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ABSTRACT: This paper investigates mechanisms of enhanced
light absorption exhibited by ultrathin Si solar microcells
integrated with a periodically nanostructured, semitransparent
metallic reﬂector. This backside reﬂector comprises periodic
nanoscale relief features formed by soft-imprint lithography with
a thin (∼35 nm) coating of Au. The work shows that microcells
placed in direct contact above the nanostructured reﬂector’s
surface creates Fabry−Pérot cavities, which traps impinging
light inside the Si slab via the excitation of cavity modes. Experimental measurements show that the short-circuit current and
eﬃciency values for devices incorporating this thin, semitransparent backside reﬂector outperform similar Si microcells integrated
with a planar thick (∼300 nm) opaque mirror by ∼10−15% because of enhanced absorption. Computational modeling that is
supported by experimental measurements reveal that the dominant methods of enhancement stem from a complex interplay
between backside diﬀraction/scattering and Fabry−Pérot resonances. These same data demonstrate that plasmonic interactions
contribute minimally to the optical enhancements seen.
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1. INTRODUCTION

performance. A thin-ﬁlm cell, however, can perform as well
as, or possibly better than, its thicker counterpart7 if light
trapping methods are employed to extend the path length and/
or the light intensity is enhanced inside the semiconductor slab.
In recent reports, we have described methods for improved
light trapping in thin-Si solar cells, including using nanostructured relief features on the surface of the device,8 wherein
absorption is increased through diﬀraction or scattering; threedimensional photovoltaic device geometries that enable the
capture of more photons;9 and passive concentration by
employing luminescent waveguides,10 which oﬀers the
advantage of harvesting both direct and diﬀuse photons from
the surrounding environment.
Several avenues have been investigated for enhancing the
absorption of light in thin-ﬁlm PV devices. Plasmonic optical
designs is one active area of research that has attracted
considerable attention, with the goal of increasing the

Photovoltaic (PV) technologies are playing an increasingly
important role in designs for current and future energy
infrastructures. As an absorber material, silicon (Si), retains a
dominant position in the terrestrial PV market because of its
high natural abundance,1 good optical properties,2 and
electronic properties,3 along with its well-established production and processing methods.4 Silicon-based devices are
typically designed to be thick enough to enable full absorption
of the solar photon ﬂux up to the limits established by the
material’s band gap.5 As a consequence, these optically-opaque
devices can be expensive, bulky, and fragile. Engineering thinﬁlm alternatives to conventional devices may reduce system
costs as well as enable potentially more eﬀective designs with
new capabilities. An example of this comes from our previous
work with large-scale arrays of ultrathin Si solar microcells
fabricated from bulk wafers.6 These devices demonstrated a
high degree of mechanical ﬂexibility and, therefore, improved
durability that is unusual to Si. The drawback in reducing the
thickness of the active material is that the absorption of
photons can be reduced greatly, which reduces device
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cells derived from an SOI-based fabrication protocol9 because
of the exceptional smoothness of the backside surface that is
required for successful device assembly by an adhesive-free
transfer printing protocol.35−37
The PNR, a metal-coated plasmonic crystal, consists of a
semitransparent (thickness ∼35 nm) layer of gold (Au)
conformally coating nanowell relief features embossed by
soft-imprint lithography.26 The experimental measurements
discussed below show that Si microcells on the PNR have
short-circuit current density (Jsc) values that exceed the values
from the same microcells when placed above ﬂat, opaque
mirrors (thickness ∼300 nm) of the same metal by ∼10−15%,
a striking observation given the semitransparent PNR can
outperform a traditional thick opaque mirror. Finite-diﬀerence
time domain (FDTD) simulations conﬁrm that the main
component of the enhanced absorption seen experimentally
comes from 0th and higher diﬀraction order Fabry−Pérot
resonances. To provide a more quantitative understanding of
the mechanisms involved photocurrent measurements with
microcells on the PNR are compared to measurements made
with microcells above ﬂat, opaque backside reﬂectors and ﬂat
reﬂectors with an identical semitransparent thickness of metal.
Wavelength dependent measurements demonstrate that the
observed enhancements occur at the computationally predicted
wavelengths of light for cavity-mode-based mechanisms.
Plasmonic inﬂuences were ruled out based upon studies using
Al and Ag backside reﬂectors which suggest no contribution of
surface plasmons to the enhancement in the photocurrent.

