. CuO is also a
promising material for high performance photodetector applications due to its high natural
charge concentration [1-9]. Despite the outstanding qualities of CuO described above, weak
p-orbital localization in O2p states causes low mobility of p type inorganic semiconductor,
which, in turn, results in low quantum efficiency and photoresponsivity for photodetector
applications [10].

Kawazoe et al. proposed delafossite type metal oxide structures in 1997, with the
intention of altering the energy band structure of CuO in order to solve the low hole mo-
bility issue brought on by the strong localization characteristic of CuO [11]. Numerous
delafossites, including CuGaO,, CuCrO,, CuBO,, and CuFeO,, were created and reported
following this groundbreaking study [4,12]. CuFeO,, one of these delafossites, is an excel-
lent candidate for numerous applications and optoelectronic devices, such as solar cells,
photocatalysts, and photodiodes, due to its strong p-type electrical conductivity and low
manufacturing cost compared to other delafossites [4,10]. In addition to this, CuFeOj is con-
sidered one of the most promising types of materials that are used in different applications.
It is used as a photo-catalytic electrode for water splitting to generate hydrogen [13,14].
Additionally, it was prepared by F. H. Alkallas and her group as a CuFeO,/CuO/Cu
nanocomposite for optoelectronic device application [15]. In order to investigate the impact
of Fe doping on the performance of the photodetectors, it was decided to use CuFeO; as a
p-type semiconductor in heterojunction construction. An important aspect of these works
is the deposition of delafossite semiconductors. Conventional vacuum-based technologies
can produce good electrical performance, but, because of their high cost and problems
with broad area deposition, these approaches are not ideal [16]. Due of their low cost
and potential for widespread deposition, solution-based strategies show promise. Spin
coating is one of the most beneficial solution-based processes for depositing high-quality
thin films with excellent homogeneity, purity, and, particularly, simple doping procedure
with external elements [16-18]. Furthermore, it doesn’t require a vacuum environment.

In this study, we have reported a novel Cu/CuFeO,/CZTS photodetector with high
efficiency and stability. Various analyses are used to look at the chemical, morphological,
and optical aspects of the Cu/CuFeO,/CZTS, such as UV-vis, SEM, TEM, and XRD
spectroscopies. The application of the Cu/CuFeO,/CZTS as a photodetector is studied
through investigation of the effect of the wavelengths and the light power intensity. The
photodetector parameters, such as R, D, and EQE, are determined. Additionally, to the
best of our knowledge, this study is the first to thoroughly investigate the effects of CZTS
on the morphology, optical, and chemical properties of Cu/CuFeO,/CZTS thin films as
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photodetectors. The fabricated Cu/CuFeO,/CZTS photodetector can be applied in the
industrial field with low cost and high stability.

2. Experimental Part

The chemicals used in the experimental part are all from Sigma Aldrich. The following
chemicals were used in this work: acetone (99.99%), concentrated H,SOy (99.9%), non-
ahydrate Fe(NO3), (>99.9%), ethanol (99.8%), zinc acetate dehydrated (99.9%), copper
acetate anhydride (98.0%), anisole anhydrous (99.8%), tin(Il)acetate (95.0%), chloroform
anhydrous (>99.0%), carbon disulfide (>99.99%), oleylamine (>98.0%) primary amine,
methanol anhydrous (99.9%), and toluene (>99.8%).

2.1. Preparation of Copper Zinc Tin Sulphide (CZTS)

The synthesis of CZTS occurred using the hydrothermal method [19]. The weights
of zinc acetate (0.072 g), copper acetate (0.23 g), and tin(II)acetate (0.096 g) were dissolved
in 40 mL anisole. When the solution color is light blue, the mixture was adjusted to
35 °C on the hot plate, with stirring at 97 r.p.m. When the solution color was dark blue,
add 1.1 mL oleylamine to the prepared mixture. When the solution color was dark yellow,
add 0.7 mL carbon disulfide to the mixture for 2 min. After that, the solution was poured
into a closed Teflon vessel, put it into autoclave, and the temperature was adjusted to
220 °C for 24 h. The black solution is obtained after cooling down, then it is centrifuged to
obtain the CZTS precipitate. After that, the washing process was carried out at two steps to
eliminate anisole. Firstly, the black CZTS precipitate is washed with 20 mL toluene using
centrifuge for 30 min at 4000 r.p.m, followed by ultrasonication for 5 min. Secondly, 20 mL
of methanol was added to the black CZTS precipitate and centrifuged for 10 min, followed
by ultrasonication for 5 min. For a more precise process, each washing step was carried out
twice. Finally, dissolve 0.045 g CZTS in chloroforme (2.0 mL) to prepare the CZTS solution.

