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ABSTRACT: Recently, free-standing, ultrathin, single-crystal
silicon (c-Si) membranes have attracted considerable attention
as a suitable material for low-cost, mechanically flexible
electronics. In this paper, we report a promising ultrathin,
flexible, hybrid solar cell based on silicon nanowire (SiNW)
arrays and poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS). The free-standing, ultrathin
c-Si membranes of different thicknesses were produced by
KOH etching of double-side-polished silicon wafers for various etching times. The processed free-standing silicon membranes
were observed to be mechanically flexible, and in spite of their relatively small thickness, the samples tolerated the different steps
of solar cell fabrication, including surface nanotexturization, spin-casting, dielectric film deposition, and metallization. However,
in terms of the optical performance, ultrathin c-Si membranes suffer from noticeable transmission losses, especially in the long-
wavelength region. We describe the experimental performance of a promising light-trapping scheme in the aforementioned
ultrathin c-Si membranes of thicknesses as small as 5.7 ym employing front-surface random SiNW texturization in combination
with a back-surface distribution of silver (Ag) nanoparticles (NPs). We report the enhancement of both the short-circuit current
density (Jsc) and the open-circuit voltage (Vo) that has been achieved in the described devices. Such enhancement is
attributable to the plasmonic backscattering effect of the back-surface Ag NPs, which led to an overall 10% increase in the power
conversion efficiency (PCE) of the devices compared to similar structures without Ag NPs. A PCE in excess of 6.62% has been
achieved in the described devices having a ¢-Si membrane of thickness 8.6 ym. The described device technology could prove

PEDOTPSS

Ultra thin (<10 pm) n- type silicon (100) [}

crucial in achieving an efficient, low-cost, mechanically flexible photovoltaic device in the near future.
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1. INTRODUCTION

Photovoltaic (PV)—the conversion of sunlight into electric-
ity—can potentially meet the rapidly growing demands for
electric power with minimal deleterious environmental
consequences. However, the real challenge can be ascribed to
reducing the cost of solar cells while increasing their
efficiencies. The high cost of single-crystal silicon (c-Si)
structures originates on its poor IR absorption that arises
from its indirect band gap, which has driven the geometry of
currently marketed silicon-based solar cells to include a c-Si
active layer of 180—300 pm thickness. This relatively thick layer
is employed as the means to absorb light effectively and, hence,
increase the device efficiency, but it also accounts for a
significant portion of the total device cost. In order to address
the challenge of bringing the cost down while attempting to
achieve reasonable efficiencies, thin-membrane solar cells have
been extensively characterized mostly because they are
considered an alternative low-cost PV choice provided that
the challenges of photon trapping and charge collection are
judiciously addressed. Thus, free-standing c-Si thin mem-
branes,' ™ a suspended thin-film silicon-on insulator,*® a thin
¢-Si film transfer layer,’ ™ silicon nanostructures includin

silicon nanowires (SiNWs),'*™'¢ silicon nanocones,™’ ™"
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silicon nanoholes, etc., have been considered as suitable

