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Performance of high sensitive heterojunction CuS/porous silicon photodetector
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In this work, copper sulfide (CuS) nanostructure was deposited on a porous silicon wafer
for the visible light by spray pyrolysis method. Through this, a series of devices were
suggested as a part of the deposit concentration of CuS on n-type porous silicon.
Simultaneously, the physical features of the attained film were illustrated. FESEM
exhibited that the average nanoparticle diameter increased with the concentration of CuS
at orientation (100) and was found to be 47.84 nm, 56.36nm and 71.32nm, while the
average diameter at (111) orientation was found to be 37.64 nm, 41.46nm, 55.22 nm of
0.1, 0.3 and 0.5M respectively. In addition to the atomic force microscope (AFM) showed
the roughness and uniformity of the CuS/PSi fabricated decreased with increasing
concentration of CuS, In detail, the attained photo-responsivity and specific detectivity
were observed to be 210 mW/A, 340 mW/A and 3x10'° Jones, 4.2x10'° Jones at
orientation (100 )using concentration of 0.1M and 0.5M respectively . On the other hand,
the photo-responsivity and specific detectivity were observed to be 260 mW/A, 380
mW/A and 1.8 x10'° Jones, 4.5x10'° Jones at orientation (111) using concentrations of
0.1M and 0.5M respectively. The presented work shows a substitutional system for an
economical and environmentally friendly optoelectronic scheme. The photo-responsive
considered to be in a positive linear relationship with the used concentration.
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1. Introduction

Copper sulfide CuS exceptional properties make it one of the most essential
semiconductor materials. At room temperature, CuS is a p-type semiconducting material with an
eV range of 1.5 to 2.7. Copper Sulfide is a direct band gap semiconductor compound that belongs
to group II-VI in the periodic table [1,2]. CuS thin films were studied by several technique such as
chemical method, sputtering and laser deposed [3,4] . Spray pyrolysis operates by spraying a
liquid combination over a substrate that has already been heated, causing a metallic component
dissolved in it to break down through pyrolysis [5,6,7]. nanostructured silicon has critically
attractive attention due to its unique device structures such as high photoluminescence PL
efficiency and large surface area. The visible spectrum generated from porous silicon, regardless
of the crystalline Silicon band-gap of 1.12 eV has been attributed to the effects of the quantum size
in the nanometer-sized silicon crystallites [8,9,10]. There are various techniques for producing
porous silicon such as electrochemical etching, photoelectron chemical etching, chemical etching,
and stain etching [11,12]. The combinations of CuS and PSi layer are more crucial because the
deposition of high-quality CuS films on a nanostructured silicon surface can provide an excellent
identification of lattice constant [13,14]. This work aims to improve the electrical and structural
properties of CuS doped on PSi by spray method. The prepared porous silicon samples were then
investigated before and after depositing CuS on porous silicon substrates using XRD, AFM &
SEM, I-V measurements, and photodetector. The effect of copper sulfide CuS on the porous
silicon properties plays an essential part in the emergence of a consistent porosity layer.
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2. Experimental method

Photo- electrochemical method was studied to fabricate a porous silicon substrate on n-
type silicon with an orientation two parts towards (1 1 1) and (100) and with a resistivity of 1-10
Q cm. Figure 1(a) shows a setup of the photo electrochemical etching cell. The samples were
immersed in Hydrofluoric acid (18% wt) mixed with ethanol (1:1) and tungsten power 100
mw/cm? was used. Anodization fixed density is maintained at 15 mA/cm2 and etching times of 5,
10 and 15 min were studied. Additionally, ethanol C2H20H (99%) is one of the essential wet
abilities of the PSi surface. A one-centimeter-diameter rubber O-ring was utilized to enable Teflon
cells to come into touch with the silicon layer. The used electricity was consisting of (2) electrodes
put under the Si background was the lower electrode and the upper electrode was put on immersed
the cell. Following that, CuS films were placed on cleansed glass and substrates made of silicon by
the chemical method. An aqueous suspension of extremely pure copper chloride dehydrates
(CuCl2-2H20) and N2S of 0.1, 0.3 and 0.5 M concentration is dispersed first in solution water and
then deposited by the solution. Sulphur ions are provided by N2S, and copper ions are provided by
CuClI2. The spray flow rate was kept at 30 mL/min whereas the gap between the substrate and the
nozzle was altered to 25 cm. The plat temperature is kept at about 250 °C with the help of
controlling temperature.