absorption cross-section of the active layer by placing metallic
sub-wavelength optical elements on the surface, inside, or on
the backside of the solar cell.5,11−16 It is demonstrated in this
work that PV devices integrated with plasmonic components
can yield increased photocurrents, with beneﬁts evidenced in
systems based on both inorganic and organic semiconductors.
Another technique to increase light absorption via lighttrapping involves harnessing whispering-gallery modes,17,18 as
well as textured surfaces.19,20 These and other techniques of
trapping light inside PV devices have been reviewed in depth in
the literature.11,21 Processes to integrate light-trapping/management structures in future generation PV technologies are of
particular interest, with notable examples illustrating the varying
facilities of optical integration at diﬀerent stages of materials
growth,22,23device fabrication,13,24 and module integration.17
In this paper, we investigate and characterize design
principles for integrated sub-visible wavelength optics that can
be used to improve the key operating parameters of PV devices.
We speciﬁcally examine an embossed “3D plasmonic crystal”
from our earlier work25,26 for use as a backside reﬂector that,
when integrated with a Si microcell, yields performance gains
greater than those observed with a conventional mirror. The
complex interactions that occur between this periodically
nanostructured reﬂector (PNR) and the Si microcell are
examined in depth in this work. Our ﬁndings compliment and
extend those of earlier work on periodically nanostructured
metallic or dielectric-based backside reﬂectors integrated with
thin-ﬁlm amorphous, monocrystalline, and microcrystalline Si
solar cells.27−32 We speciﬁcally show that in addition to
mechanisms addressed in previous reports, signiﬁcant enhancements are evidenced that stem from Fabry−Pérot-cavity-type
resonances created at the microcell−PNR interface. These
cavities are formed when a microcell with a ﬂat backsurface is
placed in proximate contact with the PNR. These Fabry−Pérot
cavities trap light as standing waves at speciﬁc (design-directed)
resonant frequencies which in turn serves to enhance the
photocurrent.33 The cavity architecture formed by the
compliant contact of the microcell and PNR distinguishes
this system from the conformal material coatings, mainly of
amorphous Si, used in earlier studies of PV designs
incorporating periodically nanostructured and randomly
textured backsurfaces,13,21,24,29,30 which are complicated
because of potential increases in carrier collection from an
enlarged active area.34 The current work also speaks to
perplexing issues of the relative importance of design rules, as
raised in a recent study showing minimal diﬀerences in
performance enhancements between a periodically nanostructured reﬂector from a randomly textured one (despite
computational modeling predicting the periodic texture to be
superior).29 The data and theoretical modeling results reported
here highlight an important attribute of PNRs that strongly
mediate their performance and further demonstrate that
plasmonic enhancement mechanisms do not make a signiﬁcant
contribution to the enhancements seen. The enhanced cross
sections that result from Fabry−Pérot-based mechanisms
supported by the PNRs reported here appear to be quite
general and we believe might beneﬁcially be extended to a
random distribution of cavities of various depths, pitches, and
diameters so long as they can couple the light transmitted
through Si to cavity modes at wavelengths not absorbed from
the ﬁrst pass through the microcell. We have not carried out
steps to optimize the intrinsic performance of the thin
microcells used as reported in these studies, adopting instead

