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ABSTRACT: A one-dimensional photonic crystal (1D PC)
on top of a metal grating can efficiently couple incoming
broadband, unpolarized light into multiple guided-wave modes
(surface-plasmon-polariton waves and waveguide modes) with
relatively long propagation lengths. These properties make this
plasmonic architecture potentially attractive for solar concen-
tration over length scales of tens to hundreds of micrometers.
For proof-of-concept purposes, we have experimentally
demonstrated a solar concentration device based on this
plasmonic approach. The fabricated plasmonic concentrators
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were constructed as 1D-PC-loaded 1D metallic gratings, and microsolar cells were attached to the concentrators to test their
performance. We found the plasmonic concentrators can have optical transfer efficiency of 24% at a concentration factor around
2X. In addition, light collection by the plasmonic concentrators was found to be insensitive to the angle of incidence of the light.
Although the plasmonic concentrator structures realized in this study have modest efficiencies compared to conventional
concentrator devices, the results allowed us to validate theoretical predictions of long propagation lengths and ultimately may
help in the design of structures for improved performance. Our plasmonic-concentrator approach opens up new engineering
opportunities for researchers to implement well-developed plasmonic theory into the design of broadband solar concentrating

devices.
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lasmonic quasiparticles such as localized surface plasmons

and surface-plasmon-polaritons (SPPs) have been of
interest for decades because of their significance for field
confinement and absorption enhancement of light."”” Recent
research has yielded many successful examples of wide-field-of-
view plasmonic light absorbers in broad spectral regimes.’””
Their high efficiency and customized design have led to the
incorporation of plasmonic light absorbers in the active regions
of thin-film solar cells.® For exarnlple, integration of metallic
nanoparticles’ ™’ and gratings'’”'> has been reported to
enhance the performance of thin-film solar cells by increasing
light absorption in the active region of the cells. However, high
ohmic loss in the metals used in these plasmonic structures
causes dissipation of light and limits their effectiveness in
delivering high-efficiency photovoltaic devices.”

We have recently reported a new strategy for broadband
plasmonic absorption with low dissipation based on the
excitation of multiple guided-wave modes (i.e., SPP waves as
well as waveguide modes).'>"* The absorber was constructed as
a one-dimensional (1D) photonic crystal (PC) made of lossless
isotropic dielectric materials, which was placed on top of either
a ID" or a 2D'* gold grating. Incoming unpolarized light was
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efficiently coupled into the guided-wave modes of both types of
linear polarization states over a broad range of incident
directions. Both the SPP waves and the waveguide modes guide
light along the direction of the interface of the PC and the
metal, but their physics are different. An SPP wave is bound to
the planar interface of a metal and a dielectric material, whether
homogeneous or not, in the direction normal to the interface,
and its field profile is independent of the thickness of the
dielectric material after it exceeds a threshold value."'>'® In
contrast, the field profile of a waveguide mode depends
crucially on the thickness of the dielectric material.'”'® T
previous studies, ' we have experimentally validated the
theoretical predictions of electric-field concentration in the PC
and low attenuation of the guided-wave modes (the
propagation length of the guided-wave modes can be as long
as millimeters)."> The ability of these plasmonic architectures
to collect light efficiently over broad spectral regimes and
transport it over macroscopic distances raises the question of
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Figure 1. (a) Schematic of a device consisting of a Si solar cell attached between two plasmonic concentrators supported on a thick Si substrate with
bottom p-contact. The n-contact surrounds the device active area and is not shown here. (b) Cross-sectional schematic of a device in arrays labeled
S1 and S2 with geometric parameters listed and light-coupling mechanisms illustrated. The Si solar cell is constructed as a radial p—n junction with
the junction indicated by the dashed blue lines. (c) Top-view SEM image of the device before the deposition of the PC, showing the arrangement of
the solar cell and the 1D Ag grating at the bottom of a plasmonic concentrator. (d) Cross-sectional TEM image showing the structure of a plasmonic
concentrator constructed as a two-period-thick PC on a 1D Ag grating. Each period of the PC comprised the same nine-layer stack of silicon

oxynitrides.

whether such structures can be useful in solar concentration
applications.”” Because broadband, efficient, and stationary
(tracker-free) solar-concentration devices are highly desired for
roof-top solar harvesting applications,” ™ it is worthwhile to
address this question and explore the potential of this
plasmonic architecture for planar light concentration.