The structural characteristics were performed of the CuS / PSi, X-ray (Bookmark 2) was
deployed with a scan speed of 9.9250 [°2Th.]. A Jeol JDS-7381LS scanning electron microscope
was utilized. CuS/PSi's current-voltage characteristics were assessed with a halogen lamp and a
controlled DC power supply (digital multimeter) under both dark and bright lighting conditions. A
monochromator was used to study the photodetector's spectrum responsiveness. The selected ion
time was 40 minutes. Next, utilizing a thermal evaporation system (E308W Edwards), aluminum
(Al) was deposited on both sides of the CuS/PSi sheet in the form of figure-shaped metal contact
electrodes. This was then achieved using a rotary pump and diffusion in a tungsten boat operating
at vacuum levels between 10-3 and 10-6 mbar. Figure 1 (b) displays a schematic example of a
fabricated device.
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Fig. 1. (a) Set up of Photo electrochemical cell; (b) Set up of spray pyrolysis.
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3. Results and discussion

3.1. Structural properties

It was found that Figure 2 (a ,b and c) displays the XRD curves of the deposited CuS
nanoparticles on glass wafer for different concentration 0.1 M ,0.3M and 0.5M . All these peaks
were obtained corresponding to the hexagonal phase CuS structure of (101), (102) and (103)
planes at 260 = 27.58°, 29.17° and 31.73" respectively (JCPDS, No. 00-001-1281) as Table 1.
[15]. Figures 3 and 4 (a,b and c¢) show the XRD pattern of CuS deposed on PSi substrates at
orientation (100) and (111)for different concentration 0.1 M ,0.3M and 0.5M at etching time 10
min. Only one highest peak of porous silicon was detected and other small peaks belonged to
CuS were noticed, the peaks of PSi (100) and PSi(111) were observed at 26 = 68.3° and 28.3°
whereas the CuS noticed at 27.148°,29.2 ° and 31.73° corresponded to (101), (102) and (103)
planes respectively.

We can calculate the mean average of crystallite diameter of CuS film by the Scherrer
equation as follows [16]:

kA
L= Bcos6O (l)

A is the x-ray wavelength, B is the FWHM and 0 is the Bragg angle. It is worth mentioning that
the acquired FWHM of CuS and porous silicon increased alongside the CuS concentration
increment as Table 2. On the contrary, the crystallite size of CuS decreased at higher concentration
value due to interference between CuS and pore layer and cover partially into the pores [17,18].
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Fig. 2. XRD of CuS thin films deposited on glass wafer at concentrations
(a) 0.1M, (b)0.3M and (c)0.5M.
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Fig. 3. XRD of CuS thin films deposited on porous silicon wafer (100) at concentrations
(a) pure porous silicon, (b) 0.1M, (c)0.3M and (d)0.5M.
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Fig. 4. XRD of CuS thin films deposited on porous silicon wafer (111) at concentrations
(a) pure porous silicon, (b) 0.1M,(c)0.3M and (d)0.5M.

Table 1. Crystalline size, FWHM, inter-plane distance (d) of CusS thin films.

Sample | Concentration 20 hk 1 L (nm) FWHM d (A°)
M) (deg)
CuS 0.1 27.58 101 33.52 0.184 2.818
31.73 103 31.11 0.176 2.763
CuS 0.3 27.58 101 33.23 0.187 2.813
29.2 102 32.46 0.168 2.842
31.73 103 30.77 0.179 2.821
CuS 0.5 27.58 101 32.75 0.194 2.863
29.17 102 31.61 0.184 2.871
31.73 103 29.62 0.183 2.935
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Table 2. Crystalline size, FWHM, inter-plane distance (d) of CuS/PSi hetrostructures.

