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In this work, an innovative porous silicon structure was utilized as an effective antireflective layer for silicon
solar cell construction. Silvaco technology computer aided design tools were used to construct the three structures
of the porous silicon layers which were no porous, single porous, and double porous. Athena process simulator was
used to create the non-porous silicon structure (as control device) and the single porous silicon structure, while
the double porous structures were created at the n-type and p-type surfaces of the silicon solar cell by using the
device editor (Devedit) tools. The three simulated structures were imported to the Atlas device simulator tools
to simulate the current—voltage (I-V) characteristic and the spectral response of the solar cell. The simulation
results of the three structures were compared with the fabrication results obtained by Ramizy et al. Finally, the
efficiency extracted from the double porous solar cell is 9.55%, the single porous is 9.32%, and the no porous
structure exhibited 4.83% efficiency. The double porous silicon solar cell showed an ability to effectively trapping
the light collected in the solar cell and thereby improve the efficiency of the solar cell compared to the no porous

and the single porous silicon structure.
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1. Introduction

A solar (or photovoltaic) cell is used to produce the
electricity by converting the sun energy to electrical en-
ergy. There are three generations of the solar cells, the
first generation uses wafer based crystalline silicon (c-Si)
and monocrystalline silicon. The second generation of
the solar cell uses the thin film technology. The third
generation uses high-efficiency thin film technology (ad-
vanced thin films). To improve the efficiency of the so-
lar cell, there are several approaches attempted, for ex-
ample, light trapping techniques such as texturing the
bottom surface, usage of transparent conductor in the
superstrate-type cells, and a metal texturing in substrate
type cells [1, 2].

Silicon is a semiconductor material which consists of
some metal elements and some of those of are electri-
cal insulators, making it suitable to be used in solar
cell fabrication [3]. Porous silicon (PS) is a nanostruc-
ture formed on a silicon substrate. PS has a capabil-
ity to be used in many fields including microelectron-
ics, optoelectronics, and photovoltaic. There are several
techniques to form the porous silicon such as the elec-
trochemical dissolution of silicon wafer using electrolytic
containing hydrofluoric acid (HF) and ethanol, laser as-
sisted etching and electroless etching, electrochemical
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etching using DC current, electrochemical etching us-
ing AC current, and stain etching [4-8]. The process to
construct the porous silicon is economical and suitable
for mass production [9]. In producing high efficiency of
the solar cell, porous silicon can be used as antireflection
coating (ARC) layer.

According to Nakamura et al. [10], there are several
output parameters that need to be considered for mea-
suring the performance of solar cell, which is maximum
power (Ppax), fill-factor (FF), short-circuit current (Is.),
and open-circuit voltage (V,.). According to Ramizy et
al. [11] the porous silicon has an effective feature that
can improve the solar cell performance. Ramizy et al. [9]
obtained the porous structure surfaces that contains dis-
crete pores and short-branched pores at the top surfaces
while smaller pore size and random pores at the bottom
surfaces of the solar cell. These double porous struc-
tures showed enhanced conversion efficiency of the solar
cell. This motivated the work to simulate the single and
double porous structures to investigate its possibilities
to enhance the efficiency of silicon solar cell. The perfor-
mance will be compared with the experimental work of
Ramizy et al. [9)].

2. Experimental details

In this work, three structures of the silicon solar cell
were constructed using Silvaco TCAD software. The
three structures are no porous (Si p-type solar cell),
single porous (n-PS/P solar cell), and double porous
(n-PS/p-PS solar cell) structures. Athena process sim-
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ulator was used to construct the no porous and single
porous structures while Devedit tool was used to con-
struct the double porous structure. Figure 1 shows the
flowchart of this work summarizing the flow in simu-
lating the solar cells. Firstly, an input file was writ-
ten in Athena and Devedit to construct the three struc-
tures. After that, the structures were imported to At-
las device simulator for the characterization of the solar
cell performances.
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i. No Porous Structure i. Double Porous Structure ‘ 1)Construction of

ii. Single Porous Structure three structure
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Fig. 1. Flow chart for simulation of solar cell struc-

tures and its characteriztion.

The results in term of current—voltage (I-V) charac-
teristics, spectral response, and power curve were ob-
tained from the simulation. Finally, performance pa-
rameters of the solar cells (Ise, Voe, Pmaz, FF, and
efficiency) were extracted from the I-V curve and
the optimum structure will be deduced from these
parameters.

