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Porous silicon (PS) layers were fabricated on n-type crystalline silicon (c-Si) wafers of (100) and (111)
orientations using photoelectrochemical etching (PECE) process at etching time of 20 min, current
density of 60 mA/cm?, and fixed electrolyte solution HF:C,HsOH (1:4). Moreover, PS layers fabricated
on p-type c-Si wafers of (100) and (111) orientations using electrochemical etching (ECE) process
were prepared under similar parameters. Nanopores with an average diameter of 5.7 nm were formed
in the n-PS (100) layer. These nanopores increased the porosity of the material to 91% compared with
those of the samples with different orientation and Si type. A greater blue shift luminescence was
observed in the n-PS (100) layer compared with those of the other samples. The lowest effective
reflectance was obtained with the n-PS (100) layer that exhibited excellent light-trapping at
wavelengths ranging from 400 to 1000 nm. Solar cells were fabricated based on the PS anti-reflection
coating (ARC) layers. The current-voltage characteristics of the solar cells were examined under 100
mW/cm? illumination. A highly efficient (15.5%) solar cell was obtained with n-PS (100) ARC layer
compared with those solar cells with other layer types. In the present paper, the effect of the porosity
of the PS ARC layers on the solar cell efficiency based on the n- and p-type regions with (100) and
(111) orientations was investigated.
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1. INTRODUCTION

Porous silicon (PS), a nanostructured material, has attracted considerable attention as a measure
to enhance the optical properties of silicon (Si). The formation of PS layers on crystalline Si (c-Si)
wafers using electrochemical etching (ECE) exhibits photoluminescent and electroluminescent
properties similar to those of semiconductors with direct energy gap [1]. PS has emerged as an
attractive material in the field of electronics and optoelectronics due to its broad band gap, wide optical
transmission range (700-1000 nm), wide absorption spectrum, surface roughening, and good anti-
reflection coating (ARC) [2]. The surface roughness and lower effective refractive index, which can
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reduce the reflection losses of sunlight radiation, are the primary factors that enhance PS compared
with ¢-Si [3].

In the visible (VIS) region, the refractive index decreases with increasing porosity, in contrast
to the increasing edge absorption coefficient with an increase in porosity [4]. The porosity of the PS
layer increases with increasing current density and decreasing HF concentrations. This condition is
also controlled by substrate doping [5]. Thus, a highly porous PS layer can enhance the efficiency of
solar cells by increasing light trapping into the active region [6]. This layer can also be used as ARC to
serve as gutter centers and reduce the impurity levels of the Si substrate [7]. Moreover, a highly porous
PS layer further increases the efficiency and absorbs more light energy in c-Si solar cells [8].

A highly porous PS layer is essential for high photoluminescence (PL) efficiency and in the
acquisition of highly efficient solar cells. An inefficient luminescence results from an inhomogeneous
material of low porosity [9].The observed visible luminescence from the PS layer is caused by the
increasing energy band gap of the PS layer compared with bulk Si [10]. Several samples of PS
monolayers and multilayers were prepared under different anodization conditions with fixed
hydrofluoric (HF) concentration and current density. The photovoltaic effect of these structures has
been reported [11, 12].

In the present study, photoelectrochemical etching (PECE) and ECE processes were used to
fabricate PS layers on the n- and p-type regions with (100) and (111) orientations using an etching time
of 20 min, current density of 60 mA/cm?, and fixed electrolyte solution HF:C,HsOH (1:4). The
morphologies and optical properties of the PS layers were also examined. The objective of the present
study was to fabricate highly efficient solar cell using highly porous PS layer as ARC.

2. EXPERIMENTAL

N- and p-type float-zone (FZ) c-Si wafers (resistivity, 1 Qcm; thickness, 300 pm; and
orientation, (100) and (111)) were used as substrates. Before the etching process, the substrates were
cleaned to remove the oxide layer using the Radio Corporation of America method. Then, the c-Si
samples were dipped in a solution of HF:H,O (1:50) at 25 °C to remove the native oxide and some
ionic contaminants.

PS layers were fabricated by PECE process for n-type c-Si wafer and by ECE for p-type c-Si
wafer with a 0.57 cm radius similar to the size of the opened-circular of the Teflon cell. Teflon was
used to fabricate the ECE cell that had a circular aperture at the bottom that is sealed with c-Si
samples. The cell was a two-electrode system connected to the c-Si samples as the anode and platinum
(Pt) as the cathode. The cell was called PECE if the illumination was positioned over the n-type c-Si
samples for maximum possible illumination and to generate the required holes for dissolution [5]. In
contrast, the cell is called ECE if the p-type c-Si samples were not illuminated, (Fig. 1).

