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morphological properties of the PSLs are investigated by scanning
electron microscopy (SEM). The results show that the porous silicon
structure had a smaller pore size range, and the optical properties of the
textured surfaces are studied using photoluminescence “PL” and
reflectivity measurements. The band gap energy of the prepared PSLs
increases to 1.980 eV. The reflectivity of the PSLs decreases to 0.75%
in a wavelength range (350-750) nm. The current-voltage (I-V)
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in quantum efficiency of the PS cells by increasing the porosity.
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Introduction:-

With the increasingly serious energy crisis, solar energy has been given special attention due to its economic,
renewable characteristics. The energy wavelength of solar radiation is mainly from visible light to near infrared.
Silicon, as an indirect band gap semiconductor material, has a band gap width of 1.12 eV [1], which can have strong
intrinsic absorption of photon energy in the wavelength ranges of 300 nm to 1100 nm[2]. Based on this
characteristic, it can be applied to solar photovoltaic cells, photoelectric sensors, photo thermal radiationand other
fields[3]. However, due to reflection more than 30% of the photon energy on the silicon surface will be lost [4]. This
is an important reason thatrestricts solar energy utilization rate of silicon material. Reducing the surface reflectivity
of crystal silicon is a way to improve the utilization rate of photonic energy.inserting the surface area of silicon can
be extremely enlarged by electrochemical etching and formation of porous layer, Porous silicon seems to be an
promising choice due to its fast and easy fabrication by electrochemical etching, large surface area, various
accessible pore sizes and morphologies and controllable surface modification [5]. The discovery of porous silicon
(PS) by Uhlir in 1956 opened the door for new applications in micro-and optoelectronics, such as chemical sensors,
sacrificial/separation layers, light emitting diodes and passive optical filters [6].
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Porous silicon (PS) is a material with a fragile microstructure which allows pores into the internal structure. It is a
multilateral material that can be made with specified optical, mechanical, structural, thermal, chemical, and
electrical properties. These properties make to be interesting materials to use in different applications [7]. Its high
reflectance can be controlled through different techniques such as antireflective coating (ARC), formation of pores
and texturizing. Texturizing can enhance surface roughness and has been employed as a common solution for
increasing the absorption coefficient [8]. Porous silicon has introduced itself as an attractive material in the
optoelectronic devices due to its wide optical transmission range (700-1000 nm), large internal surface area,
photoluminescence (PL) properties, and lower effective refractive index[9]. Pyramidal silicon alongside porous
silicon is a reasonable structure which can serve as an antireflective layer to resolve the issue of high reflection
coefficient in the silicon substrates. In recent years, a variety of methods have been reported for the formation of
porosity, among which chemical and electrochemical methods can be mentioned. For instance, the shape of
pyramidal structure was changed by stain etching methods for fabricating porous layers[10, 11].

Among these methods, electrochemical etching is a common method for preparing porous silicon because it is
efficient and inexpensive[12]. Due to variations in parameters such as electrolyte, current density, etching time and
silicon wafer resistivity, different porous silicon (sponge structure and straight pore structure) can be obtained in the
electrochemical method for preparing porous silicon[13].

In previous studies, it was found that porous silicon with sponge structure and straight-hole structure had different
optical reflection properties[14, 15]. In order to further improve the antireflection performance of porous silicon, the
difference in reflectivity between ordered porous silicon structure and disordered multi-structure was studied [1].

The disordered porous structure was found to have lower reflection performance, which was consistent with the
structure of porous silicon prepared by electrochemical etching[3].

Currently, many experimental studies focus on studying the optical and the electrical properties of Si-based porous
materials, from Nano- to macro-scale, by changing the anodization conditions and hence changing the porosity. The
change in pore diameters (pores walls dimensions) has become very important for numerous applications such as
photonics, optoelectronics, electronics, biosensors, chemical sensors, and solar cells [16]. In solar cell applications,
it is desired to create an appropriate roughness on the device front surface to trap sunlight as much as possible [17-
20].

The main objective of this work is to investigate the effect of PS surface texturing (roughness) on the optical
properties of solar cells. The reflectivity and PL have been investigated to show the effect of the etching process on
the photons trapping enhancement. The electrical properties of solar cells are also investigated.

Experimental: -

The silicon samples used in this study were using [100] oriented P-type CZ wafers with resistivity ranging from 2 up
to 5 Q.cm with a thickness of 450 um [21]. Before electrochemical etching of silicon, silicon substrates were rinsed
in de-ionized water and dried in the presence of nitrogen gas after heating in trichloroethylene (isopropyl) for 5
minutes [21].