2.2. Preparation of Cu/CuFeO,

The preparation of Cu/CuFeO; was carried out using the combustion process. Firstly,
the polishing process of copper foil was conducted using ultrasonic bath with dist. H,O
and conc. HSO;, for 15 min for each process. The cleaning process of copper foil occurred
using ethanol, acetone, and dist. HyO for 5 min for each in the ultrasonic bath. After that,
the copper foil was soaked in Fe(NOg3), (0.1 M) for 30 min, followed by heating the copper
foil for 30 min at 60 °C. Finally, the copper foil was annealed at 500 °C, without a nitrogen
environment, for 10 min.

2.3. Synthesis of Cu/CuFeO,/CZTS

For the preparation of CZTS on Cu/CuFeO; for the formation of Cu/CuFeO,/CZTS
thin film, 140 p of CZTS was drop cast on the Cu/CuFeO, at 70 °C using a hot plate for
10 min. Finally, the Cu/CuFeO,/CZTS sample was annealed at 130 °C for 15 min.

2.4. Characterization

The morphology of the Cu/CuFeO,/CZTS thin film before and after addition of the
CZTS was examined by SEM and TEM, Auriga Zeiss FIB, at a voltage of 5 kV. X-ray diffraction
(XRD) was carried out using a Bruker/Siemens D5000 diffractometer. The optical analysis
was characterized using a Perkin 950 Lamba UV-vis double beam spectrophotometer, USA.

2.5. Photodetector Fabrication Process

The analysis of the parameters for the Cu/CuFeO,/CZTS photodetector was carried
out at room temperature using an electrochemical workstation (CHI, USA). The voltage
ranges from —1 to +1 V in presence of light source of a Xe lamp (Newport). Two electrodes
were connected over the Cu/CuFeO, /CZTS sample, which was 1 cm? in size, using a silver
paste. The effects of light wavelengths and light power intensity on the Cu/CuFeO,/CZTS
photodetector were investigated. The effect of sample stability under light was also studied.
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3. Results and Discussion
3.1. SEM and TEM Analyses

The surface morphology of Cu/CuFeO,/CZTS before and after addition of CZTS
is investigated through the scanning electron microscopy (SEM). The SEM of CZTS is
shown in Figure 1a. From the figure, it is clear that the crystalline grains are large, and no
obvious flocs are formed on the surface, implying that the kestirite Cup,ZnSnS, thin layer is
essentially formed and that the crystallinity had significantly improved. The absence of
pores confirms the compact particle of CZTS, although the high roughness of the surface is
also observed. Some of the particles have a geometric shape, but they are nonuniform.

. 8 iy el - - .
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Figure 1. The SEM images of the prepared (a) CZTS, (b) Cu/CuFeO,, and (c¢) Cu/CuFeO,/CZTS
thin films. Theoretical image cross section for (d) Cu/CuFeO, and (e) Cu/CuFeO,/CZTS thin film.

Figure 1b showed the SEM of Cu/CuFeO; thin film, where the crystalline delafossite
CuFeO, thin film is presented, showing dense uniform grains without any cracks in its
surface that help in enhancement of the optical features [20]. The highly crystalline nature
of the formed particles predicts the highly crystalline XRD properties.



Photonics 2022, 9, 979

50f 15

The SEM image of Cu/CuFeO,/CZTS thin film is shown in Figure 1c. It is shown
that the particles grow, obviously displaying a uniform morphology with a particle size
of approximately 350 nm, indicating that the Cu/CuFeO,/CZTS crystallinity is greatly
improved. Moreover, the Cu/CuFeO,/CZTS film morphology displays a smooth surface
and a homogeneous distribution of grains on the substrate without any cracks and holes at
the surface film, confirming the stability of both Cu/CuFeO, and CZTS layers. Moreover,
the geometric shapes are enhanced in comparison to the previous CZTS shapes, in which
the surface particles have a uniform shape. Additionally, there are additional very small
particles that formed over the highly crystalline surface. These particles accept the film
additional coating for covering and pores. These particles play a great role at the surface
active site. From the above SEM results, the highly crystalline and free-of-cracks surface is
a great feature for the electron generation and the photocatalytic properties [20-28].

