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Abstract—Motivated by the primary benefit of reduced material
cost, the thickness of crystalline silicon solar cells has been contin-
uously reduced. Laboratory and industrial studies have explored
ultrathin crystalline silicon solar cells below 50 µm with ambitious
endeavors toward thicknesses of only a few micrometers. Ultra-
thin crystalline silicon solar cells require compatible small-scale
surface textures to enhance the optical absorption. For this pur-
pose, a novel submicron periodic nanostructure—periodic upright
nanopyramids (PuNPs)—is fabricated by an integrated process of
laser interference lithography and anisotropic etching of silicon in
an alkaline solution. By simulation and measurements, we demon-
strate that PuNPs are able to reduce front surface reflectance more
effectively than conventional micron-scale pyramid textures and
previously investigated periodic inverted nanopyramids (PiNPs).
With a silicon nitride antireflection coating, we predict that PuNPs
reduce the front surface reflectance to below 1% at an angle of inci-
dence of 8°, which is comparable to black silicon. The superior an-
tireflective property of PuNPs contributes to an absorbed photocur-
rent density of 40.8 mA/cm2 for a 40 µm silicon absorber layer,
which is 0.7 mA/cm2 higher than PiNPs, 0.8 mA/cm2 higher than
inverted pyramids and 1 mA/cm2 higher than upright pyramids.

Index Terms—Light management, periodic nanostructures,
ultrathin silicon solar cells.
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I. INTRODUCTION

S ILICON wafers account for approximately 61% of the price
of today’s silicon solar cells [1]. For the primary benefit of

reduced material cost [2], [3], the thickness of industrial silicon
wafer solar cells has been reduced to ∼180 µm and is expected
to continue decreasing. New technologies to produce thin and
kerfless wafers with disruptive potential [4] have enabled high-
performance thin silicon solar cells with thicknesses less than
50 µm. For instance, the company Solexel has achieved 21.2%
efficiency with 35 µm silicon thickness [5]. Laboratory stud-
ies explored thicknesses down to 20 µm by wafer thinning or
epitaxial growth [2], [3], [6], [7]. This emerging concept of
ultrathin silicon solar cell is also motivated by a few other bene-
fits including better tolerance in material quality [2], [7], likely
higher open-circuit voltage [3], [8]–[10], and possibilities for
novel flexible designs [11], [12]. The technological innovations
developed for thinner wafers such as directly growing epitaxial
wafers from gas [13], directly producing wafers from molten sil-
icon without casting [14], [15], and diamond wire sawing [16]
also reduce the Capex, offering great growth impetus to the pho-
tovoltaic industry [17]. In contrast, the reduction in the thickness
of silicon absorber layers also comes with two crucial issues:
First, a thin silicon solar cell is faced with lower optical absorp-
tion than a typical wafer solar cell, as the average absorption
length in the active layer is reduced; second, the conventional
micron-scale pyramid textures including random upright pyra-
mids and inverted pyramids cannot be directly transferred to ul-
trathin silicon solar cells with only a few micrometers thickness.

An intuitive approach to develop compatible surface textures
with ultrathin silicon absorber layers is to reduce the size of
conventional micron-scale surface textures. When the size of the
surface texture is reduced to the submicron range, which is com-
parable to the incident wavelength, ray optics approaches that
are typically used to describe micron-scale textures no longer
apply. Instead, the interaction of light with the surface textures
needs to be described by wave optics. For a periodic submicron
structure, absorption is enhanced due to 1) the extension of the
optical path length because of diffraction and 2) the reduction
of front surface reflectance because of improved light coupling
into the absorber. Periodic nanostructures were predicted to be
able to achieve path length enhancement approaching or even
exceeding the Lambertian limit [18]–[20]. Moreover, they have
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inspired novel designs of solar cell architectures such as the
radial p–n junction arrangement for periodic nanopillars [21]–
[25] and nanoholes [26]. In this work, we present a method to
fabricate periodic upright nanopyramids (PuNPs) with a period
in the submicron range, which can be considered as a regu-
lar nanocounterpart of conventional random upright pyramids.
Compared to other periodic nanostructures, such as nanopillars
[21]–[25], [27]–[33], PuNPs have a smaller aspect ratio and sur-
face area because of the 54.74° characteristic angle of pyramid
textures. Hence, the surfaces of PuNPs are expected to be easier
to passivate. This novel PuNP structure is fabricated using a
mask-aided anisotropic etching process of silicon in an alkaline
solution. Laser interference lithography (LIL) is used to pre-
pare the nanomask that defines the periodicity and a controlled
alkaline etching process of silicon is used to realize the PuNPs.