alternatives for solar cell fabrication. However, light trapping in
an ultrathin (<10 gm) c-Si membrane is one of the greatest
challenges in solar cell technology because those membranes
suffer significant reflection and transmission losses. Subwave-
length nanoscale surface texturization is one of the approaches
explored to enhance light absorption in such a thin c¢-Si
membrane because of broad-band antireflection effects. Wang
et al. have reported light-trapping effects by employing
nanocone texturization of both surfaces in c-Si membranes
with a thickness as small as 3 ym." Similarly, other groups have
reported light-trapping effects in thin c¢-Si membranes by
utilization of nanometer-scale surface texturing both theoret-
ically and experimentally.'®'****3*7>% Additionally, subwave-
length metallic nanoparticles (NPs) have also attracted
considerable attention for light-trapping purposes because
they can induce localized surface plasmons (LSPs) that scatter
incident light rather strongly into the thin active layer of a solar
cell, thereby increasing the average path length inside the
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device. LSPs are the collective oscillations of free electrons in
the metallic NPs. In fact, metallic NPs interact strongly with
visible and IR photons because of excitation of LSPs. The
strongest optical interaction occurs at resonance, which is a
function of the NP size, shape, and type of metal, as well as the
local dielectric environment. Silver (Ag) NPs are commonly
employed because of their relatively large scattering cross
section and the potential for low photon absorption in the
visible and near-IR (NIR) wavelengths. The plasmonic effect of
metallic NPs on the PV performance has been reported
elsewhere.”* ™ For example, Pillai et al. reported an overall
photocurrent enhancement of 33% on a 1.25-um-thick silicon-
on-insulator wafer by depositing Ag NPs on the surface of the
solar cells.® Ouyang et al. demonstrated a short-circuit current
density (Jsc) enhancement of 27% on thin-membrane silicon
solar cells employing self-assembled Ag NPs on the back
surface of the devices.>® Beck et al. reported a relative increase
in the photocurrent of 10% for a 22-um-thick silicon cell by
incorporating self-assembled Ag NPs on the back surface of the
device.”® Tan et al. reported a net gain of 2 mA/cm? in the
short-circuit current density without deterioration of the open-
circuit voltage (V) or the fill factor (FF) of the device by
using Ag NPs as a plasmonic back reflector.”

In this paper, we describe a promising light-trapping scheme
in a free-standing, ultrathin (<10 gm), mechanically flexible c-Si
membrane by employing nanoscale front-surface texturing
along with back-surface Ag NPs. The free-standing, ultrathin
silicon membranes were produced by the aqueous potassium
hydroxide (KOH) etching of double-side-polished silicon(100)
wafers. The ultrathin membranes were observed to be
mechanically flexible and sturdy enough to be handled with
Teflon-coated tweezers. The front-surface nanoscale texturiza-
tion exhibited noticeable broad-band antireflection effects,
while the back-surface Ag NPs exhibited light-trapping effects
in the long-wavelength regions. The described geometry is
considered to be promising for the realization of eflicient
ultrathin devices, with a calculated enhancement of ~140% in
the short-circuit current density of a nanotexturized c-Si
membrane of thickness 5.7 um compared to a flat c-Si
membrane with the same thickness. We fabricated the
heterojunction hybrid solar cell on a sub-10-ym c¢-Si membrane
by spin coating the organic polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS). Organic—inorganic hybrid heterojunction solar
cells are considered to be a viable alternative for low-cost PV
devices because the Schottky junction between the inorganic
and organic materials can be formed by employing relatively
low temperature processing methods.**™*" In conjunction with
utilization of Al,O;, deposited by atomic layer deposition
(ALD), as a back-surface passivation layer, we measured a
power conversion efficiency (PCE) in excess of 6.62% for a
device having a ¢-Si membrane thickness of 8.6 ym.

2. EXPERIMENTAL SECTION

2.1. SiNW Fabrication on Ultrathin Silicon Membranes. The
vertically aligned SiNW arrays were fabricated on ultrathin silicon
membranes, employing room-temperature, metal-assisted electroless
chemical etching (MACE) methods. Originally, the n-type, double-
side-polished, 4-in. silicon(100) wafers with a resistivity of 1—5 Q-cm
were cleaned in a piranha solution at 80 °C for 10 min. Subsequently,
the substrates were rinsed with deionized (DI) water and dried with a
nitrogen gun. Sub-10-um free-standing silicon membranes of various
thicknesses were obtained by immersing the wafers in a KOH solution
with a concentration of 50 wt % at 90 °C for different amounts of time.
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Under these conditions, the observed silicon etching rate was ~80
pum/h. The SiNW-array-textured surfaces were then produced by a
modified two-step MACE method. Initially, Ag NPs were uniformly
deposited on one side of the ultrathin silicon membranes while
protecting the other side with Kapton tape and then immersing the
samples in a solution comprising AgNO; (0.01 M) and HF (4.8 M)
for 30 s. The SINW arrays were then formed by immersing the
samples coated with Ag NPs in an etching solution comprising H,O,,
HF, and DI water in a volume ratio of 1:3:5. The mechanism of metal-
assisted chemical etching of silicon can be found elsewhere.**~* The
length of the SiNWs was controlled by the etching time. SiINWs of
2.10 pum length were obtained on the samples of different silicon
membrane thicknesses by etching each sample for 90 s. The residual
Ag NPs were then removed by immersing the samples in an aqueous
HNO; solution for 10 min.