2. MATERIALS AND METHODS
2.1. Fabrication of the Si Microcells. The fabrication strategy
utilizes silicon-on-insulator (SOI; p-type device layer 2 μm ± 0.5 μm;
10-20 ohm-cm; 1 μm thick box; 300 μm thick handle; Ultrasil) wafers
in a manner similar to previously published devices.9 An image
outlining the fabrication of the microcells is presented in Supporting
Information Figure S1. The p−n junction is formed by selective area
diﬀusion of boron (p++) and phosphorous (n++) from solid doping
sources (Saint-Gobain Ceramics). Plasma-enhance chemical vapor
deposition (PECVD)-grade oxide (∼600 nm thick) is used as a doping
mask for each diﬀusion step. Before each doping step the wafers are
cleaned with the RCA-1/RCA-2 cleaning process at 70-80°C for ten
minutes each. (RCA-1 = 1:1:5 NH4OH/H2O2/H2O and RCA-2 =
1:1:5 HCl/H2O2/H2O.) The conditions for doping are the following:
10 min exposure at 1000°C for phosphorous and 30 min exposure at
1000°C for boron. A photoresist mask (AZ 5214, Clariant) on the
surface is applied to deﬁne the side-walls, anchors, and trenches of the
microcells. Inductively coupled plasma reactive-ion etching (STSICPRIE, STS Mesc Multiplex Advanced Silicon Etcher) is used to etch
these features and generate straight side-walls and corners.
The conditions for ICP-RIE have been reported previously.38 The
parameters are as follows: O2/SF6 = 13/130 sccm (for the silicon
etching step) and C4F8= 110 sccm (for passivation); gas pressure: 94
mTorr, etching power: 600/12 W inductively coupled plasma (ICP)/
platen (P), deposition power: 600/0 W for ICP/P, etching duration: 7
s, and deposition duration: 5 s. Thicknesses of the device layer were
measured with a proﬁlometer after etching in the ICP-RIE instrument.
To allow for easier retrieval of the microcells, the anchors are
anisotropically etched in KOH (Fisher) at 75°C for one minute. This
anisotropic etching step creates sharp-angled corners in order to
facilitate stress focusing for controlled fracture.39 A PECVD-grade oxynitride mask (∼100 nm) on the surface of the wafer serves as a
passivation layer during KOH etching. The buried oxide layer is
removed with 49% HF (Transene) and the microcells are suspended
on the wafer by their anchors. (Caution: HF is a highly corrosive and
toxic. Users should wear goggles, a lab coat, and natural rubber, neoprene,
or Viton gloves when working with this chemical.) It is also important to
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another anodized Al backplate placed below the substrate supporting
the microcell (see Supporting Information Figure S5). All measurements reported are based on the area of the microcell. Sample variance
in the J−V results was quite large for microcells from diﬀerent wafer
batches. Conversion eﬃciencies for microcells between diﬀerent
wafers, as measured on a glass slide with the anodized Al backplate,
ranged from 1.2% to 1.6%, open-circuit voltage (Voc) values ranged
from 390 to 450 mV, ﬁll factors varied from 55% to 65%, and Jsc values
ranged from 4.6 to 6.0 mA/cm2. To overcome sample variance, each
microcell was ﬁrst measured on a glass slide and then transfer-printed
to the desired reﬂector where the measurement was then repeated.
This allowed each J−V measurement incorporating a reﬂector to be
normalized to the one made on the glass slide.
The 2 × 2 mm2 aperture is quite large relative to the area of the
microcell (∼2.5 × 104 μm2). Experiments were performed wherein
microcells on glass were measured with small-area apertures. These
small-area apertures had an aperture area of 70 × 520 μm2 and these
J−V results were compared to the 2 × 2 mm2 aperture results to verify
that internal reﬂections of light were in fact small contributors to the
cell’s response. We observed a ∼5−10% overall decrease in the Jsc with
the small-area aperture vs the 2 × 2 mm2 (large-area) aperture.
Excessive light scattering from the backside reﬂectors is considered to
be extremely minor given the height of the microcells as well as bandpass ﬁlter measurements on microcells inside the small-area apertures
when compared to the large-area aperture results (see Supporting
Information Figure S6). Because the small-area apertures use Au, they
correctly match any excessive light scattering seen from backside
reﬂector measurements. Additionally, compared to the large-area
aperture measurements, relatively modest enhancements in the
photocurrent (∼5−10%) were observed in the visible part of the
spectrum with the Jsc falling oﬀ in the NIR. The decrease in the Jsc in
the NIR can be attributed to small amounts of light scattering oﬀ of
the anodized Al backplate when the microcell is ﬁrst measured on the
glass slide with the large-area aperture vs the small-area aperture. Any
enhancements in photocurrent reported therefore come mainly from
light that passes through the front of the device. Because ∼1.7 μm
thick Si absorbs all of the photons with wavelengths of ∼500 nm or
greater in energy,2 absorption enhancements with backside reﬂectors
reported here can come only from longer wavelength photons that
were not absorbed after the initial pass through the device. This is
discussed in greater detail in the sections that follow.