The TEM of Cu/CuFeO,/CZTS thin layer is illustrated in Figure 2a, where the nanos-
tructure size, which ranges from 11.68 nm to 17.9 nm of Cu/CuFeO,/CZTS, is appeared,
while there are dark and grey color particles with overall particle size > 200nm that matches
that seen in SEM image Figure 1c. The selected-area electron diffraction (SAED) is shown in
Figure 2b, where the polycrystalline nature of Cu/CuFeO, /CZTS nanostructure is revealed,
which is confirmed by the presence of large diffraction spots of the (312), (220), and (112)
planes [29].

Figure 2. (a) TEM and (b) selected-area electron diffraction (SAED) images of Cu/CuFeO,/CZTS
thin film.

In addition to that, Figure 1d,e represents the cross section of CuFeO, and CuFeO, /CZTS,
respectively calculated using the theoretical program Gwydion. Under the deposition of
CZTS, the cross section is increased by 0.14 pm. In addition to that, the roughness of the
surface appears well, in which, after ZCTS deposition, the surface roughness decreases.

3.2. XRD Analyses

The XRD patterns of the three prepared thin films of CZTS, Cu/CuFeO,, and
Cu/CuFeO,/CZTS are investigated. The XRD pattern of pure tetragonal CZTS phase
is shown in Figure 3a, and it can be very closely matched with the typical pattern of
kesterite CZTS. It displays four essential peaks at 56.08°, 47.84°, 32.2°, and 28.29°, corre-
sponding to the (312), (220), (200), and (112) lattice planes, respectively. The outcomes are in
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line with the kesterite CZTS findings that have previously been presented [30,31]. Figure 3b
showed the Cu/CuFeO, XRD pattern. The crystal’s size is thought to be 24 nm. Based on
the different peaks (Figure 3b), the CuFeO, peaks are classified as two structural phases
of CuFeO;: hexagonal 2H-CuFeO, and rhombohedral 3R-CuFeO, (JCPDS card numbers
of 01-079-1546 and 00-039-0246, respectively). The 3R-CuFeO, phase is considered as the
major XRD pattern despite the presence of the 2H-CuFeO; phase [32,33]. Moreover, in
Figure 3b, the major CuFeO, characteristic peaks are shown at 74.96°, 67.7°, 61.78°, 58.9°,
42°,39°,36°, and 35°, corresponding to the (116), (001) (110), (106), (104), (205), (012), and
(101) lattice planes, respectively. the presence of CuO materials is confirmed through the
peaks at 50°, 44°, for the growth direction of (200), (111), respectively. Figure 3c displays
the XRD pattern of the Cu/CuFeO,/CZTS thin film. It is estimated that the crystal is
1.73 nm in size. The plot shows peaks at 74.96°, 67.7°, 61.78°, 56.08°, 47.84°, 39°, 36°, 32.2°,
and 28.29°, corresponding to (116), (110), (012), (312), (220), (205), (012), (200), and (112).
These peaks are almost exactly at the same points on the kesterite CZTS structure, which
makes it evident that the sample belongs to the (312), (220), (200), and (112) planes of the
kesterite CZTS. The CuFeO, planes at lattice planes (116), (001) (110), (106), (104), (205),
(012), and (101) are attributed to the other peaks (composite curve).

S

©) : .
~ |+ CuO CZTS
= * OZTS Cu/CukFeO,
< -
— # CuFeO,, Cu/CuFeQO/CZTSH
4 ) P
- — - o : —
Z - 8 g
= | ) ¥ 2 T
~— - -
=

L L} L

40 60 80

Figure 3. XRD patterns of (a) CZTS, (b) Cu/CuFeO,, and (c¢) Cu/CuFeO,/CZTS multi-layers.

3.3. Optical Analyses of the Prepared Materials

To use the synthesized Cu/CuFeO,/CZTS sample as a photocatalytic H, genera-
tor, it is required to examine its optical characteristics. The absorption curves of CZTS,
Cu/CuFeO,, and Cu/CuFeO,/CZTS are illustrated in Figure 4a. It is demonstrated that the
three films can absorb between 400 and 800 nm in the UV-vis and near IR ranges. It is also
evident that adding CZTS to a Cu/CuFeO, sample improves the intensity of Cu/CuFeO,
absorption. This can be explained by the fact that the bandgap of Cu/CuFeO,/CZTS is
smaller than that of Cu/CuFeO, thin films [31].
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Figure 4. (a) Absorption spectra and (b) energy gap calculation of CZTS, Cu/CuFeO,, and
Cu/CuFeO,/CZTS thin films.