2.2. Synthesis of Spherical Ag NPs. Ag NPs of average size 90
nm were synthesized by a seed-mediated growth method as in ref *,
To this end, 111 mg of poly(vinylpyrrolidone) (PVP) was added to 10
mL of diethylene glycol (DEG) while stirring at 80 °C. PVP acted as a
capping agent. After the solution turned clear, 0.25 mL of a 0.5 M
AgNOj; aqueous solution was injected rapidly. The solution was
maintained at 80 °C with continuous stirring until it turned yellow,
and then the reaction solution was transferred to a 20 mL autoclave
and heated at 230 °C for 24 h. Subsequently, the solution was allowed
to cool to room temperature. Purification of the NPs was carried out
by (i) filtration via a 200-nm-pore syringe filter followed by (ii)
centrifugation at 2000 rpm for 15 min. Only the upper part of the
solution was collected to obtain homogeneous Ag NPs of average size
90 nm. Finally, the recovered solution was washed several times with
DI water to remove excess DEG.

2.3. ALD of Al,0;. ALD of ALO; was carried out with a
Cambridge Nanotech Savanah 200 system. The substrate temperature
was maintained at 120 °C during the deposition process. The
precursors, trimethylaluminum and water, were kept at room
temperature. Nitrogen (N,) was used as a carrier and purge gas.
ALD is a deposition process that employs cyclical self-limiting gas-
surface reactions. This self-limiting reaction property is important for
conformal deposition in high-aspect-ratio structures because of the
time required for the reactant gases to fully diffuse into the narrow
channels. The growth rate of this process over 100 cycles on a
silicon(100) wafer with a native oxide, as measured by ellipsometry,
was 0.9 A/cycle. The index of refraction of the as-deposited AlO, film
was measured to be 1.71.

2.4. Solar Cell Fabrication. Prior to solar cell fabrication, the
produced SINW arrays on free-standing, ultrathin silicon samples went
through a rigorous cleaning procedure. Initially, the samples were
cleaned by immersing them in a piranha solution comprising H,O,
and H,SO, in a volume ratio of 1:3 at 80 °C for 10 min. Subsequently,
the samples were rinsed with DI water and dried with a N, gun. The
samples were cleaned by immersing them in a solution consisting of
H,0, (30%), NH,OH (37%), and DI water in a volume ratio of 1:1:5
at 80 °C for 30 min. The samples were then transferred to a DI water
bath for 10 min. In the next step, the samples were immersed in a
solution comprised of H,0, (30%), HCl (37%), and DI water in a
volume ratio of 1:1:5 at 80 °C for 30 min. Once more, the samples
were then transferred to a DI water bath for 10 min. Finally, the
samples were cleaned using a diluted HF (2%) solution for 60 s to
remove native oxide. For back-side processing of the cell, the free-
standing ultrathin c-Si membrane was taped on a dummy wafer using
Kapton tape. Nickel (10 nm)/Ag (100 nm) finger electrodes
connected to the bus line as a back contact were evaporated by
utilizing a shadow mask. Then, a 10-nm-thick AlO,, film was deposited
on the back side of the cells while protecting the bus line using Kapton
tape. Ag NPs were self-assembled on the back surface of the c-Si thin-
membrane sample by dispensing the previously prepared Ag NP
aqueous solution. Afterward, another AlO, film of 30 nm thickness was
deposited on the back side to encapsulate the Ag NPs. Finally, a 300-
nm-thick Ag film was evaporated on the back side of the cell to serve
as the back-surface reflector. For front-side processing of the cell, the
free-standing ultrathin silicon membrane was taped on a dummy wafer
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Figure 1. (a) Schematic illustration of the fabrication process of the described ultrathin, mechanically flexible silicon solar cells with a SINW array on
the front and plasmonic Ag NPs on the back. (b) Optical images of a free-standing, ultrathin silicon membrane, illuminated by white light from the
back side. (c) Optical image of the produced ultrathin silicon membrane on top of white paper to verify the partial transparency of the membrane.
(d) Ultrathin silicon membrane wrapped on a glass rod with a diameter of S mm. (e) Ultrathin silicon membrane being cut with scissors just like a

piece of paper.