In this paper, we demonstrate at the proof-of-concept level
the ability of a 1D-PC-loaded metallic 1D grating to
concentrate light in a planar microconcentrator architecture.
Although the structures used in this study have modest
efficiencies compared to conventional planar concentrator
devices,”* > the results allow us to validate the theoretically
predicted long propagation length of light in PC-coupled
plasmonic structures and could help improve our under-
standing of the plasmonic light-concentration effects. The
plasmonic-concentrator approach thus opens up new engineer-
ing opportunities for researchers to implement well-developed
plasmonic theory into the design of broadband solar
concentrating devices.

B RESULTS AND DISCUSSION

Device Fabrication. As a proof-of-concept, we fabricated
test structures on monolithic silicon (Si) wafers, as shown in
Figure 1. Although they are simple to fabricate, the solar cells
have low efficiency because of the high doping density and the
radial p—n junction architecture used. Nevertheless, the
enhancement factors we measured allowed us to assess the
optical characteristics of the planar plasmonic solar concen-
trators.

Two test structures (labeled S1 and S2) were fabricated as
1D arrays of equally spaced solar cells. Each array was S mm X
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S mm in area, and every solar cell in both arrays had a length L
= § mm, width w = 4.5 + 0.3 um, and thickness t = 1.3 + 0.2
um. The Si solar cells in each structure were constructed in
radial-junction configuration shown in Figure 1b. The n-type
emitter was formed by thermal diffusion with a peak doping
density of 1 X 10** cm™ at the surface of the arrays, and the p-
type base with a doping density of 5 X 10" cm™. After
patterning the solar cells, a p-contact (Figure 1a) was formed at
the bottom of the substrate and an n-contact (not shown) was
fabricated around each array. An optically thick (150 nm) silver
(Ag) film was deposited on the top of the solar cells to block
normally incident light so that (1) light absorption in each cell
could be attributed solely to light concentration and (2) the
thick Si substrate would not generate photocurrent to
complicate the situation. The fabrication techniques are
described in detail in the Materials and Methods section.

Schematics of the devices in arrays S1 and S2 are presented
in Figure 1a,b. In these arrays, a plasmonic concentrator of fixed
length d and grating period p = 400 nm was interposed
between every pair of adjacent solar cells so that the center-to-
center distance between adjacent solar cells was d + w. Each
plasmonic concentrator consisted of a 1D Ag grating and a two-
period PC with each period comprising nine silicon-oxynitride
layers of different compositions (Figure 1c,d). The grating had
a height 4 = 86 nm and a trough width of 0.6p. The lengths of
the concentrators were d = 13.77 pm in S1 and d = 10.25 ym in
S2. The refractive indices of the silicon-oxynitride layers and Ag
are provided in the Supporting Information as functions of the
free-space wavelength 4, (Figure S1). It is worth noting here
that the choice of materials for the PC is flexible as long as the
chosen materials are virtually nondissipative in the solar spectral
regime.
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Figure 2. (a) Schematics of the devices in array S1 and the control samples. (b) Measured J—V curves of these devices.
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Figure 3. (a) Schematic of one unit cell of the plasmonic concentrator. The simulated optical transfer function & was calculated as the normalized
bidirectional optical power flux crossing the plane x = (3/4)p shown by the purple dashed line. (b) Spectrum of & with peaks marked with black
arrows. (c) Spatial distribution of the magnitude (in V- m™) of the electric field at 4, € {596, 641, 652} nm, in the unit cell of the planar concentrator

when the incident light is unpolarized and S, = 1 W m™

Effectiveness of Plasmonic Concentrator. In order to
validate the light concentration effect in the plasmonic-
concentrator approach, we also fabricated three control
structures (labeled C1 to C3) as S mm X S mm arrays of
equally spaced solar cells. The control structures were
constructed with the same w and d as S1 but did not have
the complete plasmonic concentrators, as shown schematically
in Figure 2a. Every concentrator in C1 lacked the two-period
PC. In C2, every planar concentrator was replaced by a two-
period PC on top of a 150-nm-thick Ag layer. Finally, C3 was
the same as C2, except that the PCs were absent. The values of
t were close enough in array S1 and the control samples: 1.4
pum for S1 and C1 and 1.1 pm for C2 and C3.

