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Theoretical suggestion indicated the substantial improvement of solar cells by using periodic structures.
Yet, the promise has not been practically realized due to the lack of electrical analyses of periodical light-
absorbing structure. Here, we report the record high-efficiency of 16.9% for periodically patterned silicon
(Si) solar cells. Periodic Si micro-pillars were fabricated for large-scale solar cells. The Si pillars with a
height of about 5 wm provided significantly enlarged light-active surface, which improved the photo-
generated carrier collection efficiency. From optical aspects, the pillar structures reduced light reflection
and hence effectively drove more photons into the absorber layer. Additionally, the enhanced pillar-
structured Si surface definitely contributed to reduce an electrical resistance of a solar cell. We
demonstrated that the surficial enhanced Si design could be a promising approach for high-efficient solar
cell applications. We may suggest a route for the optimum electrical designs of periodic structured solar

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon (Si) is the earth abundant and well-established for the
various semiconductor technologies. Especially for the photovol-
taic cells, the crystalline Si widely dominates the solar cell
industries. However, the cost burden of crystalline Si solar cell is
remained to satisfy the cost parity with fossil fuels, which leads the
developing thin-film types solar cells onto inexpensive or reusable
[1,2].

The structuring of semiconductors on the nano- and micro-
scale is a promising approach for the fabrication of scalable and
efficient devices for the production of electricity and fuels from
sunlight [3-6]. Moreover, by engineering the device geometry, the
enhanced light absorption and smaller volumes of cheaper Si can
be used to improve the performance of solar cells [7-14]. One such
proposed approach employs micro-structured Si for the fabrication
of high performance and low cost solar cells because of their
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various structural advantages and the potentiality of large area-
scalable fabrication. In contrast to a traditional geometry that is
characterized by planar light absorbers and planar electrical
junctions, micro-pillar based architectures orthogonalize the
directions of light absorption and carrier collection. Such a
structure provides both a long optical path length for efficient
light absorption and a short distance for minority-carrier collec-
tion, therefore allowing the incorporation of defective materials
with short minority-carrier diffusion lengths into devices that can
produce high energy-conversion efficiencies [1,2].

Despite of its various advantages and continuous progress in
the last few years [15-19], the potential of these solar cells is
overshadowed by its lower efficiency and scale capability of the
fabrication process as compared to the commercially available
planar Si solar cells [20,21]. There are still some key aspects to be
considered and design challenges to be addressed in order to
exploit the advantages of micro-pillar based Si solar cells. The
relatively lower efficiency of micro-structured Si solar cells are
associated with the following reasons: (1) difficulty to establish a
quasi-neutral region (QNR) and space charge region (SCR) in its
tiny geometry [22,23], (2) surface defects generated by the direct
etching of semiconductor, which may cause a lower carrier
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collection efficiency and degradation of the cell performance [24-
27] and, (3) discrepancies between the optical and defect induced
recombination losses.

Keeping in view the above-mentioned shortfalls, we have
undertaken a detailed study on the fabrication of micro-structured
Si solar cell of a large area. In the promising design scheme, we
have fabricated micro-structures (i.e. micro-pillars) on planar
semiconductor by employing dry etching method. The fabricated
structure shows an overlapping of optical benefit on an electrical
surface defects arising due to an increased surface area. For a
micro-structured Si solar cell design to achieve the maximum

efficiency, appropriate choice of the pillar size is critical. The
optimal size is of the order of the minority carrier diffusion length.
In this paper we report on (1) fabrication of periodic micro-
structured, large scale solar cells, (2) minimization of reflection
from the incident wavelength, (3) electric analytical analysis of p-n
junction, and (4) light induced electric field profiles along the
micro-structured patterns. We demonstrate the fabrication of high
quality micro-structured Si solar cell with a power conversion
efficiency of 16.90%, which is the highest among those reported
from micro-structured or nano-structured Si solar cells till date
[1,2,7,10]. The increased efficiency is mainly derived from the
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Fig. 1. Pillar structures of (A) pillar-1, (B) pillar-2, (C) pillar-3, (D) pillar-4. The first and second rows are for cross-sectional views; the third row is for top views and (E) Photos

of fabricated solar cells.
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enhancement of photocurrent and voltage through interfacial
engineering of the solar cell. These results show that the micro-
structured Si solar cell outperforms its planar counterpart by a
low-cost, high throughput and large area-scalable fabrication
process which is one of the prerequisite for these devices to be
technologically viable.

