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suppress the reflection over the broadband region at the incident angles up to 85°, greatly
improving the optical absorption of the SCs. The calculation results indicating significant
reflection elimination and strong forward scattering agree with those obtained by experimental
measurements, where the devices with NSs exhibit improved external quantum efficiencies by
13% at 800 nm and conversion efficiency by 21.6%. This simple, controllable and scalable
fabrication of broadband and omnidirectional light-harvesting nanostructures is desired from
the standpoint of practical applicability in SCs.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Among the materials chosen for photovoltaic applications, Si is
one of the most popular candidates due to its abundance on
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earth and well-developed processes [1]. Si-based solar cells
currently take more than 70% in the solar power market [2].
Despite the dominant market share, commercially available
Si solar cells still produce the energy conversion efficiencies
well below those reported by laboratories or theoretical
predictions [3]. It has been known that the high refractive
index of Si makes 40% of the incident light wasted through
surface reflection [4]. In order to tackle the problem, single- or
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multi-layered antireflective coating (ARC) is the most widely
used ARCs in the industry due to their simplicity and cost-
and time-effective fabrication processes. However, single-
or multi-layered ARC with various problems, such as poor
adhesion, limited working wavelength range, and angel of
incident light. Materials for layered ARCs need to be carefully
selected with the proper refractive indices. A lack of materials
with refractive indices close to the refractive index of air is a
critical problem. Moreover, light propagated through layered
ARCs is a plane electromagnetic wave without scattering,
leading to straight propagation of the incident light through
the medium; i.e., the optical thickness is almost equal to the
actual thickness. Many research groups have demonstrated that
monocrystalline Si solar cells based on a variety of Si nanos-
tructures not only mitigate the undesired surface reflectance
significantly but also allow a radial distribution of
p-n junction through a core-shell structure, which benefits
the collections of photocarriers [5-8]. Unfortunately, most
attempts using nanostructured monocrystalline Si have shown
unsatisfactory results; even with the complicated processes,
Si nanostructured solar cells have shown a low efficiency due to
large shunting across the cells, nonconformal deposition of
the metal contacts over high aspect-ratio Si nanostructures
and excessive junction/surface recombination losses [9].
For example, a single coaxial Si nanorod solar cell with a
conversion efficiency of 3.4% had been reported [10]. Si
nanowire array-based solar cells with a conversion efficiency
of 5% were achieved [11,12]. The monocrystalline Si solar cells
with nanohole array geometry exhibits superior optical absorp-
tion ability and conversion efficiency as high as 9.51% [5].

For overcoming the drawback created by nanostructuring
monocrystalline Si solar cells mentioned above, numerous
nanostructures obtained with other material systems
directly grown on Si solar cells have been reported as the
ideal light harvesting materials [7,13,14]. For example, the
performance of monocrystalline Si solar cells can be sub-
stantially improved by integration of metal nanoparticles
[13]. They not only provide an efficient radial charge-carrier
collection, but also introduce plasmonic effects in addition
to scattering effect to scatter incident light into a distribu-
tion of angles, increasing the path length of the light within
the absorbing layer [15-19]. However, the metal nanoparti-
cles inevitably cause light reflection. For the optimized
parameters, metal nanoparticles still absorb up to 60% of
the sunlight in the resonant region, which greatly degrade
the applicability of metal nanoparticles than dielectric ones
[20]. ZnO honeycomb sub-wavelength structure using nano-
sphere (NS) lithography technology exhibiting broadband
antireflection properties shows substantially improved con-
version efficiency of Si solar cells [21]. It has been reported
that antireflective nanostructures exhibit many character-
istics superior to those of their 1/4 counterparts, such as
broadband working ranges, omnidirectionality, and inde-
pendent polarizations [22-24].

Periodic nanostructures have been fabricated with a
variety of techniques such as anodic aluminum oxide
template [25], and electrochemical etching technique [8].
Polystyrene (PS) NS has been demonstrated to be useful for
a variety of the applications due to its simplicity, scalability,
and low cost [26-28].

