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Abstract—In this paper, we, for the first time, examine the
spectral reflectivity of hemisphere-, cone-, cylinder-, and parabola-
shaped silicon nitride (Si3N4) subwavelength structures (SWSs).
A multilayer rigorous coupled-wave approach is advanced to
evaluate the reflection properties of Si3N4 SWSs. We optimize
the aforementioned four different shapes of SWSs in terms of
effective reflectance over a range of wavelength. The results of our
paper show that a lowest effective reflectivity could be achieved
for the optimized cone-shaped SWS as compared to hemisphere-,
parabola-, and cylinder-shaped structures with the same volume.
The best shape SWS is then fabricated together with a silicon (Si)
solar cell, and the efficiency of the solar cell is compared with that
of a solar cell with single-layer antireflection coating (ARC). An
increase of 1.09% in cell efficiency (η) is observed for the Si solar
cell with a cone-shaped Si3N4 SWS (η = 12.86%) as compared
with the cell with single-layer Si3N4 ARCs (η = 11.77%).

Index Terms—Antireflection coating (ARC), efficiency, mor-
phological effect, multilayer, reflectance, rigorous coupled-wave
approach, shape effect, silicon nitride, subwavelength structure
(SWS).

I. INTRODUCTION

DUE TO THE high refractive index contrast between sili-
con and air, the surface of the polished silicon (Si) wafer

reflects 36% incident light. Lowering the surface reflectivity
of Si by texturization is one of the most important processes
for improving the conversion efficiency of Si solar cells. By
developing the surface texture on a Si substrate, the following
three effects can be observed: 1) reduction in surface reflection;
2) increase in light absorption due to an increase in optical path
length by diffraction; and 3) enhancement of internal reflection
that reduces the amount of escaping light. The first effect is
essential for increasing the input energy to solar cells, irre-
spective of the cell thickness. So far, various surface texturing
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techniques have been tried on crystalline silicon, including laser
structuring [1], mechanical diamond saw cutting [2], and mask-
less reactive-ion etching (RIE) processing [3]. If we observe the
maskless RIE processing, several self-assembly masks, such as
anodic porous aluminum [4], [5] spin-coated spheres [6]–[9],
and evaporated Ag islands [10], followed by RIE, have been
demonstrated. Among these methods, RIE provides high rates
of isotropic etching. However, this may form dislocations and
defects in semiconductor layer [11]. These defects and disloca-
tions are responsible for increasing the minority carrier recom-
bination in a solar cell [12]. Thus, the short-circuit current for
the solar cell is decreased, which, in turn, decreases the solar
cell efficiency. To reduce the probability of defect creation in
the semiconductor layer, the subwavelength structure (SWS) on
antireflection coating (ARC) instead of semiconductor surface
has been studied recently [13]–[16] by our group. In our recent
papers, we have advanced a rigorous coupled-wave analysis
(RCWA) method to study the reflectance of Si3N4 SWS for
a wavelength ranging from 400 to 1000 nm using an effec-
tive refractive index calculated for a pyramidal shape using
effective medium theory (EMT) [13]. To introduce the effective
refractive index gradient required for antireflection applica-
tions, SWSs with tapered profiles and high aspect ratios are
highly desirable [17]. We found that Si3N4 SWSs with cone-
and pillarlike structures can successfully be fabricated using a
self-assembled nickel nanocluster, followed by an inductively
coupled plasma etching method, and the reflectance spectra of
these subwavelength structures depend on their shapes [14].
Therefore, it is worth studying the shape effect of Si3N4 SWS
on reflectance to enhance the solar cell efficiency for us.