Sample Concentration 20 hkl L (nm) FWHM d (A°)
M) (deg)

CuS/PSi (100) 0.1 27.6 101 16.45 0.731 1.733

29.2 102 16.76 0.642 1.711

31.73 103 17.83 0.623 1.634

69.3 100 15.43 0.812 1.732

CuS/PSi 0.3 27.6 101 16.11 0.792 1.766

(100) 29.2 102 16.54 0.691 1.789

31.73 103 17.22 0.722 1.688

69.3 100 14.76 0.931 1.756

CuS/PSi (100) 0.5 27.6 101 15.87 0.831 1.798

29.2 102 15.91 0.734 1.82

31.73 103 16.82 0.782 1.733

69.3 100 13.68 0.961 1.781

CuS/PSi (111) 0.1 27.6 101 15.44 0.791 1.743

28.9 111 13.98 0.882 1.788

31.73 103 14.89 0.782 1.774

CuS/PSi (111) 0.3 27.6 101 15.21 0.831 1.762

28.9 111 13.15 0.892 1.793

31.73 103 14.27 0.794 1.781

CuS/PSi 0.5 27.6 101 14.62 0.892 1.772

(111) 28.9 111 12.68 0.942 1.821

31.73 103 13.61 0.839 1.795

3.2. Surface properties

3.2.1. Atomic force microscope (AFM)

Figure 5 shows the morphology of CuS layers grown at glass substrate was investigated
by using Atomic Force Microscopy (AFM) at concentration 0.1 M, 0.3M and 0.5M of 2D& 3D.
The irregular distribution of particles is noticed. We observe the non-uniformity in size and shape
distribution [19]. Thus, the grains with larger diameters are obtained due to layers aggregation of
the grains size [ 20]. Figure 6 and 7 show CuS deposited on porous silicon at etching time 15 min
with 18 %HF and current density 15mA/cm?® with orientation (100) and (111). The pore diameters
increase with increasing of CuS concentration. The roughness decreases with increasing of CuS
concentration due to grain sizes cover partially into the pores [21], the roughness and the average
diameter of CuS/PSi were noticed in table 3.
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Fig. 5. AFM of CuS thin films deposited on glass wafer at concentrations
(@) 0.1M, (b)0.3M and (c)0.5M.
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Fig. 6. AFM of CusS thin films deposited on porous silicon (100) at etching time 15 min.
(a) pure porous silicon, (b) 0.1M and (c)0.5M.
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Table 3. Parameters of Concentration, Roughness Avg., RMS, average diameter of CuS/Psi.

(Concentration g/M) | Orientation | average Roughness RMS Average
(nm) (nm) Diameter

(nm)

0.1 100 2.06 2.23 47.84

0.3 1.89 2.11 56.36

0.5 1.67 1.83 71.32

0.1 111 1.66 1.95 37.64

0.3 1.53 1.88 41.46

0.5 1.34 1.75 55.22
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3.2.2. Scanning electron microscope (SEM)

Figure 7 shows CuS deposited on porous silicon with orientation (100) for different
concentration 0.1M,0.3M and 0.5M. It should be noted that, as Figure 7a illustrates, an excess of
pores at the top surface and the additional chemical dissolution in HF caused a sponge-like
structure to form during the anodization process [22]. It can be observed that the pore diameters
rise with increasing CuS concentrations such as Figure 7b, ¢ and d. The distribution of PSi's
closest neighbor pores can be significantly influenced by its surface shape [23]. The pore
distribution follows a regular pattern. CuS is deposited at several concentrations (0.1M, 0.2M, and
0.3M) over porous silicon with orientation (111) as seen in Figure 8(a), (b), (c), and (d). The final
PSi structures can be manipulated by the fabrication circumstances. Compared with orientation
(100) samples, pores with greater sizes are obtained. Additionally, the pores feature cluster and
star-shaped structures rather than spherical ones, which may be the result of the lattice being
moved. In the dense displacement zones, gaps and clusters form. Following the initial formation
of Si interstitial and vacancies at the surface, a migration of the defects takes place. Consequently,
the effect of neutron irradiation may enhance the PSi surface's homogenous porosity distribution
[24].
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Fig. 7. SEM of CuS thin films deposited on porous silicon (100) at etching time 15 min.
(a) pure porous silicon, (b) 0.1M, (c) 0.IM and (d) 0.5M.
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Fig. 8. SEM of CusS thin films deposited on porous silicon (111) at etching time 15 min. (a) pure porous

3.3. I-V measurements

silicon, (b) 0.1M, (c) 0.1M and (d) 0.5M.