In this study, for optimizing the dimension of NS struc-
tures, we employ a simulation work, indicating that the NS

array with 450 nm in diameter reduces reflection and
facilitates transmission more efficiently than the other sizes
in the 600-950 nm regions, where Si has the highest photo-
electric conversion efficiency. NS structure with 450 nm in
diameter demonstrates excellent omnidirectional and
broadband AR properties from the experimental and simu-
lated data. PS NSs significantly suppress the surface reflec-
tion at the incident angles up to 85° over the broadband
region. Close-packed NSs act as an intermediate layer with
the graded effective refractive index between those of air
and Si. The graded refractive index avoids the abrupt
transition from air to Si and thus facilitates light traveling
across the interface, overcoming a lack of materials with
refractive indices close to the refractive index of air.
Moreover, light propagated through NS structures (i.e.,
submicron structures) deviates from rectilinear propagation
and start to scattering, which can further enhance the
effective optical thickness and the light absorption of
devices. The absorption improvement is supported by the
experiment results of external quantum efficiencies (EQEs)
and conversion efficiencies under the air mass 1.5 global
(AM 1.5 G) illumination and the simulation results. The
devices with PS NSs exhibit improved EQEs by up to 13% at
800 nm, thus enhancing the conversion efficiency by up to
21.6%. The simple yet effective scheme using broadband
and omnidirectional light-harvesting NSs is applicable not
only to Si solar cells, but also to many other commercial
photovoltaic devices.

Experimental section

Si solar cells used here were fabricated with single crystal-
line p-type (100) Si substrates (p=8-12 Qcm). The sub-
strates were first cleaned in acetone, followed by a HF dip
to remove the native oxide from the surfaces. The concen-
tration of HF for all the samples was 4.6 M. The n-emitter
layer was formed by phosphorus doping at p-type sub-
strates. The source of phosphorus doping was the P,0s
solution (P509). The P,05 solution was spin-coated on the p-
type substrate and annealed at 950 °C for 20 min. After
annealing, the surface thermal oxide was removed by HF.
The front electrode Ti/Ag and the back electrode Al were
deposited by electron beam evaporation.

The solution of colloidal PS NSs diluted in deionized water
was then coated on the surface of Si solar cells with a
volume-controlled pipette. The devices were held in an
incubator at 50 °C and 87.5% relative humidity for 2 h, and a
close-packed hexagonal PS monolayer was formed upon
drying solution. The PS monolayer was uniformly distributed
on the device surface, and the period (center-to-center
distance) of the close-packed NSs is 450 nm.

Results and discussion

Before fabricating the monocrystalline Si solar cells with the
PS NS arrays, we employ a simulation work for optimizing
the parameters of NSs. Based on the information provided
by the simulation, we could predict and optimize the
dimension of NS structures. We employed the rigorous
coupled-wave analysis (RCWA) to gain the insight of size-
dependent optical behavior of the NSs, which provides us
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(a) Total transmittance of PS NS structures with 150, 450 and 750 nm in diameter simulated by RCWA analysis with TE-

polarized waves. (b) The average value of the total transmittance at the region of 600-950 nm.
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the criteria to design the NSs. It was done by comparing the
transmission spectrum of NSs with different diameters; for
example, three kinds of feature sizes of PS NS structures,
i.e., diameters (d)=150, 450, and 750 nm, are shown in
Fig. 1a. Note that the transmittance is the total transmit-
tance (Tiotal) and the oscillation of transmittance is because
of the multiple scattering beams interference caused by
ordered hexagonal closed-packed arrangement, i.e., Fabry-
Pérot oscillations effect. It is difficult to find the tendency
from the figure due to the close value and oscillation in
Tiotal Of three structures; hence as shown in Fig. 1b, we
average the calculated Tyoa With a variety of NS diameters
in the wavelength range of 600-950 nm, where the Si solar
cells employed in this study have the highest photoelectric
conversion efficiency. The transmittance shows an apparent
peak at the NS with d=450 nm, where a decrease of Ty, at
the d below 425 nm indicates a transition of scattering
mechanism from Mie to Rayleigh (which will be discussed in
detail later), and the Tiota decrease at the d higher than
650 nm can be attributed to the higher NS absorption due to
larger size of NSs. This means that the NS structure with
d=450 nm reduces reflection and facilitates transmission
more efficiently than the others, exhibiting a superior light-
harvesting performance for Si absorption. Accordingly, we
choose the NS with d=450 nm to investigate the light-
harvesting effect for Si solar cells.