From Tauc’s equation [32], using the direct permitted transitions as a basis, we may
estimate the optical band gap (Eg):

ohv = p(hv — Eg)'/? 1)

where f3 is a constant, h is the Planck constant, o is the absorption coefficient, and v is the
light frequency. The absorbance, A, and absorption coefficient, «, are related to each other
through the following equation, where d refers to thickness, [33]:

o =2.303A/d @)

It is possible to determine the band gap value by extrapolating the («hv)? linear
component vs. hv to intersect with the hv axis, as shown in Figure 4b. It is shown that the
band gaps of CZTS, Cu/CuFeO;, and Cu/CuFeO, /CZTS are calculated as 1.49, 1.75, and
1.23 eV, respectively. From the Eg results, it can be implied that the optical absorbance of
the Cu/CuFeO,/CZTS thin film can be improved after addition of CZTS. In conclusion,
the Cu/CuFeO,/CZTS thin film can work as a highly efficient photodetector.

3.4. Testing Cu/CuFeO,/CZTS as a Photodetector
3.4.1. Effect of Light Power Intensity

Figure 5a shows the dark current (Jq) for Cu/CuFeO,/CZTS, where its value has
changed from —0.23 to 0.2 mA-cm~2 under an applied potential from —1 to +1 V. This
indicates the very small charge electrons of Cu/CuFeO,/CZTS that respond to the applied
potential. In addition, under the dark condition, the free electrons are captured from the
conduction band, and the oxygen molecules are adsorbed, as following [34,35]:

1
Eoz +2e%7 - O* (3)



Photonics 2022, 9, 979

8 of 15

P e ]
QO
~—

w

h (MA.cm-2)

Jp

w Dark (b)
e 25 mWCm2
B et .
—62.?m\‘l:\ll::1m'1 C\I/r
s 75 MW
1 mWem? 10'
3 —f;im\l‘c::m" g
-2 < 8
E
x C 64
Q
121 . . . ) A
10 05 00 0.5 1.0 30 45 60 75 90 105

Potential (V) VS RHE Light Power mW.cm-2)

Figure 5. (a) The effect of light power density on the produced Jon from —1 to +1 V and (b) the relation
between the light power and the produced J,, at +1.0 V for Cu/CuFeO,/CZTS photodetector.

As a result, the resistivity increases, and the current density decreases. While at the
light illumination, the electrons that will transfer from the valence band to the conduction
band will generate electron—hole pairs. The holes rise to the surface, where they desorb
oxygen ions, as follows:

hv —e” + ht (4)

2ht + 0>~ -0 (5)

As a result, the remaining electrons improve the conductivity of Cu/CuFeO, /CZTS, result-
ing in an increase in photocurrent. The adsorbed oxygen molecules on the Cu/CuFeO,/CZTS
surface promote the release of electrons when the light source is turned off (dark). So, the
sensor returns to its default state.

Figure 5b shows the produced photocurrent density at 1.0 V against the light
power intensity for Cu/CuFeO,/CZTS. It is shown that the J,, results increase from
4.82 t0 12.64 mA-cm~2, with increasing power intensity from 25 to 100 mW/cm?. The
nonlinearity between photocurrent density and light intensity indicates the transportation
reaction of the complex electron-hole [36]. This demonstrates that increasing the light
power intensity results in the creation of additional carriers on the material surface as a
result of increasing electron excitation from VB to CB [36].

A simple power-law can be used to describe the relationship between light intensity
and photocurrent, as follows:

Joh = BPY ©)

where P is the incident light power, B represents a wavelength constant, and y shows the ex-
ponent parameter that determines the response rate through calculation of photodetector’s
(photocurrent) sensitivity to incident light intensity. Moreover, the exponent parameter y
refers to the electron-hole recombination, generation, and carriers trapping in photodetec-
tors through complex processes [37]. Using the previous equation to fit the experimental
results, the red line in Figure 5b shows that y is practically integer exponent (0.99), which
implies a good photosensing ability [37]. These results suggest that Cu/CuFeO,/CZTS can
work as an excellent photodetector for the light power intensity.
Peng specifies the linear dynamic range (LDR, usually quoted in dB), as follows [38]:
]ph
LDR = 20log =— (7)
Ja
The relatively large LDR value is calculated to be 193.58 dB, at 100 mW /cm?, indicating
the linear responsiveness of the device.
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3.4.2. Light Wavelength

To obtain the spectral response of the Cu/CuFeO,/CZTS device, the photocurrent-
voltage characteristics (Jop—V) are recorded using different monochromatic wavelengths.
Figure 6a represents the J,;,—V relation under monochromatic wavelengths from UV to NIR
(390 to 636 nm). It is shown that the ], value decreases as the wavelength increases, from
390 to 636 nm. Figure 6b shows the Jj, results at +1 V with different monochromatic light
under illumination. It is shown that, by increasing the optical wavelengths from 390 to
636 nm, the ], values decreased. The minimum Jp;, results are recoded at a wavelength of
636 nm.