The PSLs sample was prepared done in the etching solution containing of 48% hydrofluoric acid, 99.9% ethanol,
and water with concentration (HF: C;HsOH: H,O = 1:1:1 by volume) at different current densities 5, 10, 15, 20 and
25 mAJ/cm? for time etching 5 min denoted as S1, S2, S3, S4 and S5, respectively. The PSLs have been formed on
the n* region during electrochemical etching process. The process of PS formation has been carried out in the
electrochemical etching cell, which included a platinum electrode as cathode and silicon wafer as anode. After
etching, the samples were rinsed in acetone and ethanol and then, dried under nitrogen gas flow. We have
investigated the optical properties using the UV-Vis spectrophotometer [Carry 4000 Agilent] provided with
integrating sphere for measuring the diffused transmittance and reflectance of the samples, and using
Photoluminescence [Spectrofuorometer FP-6500 Jasco] equipped with xenon arc lamp (150 W) as light source, the
excitation was obtained using a light wavelength of 325 nm. The structure characterization of the surface was
indicated using SEM [Quanta 250 FEG] for samples after and before etching with a magnification power of 1500 X.
The current-voltage (I-V) measurements have been investigated by using Keithley 2400 source meter at room
temperature under illumination by 200 W an ordinary tungsten filament lamp.
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Results and Discussion: -

Morphological characteristics:

Fig. 1 shows the SEM images of the front surface of the cells before and after PS formation. Fig. 1(a) represents the
morphology of the un etched surface of the reference cell which shows that it contains a different sizes of spaced
pyramids distributed on the whole surface. On the other hand, Fig. 1(b—f) shows the SEM images of the PSLs
formed on the samples fabricated with 5,10, 15, 20 and 25 mA/cm? current densities. The morphology of different
samples shows significant effect of etching current density on the size and shape of the porous pyramids. At etching
current density 5 mA/cm?, no physical pores appeared. By increasing the etching current density to 10 mA/cm? Fig.
1(c), the distributed pores became more significant. Moreover, in this sample, the shape of the micro-pyramids
remained unchanged, and the pores were identical in different faces of the pyramids. As the etching current
increases, it can be seen that the shape of the micro-pyramids was changed. Fig. 1(e), shows that prolonged etching
current density (20 mA/cm?) led to dissolution of pyramidal structures. With increasing the current density, the rate
of the formation of oxide islands on silicon surface will be raised, therefore chemical polishing may occur which
will lead to damaging the pyramidal structure[22]. The gravitational method [23] has been used to evaluate the
percentages of porosity for S1, S2,S3,S4 and S5 samples, which are estimated as 79%, 82%,86%, 84% and 83%,
respectively.

Fig. 1:- SEM images of top view of (a) n+ p solar cell without PS formation (reference) and after PS formation
fabricated at (b)5 mA/cm? (S1), (c)10 mA/cm? (S2), (d) 15mA/cm? (S3), (e) 20mA/ cm? (S4) and (f) 25mA/cm:
(S5).
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Photoluminescence of PS layers and determination of pore size:

Fig. 2 shows the photoluminescence (PL) spectra of the porous-pyramidal samples etched at different current
densities at room temperature. The fig shows that the created porous layers result in an emission band over the
visible light region. The highest PL intensity was observed for the porous pyramidal sample S5 owing to its high
surface area resulting in an increment in the incident light absorption and hence higher generation of electron-hole
The energy gap of all the PS layers is calculated by by using Plank’s- Einstein equation

_hc
Ey=i 1)
where h is the Planck’s constant, ¢ is the speed of light and Amax i the wavelength corresponding to the peak of PL

spectra. The resultant values of (d) for all the PS samples are summarized in Table 1.

As can be seen from Table 1, the optical energy bandgap is higher for PS layers prepared with higher etching time.
The obtained Eq values of PS are higher than the corresponding value for silicon single crystal (1.12 eV) [24]which
is attributed to the creation of porous layer with small pore size [25].. In addition, this means that the particles are
confined into lower dimension and the probability of the recombination of the electrons and holes is higher in low
dimensional structures according to quantum confinement effects[26]. The energy band gap of PS samples is
directly proportional to the increase of etching current confirming the blue shift in the PL peak.

The observed increase in PL intensity could be attributed to the increment of the pores volume by etching[20, 27].