We evaluated the effectiveness of the plasmonic concentrator
by comparing the short-circuit current density J;. and efficiency
n of the solar cells in arrays S1, C1, C2, and C3. Figure 2b
shows the current density J = I/A, (where I is the current and
Ay = L*w/(w + d) is the combined isolation area of all solar
cells in the array) as a function of the applied voltage V for
these four arrays. Measurements were carried out for normal
illumination using a standard solar simulator (Oriel Sol3A Class
AAA, Newport, Irvine, CA, USA) with the irradiance set to one
sun using a calibrated NREL-certified reference cell.

Blocked from receiving direct normal illumination due to the
150-nm-thick Ag film at the top, C3 could receive only light
that has been diffracted by the periodically arranged solar cells
in the array. Indeed, diffraction of light by C3 was
experimentally evident from the observed diffraction pattern
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generated when C3 was placed under normal light illumination.
In addition, the edges of the solar cells facilitate light scattering
that could also contribute to the absorption of photons.
Therefore, the J-V curve of C3 shows only these two
contributions and has the lowest values of J. (3.32 mA
cm™?) and 7 (0.88%). The control structure C2 had slightly
higher efficiency than C3 because of the incorporation of the
two-period PC. As the refractive indices of all layers in the PC
lay between those of air and crystalline Si, the PC functioned as
an imperfect antireflection coating that enhanced the efficiency
n from 0.88% for C3 to 0.99% for C2. C1 differed from C3 only
in having the 150-nm-thick Ag film between adjacent solar cells
replaced by a Ag grating. These gratings can couple p-polarized
(magnetic field parallel to the grating lines) incident light into
SPP waves"'® that travel toward the sidewalls of the solar cells.
The additional light entering the solar cells enhanced # from
0.88% for C3 to 1.38% for Cl1, the enhancement factor being
1.57.

Finally, S1 had both the Ag gratings of C1 and the two-
period PC of C2; that is, S1 had the complete plasmonic
concentrator between every pair of adjacent solar cells. Multiple
SPP waves'*'* and waveguide modes'**° were excited to steer
even more light toward the sidewalls of the solar cells in S1.
Accordingly, the efficiency of SI1 rose to 2.84%—about 3.2
times the efficiency of C3—validating the light-concentration
effect in this plasmonic architecture.

The efficiencies of array S1 and the control structures are
strongly correlated to the respective values of J,.. Thus, J,. of S1
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was the highest at 9.28 mA cm™?, while that of C3 was the
lowest at 3.32 mA cm ™2, the ratio being 2.98 in favor of S1. We
extracted values of the fill factor (FF)*’ from the J—V curves in
Figure 2b. Structures S1, Cl, and C3 had quite similar fill
factors (63.5 + 3.5%), while that of C2 was significantly lower
(51%). Nevertheless, the progression of the values of ], which
is proportional to the absorption of photons in the solar cells,
clearly demonstrates the efficacy of the plasmonic concentrator.
Simulation of Light Transport in Plasmonic Concen-
trator. We theoretically evaluated the light-concentration effect
of the plasmonic concentrator alone by simulating light
transport therein using COMSOL Multiphysics software, after
assuming that unpolarized light is normally incident on the
concentrator with infinite extent in the transverse plane. The
cross-section of one unit cell of the concentrator is shown in
Figure 3a. The grating was assumed to have semicircular
features consistent with the TEM image shown in Figure 1d.
The planar two-period PC of total thickness D = 2(d; + d, + ...
+ dy) was separated from the grating by a spacer of maximum
thickness h (Figure 3a).
With §;,. denoting the monochromatic incident time-
averaged power density, the x-directed component S,(x,z,40)
of the monochromatic time-averaged Poynting vector S(x,z,49)
was computed everywhere in the concentrator for 4, € [400,
800] nm. Then, we computed the normalized bidirectional
optical power flux:

1 h+D
$(4y) = o fo 1S.(3p/4, z, Ay)! dz

inc (1)
crossing the plane x = (3/4)p (shown as the purple dashed line
in Figure 3a) as a measure of the efficiency of the redirection of
the normally incident optical energy toward the sidewalls of the
solar cells. The spectrum of this simulated optical transfer
function £ is useful for identifying resonances.

The spectrum of £(4,) is presented in Figure 3b with 11
peaks marked with black arrows. These peaks indicate that the
incident light is highly coupled at multiple resonances in the
spectral range 400 to 670 nm. We found that 10 of the 11 peaks
indicate the excitation of guided-wave modes of either the p-
polarization state or the s-polarization state (electric field
parallel to the grating lines). The peak at A, = 596 nm is due to
a p-polarized SPP wave'”'* guided by the metal/PC interface.
Likewise, the peaks at 528 and 624 nm are due to s-polarized
SPP waves,">'* with the one at the shorter wavelength less
localized to the metal/PC interface than the one at the longer
wavelength. The peaks at 467, 569, and 641 nm are due to the
p-polarized modes'* of a planar metal/PC/air waveguide. The
peaks at 458 and 652 nm are due to the s-polarized modes'* of
the same waveguide. Finally, each of the peaks at 497 and 530
nm is due to closely spaced p- and s-polarized modes of the
same waveguide. We were unable to find a reason for the peak
at 421 nm in Figure 3b.

The intensity profile of light inside the plasmonic
concentrator is also crucial for its performance. The electric
field of a conventional SPP wave guided by the interface of a
metal and a homogeneous dielectric material is concentrated
near the interface, resulting in high dissipation in the metal and
a short propagation length.1 In addition, as the thin-film solar
cells attached to the concentrators usually have their lowest
collection efficiency in the heavily doped regions at the top and
the bottom,'? it is desirable to have light either concentrated at
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the center of the planar concentrator or distributed evenly
along the height of the solar cells for better performance.

The simulated spatial profiles of the magnitude of the electric
field inside the unit cell of the plasmonic concentrator are
plotted in Figure 3c for three resonance wavelengths: 596, 641,
and 652 nm. Each of these peaks is due to the excitation of a
different kind of guided-wave mode. The electric field has high
magnitudes in the central region of the nondissipative PC in all
three cases. In the other cases, the electric field is distributed
evenly along the z axis.

Determination of Optical Transfer Efficiency () of
Plasmonic Concentrator. In order to describe the efficiency
of the plasmonic concentrators to couple incident light into
guided-wave modes, we defined the wavelength-dependent
optical transfer efficiency (1,,,(1,)) as the ratio of the measured
external quantum efficiency (EQE,4,(4o)) of the arrays and the
simulated average external quantum efficiency (EQE.q(40)) of
the solar cells. This normalization by the latter quantity
eliminates the effect of the performance of the solar cells in the
spectrum of EQE,,,(4,) and reveals the optical transfer
efficiency of the plasmonic concentrator alone. The same
characterization was also done for the control structure C2 in
which a 150-nm-thick film of Ag was present instead of the Ag
grating.