cover the samples while submerged in concentrated HF to minimize
porous silicon formation.40 The sample is then placed brieﬂy (∼3 s) in
KOH at 40°C to roughen the surface of the device as well as remove
any porous silicon that may have generated during the HF etching
step.
2.2. Fabrication of the Backside Reﬂectors. Fabrication of the
PNR utilizes soft lithography and follows published procedures.25,26,41
Brieﬂy, large-area (5 × 5 mm2) square arrays of subwavelength
cylindrical depressions were molded onto the surface of a thin layer of
a photo-curable epoxy (NOA 73, Norland), wherein a PDMS (10:1
Sylgard 184) mold containing the inverse pattern was pressed into the
epoxy and cured under ultraviolet light. Blanket deposition of titania
(∼8 nm) for a thin adhesion layer and Au (∼35 nm) by sputter
coating at 5 mTorr completed the PNR. The features for all
periodically arrayed reﬂectors reported herein have a relief depth of
∼380 nm, a hole pitch of Λ∼740 nm, and a hole diameter of ∼440
nm, as veriﬁed by atomic force microscopy (not shown) and SEM
measurements. A thin layer of alumina is then deposited on each
backside reﬂector by atomic layer deposition (ALD; Cabridge
Nanotech; sample temperature 80°C; trimethylaluminum/H2O; 10
sccm N2, 0.03 s pulse; 0 s exposure/pump valve close length; 65 s
pump/length of time between pulses), which acts as a thin insulating
layer to prevent direct Si to Au contacts. The thickness of the alumina
was veriﬁed with an ellipsometer on a reference piece of Si.
Not having the insulator on the surface of each reﬂector was found
to decrease Jsc values. (Supporting Information Figure S2 compares Jsc
values for diﬀerent materials used as an insulating layer.) The decrease
in Jsc seen in the presence of conﬁgurations that involve direct Si−Au
reﬂector contacts can be attributed to enhanced carrier recombination
at the Si-metal interface. Si and Au have diﬀerent work functions and
when brought into contact their Fermi levels match at the interface,
which results in metal-induced gap states. As these gap states occur
deeper in the semiconductor than in the metal,42 an unwanted bottom
contact is created that hinders device performance.
This thickness of Au was chosen since it is almost optically opaque
in the visible/NIR, where our Si microcells are optically transparent.
The periodicity and structure of the PNR were chosen based on
experimental measurements with microcells above PNRs with varying
hole diameters and pitches. The structure with a pitch of Λ ≈ 740 nm
and a hole diameter of ∼440 nm was found to give the greatest
enhancements in photocurrent (see Supporting Information Figure
S3). Fabrication of Ag- and Al-PNRs and opaque mirrors followed
similar ALD deposition and sputter-coating procedures.
2.3. FDTD Model. For the FDTD studies, a Drude plus two-pole
Lorentzian model for the complex frequency-dependent Au
permittivity was employed, with parameters ﬁt to empirical dielectric
constant data.43 The structure was excited with linearly polarized,
plane-wave light as described in ref 43. Here we used FDTD to “ﬁt”
our transmission data, shown in Supporting Information Figure S4,
and then use that model, with those ﬁtted parameters, to produce the
absorption spectra. For the modeled spectra, the Au thickness
parameters are 35 nm on the surface (determined through
ellipsometry) and 12 and 20 nm on the sidewalls and bottoms of
the relief features, respectively, as established by transmission electron
microscopy measurements reported in a previous publication.25 The
PNR was modeled to have a relief depth of 380 nm, a hole pitch of Λ
= 740 nm, and a hole diameter of 440 nm. Each backside reﬂector was
modeled to have 10 nm of alumina above its surface with the 10 nm
layer extending along the side walls and bottom of the relief features.
2.4. J−V Measurements. All current density-voltage (J−V)
measurements reported below were made under air mass 1.5D
illumination calibrated to 1000 W/m2 (Oriel, Model 91192) at room
temperature with a source meter (Keithley, model 2400) using a Si
reference cell for calibration of the simulator (Newport-Oriel, model
91150 V). Measurements were performed on individual microcells
transfer printed to glass slides, PNRs, and ﬂat mirrors.
2.5. Solar Cell Measurements with Apertures. To accurately
characterize these devices and minimize multiple reﬂections of light
around the perimeter of the solar cells,44 an anodized Al cover having
an aperture area of 2 × 2 mm2 was placed over each substrate with