Previously, NSs with the sizes ranging from 0 to 50 nm
have been simulated [20], while NSs with larger size (from
150 to 1000 nm) were employed in our simulation work. The
difference in nanoparticle size results in different light
scattering behaviors, which could be categorized in two
frameworks according to nanoparticle dimensions. When
the scattering centers are much smaller than incident
wavelength (< 1/10 wavelength), e.g., molecules or tiny
particles, Rayleigh scattering is predominant. For Rayleigh
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Illustration of Rayleigh and Mie scattering.

scattering, the scattering intensity is a function of wave-
length (A~ * for particles and 23 for rods), and forward and
reverse intensities are of the same magnitude [29,30], as
shown in Fig. 2. On the other hand, Mie scattering occurs
when the size of the scatter centers are comparable with
the incident wavelength, where the forward scattering
intensity is greater than that of the reverse scattering
(Fig. 2) [15,30,31]. In the simulation work presented by
Akimov et al., the Rayleigh scattering is the dominant
mechanism for the solar absorption due to the small size
of nanoparticles (nanoscale structure). In contrast, our NS
structure with 450 nm in diameter (sub-wavelength struc-
ture) is more likely to obey the Mie theory [32-34]. This
information tells us that, for maximizing the optical
enhancement via applying NSs on optoelectronic devices,
NSs should be appropriately chosen due to size-dependent
scattering behaviors. For example, the small NSs (nanoscale
structure, which causes Rayleigh scattering) are proposed to
be the effective scattering centers capable of omnidirec-
tional internal scattering, so that it should be applied within
the nanowire arrays or embedding in the active layer
[35-37]. The small NSs spherical scatter the incoming light
to enhance the active region absorption. Liao et al.
embedded different concentration of inorganic nanoparticles
in hybrid solar cells. The distinctive inorganic nanoparticles-
tuned nanostructures are thermally stable and exhibit sig-
nificantly enhanced electron mobility, short-circuit current
density (Jsc), and photovoltaic device performance [37]. In
our case, submicron NSs (submicron structure, which causes
Mie scattering) are more suitable for depositing on the
surface of optoelectronic devices due to the stronger forward
scattering [38]. Fang et al. proposed a strategy for enhancing
the efficiency of solar cells by arranging different sizes of
nanoparticles [39]. The small-size (sub-50 nm in diameter)
nanoparticles are constructed to an optical gradient
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Fig. 3 (a) Schematic of Si solar cells with colloidal PS NSs.
(b) 45°-tilted-view SEM image of colloidal PS NSs on Si solar
cells (left). The inserted top-view SEM image in the left image
shows the monolayer and HCP arrangement of colloidal PS NSs,
indicated by a red-dashed line. Low-magnification top-view SEM
image of colloidal PS NSs on Si solar cells (right).

nanoparticle stack to not only decrease reflectance, but also
spherical scatter light. The large nanoparticles with sizes
similar to the incident wavelength, exhibiting strong forward
scattering, are applied to expand the acceptance angle of
incident light for solar cells. Going forward, taking advantage
of each scattering schemes to come up with creative designs
appears to have the greatest potential for achieving high
performance and cost-effective solar cells.

Fig. 3a presents the schematic of Si solar cell with
colloidal PS NSs, and the 45°-tilted-view image of colloidal
PS NSs recorded by a JEOL JSM-6500 field emission scanning
electron microscope (SEM) is shown in Fig. 3b. The PS NSs
are monolayer-thick and uniformly distributed over the
device surface. As shown in the inset of Fig. 3b, the
arrangement of NSs is hexagonal closed-packed (HCP)
indicated by the red-dashed line, and the average diameter
of the PS NSs is around 450 nm. The low-magnification SEM
images show uniform distribution of PS NS arrays, demon-
strating the feasibility for production. Due to the great
uniformity, the strong interference fringes can be seen in
the low-magnification SEM image.