2.1. Athena process simulation
for no porous and single porous

Athena is a process simulator which was used in con-
structing and simulating the no porous and single porous
structure. At the beginning of this simulation, an in-
put file was written. In the input file, a p-type sili-
con wafer (doped with boron of 1.8 x 10*® em™2 con-
centration) was initialized and the mesh was defined
by setting the z- and y-mesh. The size of the re-
gion is 10 pum (width) by 100 pm (depth). The fine
mesh was defined at the active region (from top sur-
face to junction) whereas coarse mesh was tabulated at
the bottom of the substrate. This was done so that
the device characteristic will be simulated accurately
and timely. The setting of the mesh is as following
statement:

go athena

Line x loc = 0.00 spac =1
Line x loc = 10 spac =1
Line y loc = 0.00 spac = 0.2
Line y loc = 1.5 spac = 0.5
Line y loc = 4.5 spac = 0.5
Line y loc = 100 spac = 0.2

For the single porous structure an etching process was
carried out to form the pore at the top surface of the Si
wafer. Figure 2 shows the non-porous and single porous
structures along with the mesh defined.

To make n-p junction, both structures were implanted
with phosphorus doping of 1.8 x 10'6 cm™3. After the
implantation process, the wafers were subjected to an-
nealing of 1500°C for 350 min to drive in the n-type
doping. Figure 3 shows the structure of non-porous and
single porous with contour doping of n-type concentra-
tion (phosphorus). The cut line of the structure depicted
the doping profile. The estimated junction depth of the
p-type region is about 43 pm.

Finally, aluminum was deposited at the top of n-type
region to create cathode contact and at the bottom of
p-type region as the anode contact. The final structures
with contact electrode were shown in Fig. 4.

Fig. 2. (a) Non-porous and (b) single porous struc-
tures with the mesh definition.

Fig. 3. The structure of (a) non-porous and (b) sin-
gle porous with contour doping of n-type concentration
(phosphorus). The cut line of the structure depicted the
doping profile.
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Fig. 4. The structure of (a) non-porous and (b) single
porous with contact electrode at the top and bottom.

2.2. Devedit simulation for double porous

Devedit tools were used to create the double porous
structure with the porous at the top of n-type region
and porous at the bottom of p-type region. Devedit is
user friendly tool, whereby user can directly create the
structure without the need to optimize the process de-
tails. Firstly, the work size area was specified according
to the solar cell structure which is 10 gm by 100 pm. Sili-
con material was used to construct the porous n-type and
p-type regions. The doping was set for the n-type and
p-type region with the concentration of 1.8 x 1016 cm—3
of phosphorus and boron, respectively. After that alu-
minum was deposited at the top and bottom of n-type
and p-type porous regions for the cathode and anode con-
tacts. Finally, the final drawn structure of double porous
solar cell was saved in .str file which will be called in the
Atlas device simulator. Figure 5 shows the structure of
the double porous solar cell constructed in Devedit.
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Fig. 5. The structure of double porous silicon solar cell
with contact electrode at the top and bottom.

2.8. Devices simulation using ATLAS tools

ATLAS device simulator was used to simulate device
performances of the three structures constructed using
Athena and Devedit. The statement used in the simula-
tion of the structures in ATLAS were defined following
the order stated in Table I.

TABLE I

ATLAS command groups with the primary statement in
each group following the order.

Group Statements

structure specification mesh, region, electrode, doping
material model specification [ material, models, contact, interface
numerical method selection |method

solution specification log, solve, load, save

result analysis extract, tonyplot

Mesh infile command was used to load the structure file
build in Athena and Devedit. Material command was
used to specify the physical properties of the material
and the contact. The light source or beam to the solar
cell was set at the top and bottom of the structure by
setting up the beam power and its wavelength. Finally,
the biasing of the device was carried out by setting the
numerical method selection and solution specification as
shown in the following statements:

models conmob fldmob consrh print
solve init

solve previous

Figure 6 shows the solar cell structure with respective
beam shining at the top and bottom surfaces.
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Fig. 6. Illumination of light source to the solar cell
structures: (a) non-porous and (b) single porous.

Finally, the performance parameters of the solar cell
were extracted from the I-V curve obtained. Tony plot
was used to display the simulated structures and the I-V
characteristics.

3. Results and discussion

The final structure of non-porous, single porous, and
double porous were shown in Fig. 7, respectively. The
diameter of the pore is 1 pm and the depth of the pore
is 15 pm for the porous structures. These structures
was embedded in the ATLAS simulation for the device
characterization.

Spectral response is the ratio of the current gener-
ated by the solar cell to the power incident on the so-
lar cell. Figure 8 shows the spectral response for the
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Fig. 7. Structures of the three solar cells: (a) non-
porous, (b) single porous, and (c) double porous.

5608 466263608
4508 451668608
355496608

4E-08

—— Double Porous

—&— Single Porous

~&— No Porous

3.5E-08

w
]
=}
o

2.5E-08

CATHODE CURRENT
N
m
=
@

1.5€-08
1E-08
SE-09

0
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.051.1 1.15

OPTICALWAVELENGTH

Fig. 8. Spectral response of the non-porous, single
porous, and double porous structure.

three structures. Generally, the three solar cells exhib-
ited significance response spanning from 0.5 pm to about
1.1 pm, covering the broad visible light spectrum. Specif-
ically, non-porous structure exhibited peak response at
0.925 pm, single porous at 0.9 pm, and double porous at
0.9 pm, respectively. The double porous solar cell showed
the highest response (I = 4.66 x 1078 A) towards light at
the near infrared region. This indicates that the double
porous has the highest absorption and low reflection com-
pared to the other two structures due to the increase of
porosity that leads to the increase in the PS density over
the surface of the sample which enhances the trapping of
the light [9].

