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This study uses a series of CuS/Si-heterojunction self-powered visible-
light photodetectors through chemical spray pyrolysis (CSP) technique at
a substrate temperature of 300°C. The thickness of the prepared thin
films is of about 228.4 nm measured by cross-sectional thickness. Various
characterization techniques are used to investigate the structural and op-
tical properties of the prepared thin films. The XRD results show that the
CuS film has a polycrystalline nature, covellite-hexagonal structure, and
preferred orientation along (100) planes. FESEM results show the for-
mation of nanostructures consisting of stone-like shapes. The UV-visible
absorbance spectra are recorded in range 300—-1100 nm to investigate the
optical characteristics. The results show that the absorption-coefficient
value is o> 10* for film that, in turn, proves that the prepared thin films
are likely to have direct electronic transitions. The value of the optical
energy gap is of 2.58 eV. Simultaneously, diode behaviour is illustrated
by voltage-current characteristic. Also, the manufactured layers show an
excellent figure of merit as a function of wavelength. The optical response
is R=16.881 pA/W and the specific detectivity is D" =9.25.10'¢ Jones,
and the highest quantum-efficiency value is of 39.495 at 530 nm. The
well-directed response at the wavelength of 530 nm indicates that the p-
CuS/n-Si heterogeneous photodetectors have a great potential for applica-
tions. This sensitivity to green light indicates that these photodetectors

1095


https://doi.org/10.15407/nnn.23.04.1095
https://doi.org/10.15407/nnn.23.04.1095
https://doi.org/10.15407/nnn.23.04.1095

1096 Sabah Salman HAMDI, Huda Saadi ALI, and Iftikhar Mahmood ALI

are particularly effective at detecting green wavelengths.

Y mpomMy AOCHiI:KeHHI BUKOPHUCTOBYETBLCS cepid (poTomeTeKTOpiB BUAMMOIO
CBiTJIa 3 BJIACHUM JKUBJIEHHSAM Ha OCHOBi rerepomepexony CuS/Si, omep:ka-
HHUX METOIOM XeMiuHOoi poamopoiiryBaJyibHOI miposaisu (CSP) 3a Temmepatypu
migraaguakn 'y 300°C. TosmmHa oAep:KaHMX TOHKHUX ILJIiBOK CTaHOBHJA
6imspko 228,4 MM, BUMipsHa 3a TOBIIMWHOIO TOIIEpedYHOTOo Iepepisy. aa
IOCTiMKeHHA CTPYKTYPHUX Ta ONTUYHUX BJIIACTHUBOCTEHM OJEP:KAHUX TOHKUX
ILTiBOK O0yJI0O BUKOPMCTAHO PisHiI MeToAmM xapakTtepmsaliii. Pesyibratu penr-
rerniBcbkoi mudpaknii (XRD) mokasanu, mo miaiBka CuS mae mosrikpucTai-
YHY MPUPOAY, KOBEJJIIHOBOTO THUIy I'eKCATOHAJbHY CTPYKTYPY Ta IIepeBaK-
Hy opienramnio B3moB:xk miomuH Tuny (100). PesyabraTu cKaHiBHOI e€JIeKT-
pounoi wMmikpockomii (FESEM) mokasaiu yTBOPEeHHA HAHOCTPYKTYDP, IO
CKJIaaloThcsd 3 KaMmeHenmomiOHuX ¢(opm. Cuoexktpu BOuUpaHHA B YP-
BUAUMOMY Aisimas3oHi OyJyo sammcano B miAmasoui 300—1100 M gas mocJri-
I'KeHHs OINTUYHUX XapaKTepUCTHK. PesyiabTaTy IIOKAasaiu, IO 3HAUEHHS
KoedimieHTa BOMpaHHA cTaHOBUTL o > 104 mas miaiBKu, 1o, y CBOIO Uepry,
IOBEJIO, III0 OJlep:KaHi TOHKi ILTiBKU, MMOBipHO, MalOTh IPAMi eJEeKTPOHHI
nepexonu. 3HAUEHHA ONTHUYHOI 3a00poHEHOI mIinumHM craHoBmJO 2,58 eB.
OpHOUYacHO IOBEJiHKA JiOAM iJIOCTPYETHCA 3aJIEKHICTIO HAIPYTHW Bif CTPY-
my. TakoKX BUTOTOBJIEHI IITapy HIPOJEMOHCTDPYBAJIU UYAOBY 3aJEKHICTHL AKO-
CTH Big moB:kuMHU XBwIi. OnTMYHA YyTIAUBicTh cTaHoBUIa R=16,881 MmKkA /BT,
OMTOMa BHUABJIIOBATLHA B3AaTHicTs — D"=9,25-10'° Isxore, a HaiiBuIe
3HAUEeHHA KBAHTOBOI e(eKTUBHOCTU cTaHOBUIO 39,495 Ha HOBKUHI XBUJIL y
530 aM. [loOpe cmpsMoBaHA YYTJAWBICTH Ha AOBKUHI xBwiIi y 530 HM BKa-
3ye Ha Te, II0 rereporeHHi dorogerekTopu p-CuS/n-Si MaOTh BEJIUKUI TO-
TEHI[iAJ IJIA 3aCTOCyBaHHA. 1la UyTJMBICTH IO 3€JI€HOTO CBiTJIa BKasye Ha
Te, 10 Ii (oTomeTeKTOpPU O0COOJMBO e(DEeKTHBHI I/ BUSBJIEHHS 3e€JeHUX
JIOBXUH XBUJIb.