The front surface reflectance of the fabricated PuNPs is then
measured and discussed with reference to conventional random
upright pyramids, inverted pyramids, and previously investi-
gated periodic inverted nanopyramids (PiNPs) texture [7], [34]–
[37]. PiNPs can be considered as the nanocounterpart of micron-
scale inverted pyramids. It was demonstrated by Mavrokefalos
et al. that PiNPs are able to enhance optical absorption ap-
proaching the Lambertian limit [35]. The impact of the flat
areas in-between the textures is also evaluated by simulation.
Furthermore, the optical performance of PuNPs with a confor-
mal 70 nm thick silicon nitride (SiNx ) antireflection coating
(ARC) is predicted. Based on the simulation and experimen-
tal results, we discuss the potential of PuNP textures for light
management applications [38].

II. METHOD

A. Experiments

PiNPs and PuNPs were fabricated through a series of lithogra-
phy, dry, and wet etching steps. The method of fabricating PiNPs
was the same as that reported in [34]–[36]. Fig. 1 illustrates the
process flow to fabricate PuNPs. First, S1805 positive photore-
sist was spin-coated on top of a boron-doped p-type (100) c-Si
Cz wafer with 100 nm thermally grown dry SiO2 . An LIL dou-
ble exposure process (sample was rotated by 90° after the first
exposure) was then applied to obtain a two-dimensional (2-D)
periodic photoresist nanomask. The process was optimized to
prepare a nanomask with a period of about 700–800 nm. The
photoresist nanomask was further refined by oxygen plasma
treatment to completely remove any residue photoresist at the
regions where the SiO2 surface was designed to be exposed.
Next, the pattern of the photoresist nanomask was transferred
to the SiO2 layer using a CF4 plasma reactive ion etching (RIE)
process. To obtain PuNPs instead of PiNPs, the protective areas
covered by SiO2 were made to be small, and any SiO2 not cov-
ering protective sites was removed completely (Fig. 2 shows an
SEM image of the SiO2 nanomask after RIE). For this purpose,
additional HF etching was used to further reduce the size of the
protective SiO2 and remove SiO2 at rest of the area. The sample
was then etched in 30 wt% KOH at 80°C for 3 min to activate
the anisotropic etching of the silicon surface. Unlike in the usual
alkaline etching for fabricating conventional pyramid textures,

Fig. 1. Process flow of PuNP fabrication using an approach based on in-
tegrated laser interference lithography and anisotropic etching. The process
parameters optimized for each step are indicated by the white text.

Fig. 2. SEM image of SiO2 mask after reactive ion etching (RIE).

where etching is initiated at random pits, here, the etching pro-
cess initiated in those regions of the silicon surface which are
periodically exposed. The SiO2 hard nanomask served as an
etching stopper with the surrounding silicon being etched fol-
lowing the preferential etching principle to form PuNPs. Finally,
the remaining SiO2 was dissolved in 4 v% HF.

The spectrally resolved front surface reflectance of the PuNP
sample was measured by a solar cell spectral response measure-
ment system (Bentham Instruments Ltd.).