Internal quantum efficiency (IQE) is the efficiency with
which photons that are not reflected or transmitted out
of the cell that generates collectable carriers. Figure 9
shows the IQE graph for three structures. At the wave-
length 0.5 pm, surface recombination process occurred
for all the structures and the structures reduce to absorb

the light at 1.1 um wavelength. Comparing the three
structures, double porous structure shows the highest
peak of the generating collectible carriers of 0.35, single
porous of 0.33 at 0.9 pm wavelength and the non-porous
of 0.32 at 0.95 um wavelength, respectively. According
to Ramizy et.al [9], porous silicon form at both porous
layers have lower reflectivity compared to the single
porous layer.

Figure 10 shows the external quantum efficiency
(EQE) for the non-porous, single porous, and double
porous structures. EQE is the effect of optical loss such
as transmission and reflection. By comparing the peak
of the ratio of current and source photocurrent, double
porous exhibited the highest peak which is 0.66, single
porous of 0.62, and non-porous of only 0.29 at about
0.9 pm wavelength. Porous silicon on the both surfaces
acting as effective anti-reflective layer (ARC) by reduc-
ing the reflection and increasing the conversion produc-
tivity [8].

Figure 11 shows the dark I-V and light I-V for the
double porous, single porous, and non-porous structures.
Dark I-V curve was used in solar cell analysis to rely
on superposition principle. The light I-V curve is the
dark -V curve shifted by the light generating current.

At the dark I-V curve, there is no generating current.
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Fig. 9. IQE graph for non-porous, single porous, and

double porous structure.
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Fig. 10. EQE graph for non-porous, single porous, and
double porous structure.
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Double porous structure shows the highest generating
current of 2.93 x 1072 A, single porous at 2.90 x 1079 A,
and non-porous 1.56 x 107 A.

Figure 12 shows the maximum power curve for the non-
porous, single porous, and double porous structure. The
peak of the curve shows the maximum power produced by
the structures. Double porous structure exhibited higher
peak at 1.26 nW, single porous at 1.23 nW, and non-
porous at 6.34 nW.

The photovoltaics properties for the three structures of
simulated solar cell and fabricated solar cell of Ramizy
et al. [9] are summarized in Table II. A remarkable in-
crease could be observed in the short circuit photocurrent
and open circuit voltage of the silicon solar cell when
there is non-porous structure at 1.56 nA, 0.51 V, single
porous at 2.90 nA, 0.53 V, and double porous at 2.93 nA,
0.54 V from the simulation results. The fill factor for the
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three structures of simulation results is 0.8. The fill fac-
tor is defined as the ratio of the maximum power from
the solar cell to the product of open circuit voltage and
short circuit photocurrent. The fill factor is measure of
the “squareness” of the solar cell and is also the area
of the largest rectangle which will fit in the I-V curve.
The double porous for the simulation result and fabri-
cation result has the highest efficiency compared to the
non-porous and single porous structure which is 9.55%,
and which is comparable with the fabricated solar cell
of 12.75% efficiency. This slight difference might be due
to the mesh definition of simulated structures which dif-
ferent from the actual wafer in fabrication process. The
double porous at the surface of solar cell structure can
be used as ARC layer in producing the high efficiency of
the solar cell.
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Fig. 12. Power curve for non-porous, single porous,
and double porous structure.

TABLE 1II
The photovoltaic properties for the three structure of simulated solar cell and fabrication solar cell.
Simulation results Ramizy et al. [9]
No porous Single porous Double porous No porous Single porous Double porous
Isc [mA] 1.56 2.90 2.93 6.72 8.83 12.37
Voe [V] 0.51 0.53 0.54 0.31 0.43 0.49
Prax [W] 0.64n 1.23n 1.26n 1.73m 2.96 5.33m
fill factor 0.80 0.80 0.80 0.83 0.78 0.88
efficiency 4.84 9.32 9.55 4.34 7.38 12.75

4. Conclusions

The efficiency of silicon solar cell is improved by using
the porous structure at the top and bottom surfaces. The
simulation result and fabrication result show that the
porous silicon at the both sides is more efficient compared
to the single porous structure and non-porous structure.
This study indicates that the porous silicon is suitable
to be used as ARC layer by reducing the light reflection
and increase of the light absorption by the solar cell. For
the future work, the depth of the porous should be in-
vestigated to prevent surface recombination which could

lower the quantum efficiency and the creation of more
porous by reducing the diameter of the porous to trap
more photons.
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