Key words: copper sulphide, voltage—current characteristic, spectral re-
sponse, rise time, optical characteristics.
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1. INTRODUCTION

CuS is an important direct-band gap p-type semiconductor that is
often widely used in solar cells [1], batteries, supercapacitors, and
photocatalysis [2] due to its excellent optical and electrical proper-
ties. Furthermore, the Cu and S elements, which make up CuS, are
abundant on the earth and non-toxic. This is why CuS has gradually
gained attention in recent years. There is strong mixing between
the s- and p-orbitals of S and external s- and p-orbitals of Cu that
results in the bonding bonds showing covalent-bonding properties
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rather than ionic properties [3, 4]. According to reports, most of
the chalcogenides, the compound Cu,S has many phases depending
on the compounds’ ratio of copper to sulphur. There is the com-
pound Cu,S at room temperature with five known stable phases
starting from the phase of chalcocite Cu,S. The copper-rich phase
has an orthorhombic system, the digenite phase has a cubic system,
and the anillite phase has a cubic system and ends with the sulphur-
rich covellite phase CuS and has a hexagonal system [3, 4]. Capriati
CuS is characterized by the fact that it crystallizes in a hexagonal
form and is found in the form of mass, thin layers, or granules
spread in other copper metals, with a density of 4.6—4.76 g/cm?.
The CuS thin film is of great importance in industrial applications,
where photovoltaic applications are used to manufacture solar cells,
which are important new energy sources. The most famous solar
cells are the CdS/Cu,S; the preferred phase in these cells is chalco-
cite Cu,S as well as cell Cu,S/(Cd,Zn)S [4—-6], and it is also used in
thermal photovoltaic (photothermic) conversion for solar energy,
and thin film of CuS also works as absorbing coatings for sunlight,
where they have a high absorption coefficient of visible wavelengths
and are used as selective radiation filters on architectural windows
for the control of solar radiation in warm climates, and good reflec-
tivity of infrared wavelengths that has been used in thermal-mirror
coatings; in addition, these thin films can be used as electrically-
conductive coatings coated with organic polymers [7, 8] and in the
manufacture of compounds involved in multidevice and multilayer
structures (multijunction-type multilayer heterojunctions) [9].

2. EXPERIMENTAL DETAILS

In this work, copper sulphide nanoparticles were prepared at 200°C
using the chemical pyrolysis spray method. Firstly, 0.005 M
CuCl,-2H,0 was dissolved in 100 ml of deionized water, and 0.01 ml
of thiourea Cs(NH,), was dissolved in 100 ml of deionized water as
starting materials for Cu and S ion sources. After that, an equal
volumetric ratio (1:1) of both solutions is taken and mixed; the so-
lutions are placed on magnetic stirrer for 10 min to ensure complete
dissolution and obtain a homogeneous and transparent blue solu-
tion. Finally, copper-sulphide nanoparticles were obtained.

CuS solution is deposited on Si substrates at a temperature of
200°C. The distance between the nozzle and substrates is of 28 cm
because more than that causes the evaporation of material before it
reaches the bases. The n-Si wafer has electrical resistivity of 1-10
Q-cm with (111) orientation and thickness of 500+ 25 ym, when it
was cut into pieces of 1.25x1.25 cm® dimensions and was cleaned
with HF acid diluted with methanol in a ratio of 1:9, left Si sub-



1098 Sabah Salman HAMDI, Huda Saadi ALI, and Iftikhar Mahmood ALI

strates inside this acidic solution for a minute and then rinse with
distilled water and repeated cleaning with distilled water for 3
times to ensure the disposal of the remnants of the solution, after
which the samples were dried well, CuS films were deposited at a
substrate, and samples were annealed at 300°C for half an hour.
The p-CuS/n-Si heterojunction was prepared by chemical pyroly-
sis spray method. Aluminium electrodes were deposited by vacuum
thermal-evaporation system under low pressure of about 5:10° mPa
and thickness of 200 nm. Aluminium electrodes were deposited on
top of the films, and the silicon underside and the shape of the pre-
pared photodetector became as in the illustrating diagrams below.
Optical measurements for all prepared films have been done using
a spectrometer type UV-visible spectra photometer-1800 for the
wavelength range 180—1100 nm. The current—voltage (I-V) charac-
teristics are investigated using a 2450 Keithley electrometer.