B. Simulation

In this work, optical simulation was employed to evalu-
ate the potential of using PuNPs for light management appli-
cations in different scenarios with reference to conventional
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Fig. 3. SEM images of (top) PiNP samples and (bottom) PuNP samples.
(a) Top view and (b) cross-sectional view of PiNPs. (c) Top view and (d) cross-
sectional view of PuNPs.

micron-scale surface textures. Conventional micron-scale tex-
tures were simulated with the freely available optical simulators
(PV Lighthouse) OPAL2 [39], which accurately calculates the
front surface optical properties of silicon wafer based solar cells
and wafer ray tracer [40], which integrates Monte Carlo ray
tracing and thin film optics to calculate the photocurrent density
of silicon wafer based solar cells. OPAL2 and wafer ray tracer
assume that light interacts with the textures in the geometric
ray optics regime and hence are ideal for simulating micron-
scale surface textures. Periodic nanostructures, i.e., PuNPs and
PiNPs, were simulated with the rigorous coupled wave analy-
sis (RCWA) method [41]–[47]. RCWA is a rigorous method in
computational electromagnetics to solve the Maxwell equations
by performing a Fourier transformation of both the electromag-
netic field and the structure. It is particularly suitable for optical
simulation of diffractive structures defined by continuous and
periodic 2-D elements.

III. RESULTS AND DISCUSSION

A. Experiments

Fig. 3 shows top view and cross-sectional view SEM images
of fabricated PiNP and PuNP samples. The PiNP structure has
a period of ∼800 nm and the PuNP structure has a period of
∼720 nm. Flat areas are observed in both samples. For PiNPs,
the flat area is mainly found at the ridges between two adjacent
inverted nanopyramids, whereas for PuNPs, small flat tops orig-
inating from the SiO2 protective mask are also observed. The
fraction of the flat area fflat is approximated to be about 30%
for both samples.

Fig. 4 plots the measured spectrally resolved reflectance for
PuNPs and PiNPs at 8° incident angle. The 8° incident an-
gle is chosen for the convenience of measurement and rep-
resents a case slightly off the normal. The reflectance curve
of a conventional random upright pyramid sample fabricated
using the same silicon wafer is also plotted in Fig. 4. Com-
pared to the conventional random upright pyramids, PiNPs and

Fig. 4. Measured reflectance of PuNPs, PiNPs, and conventional random
upright pyramids in the 300–1200 nm spectral range.

PuNPs achieve comparable or even lower reflectance in the
550–1000 nm spectral range. This shows that reducing the size
of conventional pyramid textures does not compromise their op-
tical performance. On the contrary, the front surface reflectance
may be further suppressed.

It is noteworthy that the random upright pyramid sample
has almost no flat area, whereas the PuNP and PiNP samples
have significant flat areas (fflat = 30%) as observed from the
SEM images. These flat areas can potentially be reduced by
optimizing the fabrication process. For instance, the flat area
at the nanopyramid tip can be reduced somewhat by further
reducing the area of the protective SiO2 mask; likewise, the flat
area between two adjacent nanopyramids can be reduced by
optimizing the etching conditions.

One concern of using periodic nanostructures for light
management in photovoltaic devices has been the high surface
recombination losses due to the increased surface area. Recently,
studies have demonstrated that nanotextured silicon surfaces,
including black silicon (b-Si) with a large surface area can be
effectively passivated by thermal oxidation, plasma-enhanced
chemical vapor deposition (PECVD) [48], and atomic layer de-
position [49], [50]. PuNPs are expected to be easier to passivate
than b-Si and many other periodic nanostructures. First, among
the periodic nanostructures, PuNPs have a relatively small
surface area (about 1.73 times the corresponding flat area),
attributed to their small aspect ratio and characteristic etching
angle of 54.74°. Second, PuNPs are fabricated by preferential
etching of silicon in KOH, which is similar to conventional
random upright and inverted pyramids. Hence, similar impact
on the surface roughness and crystallinity of the silicon material
is expected [15], [51]. Passivation methods developed for con-
ventional pyramid textures are expected to be easily transferred
and optimized for PuNPs. Third, the geometry of PuNPs, with
a gradually increasing silicon volume fraction at the air/silicon
interface, allows an easier deposition of conformal passivation
layers even with conventional methods such as PECVD.