According to the Hall measurement, the Hall coefficient of CuS was p-type. The -V
values under dark and illumination condition of the fabricated CuS/porous silicon photodetector at
various concentrations (0.1, 0.3, and 0.5 M) for both orientations (111) and (100) are shown in
Figures 9 and 10. The acquired I-V curves indicate the presence of the heterojunction of CuS/
porous silicon and have rectification behavior. Afterwards, a rise in carrier production and
absorbed photons caused an increase in current at a higher bias voltage [25]. Increased reverse
bias voltage also produced high current values, which may have been caused by an increase in the
depletion layer width. This increased internal electric field, in turn, increased the likelihood of
electron-hole separation. It is also important to note that, as Table 4 illustrates, a rise in CuS
content was linked to an increase in dark and photocurrent [26,27].
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Fig. 9. I-V measurements of CusS thin films deposited on porous silicon (111) at etching time 5 min.

(a) pure porous silicon, (b) 0.1M, (c) 0.IM and (d) 0.5M.
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Fig. 10. I-V measurements of CusS thin films deposited on porous silicon (100) at etching time 5 min. (a)
pure porous silicon, (b) 0.IM, (c) 0.1M and (d) 0.5M.

Table 4. Value of ideality factor, barrier height of PSi with different concentration at etching time Smin.

PSi with orientation (100)

PSi with orientation (111)

Concentration | Js (LA) n @ (eV) | Concentration | Js(LA) n @ (eV)
M) M)
0.1 1221 1.57 0.55 0.1 1947 1.77 0.41
0.3 605 1.89 0.59 0.3 810 22 0.49
0.5 95 2.14 0.72 0.5 241 2.54 0.56

Figure 11 (a and b) illustrated scale of the dark current as a function of concentration at
4.5 bias voltage with orientation (100) and (111). The measured linear rise in output dark current
with increasing CuS concentration from this an increase in photo-excited electrons at higher power
could be the explanation for singularity, leading to an increase in the number of electrons in the
CB of the deposited film [28].
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Fig. 11. Dark current as a function of concentration at orientation (a) (100) and (b) (111).

3.4. Photodetector
The photo-responsivity (R) is known as the ratio of output photocurrent to the applied
illumination power.

— fon
R = PxA 2)

Identical patterns of behavior were noted in the specific detectivity profile (Dx*):

* R

- V24l dark (3)

where J g4k 18 the dark current density and ¢ is the electron charge [29,30]. Figures 12 and 13 (a
and b) show the responsivity (R) and detectivity profile (D#) as a function of the wavelength of
CuS/PSi for different orientation (111) and (100). There are three peaks , first peak at high
response in the ultraviolet region for both R and D * were observed particularly at 500—600 nm ,
this is due to junctions: CuS/PSi and PSi/CSi, second region at low response at 700-800 nm ,
However, the third region, 800-900 nm, showed a considerable rise in the previously indicated
values. notably, the obtained values of R and D* showed a rising trend in response to high CuS
concentration during the deposition process, which raises the quantity of photons in the depletion
zone. High values of R and DTM were obtained when the concentration of CuS was raised from
0.1M to 0.5M. This might be attributed to the improved crystal quality of the deposited CuS layer
at high concentration [31]. Figure 14 (a and b) illustrates the CuS/PSi photodetector's quantum
efficiency as a value of wavelength. The high value of quantum efficiency of CuS/PSi at
orientation (111) and (100) were found to be 78% and 69 % at wavelength 580 nm with bias
voltage of 4.5 V and at the near infrared range, it drops to 25% and 30%, respectively. The cause
of this can be capture centers existing at interface PSi/CSi. The value efficiency of CuS/PSi
photodetector of (111) samples are higher than (100) which are belonged to reconfiguration of
structure [32,33,34].
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4. Conclusion

Copper sulfide nanostructure deposited on porous silicon photodetector was successfully
fabricated by spray pyrolysis technique, with respect to the utilized concentration of CuS. XRD
patterns exhibit hexagonal phase CuS structure. The surface analysis revealed the existence of
spherical morphology and the roughness of the CuS/PSi decreased with increasing concentration
of CuS . Furthermore, photodetector behavior showed that D* at pure porous silicon and 0.5 M
with (100) and (111) were found to be 0.8 x10'° Jones, 1 x10'°, 4.2 x10'° Jones and 4.5x10"
Jones respectively. Besides, the quantum efficiency of CuS/PSi photodetector of (111) samples
are higher than (100) which are belonged to reconfiguration of structure. Watchful modification of
the experimental circumstances can help create an ideal porous silicon structure.
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