—

A~
QO

S—

w390 NM
s 405 M
w460 NM
w470 NM
e 490 M
s §00 M

508 nm
w36 NM

-2,
=

oo

()]

Jph (MA.cm-2)
Jph (MA.cm

RO €O OO WO O W OO O O
N

1
—_—

10 05 00 05 1o 400 450 500 550 600
Potential (V) VS RHE Wavelength (nm)

Figure 6. (a) The relation between voltage and Jph under monochromatic illuminated with different
wavelengths and (b) wavelength—J,}, relation at 1.0 V for Cu/CuFeO, /CZTS photodetector.

The performance of the photodetector is investigated from the determination of some
parameters, such as the specific detectivity (D), the photoresponsivity (R), and the external
quantum efficiency (EQE) [39]. The relationship between the photocurrent density and
the light intensity can be used to determine the R-value, in which J,, and J4 represent the
current density in light and dark, respectively [40]. This can be determined from the I-V
characteristics at +1 'V, as follows [41]:

R=_ Jph - Ja ®)
light power
Equation (9) can be used to calculate the specific detectivity of the photodetector, as
follows, where e indicates the electron charge and A represents the surface area [40]:

D=R A /2el4 )

Figure 7a shows the responsivity of the photodetector with the applied wavelengths
at 100 mW. The maximum photoresponse is R = 127 mAW ! at about 390 nm. This
agrees well with the ], results, Figure 6. Additionally, the maximum specific detectivity is
D = 1.7 x 109 Jones at about 390 nm.
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Figure 7. (a) The responsivity as a function of wavelengths and (b) the EQE under different intensity
of light illumination for Cu/CuFeO,/CZTS.

The relationship between incident light photon flux and generated electrons is known
as the external quantum efficiency (EQE) [42]. The photon flow is related to the light
intensity. The EQE value can be estimated from the R-value, depending on the wavelength

(A), as follows [43]:

124
EQE = R TOIOO% (10)

By increasing the light intensity from 25 to 100 mWem 2, the EQE for Cu/CuFeO,/CZTS
is decreased from 41.5% to 2.04%, respectively, as mentioned in Figure 7b.

From all the above results, we can deduce that the investigated Cu/CuFeO,/CZTS
photodetector performs better in terms of quantum efficiency and photoresponsivity. As
a result, the fabricated Cu/CuFeO,/CZTS functions well as a unique photodetector for
efficiently detecting the light power intensity and the wavelengths.

3.4.3. Reproducibility and Stability

Figure 8 shows the reproducibility and the stability of the fabricated Cu/CuFeO,/CZTS
photodetector. The stability of the photoelectrode is carried out by applying 1.0 V to the
photodetector and measuring the produced J,,. From Figure 8a, the first 250 s showed a
decrease in the Jp,, values, then the Jp,;, values were almost constant until 500 s, indicating
the acceptable stability of the prepared Cu/CuFeO,/CZTS. The adsorption of O; molecules
on the Cu/CuFeO, /CZTS surface causes a very small photocurrent change over time. This
high stability of the prepared Cu/CuFeO,/CZTS photodetector is related to its construction,
which is based on the inorganic stable materials [32].
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Figure 8. (a) The stability and (b) the reproducibility of the Cu/CuFeO,/CZTS photodetector.
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The prepared Cu/CuFeO,/CZTS photoelectrode is tested multiple times under light
intensities of 25 and 100 mW /cm? to determine reproducibility. From Figure 8b, all of the
runs had very identical values. This confirms a good reproducibility and stability of the
prepared Cu/CuFeO,/CZTS photodetector.

3.5. Mechanism

Energy band theory is the basis for the Cu/CuFeO,/CZTS photodetector’s oper-
ation. According to previous research, the energy bandgap of CZTS is approximately
1.46-1.6 eV [44,45]. Under illumination, the CZTS produces electron-hole pairs, which
participate in the production of photocurrent in the photodetector. Meanwhile, the surface
plasmon-induced electron collective oscillation in CuFeO, can also result in an increase in
the electromagnetic fields [46]. Additionally, the photocurrent of the photodetector device
was improved by the CZTS’s strong light absorption and the activation of hot electrons.