For the experimental determination of EQE,,(4o), the
arrays were illuminated normally by monochromatic light
whose wavelength 4, was swept from 400 to 800 nm. Both the
power density (S,,.) of the light source and the short-circuit
current density (J.) of the arrays were measured as functions of
Ao to determine

2arhc T (4o)
EQE Ay) = 5
< amy( 0) edo Sinc(/lo)

)

where 7 = 1.054 X 1073* J s7! is the normalized Planck
constant, ¢ = 3 X 10° m s™" is the speed of light in free space,
and e = 1.6 X 107" C is the elementary charge. Accordingly,

EQ-Earray(/lo) _ 2rhc ]SC(AO)

EQEcelI(AO) - 6/10 Smc(lo) EQEceH(Ao)
3)

We determined EQE.(4,) by simulating a 4.5-um-thick
crystalline-silicon solar cell of infinite transverse extent using
wWxAMPS software.”® The thickness of this solar cell was set
equal to the width (w) of the solar cells in the arrays to mimic
light entering through the sidewalls of the cells. The spectrum
of EQE_, is plotted in the inset of Figure 4, other details of the
simulation being provided in the Supporting Information.

Due to fabrication imperfections, the actual external quantum
efficiencies of the solar cells in the arrays should not exceed
EQE, values yielded by the simulation; thus, the spectra of
Hope(4o) of the arrays S1, S2, and C2 presented in Figure 4
represent conservative estimates. In most of the [400, 800] nm
spectral regime, 7, hovers around 15%, with the highest value
of 24% at 1, = 645 nm for S2 and 21% at A, = 653 nm for S1.
The optical transfer efficiency of the planar concentrators in S1
is generally lower than that in S2. This is because the longer Ag
gratings between two adjacent solar cells in S1 lead to greater
optical attenuation in the planar concentrators of S1, in
comparison to S2. Corroboration of that conclusion also comes
from the decrease of 7, for 4, S S00 nm due to stronger
absorption in Ag at shorter wavelengths.”’

ﬂopt(lo) =
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Figure 4. Spectra of 7, of arrays S1, S2, and C2 as functions of .
Inset: Simulated spectrum of EQE_.

Figure 4 also presents the very low optical transfer efficiency
of the two-period PC on top of a 150-nm-thick Ag layer in C2,
highlighting the significant role of the Ag grating in the
plasmonic concentrators. The roughly tripling of 77, by use of
the metal grating in comparison to the planar metal layer is due
to the excitation of guided-wave modes at multiple wavelengths
by the former. Evidence for the excitation of these modes in the
plasmonic concentrators in the arrays is provided by the
excellent agreement of the occurrences of the peaks in Figure 4
for S1 and S2 with the occurrences of the peaks in Figure 3b. As
discussed for the simulated spectrum in Figure 3b, the peaks
arise from the excitation of multiple SPP waves'”'* and
waveguide modes'* in every plasmonic concentrator between
adjacent solar cells.

If the corrugations of the grating are planarized, not only will
these peaks vanish but also S, = 0, which implies that £ = 0. No
peaks are evident in the spectrum of 7, in Figure 4 for C2.
The nonzero (but small) values of Nopt at shorter wavelengths
for C2 are very likely due to surface imperfections of the Ag
layer. The somewhat larger values of 7, at longer wavelengths
for C2 are due to the visually observable optical diffraction by
the exposed sidewalls of the periodically arranged solar cells in
that array.

The same diffraction is responsible for the excess of 7, for
S1 and S2 in Figure 4 over £ in Figure 3b when 4, < 700 nm,
no solar cell being present in the simulation for Figure 3b. The
diffraction by the periodic array of solar cells even couples into
guided-wave modes in the plasmonic concentrators, as is
evident from the peaks of 7, for S1 and S2 in Figure 4.

Concentration Factor of Plasmonic Concentrator. The
performance of a solar concentrator is often evaluated in terms
of the concentration factor F,>° defined as the ratio of the
efficiency of a solar cell used with the concentrator to the
efficiency of the same solar cell used without the concentrator.
The experimentally measured concentration factor of a
particular concentrator often depends strongly on the geometry
and arrangement of the concentrator and the attached solar
cells.