The c-Si samples were placed in an electrolyte solution HF (48%):C,HsOH (98%) (1:4, by
volume) to enable the conduction of electrons inside the solution. A current density of 60 mA/cm? and
an etching time of 20 min were used to prepare the PS layers on the front side of the c-Si samples.
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Synthesis was performed at RT. The samples were rinsed in ethanol and dried in air after the etching
process.

The prepared samples of PS layers with different porosities were used to fabricate solar cells
using the following procedure. The samples were coated with photoresist, and then a mask was placed
directly above the PS layers. The samples were exposed to UV radiation for 40 s for the formation of a
patterned coating. N- and p-type doping was achieved using the spin coating method by placing
phosphorus and boron liquid at the center of the PS layers, followed by spin coating at RT at 1000 rpm
for 10 s. Then, the PS layers were placed in a furnace at 100 °C for 15 min to remove moisture. Dopant
was diffused using a tube furnace at 1000 °C for 60 min under flowing (4 Lmin ™) nitrogen gas.
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Figure 1. Schematic ECE cell set-up.
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Figure 2(a, b). Schematic illustrations of solar cells with PS layers formed on n-type c-Si (100) and
(111) orientations and with PS layers formed on n-type c-Si (100) and (111) orientations,
respectively.
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Silver evaporation was used on the front (n-type) side of the samples to form a metallization
grid pattern, whereas aluminum evaporation was used on the back (p-type) side to form a reflector
contact. Annealing was achieved at 400 °C for 20 min to ensure optimal contact.

Fig. 2(a, b) shows the schematic illustrations of the solar cells with PS layers formed on n-type
c-Si (100) and (111) orientations and with PS layers formed on n-type c-Si (100) and (111)
orientations, respectively.

In the case of the n-type substrate, the p-n junction placed in the front side and the solar cell
was the front junction solar cell. However, the front side will be the p-type, and the back side will be
the n-type, as shown in Fig. 2(a).

Then in the case of the p-type substrate, the p-n junction was also placed in the front side, and
the solar cell was the front junction solar cell. Here, the front side will be the n-type, and the back side
will be the p-type, as shown in Fig. 2(b).

In addition, in the size of the fabricated solar cells was 1 cm?and the p-n junction was placed in
the porous layers.

Scanning electron microscopy (SEM) analyses (JSM-6460 LV, Japan) were used to determine
the surface morphology of the PS layers. PL studies were performed for all PS layers using a
spectroscopy system (Jobin Yvon HR 800 UV, Edison, NJ, USA). The optical reflectance of the c-Si
sample and PS layers were obtained using an optical reflectometer (Filmetrics, F20, USA). Current-
voltage (I-V) characteristics were studied under air mass 1.5 global (AM 1.5G) illumination [13].

3. RESULTS AND DISCUSSIONS

PS layers were fabricated on the n- and p-type c-Si wafers with (100) and (111) orientations at
20 min etching time with fixed HF concentration and current density.

Fig. 3(a) shows an SEM image of the PS layer formed on the n-type c-Si (100) sample, in
which randomly distributed pores are observed on the surface of the layer. Several pores had star-like
appearance and elongated shapes.

The surface of the c-Si sample was completely etched and consisted of numerous tiny pores
formed over the soft wall. The formation of numerous new tiny pores inside the initial pores can be
distinguished clearly. Additionally, highly dense pores were evident. The high porosity of
approximately 91% was calculated using Eq. (1) [14],

P(%)="""=, 1)

m, iy

where m; is the sample weight before anodization, m; is the sample weight after anodization,
and msis the sample weight after removing the PS layer with 3% KOH solution for 50 s [6].
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Figure 3. SEM images of PS layers formed on (a) n-type c-Si (100), (b) n-type c-Si (111), (c) p-type c-
Si (100), and (d) p-type c-Si (111) samples.

Fig. 3(b) illustrates the SEM image of the PS layer formed on the n-type c-Si (111) sample. The
surface of the c-Si sample cracked, and pores were not evidently observed. The etched surface became
rougher than the c-Si surface, indicating low porosity (approximately 14.5%).