2. Experimental procedures

Czochralski grown 500 pwm thick p-type (100) Si wafers having a
resistivity of 1-10 {) were used as a starting material to fabricate
periodic micro-structures on a large scale for solar cell applica-
tions. In order to form the microscale Si pillar structures, the
conventional photolithography processes were applied. The
designed Si pillar diameters were defined as size of photoresist
(PR) entities, which serve as an etching mask to protect the Si
below them. Meanwhile, the exposed Si parts were etched away.
During the reactive ion etching process, an initial flow of C4Fg gas
formed a polymer coating layer. After then, SFg-plasma was
employed for several loops for 10 min to etch the residual polymer
layer and the exposed Si parts without the PR masks. For the
formation of a p-n junction, n-type doping was done using
phosphorous oxy-chloride (POCl3) source. After the formation of n-
type layer, a buffered hydrofluoric acid (5% HF) solution was used
to remove the phosphosilicate glass (PSG).

A thin 80 nm SiNx layer, which actively acts as an antireflection
coating and passivating layer, was formed over n-type layer. The
size of the samples was 3.2 x 3.2 cm? which is among one of the
most efficient micro-structured solar cell with this area. The metal
contacts were formed by screen printing the silver (Ag) and
aluminium (Al) paste at front and back contacts, respectively,
before co-firing. Planar cells with the same area but without any
micro-structures were used to produce a planar junction device for
the performance comparison.

The front surface reflectance profiles from the prepared devices
were characterized using a diffused reflectance integrated sphere
attached with UV-vis spectrophotometer (UV-2600, Shimadzu
Corporation); by the reflectance spectra in the range 320-1150 nm.
[-V characteristics of the prepared devices were measured using
the source measure unit (2440, Keithley) for the dark and light
conditions at room temperature. Solar cell performances were
measured using a simulator system (McScience-K3000, Korea).
This light source was calibrated using a photovoltaic power meter
(McScience-K101) for one sun (100 mW/cm?) illumination. Com-
plementarily, light intensity was verified using a power meter
(KUSAM-MECO, KMSPM-11). Carrier collection efficiencies of solar
cells were measured using a quantum efficiency measurement
system (McScience-K3100, Korea). Coupled monochromatic (Oriel
Cornerstone 130 1/8 m Monochromator), source measurement
unit (2440, Keithley) and lock in amplifier (K102, McScience) were
applied. Mott-Schottky analyses (C-V characteristics) and imped-
ance spectra of the abrupt n/p devices were obtained by using the
Potentiostat/Galvanostat (ZIVE SP1, WonA Tech, Korea). The
Potentiostat/Galvanostat was calibrated with a standard static
and dynamic circuit before the impedance and Mott-Schottky
measurement. The MS measurements were performed at 20 kHz of
frequency.

Light behaviours by the micro pillar structure for the light
propagation of incident light behaviors through the pillar
geometry were studied using the finite-difference time-domain
(FDTD) method. Maxwell’s equations were numerically solved
using the FDTD simulations (Lumerical FDTD Solutions). The
devices were modeled with unit cells and the proper boundary
conditions. The light-induced electric field (Ejgn:) intensity
distributions and reflectance spectra were obtained under
illumination of linearly polarized light [8,9,28].

3. Results and discussion

A field emission scanning electron microscope (FESEM) was
used to observe the surface morphology of the micro-structured Si
solar cell. Fig. 1 shows the FESEM images of the fabricated micro-
structures and resultant formed geometry is summarized in
Table 1. Each micro-pillar structure had a different diameter and a
period at a fixed depth of about 5 wm.The coupled geometry is
made as pillar-1 and pillar-2 which has a diameter of 2 wm with
different periods of length between the pillars. The other coupled
geometry is paired as pillar-3 and pillar-4 which has a diameter of
5 wm and different periods of length. This structure modulation is
the influential parameter for the enhanced interfacial opto-
electronic properties between different structures [28-30]. For
the micro-structured solar cell design to achieve a maximum
potential efficiency, appropriate choice of the pillar size is critical.