In this paper, we study the reflectance of SWSs with four
different shapes (i.e., hemisphere, cone, cylinder, and parabola)
on silicon nitride (Si3N4) for solar cell application. The main
motivation behind this is to choose optimal shapes of Si3N4

SWSs with the lowest reflectance that can be used in Si solar
cells. Solar cells with the explored silicon nitride SWS on
them are thus fabricated for the first time, and the results
are presented and discussed. A multilayer RCWA [18]–[20]
is advanced to investigate the reflection properties of Si3N4

SWSs. We first optimize Si3N4 SWSs with hemisphere-, cone-,
cylinder-, and parabola-shaped structures for the best effective
reflectance properties. Using the optimized morphologies, we
further compare the results of reflectance among these shapes
of SWSs by considering the wavelength range from 400 to
1000 nm. Consequently, Si solar cells with an optimized shape
of Si3N4 SWS are fabricated using a conventional solar cell
process incorporated with the Si3N4 SWS fabrication method
reported earlier [14].

0018-9383/$26.00 © 2010 IEEE
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Fig. 1. Schematic of the SWS studied in this paper, where h is the height and
s is the nonetched part of SWS with (a) hemisphere-, (b) cone-, (c) cylinder-,
and (d) parabola-shaped structures.

This paper is organized as follows. In Section II, we brief
the procedure of RCWA for the simulated SWS structures,
including the adopted material parameters, and discuss the
simulation results. In Section III, we show the procedure for
fabrication of Si solar cells, followed by the fabrication results.
Finally, we draw conclusions and suggest future work.

II. CALCULATION METHOD AND RESULTS

We study the SWS structure with four different shapes, as
shown in Fig. 1, for the reflectance property with respect to
wavelength. We choose these shapes because all shapes are of
cylindrical symmetry with the same base radius. The height of
Si3N4 SWS is h, and the thickness of the nonetched Si3N4 layer
is s. Both of these parameters are the key designing parameters
for reflectance optimization. We use RCWA [13] to study the
diffractive structure and its reflectance property, where EMT
[21]–[23] is adopted to calculate the effective refractive in-
dex for each partitioned uniform homogeneous layer. We first
divide the SWS structure into several horizontal layers with
equal thickness, and for each discrete position zl along the
z-direction, EMT implies that the effective refractive index
n(zl) of each layer is approximated by (1), shown at the bottom

of the page, where f(zl) is the fraction of Si3N4 contained
in each layer given by f(zl) = (πr2

l /
√

3D2), with rl being
calculated according to the shape of SWS [24]. The rl for
hemisphere-, parabola-, cone-, and cylinder-shaped SWSs are
given by the following equations, respectively:

rl =
√

r2 − (zl + r − h)2 (2)

rl = r

√(
1 − zl

h

)
(3)

rl = r
(

1 − zl

h

)
(4)

rl = r. (5)

Notably, nSiN = n + ik is the complex refractive index of
Si3N4, where i =

√
−1; n and k are optical constants; and

nair = 1 is the refractive index of air. Only the real part of
the refractive index of Si3N4 is considered in our simulation
because it is a weakly absorbing material above 400 nm [25].
With the calculated effective refractive index n(zl) for each
layer, we can calculate the reflectance of the entire structure
including a layer for the nonetched Si3N4 with respect to
the different wavelengths [13]. Here, the incident angle θ of
sunlight is assumed to be normal to the plane (i.e., θ = 0◦), and
only TE polarization is considered here for the calculation of
reflectance [26].

Instead of considering the reflectance for a certain wave-
length, an effective reflectance is computed for the structures
over a range of the wavelength of incident sunlight. By taking s
and h as varying factors, we calculate the effective reflectance
Reff [27] for the wavelength λ varying from λl = 400 nm
to λu = 1000 nm and compare it with Si3N4 SWS. Reff is
evaluated by

Reff =

λu∫
λl

R(λ)SI(λ)
E(λ) dλ

λu∫
λl

SI(λ)
E(λ) dλ

(6)

where SI(λ) is spectral irradiance given by ATMG173
AM1.5G reference [28], E(λ) is the photon energy, and R(λ) is
the calculated reflection. The “s” and “h” factors are varied for
the studied structures to achieve the lowest effective reflectance,
and the optimization results are shown in Fig. 2. The reflectance
spectra of the optimized structures are compared in Fig. 3.
The lowest effective reflectance of 1.93% is observed for the
optimized parabola-shaped SWS as compared to the results of
hemisphere-, cone-, and cylinder-shaped structures.