Fig. 3(c) demonstrates the SEM image of the PS layer formed on the p-type c-Si (100) sample.
Pores with sphere-like appearances and thick walls were evidently randomly distributed on the PS
surface. A modest density of pores was observed, and porosity was approximately 45%, higher than
the 27% porosity of the PS layer formed on the p-type c-Si (111) sample (Fig. 3(d)). The surface of the
c-Si sample cracked, and numerous new pores evidently formed inside the cracks. Additionally, the
surface of the c-Si sample was completely etched and consisted of numerous discrete pores that formed
over the wall that did not crack, and the pore walls widened, reducing the number of pores on the PS
surface. Hence, porosity decreased.

The average pore diameter (d) for the PS layer formed on the n-type c-Si (100) wafers was 5.7
nm and calculated using Eq. (2) [15],

E(eV) = E, + [mi - mih] , (2)

where E (eV) is the energy band gap of the PS layer calculated from the PL peak, Eq is the energy

band gap of bulk c-Si, h is Planck's constant=4.13x10"> eV's, whereas m_ and m;, are the
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electron and hole effective masses, respectively (at 300 K, m;=0.19m,, m;=0.16m,, and
mMy=9.109x10* kg).

The use of a pore size with an average diameter of 5.7 nm in the n-PS (100) layer led to an
increase in porosity to 91% and the presence of a remarkable blue shift in the maximum PL intensity
and the lowest effective reflectance as will discuss later. Therefore, the refractive index decreased with
respect to high porosity, resulting in an increase in the short-circuit current (lsc) and open-circuit
voltage (Vo) of up to 33.90 mA/cm? and 595.00 mV, respectively.” These increases in turn led to an
enhanced conversion efficiency of 15.50% as mentioned in Table 1.

Fig. 4 shows SEM cross-sectional images of PS layers formed on n- and p-types with (100) and
(111) orientations. The thickness of PS layers increased with increasing porosity. The thickest layer
was approximately 62.50 um for the n-type c-Si (100) sample.

The PS layers were easily distinguished due to the different structures between the PS layers
and c-Si substrates. The formation of PS layers was not uniform due to the inhomogeneous formation
of pores on the PS surfaces. The irregular distribution of the pores could enhance the photo conversion
as a result of the widened PL peaks.

Figure 4. SEM cross-sectional images of the PS layers formed on (a) n-type c-Si (100), (b) n-type c-Si
(111), (c) p-type c-Si (100), and (d) p-type c-Si (111) samples.

Fig. 5 shows the PL spectra of PS layers formed on n- and p-type regions with (100) and (111)
orientations using He-Cd laser (A=325 nm) at RT. The PL intensity of the PS layers increases with
increasing porosity. Consequently, a thicker PS layer formed on the c-Si n-type (100) compared with
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those of the other samples. The maximum PL intensity of the PS layer formed on the n-type c-Si (100)
has been observed at 639 nm (1.940 eV) with a full-width and half maximum of approximately 145 nm
as a result of the high porosity and completely etched PS layer of this sample. This phenomenon
indicates that PL intensity is proportional to the number of emitted photons on the PS surface.
Therefore, according to the PL measurements, the n-type c-Si (100) is the optimum c-Si type and
orientation to prepare the PS layer. This condition is attributed to the increasing total volume of
nanocrystallites on the PS surface according to the increasing PL intensity [16].

PL results show that the energy band gap increased from 1.12 eV for the c-Si sample to 1.940
eV for the PS layer formed on the n-type c-Si (100). This result indicates a remarkable blue shift of the
maximum PL intensity. The particles are confined in a lower dimension according to quantum
confinement effects [17,18]. Hence, the probability of the recombination of the electrons and holes is
low in a low dimensional structure, resulting in high efficiency and high energy.
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Figure 5. PL spectra of PS layers formed on the n- and p-type regions with (100) and (111)
orientations.

Fig. 6 shows the reflection spectra of the PS layers on the n- and p-type regions with (100) and
(111) orientations compared with the c-Si sample. The lowest effective reflectance was obtained from
the PS layer formed on the n-type c-Si (100) sample, which evidently reduced light reflection and
increased light-trapping at wavelengths from 400 to 1000 nm, compared with reflectivities of the other
samples. The PS layer consisted of nano-Si crystals and nanopores. Therefore, the refractive index
decreased and was controlled by the pores with respect to high porosity, resulting in a decreased
reflection [19].
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The maximum reduction in light reflection ranged from 450 to 650 nm. A slight increase in
reflection occurred from 650 to 1000 nm, probably due to the random distribution of the pores and
increased roughness of the PS surface. The attenuation of reflectivity was caused by the light
transmission at the porous and bulk interface [20]. The PS ARC layer in the solar cells is a very
Important parameter to enhance photoconversion and increase light absorption in the VIS region of the
solar spectrum, which is expected to increase the efficiency of solar cells.
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Figure 6. Reflection spectra of PS layers formed on the n- and p-type regions with (100) and (111)
orientations compared with the c-Si sample.