3. RESULTS AND DISCUSSION
Figure 1a presents a schematic illustration of an individual
microcell above the nanostructured surface. The microcells
measure 500 μm in length, 50 μm in width, and ∼1.7 μm in
thicknesses and were fabricated from SOI wafers. Figure 1b
shows a sparse array of microcells transfer printed to the surface
of the PNR with their doping areas outlined in purple (p++)
and green (n++). This doping proﬁle places the p-n junction on
the top of the microcell. The spacing between the p++ and n++
regions on the surface is 50 μm. This spacing provides a high
internal electrical ﬁeld to eﬃciently separate photogenerated
electron−hole pairs.
To achieve direct contact onto the surface of each backside
reﬂector, the microcells are transfer-printed without an adhesive
layer. Adhesive-free transfer printing relies on the kinetic
control of adhesion between a microcell and a polydimethylsiloxane (PDMS) stamp, where a slow peeling velocity favors
adhesion between the microcell and backside reﬂector and a
faster one favors adhesion between the microcell and PDMS
stamp. The mechanics involved with transfer printing have
been explored in other papers.35−37 Working with SOI
improves transfer printing results since the back surfaces of
the microcells are extremely smooth, much more so than results
from fabrication schemes used to fabricate microcells using bulk
Si wafers. The etching processes used in these cases6,38
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(opaque and PNR) is characteristic of 0th-order Fabry−Pérot
resonances, which occur at the same positions as on spectra of
Si without a backside reﬂector (Figure 2a). The absorption
peak at λ ≈ 675 nm for the Au mirror is marginally stronger
than the absorption peak corresponding to the PNR because of
total back reﬂection from the opaque mirror. The same trend
persists where Si on the opaque Au mirror absorbs more light
than the Si on the Au PNR up to 800 nm. After 800 nm the
absorption peaks for Si on the mirror quickly diminish and the
PNR case begins to outperform all the way through the NIR
part of the spectrum. In the NIR domain, there appear to be
intense, broadened peaks in the absorption plot for the Si above
the PNR due to the presence of strong steep angle 1st-order
Fabry−Pérot resonances (other higher (> 1) diﬀraction orders
are negligible because of the combination of the period and the
excitation wavelengths) as evident in the cross-sectional images
of Figure 2b for λ = 1001 and 1075 nm; these two wavelengths
clearly show 1st-order standing wave interference patterns. This
eﬀect is pronounced for the longer wavelength range as the ﬁrst
order angle varies as θ1 = sin−1[λ/n(λ)Λ], and consequently the
path length increases with λ; we also identiﬁed these Fabry−
Pérot resoances as 0th- and 1st-order cavity modes through an
eﬀective medium calculation. Additional wavelength dependent
cross-sectional images are provided in Supporting Information
Figure S7.
Figure 3a depicts the enhancement in Jsc for each reﬂector as
a function of insulating layer thickness. The amount of alumina
was varied to ﬁnd the thickness that optimized electrical
insulation between Au and the microcell, which was determined
to be between 5−10 nm. At 10 nm of alumina on each reﬂector,
Figure 3a shows a ∼15% enhancement in the photocurrent
when the microcell is on the surface of the ﬂat, opaque reﬂector
while there is a ∼26% enhancement in the photocurrent when
the microcell is on the PNR. We also performed measurements
with a 35 nm thick, ﬂat Au BSR and found the enhancement in
the Jsc to be ∼10% relative to the anodized Al backplate. The
measured Jsc remains constant as the amount of alumina on the
Au mirror is increased. A diﬀerent result is observed for thicker
layers of alumina on the PNR. The PNR has an observed drop
in enhancement going beyond 10 nm of alumina. (See Figure
S8 in the Supporting Information for a comparison in FDTDcomputed absorption spectra for Si on a PNR with 10 nm of
alumina versus 40 nm of alumina.) From the FDTD
computations, we found that the electric ﬁeld enhancements
extend ten nanometers at the edges of the Au nanowells
(because of localized surface plasmons) to hundreds of
nanometers and all way through the Si slab (corresponding
to 0th and higher diﬀraction order Fabry−Pérot resonances).
Figure 3a shows that 20 nm of alumina has an enhancement
slightly higher than the Au mirror. Figure 3b shows
representative J−V measurements for microcells prepared on
glass (black), above the Au mirror (blue), and above the Au
PNR (red) and Table 1 gives their key parameters. The
microcell on glass has an initial eﬃciency of 1.40% with FF =
61%, Voc = 410 mV, and Jsc = 5.61 mA/cm2. Once transferred
to the PNR, Eﬀ = 1.75%, FF = 60%, Voc = 419 mV, and Jsc =
7.02 mA/cm2. A similar performing microcell was transferred to
an Au mirror and had the following characteristics: Eﬀ = 1.59%,
FF = 60%, Voc = 417 mV, and Jsc = 6.42 mA/cm2. The slight
enhancement in the Voc (relative to the microcell on the glass
slide) is to be expected since Voc increases logarithmically with
illumination intensity.45 For the present case we measured
almost the same FFs for representative cells above the Au PNR