B. Simulations

Using RCWA, the front surface reflectance of PiNPs
and PuNPs was calculated and compared with experimental
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Fig. 5. Simulated and measured spectrally resolved reflectance of (a) PiNPs
and (b) PuNPs.

measurements, as shown in Fig. 5. Note that the measured re-
flectance at long wavelengths includes the portion of light es-
caping from the front surface after being reflected at the rear
surface, while the simulation only calculates the front surface
reflectance. This portion of escaping light is particularly notice-
able in the measured curve for wavelengths larger than 1000 nm,
hence we only plot the spectral range 300–1000 nm. Compared
to the simulated reflectance, the measured reflectance curve is
much smoother, which is due to the broadening of peaks with
adjacent wavelengths in measurement.

For a more straightforward comparison of the simulated and
measured reflectance, the weighted average reflectance (WAR)
over the AM1.5G solar spectrum of interest (300–1000 nm) is
calculated for each structure by

WAR =
∫

ΦAM1.5(λ)R(λ)dλ
∫

ΦAM1.5(λ)dλ
(1)

where ΦAM1.5 is the AM 1.5 photon flux and R(λ) the spectrally
resolved reflectance.

For PiNPs, the WAR for measured curve is calculated to
be 12.1% and the WAR for simulated curve is 14.4%. This
corresponds to a relative difference of 19%. For PuNPs, the
WAR for measured curve is 12.5% and the WAR for simulated
curve is 9.6% (relative difference is 23.2%). These differences
may seem large at the first glance but the discrepancies are most
likely due to the deviation of the fabricated structures from the
assumptions made in the theory. RCWA defines the unit cell
and assumes that the unit cell is repeated infinitely in the x-

and y-directions. By doing this, the periods, heights, and any
other geometric parameters are assumed to be the same all over
the textured area. In contrast, these geometric parameters can
vary in real samples due to nonideal experimental conditions.
For instance, some of the adjacent periods merged to form big
pyramids with sizes exceeding the coherence length. Some of
the areas were etched into hillocks, which were also observed
in micron-scale random upright pyramids texturing [52]. We
expect that the discrepancies between simulated and measured
curve can be reduced by optimizing the fabrication process.

It is also noteworthy that although the reflectance curves for
both PiNPs and PuNPs generally have downward trends, the one
for PuNPs is steeper. That is, PuNPs have relatively larger dif-
ference between the reflectance at short wavelengths and that at
long wavelengths. This opens up potential application of PuNPs
as a wavelength-selective reflector for tandem solar cells, i.e., it
reflects more light back to the top cell at short wavelengths and
allows more light to transmit into the bottom silicon cell at long
wavelengths [38].

1) Impact of the Flat Area Ratio: It is shown in Fig. 4 that
PiNPs and PuNPs achieve comparable front surface reflectance
with random upright pyramids despite the presence of 30% flat
area. The front surface reflectance may be further reduced if the
fabrication process can be optimized to reduce the flat area. This
section evaluates the impact of flat area ratio fflat on the front
surface reflectance of PiNPs and PuNPs by simulation. Here
only uniform sample is considered, which calculates the low-
est reflectance that PiNPs and PuNPs can achieve. Practically,
the deviation of the measured reflectance from simulated value
depends on the uniformity of the real samples.

Fig. 6 plots the WAR over the 300–1200 nm spectral range
for PiNPs and PuNPs with varying fflat . In practical applica-
tions, the solar illumination is rarely at normal incidence, as the
sunlight illuminates photovoltaic devices from different angles
throughout the day and the year. Hence, angular response of
PiNPs and PuNPs at a reasonably large incident angle of 40°
is also plotted in addition to the 8° incidence just off the nor-
mal. Conventionally, an additional ARC is applied on top of the
micron-scale pyramid textures to further suppress front surface
reflectance. Hence, periodic nanostructures with a conformal
70 nm SiNx ARC are also simulated. In each scenario, corre-
sponding WAR of micron-scale random upright pyramids and
inverted pyramids (fflat = 0%) are plotted as a reference.