AR characteristics of the PS NSs are investigated in
Fig. 4a, where it shows the reflectance spectrum measured
on two Si solar cells with different surface conditions:
(i) bare surfaces (without any AR layers) and (ii) with the
colloidal PS NSs. The spectra were obtained using a standard
UV-vis spectrometer equipped with an integral sphere at
the normal incident and the A ranging from 400 nm to
800 nm. The suitability of PS NSs for the light-harvesting
layer on solar cells is manifested by the fact that the

surface reflection on the NSs is lower than that on the bare
surface over the entire visible 1. Such a broadband light-
harvesting property would not be attainable with conven-
tional quarter-wavelength ARC. Compared with that on the
bare surface, the reflectance on the colloidal PS NSs is
mostly reduced in the A range of 650-800 nm. The reflec-
tance reduction is also observed in the range of 450-550 nm.
At 1~ 580 nm, a peak is noticed, which will be discussed
later. The suppressed reflection on PS NSs can be related to
several effects. In the short A region, the feature size of
NSs, such as the spacing between NSs, is resolved, which
reduces the reflectance through the scattering of incident
light. The induced scattering prolongs optical path within
the nanostructure, and is expected to increase the prob-
ability of the incident light entering the device. In the long 4
region, the features of PS NSs are less resolved and the
reduction of reflectance can be explained by the effective
medium theory [8]. Close-packed NSs act as an intermediate
layer with the effective refractive index between those of
air and Si. The intermediate refractive index avoids the
abrupt transition from air to Si and thus facilitates light
traveling across the interface.

The superior AR performances of PS NSs are supported by
theoretical analyses. Fig. 4a also shows the simulated
reflectance by RCWA performed on the bare surface and
on the NSs. In the simulation, the i-dependent refractive
indices and extinction coefficients of PS NSs and Si are all
considered [40]. It can be seen that the tendency of
simulated curves generally agree with the measurement
results. The slight difference between simulated and mea-
sured reflectance could be attributed to the imperfection of
the colloidal PS NS structures and the misestimated doping
concentration at the surface in the practical solar cells [41].
The reflectance peak at around 580 nm can be explained by
the modified Bragg's law:

20d, sin 6;=ma (M

where n is the average refractive index, m is the order of
diffraction, 6; is the angle of incidence, and d, is the grating
period [42]. Here, the incident light is approximately
normal to the device surface, i.e., sind;~ 1. For the HCP
NSs, the d, of PS NSs is estimated to be V3D /2 with D the
diameter of a NS, which can be obtained in Fig. 3b. The n
can be described by the following equation [41]:

n=/n2f+n%,(1-f) @)

where f~0.74 is the filling ratio of the PS NSs, estimated
using the SEM images and ns,,=1.59 and ng,=1 are the
refractive indices of PS and air, respectively. According to
above statements, as m=2, the peak at 580 nm is observed
in Fig. 4. The results indicate that special care must be
taken in the future to avoid Bragg reflections as designing
the periodic NSs for efficient light harvesting.

In addition, for applying into a practical environment
where the sunlight impinges the earth in various directions,
the evaluation of reflectance over a wide range of incident
angles is required, i.e., the omnidirectional characteriza-
tion. To investigate the effect of the colloidal PS NSs on the
omnidirectionality of the Si solar cell, specular reflectance
measurements, implemented on the polished Si wafer with-
out and with the colloidal PS NSs under the detection angle



G.-J. Lin et al.

40
a
6or ——PS NSs
. 50
R
8 40
<
s !
8 30
‘@
14 [ . .
20} — — Simulation_Bare \
= = =Simulation_PSNSs ™~ — - 4
400 500 600 700 800
Wavelength (nm)
b 800 60
E 700 50 n
£ 40 =
£ 600 8
= 500
< 20 °
T 2
< 400 10 >
300 0
10 20 30 40 50 60 70 80
Angle (degree)
C oo 60
T 700 50 X
£ 40 =
£ 600 8
g -
= 500
o 20 2
(1]
S 400 10
300
10 20 30 40 50 60 70 80
Angle (degree)
Fig. 4 (a) Reflectance spectra measured and simulated on the

Si solar cells with different surface conditions, i.e., bare and
the colloidal PS NSs. Specular reflectance spectra with incident
angles for polished Si wafers (b) without the colloidal PS NSs
and (c) with the colloidal PS NSs. The incident angles are from
5° to 85° and the wavelengths are from 300 nm to 800 nm, and
the detection angle is equivalent to the incident angle.

equivalent to the incident angle, are performed for the
incident angle up to 85° and the wavelength up to 800 nm,
as shown in Fig. 4b and c, respectively. As compared with
the bare surface, it is observable that the reflectance of Si
with PS NSs is significantly lower than that of Si without PS
NSs over the whole incident angles, indicating that the
colloidal PS NSs exhibit excellent omnidirectional light-
harvesting characteristics and thus make the reflectance
insensitive to incident angles. Therefore, as the light
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Fig. 5 EQE of the Si solar cells measured with the bare and
colloidal PS NS surfaces.

reaches the surface of PS NSs, light will enter and be
trapped within this layer, leading to additional photons
into the absorbed layer and the enhancement of conversion
efficiency.