The photoresponse of a solar cell is strongly influenced by an
incident light management. Fig. 2 shows the structure dependent
reflection tendencies. An average reflection value in the wave-
length range of 300-1100nm for planar Si is ~10% while the
average reflectance values for pillar 1, 2, 3 and 4 geometries are
8.15, 7.50, 6.00 and 8.01%, respectively. A significant reduction in
the reflection values is observed for pillar-2 and 3 geometries. To
quantify, the reflectance profiles are analyzed by the area under the
curve method (Fig. S1). A significant reflection reduction was found
from the pillar-3 to have about 50% reduced reflection.

In order to investigate the photovoltaic performance of the
fabricated device, the current-voltage (J-V) characteristics under
irradiation of 1 sun intensity (AM 1.5G at 100 mW/cm?) was done
and is shown in Fig. 3A with its key photovoltaic parameters listed
in Table 2. A clear trend of enhancement in device performance
with the change in filling ratio, FR (%) is observed for the micro-
structured devices. The filling ratio is defined as the center-to-
center distance between the pillars with respect to their radius. All
micro-structured solar cells, irrespective of the pillar size, showed
a higher short circuit current and open circuit voltage as compared
to the planar devices. Starting from the lowest FR sample (i.e.
pillar-2), current density (Jsc), open circuit voltage (Voc) and Fill
factor (FF) of 34.18 mA/cm?, 0.605V and 75.46%, respectively are
observed. With an increase in FR to approximately 19.6% which is
obtained by employing two different pillar configurations, the
values of Js¢, Voc and FF increases to approximately 36.47 mA/cm?,
0.60V and 76.23%, respectively. With a further increase in FR a
decrease in the values of Js¢, Voc and FF is observed. In conclusion,
the key photovoltaic parameters i.e. Jsc, Voc and FF for solar cell
with FR approximately 19% are remarkably greater than those from
the planar and other pillar Si solar cells. The highest Jsc and Vj for
19% FR solar cells (i.e. pillar-1) can be ascribed to the higher light
harvesting and better interfacial electric field properties.

The most efficient solar cell based on pillar configuration of
width 2 wm with a period of 4 wm exhibit a Jsc of 36.47 mA/
cm?, Voc of 0.608V, FF of 76.23% and power conversion efficiency
(n) of 16.9% which is the best reported periodically textured solar

Table 1
Design parameters and the resultant formed geometry.
Parameters Pillar-1 Pillar-2  Pillar-3  Pillar-4
Width Design 2 um 2 um 5um 5wm
Fabricated device 158wum 126pm 511pm 4.12pm
Period Design 4 pwm 7 um 7 wm 10 pm
Fabricated device 4.03pm 713pum 71 pm 9.97 wm
Depth Design 5wm 5pum 5pum 5pum
Fabricated device 52pm  543wum 5.71pm 6.2 um
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Fig. 2. Reflectance Spectra for all the micro-structured devices.

cell till date [1,2,7,10]. Hence our work also sets here a new
milestone for the periodic micro-scale patterned Si solar cell.