3. RESULTS AND DISCUSSION
3.1. Structure

The results of x-ray diffraction (XRD) for the CuS film and the
hexagonal system are shown in the preferred growth direction (100)
(Fig. 1) of the film. Peak positions at the angles 20 =~ 25.32, 32.82,
33.94, 39.39, 49.64, 68.26 correspond to (100), (102), (103), (105),
(108), and (1011), respectively, and this is consistent with the re-
sults of the study [11], which have been compared with the stand-
ard card (ICDD) numbered (00-006-0464) for copper sulphide.

Table shows the structural parameters for standard peaks. The
average crystallite size is calculated using the Scherer equation [12]

500

— CuS-Si(n-p)

400+

300+

200+

Intensity, a.u.

1004

20 30 40 S0 60 70 80
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Fig. 1. Thin CuS/Si film XRD-pattern preparation.
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TABLE. Structural parameters of p-CuS/n-Si.

Sample 20 | el | Dy, A | FWHM D, nm
25.32 (100) 3.558 0.3464 27.0
32.78 (102) 2.728 0.3464 24.98
Cus 33.94 (103) 2.641 0.1732 50.11
39.39 (105) 2.28 0.4224 18.6
49.64 (108) 1.83 0.6336 12.3
68.26 (1011) 1.37 0.6336 13.6
D,,.=0.91/(BcosO), (1)

where 1L =1.5406 A is the x-ray wavelength (K,line), 0 is the
Bragg’s diffraction angle, B [in radians] is the full-width at half-
maximum (also called FWHM); it was found that the measured
crystallite size values fall within the range 6.8-50.11 nm.

Through the study of the surface morphology of the prepared
film by SEM, it is clear from Fig. 2, a, b, ¢ that the film structure
consists of stone-like shapes of nanostructured very regularly and
that the surfaces of the prepared films have homogeneous distribu-
tion, dense, and free of spaces or characteristic islands; this is con-
sistent with [11, 16].

The film thickness was measured using the cross-section tech-
nique in the scanning electron microscope device. It was found that
the film features are uniform and moderately deposited. The aver-
age thickness of the film is of 228.4 nm, as shown in Fig. 2, b.

3.2. Optical Properties

Figures 3, a, b show the absorption and absorbance coefficients, re-
spectively. As seen, the absorption spectra as a function of wave-
length. The findings indicated that the films exhibited the most ex-
cellent absorbance level in the visible range of the electromagnetic
spectrum, specifically between 300 and 700 nm. This is consistent
with the information shown in Fig. 6, a, which relates to the sensi-
tivity of a material to light.

The results showed that the absorption coefficient increases with
the increase in photon energy of the prepared films, as the greatest
values of the absorption coefficient are at high photon energies of
4—4.3 eV; this indicates the occurrence of the absorption process in
this range (which includes the optical absorption edge) and the pos-
sibility of electronic transitions between the valence and conduction
bands.

All these results are consistent with the data of studies [13, 14].
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Fig. 2. CuS/Si thin film (a) FESEM pattern preparation, (b) cross section
of CuS deposited on n-Si, (¢) granular distribution rate.
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Fig. 3. (a) The absorption of CuS; (b) the absorption coefficient of CuS.
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Fig. 4. A Tauc plot for the energy gap of CusS.

The energy gap value was calculated to estimate the difference
between the valence and conduction bands, which can help deter-
mine the materials’ electrical, thermal, and electronic properties.

The Tauc formula in Eq. (2) determines the direct energy gap:

ahv=B(hv-E,) , (2)

where B is a constant, o is the absorption coefficient; Av is the inci-
dent photon’s energy; E, is the optical bandgap, and r=1/2 is the
direct allowed transition.