In our experiments, as the solar cells were blocked from the
top by the 150-nm-thick Ag layer, their efficiency was close to
zero when used without the plasmonic concentrators. There-
fore, the concentration factor would be artificially exaggerated if
determined solely by measuring the efliciencies of the solar cells
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with and without the concentrator. Therefore, we simulated the
efficiency 7 of a solar cell alone by using wxAMPs software,
just as we had determined EQE_;(4,). Assuming that the actual
solar cells performed as well as the simulated ones, we
determined the semiexperimental estimate F of F as

4)

The wxAMPS simulation™® yielded 7., = 3.06% for a
crystalline-silicon solar cell of thickness t = 1.3 gm. The similar
measured efficiency of Si solar cells of closely related structures
justified the use of this value as a reasonable estimate of 77"
Substituting 7.y = 3.06% into eq 4, values of F for arrays S1 and
S2 are presented in Table 1, where G = d/w is the geometric

Table 1. Semiexperimental Estimate F of the Concentration
Factor F in Relation to the Geometric Gain G for Arrays S1
and S2

array S1 S2
G 32 2.6
F 1.97 1.76

gain. Optical-only simulations of the plasmonic concentrator
with the similar 1D-grating configuration indicate that F = 2.5
should be possible for G = 3.0," which is higher than the value
of F. This difference is likely caused by the differences in the
geometries of experimental arrays and the simulated planar
concentrator:'? for the simulations, the width w of the attached
solar cells was taken to be very small (400 nm) due to the limit
of computational power; therefore, the width d of the
plasmonic concentrator was also small for the same values of
G (d = 400 and 1200 nm for G = 2 and 3, respectively). In
contrast, the fabricated structures presented in this paper have
10-fold larger values of d and w. As discussed for Figure 4, an
increase in d reduces 7,, and therefore 7, thereby making F
smaller than theoretical predictions. Moreover, fabrication
imperfections could also reduce the performance of the
plasmonic concentrator. For example, the profile of the two-
period PC close to the edge of a solar cell has significant
distortion due to the limitations of plasma-enhanced chemical
vapor deposition used to deposit the PC, as is evident from
Figure 5. Unlike the simulated structures wherein the PC layers
were assumed to uniformly fill the space between adjacent solar
cells, the PC layers in the fabricated devices were thin near the
edge of the cells and followed the surface topography around
the cells. The distorted PC could guide light over the solar cells
and/or increase light reflection at the interfaces of the PC and
the solar cells, and thus decrease the light collection efficiency.

Angular Response of Plasmonic Concentrators. The
performance of planar concentrators should remain constant
even as the direction of incident light changes. The angular
dependence of the performance of our planar plasmonic
concentrator was investigated by mounting each of the arrays
S1 and S2 on a rotatable sample stage and measuring their J—V'
curve on the solar simulator for different incidence angles 6 €
{0°, +10°, +30°, +50°} (Figure 1d). The estimated
concentration factors F determined thereafter using eq 4 are
presented in Figure 6. To determine the values of 7.y under
oblique incidence conditions, the measured power output of
the solar cells was divided by Py cos 8, where P, is the power of
the incident light at normal incidence. The inclusion of the
factor cos 6 accounts for the reduction in photon flux from the
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Figure 6. Semiexperimentally estimated concentration factors F of
arrays S1 and S2 for oblique incidence.

solar simulator when @ # 0. From the figure, we conclude that
F of all three arrays are quite stable with respect to the
incidence direction and may even be higher for quite oblique
incidence than for normal incidence.

Previous experimental and theoretical results'* indicate that
numerous guided-wave modes exist in different portions of the
Ao X 0 space. As the angle @ increases from 0°, different modes
will turn on and off so that peaks in a diagram of 77, vs 4, will
shift and change in magnitude. The excitation of several
different guided-wave modes appears responsible for the
stability of F over a broad range of .