To elucidate any ambiguity in the variation of interfacial
phenomena and light harvesting properties along with its
contribution to Vpc and Jsc, we studied the light and pillar
geometry-induced electric field and internal quantum efficiency
(IQE), respectively. Fig. 3B shows the IQE spectra for all the solar
cells. The photo-generated current in a solar cell is directly
influenced by the collection probability of photo-generated charge
carriers as a function of effective utilization of the incident light
inside the absorber layer [31]. Comparison of the IQE spectra of the
micro-structured Si solar cells with the planar device indicates that
the micro-structured devices clearly outperform the planar
counterpart by compensating the short minority carrier lifetime
of the base material.
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At a shorter wavelength i.e. at 400 nm, the optimum FR 19% (i.e.
pillar-1) has showed an enhanced value of IQE than that of planar Si
solar cell which is due to the distinctive result of higher surface
enhancement. The surface enhancement corresponding to FR 19%
has been calculated. The micro-pillars are periodically arrayed
with a period of about 4 um on the entire substrate. A single nano-
pillar has a width and surficial length of 2jm and 5pum,
respectively. By considering a planar surface area of 100% as a
reference, the nano-pillar structure has a surface of 128% for a
single unit cell, which is 28% higher than that of planar structure
and approximately equal to our previous study on the nanocone
based solar cells [28-30]. The current value is directly proportional
to the surface area enhancement. The 5 um height pillar solar cells
provide much higher current density values compared to those of
2 pm height pillar solar cells [7] or hole solar cells [8]. The
wavelength corresponding to 650 nm i.e. red region and 1100 nm is
the most important wavelength for a Si absorber and from the bulk
recombination point of view [31]. At the wavelength of 600 nm, a
higher value of IQE i.e. 95% for FR 19% than that of 75% for a planar
Si indicate distinctive results of optical benefit for a micro-
structured Si solar cell. On the other hand, at a longer wavelength
of 1100 nm a substantial IQE enhancement for FR 19% from the
planar cell indicates a relieved burden of recombination loss in the
micro-scale device. Therefore it can be concluded from the present
and previous studies on micro-structured devices that the optical
enhancement in the solar cell may stem from the surface area
enhancement. However it is well reported in literature that surface
patterning process almost always accompanies with surface
defects that leads to the deterioration of photo-generated charge
carriers by recombination [25-27]. In our results, an increased IQE
for nano-structure devices throughout the entire wavelength
range shows that the optical benefit surpasses the surface
recombination electrical losses [28,29].

The real space electromagnetic (EM) field distribution in pillars
and planar Si were investigated using finite difference time domain
(FDTD) simulations [8]. Fig. 4 shows the electric field intensity
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Fig. 3. (A) Light J-V characteristics under AM1.5G illumination condition for all the samples, (B) Internal quantum efficiency spectra for all the fabricated devices.

Table 2
Performance indicating parameters of the fabricated devices.

Voc (V) Jsc (mAcm—2) FF (%) mn (%) Rs () Rst () Calculated Jsq(mAcm2) Filling Ratio (%)
Pillar-1 0.608 36.47 76.23 16.90 0.149 111.16 38.33 19.6
Pillar-2 0.605 34.18 75.46 15.60 0.165 169.90 3717 6.4
Pillar-3 0.593 33.97 75.44 15.19 0.157 48.30 37.28 40.1
Pillar-4 0.607 35.84 75.97 16.53 0.149 109.89 37.01 19.6
Planar Si 0.554 24.65 74.7 10.2 0.174 652.62 27.7 -
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distribution of pillar and planar solar cells under illumination of
linearly polarized plane waves. With increase in depth from the
surface, the EM field intensity of the incident light in a flat sample
exponentially decreases. The penetration depth of light in a
crystalline Si wafer is 2.4 and 145.4 pm at A =600 and 1000 nm,
respectively. Thus the flat Si structure is less effective to absorb the
incident light showing the relatively uniform distribution of the
electric field intensity, as shown in Fig. 4. In contrast, the intensity
distribution in the pillar cell is significantly distinct from that in the
flat cell. Strongly concentrated light appears near the centre of the
pillars at A =600 and 1000 nm. Such field pattern can be attributed
to guided mode excitation in the Si micro-pillars [8]. The electric
field intensity is proportional to the photon flux, and hence the
larger field leads to the higher density of photo-generated carriers.
As aresult, the amount of photo-carriers near the top surface of the
micro-pillar cell is much more than that of the flat cell. The carriers
at the top region of the cell are supposed to have high collection
probability, since the built-in electric field is present in SCR near
the surface. In addition to this, the small pillars have a more intense
field distribution at center and edges as compared to the larger
pillars. The obtained intense electric field distribution and optical
enhancement in the pillar structure as compared to the planar Si
signifies that we have conceived a micro-structured device to take
the advantage over both the optical and electrical characteristics.