using Kapton tape. Then, highly conductive PEDOT:PSS (Sigma-
Aldrich) mixed with a dimethyl sulfoxide and Triton X-100 solution
(surfactant) was spin-cast at 300 rpm for 10 s and 2000 rpm for 60 s to
form a core—shell radial heterojunction structure. The samples were
then annealed on a hot plate at 140 °C for 30 min to remove the
solvents. Finally, a 200-nm-thick Ag film was evaporated to form a
finger grid connected to the bus bar as a front contact. Figure la
depicts a schematic illustration of the fabrication of the described
ultrathin, mechanically flexible silicon solar cells. We have fabricated
three different devices having silicon membrane thicknesses of (a)
5.70, (b) 7.85, and (c) 8.6 um as well as the corresponding planar
reference solar cells for comparison purposes.

2.5. Characterization. The morphology of the samples was
collected using high-resolution scanning electron microscopy (SEM;
Hitachi S-5500) with a field-emission gun. Transmission electron
microscopy (TEM) was used to obtain high-resolution images of the
AlQ, film and the silicon interface in a JEOL 2010F TEM microscope
operated at 200 kV. The cross-sectional TEM samples were prepared
through a conventional mechanical polishing process including cutting,
grinding, polishing, and a final ion-milling thinning step. The optical-
reflectance spectral measurements were performed using a UV—vis—
NIR (Varian cary-5000) spectrometer equipped with integrating
spheres. The PV measurements were performed using a solar
simulator (Newport Sol2A) under AM 1.5G illumination (1000 W/
m?) at standard testing conditions. Prior to real sample measurement,
the simulator intensity was calibrated with a reference cell from
Newport (Irvine, CA) to ensure that the irradiation variation was
within 3%.

3. RESULTS AND DISCUSSION

3.1. Device Characterization. Figure 1b is an optical
image of the free-standing c-Si membrane of thickness 5.7 pm
with underneath light illumination. In Figure lc, because of
insufficient light absorption, a fraction of the scattered light is
transmitted through a membrane lying on a piece of paper. The
wavelength of light corresponding to the absorption depth of
5.7 ym is around 710 nm for 1 skin depth; therefore, light with
a wavelength greater than 710 nm was insufficiently absorbed.
Figure 1d shows a c¢-Si thin membrane of thickness 5.7 pm
wrapped around a glass tube of S mm diameter because the
sub-10-ym free-standing membrane is mechanically flexible and
sturdy enough to tolerate handling with Teflon-coated tweezers
and the rigors of clean-room processing including texturization,
spin-casting, dielectric film deposition, and metallization. It can
also be cut with scissors (see Figure le and Supporting
Information videos S1 and S2).
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Parts a—c of Figure 2 are cross-sectional SEM micrographs of
the vertically aligned SiNW arrays on samples with different

Figure 2. Cross-sectional SEM micrographs of SINW arrays on an
ultrathin c-Si membrane with different membrane thicknesses of (a)
5.70, (b) 7.85, and (c) 8.6 um produced by KOH etching of silicon
wafers. The vertically aligned SiNW arrays were produced by Ag-NP-
assisted chemical etching of silicon. (d) Cross-sectional SEM image of
the PEDOT:PSS-coated SiNW-array-textured sample. The image in
the inset is a higher magnification image of the same sample with a
scale bar of S00 nm.