Since the transitions are of the direct allowed type, i.e., the value
of the constant r=1/2, and by drawing the relationship between
(ahv)? and the energy of the incident photon Av, through the exten-
sion of the straight part of the curve to determine the point of in-
tersection of (ahv)® with the Ox axis of the photon energy hv, where
(ahv)? =0, that represents the value of the optical energy gap and,
as shown in Fig. 4, where it was found, the optical energy-gap value
of copper sulphide with a thickness of 228.4 nm for these films was
of 2.58 eV corresponding to Eq. (2), which represents the Tauc
equation, and this is consistent with Refs. [8, 18].

3.3. Spectral Response Characteristics

Figure 5 shows the voltage—current behaviour achieved in the p—n
visible-light detector, where the emission current was reached in
the dark and illumination at wavelengths of 405-460-500-530—
575-625—-720 nm. A decrease in emission current was observed; af-
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Fig. 5. Current—voltage characteristics of the fabricated CuS/Si photode-
tector.

ter that, an improved value was reached under lighting, and this
can be detected by the spectral response, R, which represents the
ratio of acquired light current/applied light intensity, I,,/Piumination-
R is one of the important detector parameters, especially, with the
large energy gap, by which the spectral range through which the
detector operates, and Fig. 6, a shows the spectral response for het-
erojunction CuS/Si. We find that the highest value of R is
R=16.881 nA/W at the wavelength of 530 nm to the absorption of
light of these lengths in the depletion zone and on its edges, but
after the wavelength of 530 nm, the response decreases with in-
creasing wavelength, where the film is transparent, and as a result,
the response decreases. The increase in spectral response can be at-
tributed to the enlargement of atomic size, enhanced growth rate,
reduction in crystal defects, increased film thickness, and improved
crystal structure.

Figure 6, b depicts the specific detectivity D", which is calculated
using the expression R/ (2el,)"?, where e is the charge of a free
electron (1.6-10" C)and I, is the dark current [15, 19]. The CuS
film exhibited an energy gap of 2.58 eV corresponding to a wave-
length of 496 nm. This is calculated in Fig. 4 and is closest to the
wavelength of the light source used in the experiment. The highest
D" value, 9.25-10' Jones, was observed at a wavelength of 530 nm.
An increase in detectivity indicates fewer structural defects and re-
duced noise current significantly improving detectivity. Figure 6, c
illustrates the quantum efficiency of the detector, which remaps the
behaviour of R and D", accordingly. The maximum quantum effi-
ciency calculated as (I, /€)(PyummaionV) - 100% was of 39.495 at
530 nm. This increase in quantum efficiency at the incident wave-
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Fig. 6. (a) Photoresponsivity, (b) photodetectivity, and (c) external quan-
tum efficiency of the fabricated CuS/Si photodetector.

length is due to reduced structural defects. Both R and D" are criti-
cal for evaluating a photodetector light response and sensitivity
performances, while the external quantum efficiency (EQE) assesses
the detector efficiency in converting photons into electric current.
Under dark and illuminated conditions, across three iterations
with a pulse width (of 25 sec), the time-dependent property of p-
CuS/n-Si visible-light detector was measured. The detector exhibit-
ed a strong response over three cycles, demonstrating a significant
response time. The response time/full time ratio was found to be of
0.32 and 0.65 seconds, indicating a relatively fast electron injection
and slower electrons/holes [16, 17, 19], as shown in Fig. 7, a, b.

4. CONCLUSION

The CuS/Si heterojunction self-powered visible-light photodetector



1104 Sabah Salman HAMDI, Huda Saadi ALI, and Iftikhar Mahmood ALI

320 n-p 3201 itp
280 W mﬁ M% 2804 AP b
240 El 3 3
% 2000 = gé i 2001 5 §
:jf 60| & '§n :f 1604 ﬁ‘; ‘f,;
.f 120 7 5 120 e By
80 80
40 Lu 40
o ' . : : : 0 . ‘ —H
0 20 40 60 80 100 120 40 50 60 70 80
Time, sec. Time, sec.
a b

Fig. 7. (a) Switching behaviour and (b) response/recovery time of the fab-
ricated CuS/Si photodetector.

exhibited high efficiency, when operated at a substrate temperature
of 200°C. Detailed analysis of the structural, morphological, and
optical characteristics of the developed layer revealed a nanoscale
dendritic structure and an optical band gap of 2.58 eV. The optimal
device showed significant performance advantages at relatively low
bias voltages across various wavelengths and illumination powers.
Specifically, the device achieved a responsivity (R) of 16.881
nA/W, a specific detectivity (D”) of 9.25-10'° Jones, and an external
quantum efficiency (EQE) of 39.495 at a wavelength of 530 nm, and
an illumination power of 50 mW /cm?. The switching behaviour was
characterized by response and recovery times of 0.32 and 0.65 sec-
onds, respectively.
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