In order to investigate the quality of p-n junction, the ]-V
characteristic under dark is performed and shown in Fig. 5A. The J-
V characteristic of a solar cell under dark in forward bias (FB)
signifies that the recombination current is due to the trap and
surface states [32-34]. Three different regions are identified in the
probed bias range. In the low FB region, the net J is approximated as
V/Rsy and characterized by a shunt leakage current Jsy. By
comparing the device performance of all the fabricated cells it is
observed that the planar structure solar cell exhibits a lower value

of Jsy which signifies a higher shunt path or lower shunt leakage
current. The higher leakage current in micro-structured devices
may be arises from the enhanced interfacial surface area. As a
consequence of higher leakage current, degradation in the solar
cells Voc can be estimated. However, in our samples no such
degradation was observed and the results are in consistent with
our previous reports on nanocone solar cells [28,29].

The empirical relation between leakage current and Vpc of a
solar cell is given by Voc = kT/qln(]/]RS), where | is the net light

current and Jys is a defect induced current. However, in comparison
with the planar structure, an increase in Jgs for micro-structured
solar cell was sufficiently relieved by significant increase in J. In the
marked region II, the logarithmic change inJ is almost parallel with
reference to the planar structure while in region III the logarithmic
change inJ of micro-structured solar cell tends to be lower than the
current in planar structure. In this probed bias region, the
recombination current is mainly dominated by quasi-neutral
region (QNR) and the resistive losses are due to the series
resistance (Rs). An additional significance of the conclusion drawn
from region Ill can be obtained by quantifying the series resistance
of the solar cell from the reciprocal value of the linear slope of J-V
curve near open circuit voltage. A lower value of Rs (4 Q) cm?) for
pillar-1 solar cell as compared to the planar structure (Rs of 9 () cm’
) has a striking impact upon the device FF [35,36].

To further quantify the role of enhanced surface area on the
diode ideality factor, the effective ideality factor (m.g) of planar and
pillar-1 solar cell as a function of applied bias are shown in Fig. 5B.
The mes as a function of applied bias was calculated using the
charge coupled defect model discussed by Breitenstein et al. [34].

By employing the diode equation i.e. Jyexp (qV/mEfkaT>, where Jo

represents the saturation current density, meg represents effective
ideality factor, q, kg and T represents the electronic charge,
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Fig. 4. Light induced electric field intensity distribution under linearly polarized light for all the fabricated devices.
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device and the planar Si solar cell.

Boltzmann's constant and cell temperature respectively. Under the
exp (qV/mkaT) >1

Mgy = [ksT/qln(dln]/dV)] 71the value of meg can be approximated

condition where

as

The marked line in Fig. 5B indicates the different bias region
discussed in the previous section. In a wide region I, the value of
megr for both the solar cells is over two. There are various models
adapted in literature to explain the value of mgg>2[37,38]. The mey
in a range of 3.2>m.s> 1.2 are well explained according to the
coupled defect model [34]. As we are mainly concerned with an
increased me value corresponding to an enhanced surface area, it
is shown that with a 27% increase in surface area (pillar-1) the
value of mejincreases by 25% which is sufficiently relieved by 47%
increase in the photocurrent. However, for the value of mey
between 3.2 to 1.2 the coupled defects are only activated when at
least one type of the two participating recombination trap is
shallow which is typically lying at >10ksT from the intrinsic Fermi
level, E; [39].

The particular recombination is strongly dependent upon the
strength of electric field at SCR. The enhanced electric field in the
SCR of micro-structured solar cell (discussed in Fig. 4) further
suppresses the influence of defect induced recombination. On the
other hand, in Region III an approximately equal value of meg for
both the solar cells signifies that the probed bias region is mainly
dominated by series resistance which further supports the fact that
in Fig. 5A the change in the slope of log J vs. applied bias is due to Rs
(Fig. 6).

Impedance spectroscopy (IS) technique was employed here to
reveal the mechanism for higher V¢ in a micro-structured solar
cell as compared to the planar Si solar cell. IS technique depicts the
dynamic information about the charge transport, recombination
and accumulation in the devices [35,40,41]. However, its interpre-
tation is not trivial but once an appropriate model with proper
limiting conditions is developed this technique allows to separate
characteristic features of different interfaces and layers in the
device [40,41].