Figure 1. Schematic illustration, optical and SEM images of microcells.
(a) Illustration of the solar microcell on the surface of the PNR (right)
with an enlarged image giving the dimensions of the microcell (left).
(b) Images of microcells transferred to the PNR with their doping
proﬁles highlighted in green (n++) and purple (p++). (c) SEM image
of a microcell transfer printed to the PNR with the inset showing
direct contact of the microcell to the surface of the PNR. White lines
in parts (b and c) represents: 100 μm (b); 5 μm (c); and 500 nm (c,
insert).

generates a back surface too rough for standard forms of
adhesive-free transfer printing. A scanning electron microscope
(SEM) image of a microcell transfer printed to an Au-coated
PNR is presented in Figure 1c; the inset shows a zoomed-in
proﬁle for the Si-PNR interface which demonstrates the direct
contact at the backsurface between the reﬂector and microcell
to form the Fabry-Pérot-cavities.
Figure 2a depicts the simulated optical absorption for 1.7 μm
thick bare Si without any reﬂector (black), above a 300 nm
thick Au mirror (blue), and above the PNR (red). For Si
without any backside reﬂector, the absorption is poor; it
absorbs less than 60% of the light at 600 nm and light
absorption quickly diminishes further into the NIR region of
the spectrum. The peaks seen in all the plots given in the ﬁgure
can be attributed to Fabry−Pérot resonances. To understand
the detailed nature of these resonances we performed 3D
FDTD simulations. Fig. 2b presents FDTD-computed, crosssectional electric ﬁeld distributions (|E(x,z)|2) at various
wavelengths for both reﬂectors. The illustrations to the far
left of Figure 2b are a depiction of each modeled system. As is
evident from the data given in Figure 2b, at λ ≈ 675 nm (point
1 on Figure 2a) the absorption for both backside reﬂectors
4242
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Figure 2. FDTD absorption and cross-section images of microcells. (a) FDTD plot depicting the absorption for 1.7 μm thick Si microcell (black), on
a 300 nm thick, ﬂat Au backside reﬂector (blue), and the PNR (red). (b) Illustrations of each modeled system along with cross-sectional (X−Z)
images computed with FDTD of the electric ﬁeld distribution of one unit cell for a microcell on the surface of the PNR (top) and the ﬂat, Au
backside reﬂector (bottom). The simulations were performed with 10 nm of Al2O3 (outlined in red in each illustration) between each backside
reﬂector and the microcell. The white region for the PNR case (b) represents an air-gap between the Si microcell and the PNR interface. The PNR
was modeled to have a relief depth of 380 nm, a hole pitch of Λ = 740 nm, and a hole diameter of 440 nm. Images are shown for wavelengths around
676 (point 1), 870 (point 2), 1000 (point 3), and 1070 nm (point 4).