Fig. 7 shows the increase in the efficiency of the solar cell with the PS ARC layer based on n-
type c-Si (100) sample compared with the efficiency of the solar cells based on the PS ARC formed on
the n-type c-Si (100), n-type c-Si (111), p-type c-Si (100), and p-type c-Si (111) samples, including the
solar cell without PS ARC layer. The solar cells were characterized under 100 mW/cm? illumination.

The results show that the solar cell with the PS ARC layer based on n-type c-Si (100) displays
an increased short-circuit current (ls;) and open-circuit voltage (Vo) up to 33.90 mA/cm? and 595.00
mV, respectively, leading to an increased conversion efficiency of 15.50% (Table 1).
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Compared with other solar cells with the PS ARC formed on the n-type c-Si (111), p-type c-
Si (100), and p-type c-Si (111) samples, these cells were found to have an Iy of 20.50, 29.05, and
27.15 mA/cm?, respectively, and a V. of 500, 545, and 510 mV, respectively. The efficiency
values were 7.20%, 12.35%, and 9.70 %, respectively.

Therefore, the efficient solar cell was that which used the n-PS (100) ARC layer, p-PS (100)
ARC layer, p-PS (111) ARC layer, and n-PS (111) ARC layer, in this order of efficiency.

The PS ARC layer based on the n-type c-Si (100) enhanced and increased the light conversion
efficiency of the solar cell through the trapping of the incident radiation. This phenomenon is caused
by the heterogeneous properties of the PS ARC layer, leading to increased ls; and V.. These values
were used with other values of maximum voltage (I,) and maximum current (V) to calculate the
conversion efficiency of the c-Si solar cell as follows [Eq. (3)]:

Table 1. I-V measurements of solar cells based on the PS layers formed on the n- and p-type regions
with (100) and (111) orientations compared with the solar cell without a PS layer.

Solar cells Vi (MV) Jn (MA/CM?) Vo (MV) I (MAcM?)  FF% 1%
Without PS 287.90 12.67 367.20 14.46 68.65 3.64
layer
With PS layer 503.00 30.82 595.00 33.90 76.40 15.50
formed on n-type
c-Si (100)
With PS layer 400.00 18.00 500.00 20.50 70.24 7.20
formed on n-type
c-Si (111)
With PS layer 455.00 27.15 545.00 29.05 78.02 12.35
formed on p-type
c-Si (100)
With PS layer 435.00 22.30 510.00 27.15 70.00 9.70
formed on p-type
c-Si (111)
P _ IV
N P_m h Fin ' (3)

where P, and Pj, are the output and incident powers, respectively.
The fill factor (FF) was calculated by Eq. (4),

FF=27m 4
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Figure 7. 1-V characteristics of solar cells with PS layers formed on the n- and p-type regions with
(100) and (111) orientations compared with the solar cell without a PS layer.

The results (Table 1) also show that the conversion efficiency of the solar cell with the PS
ARC layer based on the n-type c-Si (100) is higher than those of the solar cells with PS ARC layers
with different orientations and Si type as well as that of the solar cell without a PS ARC layer.

4. CONCLUSIONS

The effect of porosity on the morphology of the PS layers was investigated. High porosity
(91%) nanopores, with an average diameter of 5.7 nm, were produced in the PS layer based on n-type
c-Si (100) compared with 14.5%, 45%, and 27% for the PS layers formed on the n-type c-Si (111), p-
type c-Si (100), and p-type c-Si (111) samples, respectively. The PL spectra indicated the maximum
PL intensity, and the blue shift toward the lower wavelength had been observed at 639 nm (1.940 eV)
because of the increase in the porosity of the PS layer based on n-type c-Si (100) and as a function of
the different porosities.

The lowest effective reflectance was obtained in the PS layer based on the n-type c-Si (100),
which exhibited an excellent light-trapping activity at wavelengths ranging from 400 to 1000 nm. The
fabrication of solar cells based on the PS ARC layer formed on n-type c-Si (100) demonstrated that the
conversion efficiency increased to 15.50%.
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