As shown in Fig. 6, WAR decreases with reduced flat area
for both PiNPs and PuNPs. For the ideal case where the flat
area is completely removed, the lowest WAR is achieved. This
is due to two reasons: first, the higher coverage of textured
region is expected to suppress front surface reflectance more
effectively; second, the structures are etched deeper along with
the reduced flat area, fundamentally determined by the 54.74°
etching angle of silicon in an alkaline solution. It has previously
been concluded that high aspect ratio structures reduce front
surface reflectance more effectively [32], [53].

2) Impact of ARC: The application of ARCs further reduces
the front surface reflectance for all surface textures. At 8° in-
cidence [see Fig. 6(c)], WAR of ideal PiNPs (fflat = 0%)
is slightly higher than that of micron-scale surface textures.
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Fig. 6. WAR over the 300–1200 nm spectral range of PiNPs and PuNPs with varying flat area ratio fflat . Four different scenarios are considered. (a) At 8°
incidence without an ARC. (b) At 40° incidence without an ARC. (c) At 8° incidence with a conformal 70 nm SiNx ARC. (d) At 40° incidence with a conformal
70 nm SiNx ARC. Corresponding WAR of conventional micron-scale pyramid textures (random upright pyramids and inverted pyramids) with no flat area are
also plotted in each scenario.

In contrast, ideal PuNPs (fflat = 0%) can reduce the front sur-
face reflectance more effectively, achieving a WAR below 1%,
which is comparable to b-Si surface textures. However, the as-
pect ratio and surface area of PuNPs are much lower than b-Si,
which makes the surface passivation easier, as mentioned earlier.
It is interesting to note that WAR only increases slightly with
fflat for PuNPs with an ARC. With 40% flat area, PuNPs can
still achieve a WAR value comparable to micron-scale surface
textures. This allows a wide process window and makes PuNPs
a promising candidate for light management applications.

3) Angular Response: As expected, all surface textures ex-
perience a higher reflectance at 40° incidence than at 8° in-
cidence. At 40° incidence, periodic nanostructures, especially
PuNPs, show an even greater advantage over conventional ran-
dom upright and inverted pyramids [see Fig. 6(b) and (d)] than
at 8° incidence. For instance, ideal PuNPs (fflat = 0%) with
an ARC can still reduce WAR to a value as low as 2.8%. This
shows that the superior antireflective property of PuNPs is om-
nidirectional. PuNPs are expected to have less optical loss at
oblique incident angles and, hence, higher energy yield than
conventional micron-scale surface textures.

At 8° incidence [see Fig. 6(a) and (c)], micron-scale ran-
dom upright pyramids and inverted pyramids show very similar

WAR, with the inverted pyramids being slightly lower. This is
because a higher percentage of rays undergoes a triple bounce
for inverted pyramids than for upright pyramids [54]. At 40°
incidence, WAR of inverted pyramids is higher than that of up-
right pyramids, which is different from the case of 8° incidence.
In contrast, PuNPs reduce the front surface reflection more ef-
fectively than PiNPs in all scenarios investigated. This stems
from the different mechanism by which periodic nanostruc-
tures reduce front surface reflectance from micron-scale surface
textures.

The front surface reflectance of the periodic nanostructures
is the sum of the light intensity in all reflected diffraction or-
ders. Since fabricated PuNPs and PiNPs have similar periods,
the number of reflected orders are similar. Therefore, we in-
vestigate the distribution of light into each reflected order for
PiNPs and PuNPs with 30% flat area ratio. Normal incidence is
considered instead of 8° incidence, as the diffraction pattern at
normal incidence is symmetric, and therefore, only a set of rep-
resentative orders need to be analyzed. We divide the analysis
into three spectral ranges, namely 300–560, 570–790, and 800–
1200 nm, according to the number of diffraction orders present.
Fig. 7 plots the WAR for each reflected order. For simplicity,
WAR for the order (0, 1) and (1, 1) sums the intensity for all their
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Fig. 7. Simulated WAR for each reflected order (0,0), (0,1), (1,1), including
symmetric orders, over three spectral ranges (300–560, 570–790, 800–1200 nm)
for PuNPs and PiNPs at normal incidence.