thicknesses, namely, (a) 5.70, (b) 7.85, and (c) 8.6 ym. SINWs
of 2.11 ym length were obtained for a texturization time of 90 s
using Ag-catalyzed electroless chemical etching methods. Figure
2d is the cross-sectional SEM image of the PEDOT:PSS-coated
SiNW array on an ultrathin c-Si membrane, forming a radial p—
n junction. The image in the inset of Figure 2d is a higher
magnification image of the same sample showing infiltration of
PEDOT:PSS on the SINW-array-textured surface. Figure 3a is a
SEM micrograph of the spherical Ag NPs of the average size of
90 nm synthesized by a seed-mediated growth method. The
particle size distribution is shown in Figure 3b. Figure 4a is the
cross-sectional SEM micrograph of a fabricated device. Figure
4b shows the rear surface of the same device with Ag NPs
embedded on an AlO,, passivation layer. The inset in the lower
left corner of Figure 3b shows the embedded Ag NPs in 30 nm
ALD-deposited AlO,, while the inset in the upper right corner
of the same figure is a high-resolution TEM micrograph of the
Si/AlO,, interface.

dx.doi.org/10.1021/am500063w | ACS Appl. Mater. Interfaces 2014, 6, 4356—4363



ACS Applied Materials & Interfaces

Research Article

(b)

£
=

20r

50 60 70 80 90 100 110 120 130
Particle size (nm)

Figure 3. (a) SEM micrograph of the synthesized spherical Ag NPs. (b) Particle size distributions of Ag NPs.

Silicon

Figure 4. (a) Cross-sectional SEM micrograph of the described device with the PEDOT:PSS-coated SiNW-textured surface on the front and an
array of Ag NPs embedded in an AlO, dielectric layer on the back side of the device. (b) Higher-magnification cross-sectional SEM micrographs of
the back side of the same device showing the Ag NPs coated with ALD-deposited AlO,. The inset in the upper right corner is the TEM image of the

silicon AlO, interface.

3.2. Light-Trapping Performance of the Device. Light
trapping in an ultrathin (<10 y#m) c-Si membrane is one of the
greatest challenge for the realization of an efficient solar cell.
The ultrathin c-Si membrane suffers from significant reflection
and transmission losses. Subwavelength nanoscale surface
texturing is one of the promising approaches to enhance light
absorption because of broad-band antireflection effects. More-
over, plasmonic metal NPs have the potential to further
enhance optical absorption due to LSP resonances. We
experimentally measured the light-trapping performance of
the described device having front-surface SINW array texturing
and back-surface Ag NPs. The absorption spectra was
calculated from the measured reflection and transmission
spectra employing the relation A = 100 — (R + T).

Parts a—c of Figure S show the absorption spectra of (i) a
plane silicon membrane without texturization (in red), (ii)
front-surface SINW array texturing only (in blue), and (iii.)
front-surface SINW array texturing in combination with back-
surface Ag NPs (in green) for three different membrane
thicknesses, namely, 5.70 um in Figure Sa, 7.85 pm in Figure
Sb, and 8.6 pum in Figure Sc, respectively. The observations
indicate that the front-surface SiNW array texturization (in
blue) has a noticeable absorption enhancement over the entire
wavelength range compared to the samples without texturiza-
tion (in red). The addition of the back-surface Ag NPs further
improves the absorption performance for all devices particularly
in the long-wavelength region because of plasmonic back-
scattering of light by Ag NPs (green curves in Figure Sa—c). To
further quantify the absorption performance of the different
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geometries of the described devices, we calculated the short-
circuit current density from the measured absorption spectra
assuming a 100% internal quantum efficiency for each device by
using the equation