Comparison of the reflectance spectra of the four shapes,
as shown in Fig. 3, may not be correct as the volumes of
the different shapes are different. For this reason, we keep

n(zl) =

√
[1 − f(zl) + f(zl)n2

SiN] [f(zl) + (1 − f(zl)) n2
SiN] + n2

SiN

2 [f(zl) + (1 − f(zl))n2
SiN]

(1)
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Fig. 2. Contour plot of the effective reflectance for the wavelength varying from 400 to 1000 nm; the plot is as a function of h and s for Si3N4 SWS for
(a) hemisphere-, (b) parabola-, (c) cone-, and (d) cylinder-shaped structures.

Fig. 3. Comparison of the reflectance spectra among the optimized Si3N4

structures for the wavelength varying from 400 to 1000 nm.
Fig. 4. Plot of the effective reflectance with volume for four different Si3N4

structures for the wavelength varying from 400 to 1000 nm.
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Fig. 5. Si3N4 SWS solar cell process flow. (a) Emitter process. (b) SWS process. (c) Postprocess.

Fig. 6. Scanning electron microscope image of Si3N4 nanocone structures. (a) Top view. (b) Cross-sectional view.

the volume constant for all the shapes and vary the height
of SWS to see the effect on reflectance. Note that when we
change the SWS height, the thickness of the nonetched Si3N4

SWS is kept constant at 70 nm. The effective reflectances of
the hemisphere-, cone-, cylinder-, and parabola-shaped Si3N4

SWSs with different volumes are shown in Fig. 4. For the
volume varying from 5 × 104 to 1 × 106 nm3, we find that the
cone-shaped SWS has the lowest effective reflectance and that
the cylinder-shaped SWS has the highest effective reflectance
as compared to other shapes.

III. SAMPLE FABRICATION AND CHARACTERIZATION

Based on our observation in our simulation, we fabricate a Si
solar cell with Si3N4 nanocone structures for the first time. The
flowchart of the fabrication process for a solar cell with silicon
nitride SWS is shown in Fig. 5. First, a p-type silicon wafer
is cleaned with H2SO4/H2O2 and then followed by chemical
polishing to remove the surface damage. Then, the emitter is
formed by phosphorous diffusion by supplying phosphorous

trichloride oxide (POCl3) to the silicon wafer. In this process,
p-type silicon wafer is loaded into a quartz boat, which was
slowly moved into the middle of a fused quartz tube in a
resistance-heated horizontal furnace. The furnace temperature
for the diffusion was held at about 900 ◦C. Nitrogen is used
as a carrier gas. During the diffusion process, the following
reactions take place to form a phosphor silicate glass (PSG):

4POCl3 + 3O2 → 2P2O5 + 6Cl2

2P2O5 + 5Si → 4P + 5SiO2. (7)

When a PSG is deposited on the silicon substrate, phosphorus
starts to diffuse into the bulk, and the emitter is formed. Then,
the PSG is removed by dipping the wafer in a 10% buffered HF
solution for about 1 min. Then, the silicon nitride cone-shaped
structures are formed on the front surface of the solar cell
using the fabrication process reported in [15], which is briefly
described in Fig. 5. The scanning electron microscope image
of the fabricated nanocone structure is shown in Fig. 6. After
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Fig. 7. Schematic and photographic images of the fabricated silicon solar cells with (a) Si3N4 SLAR (light blue color due to without SWS) (b) and Si3N4 SWS
(dark blue due to SWS). For both samples, the doping level of 0.5-μm-thick n-type Si is 1015/cm3 and is 1017/cm3 for p-type Si, where the substrate resistivity
is 1 Ω · cm.