Using the calculated Eq values from PL spectra, the pore diameter, d, is calculated using the following equation [9]:
2

B(eV) = B+ |+ mLh] )

where E (eV) is the energy band gap of PS calculated from the PL peak position of the PS layer as shown in Fig. 2,

Eq= 1.12 eV is the energy band gap of bulk Si, h is Planck’s constant = 4.13 x 105 eV s andm}, myare the electron

and hole effective mass, respectively (at 300 K, mi= 0.19 m,,m;, =0.16m, where m,=9.109 x10% Kg) .The

resultant values of (d) for all the PS samples are calculated and summarized in Table 1

Table 1:- The optical energy bandgap and pore size of PS and the calculated refractive indices using Ravindra Et Al
aHerve and Vandamme ° and Ghosh Et Al° Models.

Etching Eg (eV) D(nm) Eg calculated from | refractive index “n”
current “R” (eV)

density

(mA/cm?)

5(81) 1.899 5.230 1.821 2.7722.91° 2.79¢

10 (S2) 1.901 5.220 1.958 2.7222.83 2.72¢

15 (S3) 1.905 5.210 1.980 2.712 2.82° 2.71°¢
20 (S4) 1.898 5.234 1.913 2.74% 2.86° 2.74°
25(S5) 1.899 5.230 1.883 2.75% 2.88° 2.76°

455



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 452-462

160
—=—S]1
140 - e g2
120 S3
= 7 —v— S4
100 - S5
N /A A\
2 80- )
82
G 60+ «
=
= 40- ey
Y.
20 - .
04— —

644 646 6:18 6;30 6%2 6%4 6;36 658
Wave lenghth (nm)

Fig. 2:- Photoluminescence spectrum of PSLs samples.

The effective refractive index of porous silicon has been shown to be dependent on the degree of porosity attained
[28]. Different attempts have been investigated to relate the refractive index and the energy gap Eg through simple
empirical relationships [16].

Moss [29]presented the following equation, based on an atomic model:

n‘Eg= K 3)

where the constant K is and was found to be 108 eV by Ravindra et al. Later on Ravindra et al.[30] suggested a
linear relationship between the band gap Eg and the high frequency refractive index;

n=0+BEg (4)

where a=4.048, p=—0.62V*

Herve and Vandamme [31]also proposed an empirical relation;

n= |1+ (Eg‘: ) ®)

where A=13.6eV, B=3.4eVV

Ghosh et al.[32] took a different approach to the problem by considering the band structural and quantum dielectric
formulations of Penn (PENN 1975) and Van Vechten (Vechten 1969). The expression for the high-frequency
refractive index can be written as;

(N)*~1=(zg35 )2 (6)

where A=25Eg+212, B=0.21Eg+4.25
The calculated refractive indices using the three approaches are presented in Tablel.

3.3. UV-Vis spectrophotometry: -

The change of the PS surface texturing during the etching process makes the PSL as a good ARC layer in
manufacturing solar cells. Since, the surface textured reduces the light reflection and increases the light trapping
upon wide wavelength range[16]. In previous studies, the best reflectivity of porous silicon is about 4.7% under the
incident light wave of 300— 1000 nm [33]. so, it is still important to improve the light energy utilization efficiency
by reducing the reflection efficiency of silicon antireflection layer. In order to estimate the optical antireflective
ability of porous silicon samples, the total reflectivity of the samples has been measured by an ultraviolet—visible
spectrophotometer under normal incidence condition.
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Fig.3 shows the diffused reflectance spectra for the PS textured samples with different porosity in comparison with
the reference sample. The figure showed that the PS samples provide lower reflectivity than the un etched C-Si such
that The average reflectance of the un etched c-Si is ~ 18 %, but the average reflectance of the porous pyramidal
structures at different etching current (S1, S2, S3, S4, S5) in the same spectral range are =7 %, 3.7 %, 2 %, 2.7 %
and, 4 %, respectively.

The minimum reflectance which was obtained for the porous pyramidal structure formed at 15mA/cm? is due to its
higher surface area and enhanced light capturing ability of this sample. The results showed that the combination of
pyramids and optimized porous structures can improve the optical absorption of silicon substrates by increasing the
specific surface area. Thus, this combination can be used as an antireflective layer in high-efficiency optoelectronic
devices such as photodetectors.

In addition to, these results demonstrate that PS has the ability for increasing light absorption in the VIS region of
the solar spectrum, which plays an important role for improvement of the solar cell efficiency[34].