’13 6/1
Jio = / 10) AW) = i "

where A(A) is the measured absorption spectra of the ultrathin
sample, I(1) is the air mass 1.5G solar spectrum,”’ and 1 is the
wavelength of the incident light. The front-surface SINW array
texturization has a beneficial effect on the photocurrent
generation for all membrane thicknesses. Specifically, because
of utilization of front-surface SINW array texturization, Jsc
increases from 14.64 to 35.08 mA/cm’ in the c-Si thin
membrane of a thickness of 5.7 ym and from 19.94 to 36.10
mA/cm? in the ¢-Si membrane with a thickness of 8.60 ym.
Utilization of back-surface Ag NPs further improves the
photocurrent when employed in conjunction with the front-
surface SINW texturization; specifically, for the c-Si membrane
of a thickness of 5.7 um, Ji increases from 35.08 to 36.14 mA/
cm?, while for the relatively thicker 8.6 ym membrane, the
value of Jc increases to 36.51 mA/cm?® from 36.10 mA/cm™>
Therefore, the described light-trapping scheme comprising
SINW and Ag NPs is considered promising in view of the
increase in the short-circuit current density. For instance, in the
case of a 5.7-um-thick c-Si sample, Jsc was observed to increase
from 14.64 mA/cm’ for a flat sample to the noticeably higher
36.51 mA/cm? for a sample with the aforementioned light-
trapping scheme.
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Figure S. Absorption spectra of ultrathin silicon membranes with a plane surface (no texturing), front-side SINWs textured, and front SINWs
textured with back-surface Ag NPs, for different membrane thicknesses of (a) 5.70, (b) 7.85, and (c) 8.6 um. (d) Short-circuit current density
enhancement calculated from the measured absorption spectra assuming a 100% internal quantum efficiency for three different membrane
thicknesses (i.e., 5.70, 7.85, and 8.60 um). The red, blue, and green bars in the bar diagram correspond to the plane (no texturing), front-surface
SiNWs textured, and front-surface SiNWs textured with back-surface plasmonic Ag NPs, respectively.
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Figure 6. (a) Current density versus voltage curves for three different planar silicon hybrid solar cells with membrane thicknesses of 5.70, 7.85, and
8.60 yum. The inset in the lower left corner is an optical image of a test sample with dimensions of 1.2 cm X 1.2 cm. (b) Comparison of the -V
curves for ultrathin samples of 5.70 um thickness having (i) no texturization (in red), (ii) front-surface SINW texturization (in blue), and (iii) front-
surface SINW texturization with back-surface Ag NPs (in green). Both J¢c and V¢ increase noticeably with front-surface SINW array texturization,
and they are further improved with the addition of rear back-surface plasmonic Ag NPs.

3.3. PV Performance of the Device. Inorganic semi-
conductors and organic-conjugated polymers can be advanta-
geously combined to demonstrate a possible alternative route
to enable low-cost, hybrid PV devices. We fabricated the
heterojunction hybrid solar cells on an ultrathin silicon
membrane by spin-casting the conductive organic polymer
PEDOT:PSS on the previously prepared ultrathin samples.
Solar cells with three different geometries were fabricated,
namely, (a) a flat surface (no texturing), (b) a front SINW-
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array-textured surface and (c) front SINW array texturization
with back-surface Ag NPs, in three different membrane
thicknesses (i.e.,, 5.70, 7.85, and 8.60 um, respectively).

Figure 6a shows the current density versus voltage (J—V)
curves of the flat, ultrathin, hybrid solar cells having different
membrane thicknesses under AM 1.5G illumination. The inset
in the lower left corner depicts the optical image of the test
sample with dimensions of 1.2 cm X 1.2 cm. The values of both
Jsc and Ve were observed to increase as the membrane

dx.doi.org/10.1021/am500063w | ACS Appl. Mater. Interfaces 2014, 6, 4356—4363
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thickness increased. Thus, J¢c and V¢ values of 534 mV and
1505 mA/cm? respectively, were collected, leading to a
calculated PCE of 5.20% for the 8.60-um-thick c-Si membrane,
while the corresponding values of Jsc and V¢ of 446 mV and
11.47 mA/cm? respectively, were obtained for the relatively
thinner cell of 5.70 um thickness, producing a PCE of 3.41%.
The 5.70-um-thick cell suffers from a relatively higher
transmission loss as well as a higher surface recombination,
which are responsible for an inferior PV performance compared
to thf thicker cell. Similar results have been reported by Wang
et al.