IS characterization was conducted under the dark condition in
order to avoid any influence of enhanced light capturing effect in
micro-structured devices. For the performance comparison, the
best efficient micro-structured pillar (i.e. pillar-1) solar cell was
compared with the planar device. The corresponding IS spectra for
both the solar cells under dark condition is given in the electronic
Supplementary information (ESI+, Figs. S2, S3). The recombination
resistance (Ry), which reflects the device recombination or

diffusion mechanism due to the change in the carrier density
was extracted from the low frequency arc of the IS spectra. The
details of the IS spectra and various frequency responses of
different interfaces of Si solar cell were discussed in detail in our
previous articles [20,21,36].

From the variation of R as a function of applied bias, it is found
that the value of R, is lower for planar structure than that of
micro-structured devices. It has been seen for a bias corresponding
to the knee voltage the value of R is lower by 50 mV than that for
micro-structured device. This indicates that for a given bias
condition, the micro-structured device upshift the conduction
band edge by the level of 50 mV relative to the planar solar cell and
results in the enhancement of Fermi level splitting. It is to be noted
here that with respect to the conduction band upshift, the valence
band Fermi level shift is insignificant for both the solar cells
because the induction of extra holes causes an insignificant change
in the majority charge carriers [36]. The higher upshift of the
conduction band edge in micro-structured solar cell is in good
agreement with the enhancement of Vyc. The enhanced V¢ and
upward shift of conduction band edge in micro-structured devices
can be explained by the SCR dominated recombination mechanism
through higher bias as compared to the QNR dominated
recombination in the planar device. The consequences of the
dominance of QNR recombination over the SCR and its influence on

0t o Flat Si
r i
E @ o o Pillar 1
: o
o 106; ooooo 3
3 OO E
g 10t} S0, ;
= 4 o g o E
= o
Q 102r DDDDDDDUD Oo 1
8 E DDDDDDD E
10k 5
10"5
0.2 0.3 0.4 0.5
Voltage (V)

Fig. 6. Variation of recombination resistance extracted from the IS spectra for the
most efficient micro-structured device and the planar Si solar cell.
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solar cells n, FF and Vo were discussed in detail in our previous
reports [36,42]. As a result a strong domination of SCR
recombination including an upward shift of conduction band
edge in a resultant device enhances the performance.

An additional proof of this conclusion can be drawn from the
Mott Schottky measurements. The charge transport of minority
charge carriers through QNR is due to the diffusion while drift
mechanism governs the charge transport at SCR [21]. The overall
collection efficiency is governed by the electric field distribution
which depends upon the built in potential V; and applied potential
across the solar cell.

Fig. 7 shows the Mott Schottky plot for micro-structured and
planar Si solar cells (Fig. S4). The depletion width for both the solar
cell were calculated using an expression

1
/ .
W = (Zﬁoﬁerf/qNA> there, €0, &r, Vi and N, are the permittivity

of vacuum, dielectric constant, built in potential, and doping
density, respectively [43,44]. The built in potential (V};) can be

calculated asV,; = ("B T/q) In (NAND/ni2> .The value of V},; is found to

be 0.63V and 0.52V for micro-structured and planar solar cell. The
higher value of V,,; for micro-structured solar cell tends to increase
the Vo which eventually increases the efficiency of the fabricated
micro-structured Si solar cells.

4. Conclusions

In conclusion, we showed the record-high efficiency of 16.9%
micro-scale structured Si solar cell with a large size of
3.2 x 3.2cm? We demonstrate the case where the structured Si
solar cell outperforms its planar counterpart due to (1) efficient
carrier collection in the pillar structures, (2) appropriate choice of
pillar diameter to maximize the carrier collection versus surface
area increase and (3) the reduced reflectance from the micro-
structured devices. Furthermore, IS technique was employed to
reveal the mechanism for higher V¢ in a micro-structured solar
cell as compared to the planar Si solar cell. The obtained intense
electric field distribution and optical enhancement in the pillar
structure as compared to the planar Si signifies that we have
conceived a micro-structured device to take the advantage over
both the optical and electrical characteristics.
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