The carriers’ (holes and electrons) diffusion for the CuFeO, /CZTS connection proceeds
until the Fermi energy (EF) is equal in both materials. As a result, there is band bending at
the CuFeO, /CZTS contact, and a depletion area is created (or built-in electric field). The
resultant electron-hole pairs can be effectively separated by the internal electric field. Due
to surface plasmon resonance, heated electrons and holes are produced at the Fermi level
of the CuFeO; layer when it is exposed to light. In addition, CuFeO; has a work function
that is approximately lower than CZTS. CuFeO, cannot inject holes into CZTS because
the energy gap between the Fermi level and CZTS valence band is too high. The general
mechanism for the electron transfer under the light illumination is mentioned in Figure 9.

Vacuum Light
3.0 -
-3.5 -3.78 eV )

i _4.4 eV

4.5 SIS

s

-5 -5.27 eV

6.0 ‘ -6.19 eV

6.5 he
-0 CZTS CuFeO,

Figure 9. The general mechanism for the electron transfer under the light illumination.

However, because the height of the barrier between the CZTS conduction band and the
CuFeO, Fermi level is low, hot electrons can go from CuFeO, to the CZTS conduction band
after passing the barrier [44,45]. By doing this, the carrier’s recombination is stopped, allow-
ing for continuous electron flow into the device and the creation of photocurrent. Finally,
Table 1 compares the performance of the constructed Cu/CuFeO,/CZTS photodetector
with earlier research.
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Table 1. The performance of the prepared Cu/CuFeO,/CZTS photodetector with earlier research.

Structure Waw:zlne;r)lgth Bais (V) ( AV{l{—l) (](Ele)
n-CuyO/p-Cul [47] 465 0 0.25 -
Cu,O/ZnO [48] 596 0 0.288 x 107 -
CZTS/Cds [49] 300 0 0.12 -
CZTS/Si [50] 780 0 0.122 x 1072 1.98 x 1010
CupZnSn(S, Se)y [51] 532 5 0.0146 3.5 x 10°
CsSnl; [52] 940 0.1 0.054 3.85 x 10°
TiO, /CsSnl3 /P3HT [53] 3501000 0 0.257 1.5 x 1010
Cs,Snlg [54] - 3 - -
(MA),FeCul4Cly [55] - 0.3 1.4 x 107 -
TiO, /MAFeCly [56] - 0 - -
GO/Cu,0 [57] 300 2 0.0005 1.0 x 100
ZnS/Ag [58] 300 0 0.100 1.67 x 1010
Cu/CuFeO,/CZTS (this work) 400 1 0.127 1.7 x 1010

4. Conclusions

A novel Cu/CuFeO,/CZTS photodetector is prepared with high efficiency, low cost,
and high stability for industrial applications. The photodetector is investigated at several
light intensities (25 to 100 mW /cm?) and wavelengths (390 to 636 nm). The morphological,
chemical, and optical properties are discussed using several analyses, such as SEM, TEM,
XRD, and UV-Vis. From SEM and TEM results of Cu/CuFeO,/CZTS thin film, the mor-
phology has a homogeneous nature with particles size around 350 nm, demonstrating a
significant improvement in morphology. From XRD analysis of Cu/CuFeO,/CZTS, the
high intensity of the generated peaks indexed to hexagonal (2H) CuFeO, and kesterite
CZTS crystal structures, revealing a compact highly crystal material. The crystal sizes of
Cu/CuFeO; and Cu/CuFeO,/CZTS thin films are estimated to be 24 nm and 1.73 nm,
respectively, implying that the Cu/CuFeO,/CZTS crystalline quality is being improved.
From optical analysis, CZTS, Cu/CuFeO,, and Cu/CuFeO,/CZTS thin films recoded band
gaps of 1.49, 1.75, and 1.23 eV, respectively. According to the band gap measurements, the
optical absorption of the Cu/CuFeO,/CZTS photodetector has clearly increased. From
the electrochemical measurements, the Cu/CuFeO,/CZTS photodetector records efficient
EQE, D, and R results of 41.5%, 1.7 x 10 Jones, and 127mAW 1, respectively. We look
forward to widening the applications of the fabricated Cu/CuFeO,/CZTS photodetector
in the smart screens, light-sensing devices, and space industry.
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