Another way to obtain the energy band gap value is to calculate the absorption coefficient using the reflectance
spectrograph as mention in the following Eq. [35]

1 (Rmax—Rmin)
a =—In—"2—1% (3)

2t (R—Rmin)

where o is the Absorption coefficient, t is the thickness of the film, Rmax, Rmin are the maximum and minimum
reflectance in the diffused refection spectra and R is the reflectance for any intermediate energy photons recorded by
the spectrophotometer, the Eg can be calculated using the following Eq [36].
ohv =A(hv — Eg)™ @)

where (A) is the edge width parameter and (Eg) is the optical energy gap of the material. The parameter (m)
represents the type of transition; For indirect transition (m=2) and direct transition (m=1/2). By plotting a graph of
(ahv)Y? versus (hv), the intercept of extrapolation to zero absorption with the photon energy axis is the Eg value. The
graphs of the silicon and PS with different etching current are shown in Fig. 3.
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Fig. 3:-The reflectivity spectra of the PSLs compared to the un etched C-Si sample.
Fig. (4) shows the plot of (ahv)? versus hv, which is used to calculate the energy band gap, considering an indirect

allowed transition of PS samples compared with the C-Si sample. It is easy to observe that the indirect energy band
gap increases from 1.8213 to 1.980 ev with the increment of the etching current density. These results also confirm
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that PS, has an indirect band gap [37]. The values of the energy bandgap were calculated in Table 1 and the results

are matched so far with the previous values of the PL method.
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J-V characteristics under illumination:-

The increase in the absorption is in prospect to improve solar cells efficiency. Under a constant illumination
condition for power density (100 mW/cm?), the current density—voltage (J-V) characteristics are measured for the
reference n*p Si solar cell and corresponding solar cells fabricated with PS layers as shown in Fig 5
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Fig. 5:- (a) Current density-voltage (J-V) characteristics ofthe PSLs under illumination. (b) The relation between the
power and the voltage

The relation shows a good enhancement of the photovoltaic performances of cells S1, S2 and S3 as compared to the
untreated one and then decreased for the cells S4 and S5.
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From this figure, the short-circuit current density (Jsc), open-circuit voltage (Voc) of the cells were obtained and are
listed in Table 2.

Table 2:- The calculated values of the Jsc, Voc, and FF.

Sample Voc (volt) Jsc (Alcm?) FF

Reference 0.39 0.0004 0.50
S1 0.55 0.0013 0.54
S2 0.58 0.0033 0.56
S3 0.62 0.0054 0.57
S4 0.62 0.0037 0.49
S5 0.61 0.0021 0.47

The obtained results shown that the short-circuit current density(JSC) increased from 10 to 15 mA/cm? and Voc
increased from 390 and 620 mV for the cells S1 and S3, respectively when compared to the solar cell without a PS
layer.

The enhancement of Jsc and Voc could be due to the photo generation in PS and the formation of a heterojunction
between porous layer and Si substrate (reference sample). In addition to, the enhancement could be also due the
enhancement in the optical path length and light capturing [38] ] which leads to increasing the photo generated
carriers and thus significantly improve the solar cell parameters [39].

The fill factor (FF) which is defined as the ratio between the maximum power and the product of the short-circuit
current with the open-circuit voltage is given by [40]:

max Vmax
FF= : Jsc Voc (5)

Where Im is the maximum current, Vm is the maximum voltage, and FF is a fill factor. The values of FF are also
calculated and listed in Table 2. The results show an enhancement in FF values for the solar cells with PS layers.
The value of FF increases from 0.54 to 0.57 with increasing etching current density to 15 mA/cm? due to increasing
the values of the Voc, Jsc and then decreased to 0.49, 0.47 for the cells S4 and S5 respectively.

Finally, the improvement in the Vo, Jsc and FF values of the solar cells with PS layer could enhance the electrical
properties and increase the conversion efficiency of Si solar cells [41]. The results published in the earlier article
[42] agree with our results.

Conclusion:-

We verified a simple technique for fabricating porous silicon (PS) layers on the front part of n* p Si junctions. This
technique was formed by electrochemical etching with different current densities (5, 10, 15, 20 and 25 mA/cm?) and
the etching time was 5 min. The SEM shows that the porosity on the front side of Si increases with the increase of
etching current density. The results show a strong antireflection of porous-pyramids structured silicon surface which
was obtained by increasing the etching current compared to the untreated textured silicon surface. Electrical
conduction of AlI/PS/n* p/Al junction fabricated at different current densities was determined and compared with the
un etched reference sample. Under illumination, the short-circuit current density, the open-circuit voltage and fill
factor are enhanced by increasing porosity which show that the low-cost formation of PSL can act as good
passivation layer for uses in solar cells.

In addition, the photoelectrical conversion of the porous silicon solar cells increases with increasing etching up to
the etching current density of 15 mA/cm2, and then started to decrease which is correlated to the variation of the
photovoltaic parameters. Finally, the optimum condition of the porous silicon cells prepared with a concentration of
HF: C;HsOH: H,O = 1:1:1 by volume for 5 min gives higher photoelectrical conversion efficiency is at a current
density 15 mA/cm?,
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