The EQEs for the solar cells with and without the colloidal
PS NSs are shown in Fig. 5. This measurement using Enli
QE-R was carried out under the monochromatic illumination
by a halogen lamp coupled to a monochromator. The
enhanced EQEs are clearly observed in the 1 ranging from
610 to 950 nm. At 800 nm, the maximum improvement of
around 13% is obtained. As compared to the efficiency
enhancement via surface plasmons using metal nanoparti-
cles only at or near the plasmon resonance wavelengths, the
efficiency of Si solar cells can be broadbandly improved due
to the enhanced coupling of incident light into the device
and scattering effects of PS NSs [13].

In addition to RCWA simulation, we also carried out finite-
difference time-domain (FDTD) simulation aiming to reveal
the distribution of electric fields across the boundaries of
solar cells, through which the light harvesting effect of NSs
and the absorption behaviors of the devices can be corre-
lated. The FDTD analysis was performed on the solar cells
with and without the NSs. In the simulation, steady-state
values of the electric fields were calculated using 2D finite
element software. The grid sizes are Ax x Ay=5 x 5 nm? in
the space domain, and the time step for every calculation is
0.0099 fs. Boundaries in x and y directions are surrounded
by the 0.5-um perfectly matching layers to absorb the
electromagnetic waves [43]. 800 nm at which noticeable
EQE enhancement by the NSs is measured is chosen for the
simulation of transmissions and reflections. Fig. 6a and b
presents the time-averaged TE-polarized electric field
intensity IE,l distributions within different surface condi-
tions of solar cells at the incident A of 800 nm. All of the
displayed IE,| values are normalized to those of the excita-
tion source, and the active region is indicated by the red-
dashed lines. One can see that the NSs not only facilitate
wave propagation into the device by the less abrupt
interfaces, but also increase the lateral distribution of the
fields by introducing light scattering on the surface. In
Fig. 6c, normalized steady-state optical power integrated
over the active region (denoted as Pr) is shown for the bare
surface and the NSs with incident A of 800 nm. The
transmitted optical power is enhanced from 0.58 to 0.80
upon the application of NSs.
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Fig. 6 Time-averaged and normalized TE electric field dis-
tribution at the incident wavelength of 800 nm simulated by
FDTD analysis within the Si solar cells containing different
surface conditions: (a) bare and (b) NSs. (c) Normalized optical
power integrated over the active layer as a function of time on
bare and NS surfaces with the incident wavelengths of 800 nm.

Fig. 7 represents the current density-voltage (J-V) curves
of the solar cells measured under the illumination of AM
1.5 G solar simulator. Compared with the solar cell without
NSs, the Jg. is increased from 27.4 mA/cm? to 28.2 mA/cm?,
indicating an enhanced solar absorption by the active layer.
The enhanced Js. results in the conversion efficiency
improvement of the order of 21.6%. This result is consistent
with those by FDTD simulation and EQE measurements. The
photovoltaic performances are expected to be further
enhanced as the periodic arrangement of PSs can be
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Fig. 7 J-V characteristics measured on the Si solar cells with
bare and colloidal PS NSs surfaces.

optimized such that the induced Bragg reflection occurs
outside the 4 range of device absorption.

Conclusion

In summary, a colloidal monolayer of PS NS arrays with
450 nm in diameter shows the superior light-harvesting
characteristics for single crystalline Si solar cells by sup-
pressing the surface reflection and enhancing forward
scattering. The PS NS light-harvesting layer results in
increased EQE peak at 800 nm by 13% and conversion
efficiency by 21.6%. Theoretical and experimental investi-
gations find that the NS arrays are effective in harvesting
light over a wide range of the 1 and the incident angle,
showing their broadband and omnidirectional characteris-
tics. The presented concept and the manufacturing techni-
que for the light-harvesting NSs represent a viable,
promising path toward high-efficiency solar cells and should
benefit many other types of optoelectronic devices.
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