B CONCLUSION

A one-dimensional photonic crystal on top of a metal grating
can efficiently couple incoming broadband, unpolarized light
into multiple guided-wave modes (surface-plasmon-polariton
waves and waveguide modes) with low attenuation. These
properties make this plasmonic architecture potentially
attractive for solar concentration over length scales of tens to
hundreds of micrometers. We have experimentally demon-
strated this idea at the proof-of-concept level using a 1D-PC-
loaded metallic grating to guide light into silicon microcells
fabricated in the same plane. These results validate theoretical
predictions of long propagation lengths for guided-wave modes
in coupled plasmonic—photonic crystal architectures.
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We found that solar cells attached to the plasmonic
concentrators had a factor of 3 times higher photocurrent
than cells that were not attached. From the simulated optical
transfer function, we predicted the resonances of the plasmonic
concentrators. The optical transfer efficiency spectra of
experimentally fabricated plasmonic concentrators exhibited
the predicted resonances. We observed broadband light
concentration over the solar spectrum and found an optical
transfer efficiency (nopt) of 24%.

The highest concentration factors of the structures tested in
this preliminary study were around 2X, but higher values
should be possible by using different architectures for the
arrays. Interestingly, the performance of plasmonic concen-
trators did not degrade when light was obliquely incident in a
wide angular sector, indicating possible utility in stationary
light-concentration applications.

B MATERIALS AND METHODS

Fabrication of Silicon Solar Cell Array. A heavily doped
p-type silicon wafer (0.01—0.02 Q-cm, University Wafer,
Boston, MA, USA) was used to fabricate the solar cells. A
200-nm-thick SiO, layer was first grown on the wafer with
thermal oxidation (wet) at 1000 °C. Silicon solar-cell
microarrays (with geometries described in the paper) were
then patterned by optical lithography (MA/BA6, Suss Micro-
Tec, Garching, Germany) and etched into silicon using a deep
reactive ion etching (DRIE) system (Speeder 100Si, Alcatel
Micro Machining Systems, Nashua, NH, USA). The sample
was then cleaned with piranha solution. A 400-nm-thick SiO,
layer was grown on the sample by thermal oxidation (wet) and
then removed by a buffered oxide etch 10:1 (BOE 10:1,
Avantor Puerformance Materials, Center Valley, PA, USA) to
eliminate the damaged surface layer of the sample resulting
from the DRIE process. A 200-nm-thick SiO, layer was then
thermally grown on the sample to serve as a diffusion barrier for
the following doping step. Square-shaped (6 X 6 mm?)
diffusion windows were then opened on top of the microarrays
by optical lithography, and the thermal SiO, layer inside each
diffusion window was etched away by a 10:1 buffered oxide
etch. Phosphorus was then diffused into silicon in the diffusion
windows at 1000 °C for 10 min to form a radial junction on
each microarray. Then 250-ym-wide square rings were
patterned around the microarrays on the edge of the diffusion
windows by optical lithography. The SiO, layer in the rings was
etched away in BOE 10:1. Then, 10-nm-thick Ti and 100-nm-
thick Au layers were consecutively deposited in the rings using
e-beam deposition (Semicore E-Gun thermal evaporator,
Semicore Equipment Inc., Livermore, CA, USA) and a lift-off
process in 1165 developer (Shipley, Marlborough, MA, USA).
Finally, SiO, on the backside of the wafer was removed in the
BOE 10:1, and 10-nm-thick Pt and 150-nm-thick Au layers
were consecutively deposited using the same evaporation
equipment on the backside.

Fabrication of Plasmonic Concentrators. The plasmonic
concentrators were fabricated in the trenches between adjacent
solar cells after the microarrays had been fabricated. ZEP520
photoresist (Zeon, Tokyo) was spin-coated on top of the
microarrays, and e-beam lithography (EBPGS200, Raith
America Inc,, Troy, NY, USA) was used to define the geometry
of the 1D grating arrays in the trench centers. A 90-nm-thick
titanium (Ti) layer was deposited on top of the sample by e-
beam evaporation (Semicore E-Gun thermal evaporator,
Semicore Equipment Inc.) followed by a lift-off process in
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1165 developer (Shipley) to form a Ti grating in the trenches.
A 150-nm-thin layer of Ag was then coated on top of the
sample by e-beam deposition to cover the top of the silicon
solar cells and the Ti grating. Finally, the two-period PC was
coated on top of the structure by plasma-enhanced chemical
vapor deposition on a cluster tool (Applied Materials, Santa
Clara, CA, USA).
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