factors that impact our cell performance include the lack of an
anti-reﬂective coating,46,47 a highly doped emitter, and having
top and bottom surfaces that are nearly atomically ﬂat, which
reduces the potential for multiple internal reﬂections of light.
Work is currently in progress that is developing improved
fabrication methods and integration schemes for ultrathin cells
that mitigate many of these impacts.
Photocurrent measurements based on a given wavelength
range, up to the material’s bandgap as measured using ﬁlters
placed in front of the solar simulator, are given in Figure 3c.
The graph is plotted in terms of enhancement factor where
measurements for microcells on the PNR are normalized to
measurements for microcells on the ﬂat, opaque Au backside
reﬂector (red) with accompanying FDTD results for the Si slab
above the PNR normalized to the Si slab above the ﬂat, opaque
Au (blue). The horizontal error bars depict the wavelength
range measured while the vertical error bars represent
measured sample variance. To study the wavelength dependent
absorption enhancement, band pass ﬁlters were used to
measure absorption for speciﬁc wavelength ranges. The bandpass ﬁlters had the following center wavelengths: 550 (FWHM

and the Au mirror, indicating negligible changes in the series
resistance. We also found that slightly higher eﬃciencies occur
in the PNR case because of the enhanced absorption induced
by Fabry−Perot resonances. Because of the large surface-areato-volume ratio of these microcells, as well as the fact that these
devices have no passivation layer (a choice made to simplify the
fabrication of thin microcells with the extremely ﬂat back
surfaces, as required for adhesive free transfer printing, from the
SOI source wafer), carrier recombination at the surface is quite
high (as shown by the low Voc values).
We should note that these SOI-derived microcells, although
functional, are of relatively low performance as compared to
both commercial Si solar cells and microcells we have
previously reported.6,8,10 Their use serves solely to facilitate a
proof-of-concept on the qualities realized by the precise
placement of a PNR in proximate planar contact with the
cell. The lower performance of these devices is a wellunderstood result of the fabrication process,9 which is not
optimized. The performance is aﬀected by the lack of a surface
passivation layer encapsulating the microcells as well as the
microcells not possessing a back-surface ﬁeld.46,47 Additional
4243
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the following center wavelengths 825 (FWHM ± 25 nm), 900
(FWHM ± 50 nm), 925 (FWHM ± 25 nm), 950 (FWHM ±
50 nm), 975 (FWHM ± 25 nm), and 1050 nm (FWHM ± 50
nm). Similar to the FDTD results, the Au mirror marginally
outperforms the PNR up until about 800 nm. After 800 nm the
PNR outperforms the opaque backside reﬂector. The regions
for absorption enhancement from the experimental data in
Figure 3c agree quite well with the FDTD models given in
Figure 2a. Photocurrent enhancements after 900 nm are the
most drastic with the PNR having an enhancement factor ∼8 in
the NIR.
A few of the cross-sectional images in Figure 2b show surface
plasmons on the sides of the upper and lower portions of the
Au nanowells. To rule out any contribution to the enhancement in the photocurrent from surface plasmons, ﬁlter
measurements were also performed on microcells above Aland Ag-based PNRs and their respective ﬂat mirrors (see
Supporting Information Figure S9). Ag and Al were studied
since Au generates plasmons in the visible, Ag generates
plasmons in the visible/NIR, and Al generates plasmons in the
ultraviolet.48−50 The beneﬁt of studying the Al-based system is
that no plasmons will be generated since Si absorbs and reﬂects
all the ultraviolet light (where Al is active). The enhancement
in the Jsc for each PNR and mirror were similar to their Au
counterparts ∼26% and ∼15%, respectively, when compared to
the anodized Al backplate. From the ﬁlter measurements, a
similar trend was observed with the opaque mirror outperforming each metallic PNR in the shorter wavelength range.
After 800 nm the PNR outperforms the mirror of the same
metal as shown in Supporting Information Figure S9.
Furthermore, the trends in Jsc for each reﬂector were similar
to the reported reﬂection measurements of each backside
reﬂector (Supporting Information Figure S10). These measurements therefore rule out dominating contributions from surface
plasmons to the enhancements seen in the photocurrent. For
the present PNR design, we haven’t observed any important
contributions from plasmonic eﬀects over the silicon absorption
bandwidth.