Figure 6b shows the J—V curves for the devices having a c-Si
membrane thickness of 5.70 ym but with different solar cell
geometries, namely, a flat surface (in red), a front SINW-array-
textured surface (in blue), and front SINW arrays textured with
back-surface Ag NPs (in green). The PV performance
parameters of all fabricated devices including Jsc, Vo, FF,
and PCE are summarized in Table 1.

Table 1. Average PV Property of the Ultrathin,
Heterojunction, Hybrid Solar Cells with Different Cell
Geometries

thickness Voc (r{if&/ FF PCE
(um) cell type (mV) cm?) (%) (%)
5.70 planar 446 11.47 67.16 341
front SiNP textured 480 14.71 62.05 4.16
front SiNP textured with 492 14.97 62.23 4.58

back Ag NPs
7.85 planar 499 14.30 68.08 4.85
front SiNP textured 524 17.38 63.27 5.72
front SiNP textured with 529 17.40 65.6 6.02

back Ag NPs
8.60 planar 534 15.06 6493 520
front SiNP textured 542 18.30 63.8 6.33
front SiNP textured with 545 18.50 65.5 6.62

back Ag NPs

The values of both Jsc and V¢ improved with utilization of
front-surface SINW array texturization irrespective of the
membrane thickness. The broad-band antireflection effects of
the SINW arrays were directly observed on the measured values
of Jsc of the devices. Case in point, Jsc increased to 14.97 mA/
cm? from 11.47 mA/cm? on the silicon membrane sample of
5.7 pm thickness. Similarly, the values of Jsc and V¢ of 18.30
mA/cm® and 542 mV were obtained on the silicon thin-
membrane sample of thickness 8.60 ym having a front-surface
SiNW array texturization, leading to a PCE value of 6.33%,
which compares favorably to the PCE value of 5.20% for a flat
device with the same thickness. Utilization of back-surface Ag
NPs further improves the electrical performance of the
described devices. For instance, the values of Jsc and V¢ of
480 mV and 14.70 mA/cm?, respectively, were obtained for the
device with a membrane thickness of 5.70 pgm with front-
surface SINW texturization only, and these values were
observed to increase to 492 mV and 14.97 mA/cm?
respectively, leading to a ~10% overall increase in PCE of
the device. Similarly, for the 8.6-um-thick sample, PCE of the
device increased from 6.33% to 6.62% because of utilization of
the Ag NPs on the back surface. This can be attributed to
plasmonic back-scattering of photons by Ag NPs.

Prior to Ag NP dispersion, the back surfaces of all thin-
membrane silicon samples were passivated with a 10-nm-thick
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AL, O, film; this is relevant because surface recombination is
high for such a thin sample. Furthermore, the FF of the SINW-
texturized devices improves with the presence of Ag NPs
embedded in the dielectric passivation layer (see Table 1)
because of the relatively low value of the measured series
resistance compared to those devices without the NPs. The
performance of the described devices can be further improved
by optimization of (a) the SINW array morphology, (b) the
interfacial passivation between the SiINW-textured surface and
the PEDOT:PSS layer, (c) the thickness of the dielectric spacer
layer between Ag NPs and the silicon surface, (d) the size and
density of Ag NPs, and (e) front and rear contact electrodes,
among others.

4. CONCLUSIONS

PCE in excess of 6.62% has been observed in a c-Si
heterojunction hybrid solar cell of 8.6 ym thickness with a
topography that included a SINW array used in conjunction
with the organic semiconductor PEDOT:PSS. Additional
samples of thicknesses of 5.7 and 7.85 um have also been
fabricated and characterized. The experimental observations
support the promising light-trapping effects in an ultrathin c-Si
membrane when employing front-surface random SiINW
texturization in combination with back-surface Ag NPs. The
enhancement in both the short-circuit current density and the
open-circuit voltage measured in the described devices is due to
the plasmonic back-scattering effects of Ag NPs on the back
surface, leading to an overall 10% increase in PCE compared to
similar devices with SINW texturization but without Ag NPs.
The described device technology could prove to be crucial to
achieve a low-cost, mechanically flexible, PV device in the near
future.
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