TABLE I
MEASURED SOLAR CELL I–V DATA FOR SILICON NITRIDE SLAR AND SILICON NITRIDE SWSs. THE DIFFERENCE OF ELECTRICAL CHARACTERISTICS

IS ALSO TABULATED, WHERE Irev IS THE LEAKAGE CURRENT. THE p-TYPE MULTICRYSTALLINE Si WAFER WITH A RESISTIVITY OF 1 Ω · cm
AND A THICKNESS OF 200 μm IS CLEANED WITH H2SO4/H2O2 AND THEN FOLLOWED BY CHEMICAL POLISHING TO REMOVE THE

SURFACE DAMAGE. WHEN A PSG IS DEPOSITED ON THE Si SUBSTRATE, PHOSPHORUS STARTS TO DIFFUSE INTO THE BULK,
AND THE EMITTER IS FORMED WITH A JUNCTION DEPTH OF 0.6 μm. THE AREA IS 1 cm2

the SWS process, the postprocessing of the cell is done, which
includes electrode formation by the standard screen-printing
method and the cell characterization to get the open-circuit
voltage (VOC), short-circuit current density (JSC), efficiency
(η), and fill factor (FF) under AM1.5G conditions. The Ag and
silver–aluminum (Ag/Al) contacts on the front (F) and back (B)
surfaces of the cells, respectively, are made by screen printing,
followed by sintering at 650 ◦C–750 ◦C for a few minutes.
For the sintering process, the screen-printed wafers are placed
vertically in a fused silica boat in the FFBBFFBB configuration.
This boat is then placed in the hot zone of the sintering furnace
for a few minutes in order to carry out the sintering in zero air
or equivalent N2/O2 ambient.

The schematic and the photographic images of the fabricated
solar cell with single-layer antireflection (SLAR) and cone-
shaped Si3N4 SWSs are shown in Fig. 7(a) and (b), respectively.
The color of the solar cell with Si3N4 SWS is dark blue as com-
pared with the solar cell without SWS, which is similar to the
case of single-crystalline silicon without and with etching re-
ported in [29]. The measured data of current–voltage (I–V ) of
the fabricated sample are tabulated in Table I, where the fabri-
cated Si solar cell with silicon nitride SWS and the Si solar cell
with SLAR coating are compared in Table I. It is observed that
the VOC value of the SWS solar cell is decreased by 0.001 V
as compared to that of the SLAR solar cell. Also, the FF of the

SWS solar cell is decreased by 0.04% as compared to that of
the SLAR solar cell. However, the JSC and efficiency of SWS
have been improved by 2.9 mA/cm2 and 1.09% as compared
to that of the SLAR solar cell. The decrease of FF suggests
that there must be some insufficient electrical contact, which
is also confirmed by the high reverse current of the SWS solar
cell compared to that of the SLAR solar cell. Thus, there is
a need to improve the fabrication process, specifically for the
postprocess steps of Fig. 5. The increase in efficiency by 1.09%
for the SWS solar cell has been achieved compared to that of the
silicon solar cell with SLAR. We expect that the efficiency can
be further improved more if the electrode formation step could
be improved for the Si solar cell with silicon nitride SWS.

IV. CONCLUSION

In this paper, we have compared four different designed
silicon nitride SWSs. Using the results of rigorous coupled-
wave analysis simulation for the hemisphere-, cone-, cylinder-,
and parabola-shaped silicon nitride SWSs, the ratio of silicon
nitride SWS height to the nontextured part of silicon nitride
has been optimized. The reflectance results for the optimized
SWSs have been compared in terms of effective reflectivity.
The cone-shaped silicon nitride SWS has been observed to
be best suited for a solar cell as compared to the results
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of hemisphere-, cylinder-, and parabola-shaped silicon nitride
SWSs. A silicon solar cell with a cone-shaped silicon nitride
SWS has been fabricated successfully, and the results show the
clear increase of 1.09% in efficiency as compared with a solar
cell with silicon nitride SLAR. In addition, there is a need to
improve the electrical contact process for a silicon nitride SWS
to further increase the efficiency, as seen from the measurement.
We expect that the efficiency can be improved more if the
postprocess steps of the silicon solar cell with a silicon nitride
SWS can be improved significantly.
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