4. CONCLUSIONS
To summarize, we report on a semitransparent backside
reﬂector with nanoscale relief features that can outperform an
optically opaque, ﬂat reﬂector of the same metal due to
excitation of higher-order Fabry−Pérot resonances, as well as
light diﬀraction/scattering. Si is an eﬃcient absorber in the
400−700 nm wavelength range. The key objective of the PNR
is to enhance absorption in the 750−1100 nm band. The
photocurrent values for microcells above the PNR are ∼11%
greater than for microcells above the opaque mirror and ∼26%
greater than microcells without a reﬂector. We have identiﬁed
the mechanisms that enable enhanced absorption for microcells
above the PNR, as well as above the mirror. Computational
modeling reveals that the major component for the increased
absorption stems from higher-order Fabry−Pérot resonances.
J−V measurements incorporating ﬁlters below the solar
simulator show higher photocurrent densities in the red/NIR
domain of the spectrum, which agree with our computational
model. These experimental results on working devices further
support the notion that Fabry−Pérot resonances are the
dominant mechanism for the enhanced photocurrent. Filter
measurements with Al- and Ag-based PNRs and mirrors show
similar trends in the Jsc to Au PNRs and mirrors and therefore
rule out any possible contribution from surface plasmons to the

Figure 3. J−V measurements of microcells under illumination. (a)
Enhancements in the Jsc for microcells on the PNR and ﬂat, Au
backside reﬂector as a function Al2O3 spacer layer thickness. Each
backside reﬂector measurement has been normalized to the measurement of the microcell on a glass slide. (b) Representative J−V
measurements for microcells on a glass slide (black), PNR (red), and
ﬂat Au (blue) with a table giving the important cell parameters. (c)
Enhancement factors for ﬁlter measurements performed under the
solar simulator for microcells on the PNR normalized to microcells on
the ﬂat, opaque Au backside reﬂector (red) with accompanying FDTD
results for the Si slab above the PNR normalized to Si slab above the
ﬂat, opaque Au (blue). X-axis error bars indicate the wavelength range
for the ﬁlters while the y-axis error bars indicate sample variance.

Table 1. Cell Performance as a Function of Backside
Reﬂector
backside reﬂector

Eﬀ (%)

Voc (mV)

Jsc (mA/cm2)

FF (%)

Au PNR
Au Mirror
Anodized Al backplate

1.75
1.59
1.40

419
417
410

7.02
6.42
5.61

60
60
61

± 37.5 nm), 650 (FWHM ± 37.5 nm), and 750 nm (FWHM ±
37.5 nm). A combination of short-pass and long-pass ﬁlters had
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enhanced absorption. Solar cells utilizing back contacts, such as
point-contact solar cells,51−53 can beneﬁt from the design
principles and light management schemes established by this
work. The key aspect to enable increased performance occurs
when the device is in direct contact with the backside reﬂector.
This allows the device to take advantage of the intense, nearﬁeld phenomena that enable a higher absorption cross-section
and, therefore, better performance.
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