Fig. 8. Schematic illustration of a front surface textured silicon solar cell with
an SiNx ARC on top of the texture, an SiO2 passivation layer, and a silver
back reflector. The thickness of silicon absorber layer is varied in the range of
1–180 µm.

corresponding symmetric orders. In the range 300–560 nm, all
three orders investigated are present. PiNPs diffract more light
into the (0, 0) order and less light into the (0, 1) and (1, 1) order
than PuNPs. The summed WAR of PiNPs is slightly lower than
that of PuNPs. In the 570–790 nm range, two orders—(0, 0) and
(0, 1)—are present. For both orders, PiNPs have higher WAR
than PuNPs, which explains the higher front surface reflectance
of PiNPs. In the range 800–1200 nm, only the (0, 0) order is
present. The higher front surface reflectance of PiNPs simply
originates from the higher reflectance of the (0, 0) order. Overall,
PiNPs have a higher WAR than PuNPs over the entire spectral
range investigated (300–1200 nm).

4) Overall Absorption Enhancement: In order to evaluate
how the reduction of front surface reflectance contributes to the
overall absorption enhancement, the absorbed photocurrent den-
sities (jph) for stacked optical structures incorporating PiNPs
and PuNPs are calculated using

jph = q

∫
ΦAM1.5(λ)A(λ)dλ (2)

where A(λ) is the spectrally resolved absorptance. A significant
flat area fraction of 30% in PiNPs and PuNPs is assumed.

Fig. 8 illustrates the investigated configurations. All structures
are equipped with a SiNx ARC, a 1 µm SiO2 passivation layer

Fig. 9. Calculated absorbed photocurrent densities of PuNPs and PiNPs as a
function of silicon absorber thickness with reference to conventional micron-
scale upright pyramids and inverted pyramids.

and a 200 nm silver back reflector to provide the rear side
reflectance. The thicknesses of silicon absorber layers, which is
defined as the thicknesses from the base of the surface textures
to the rear surface of silicon, are varied in the range of 1–180
µm. The jph of micron-scale upright pyramids and inverted
pyramids are also calculated for various thicknesses other than
1 µm as references. The wafer ray tracer used to calculate the
absorbed photocurrent densities does not allow an input of 1
µm thickness. In reality, micron-scale surface textures cannot
be applied in silicon solar cells as thin as 1 µm. Note that micron-
scale upright pyramids and inverted pyramids have much larger
absorbing volumes in the textured region than PiNPs and PuNPs
due to the much larger sizes and depths of the textures.

Generally, PuNPs achieve higher jph than micron-scale up-
right pyramids and inverted pyramids, as shown in Fig. 9. Com-
paring PiNPs and PuNPs, a crossover point is observed at the
thickness of 10 µm. For thicknesses smaller than 10 µm, PiNPs
enable a higher jph , which may be attributed to its larger absorb-
ing volume in the textured region than PuNPs. For thicknesses
larger than 10 µm, the effect of absorbing volume in the tex-
tured region is no longer significant, PuNPs achieve higher jph
than PiNPs, attributed to the superior antireflective properties.
For example, PuNPs achieve an absorbed photocurrent density
of 40.8 mA/ cm2 for a 40 µm silicon absorber layer, which is
0.7 mA/ cm2 higher than PiNPs, 0.8 mA/ cm2 higher than in-
verted pyramids, and 1 mA/ cm2 higher than upright pyramids.

IV. CONCLUSION

In this paper, we have introduced the PuNPs texture, which is
designed to be compatible with ultrathin silicon solar cells down
to a few micrometer thickness. To realize this texture, we devel-
oped a mask-aided anisotropic etching method. The nanomask,
which functions as an etching stopper, was prepared using
LIL. Potentially, the suggested fabrication process can also be
scaled up to the wafer scale by high-throughput and more cost-
effective lithography techniques such as nanoimprint lithogra-
phy [15], [37], [55]–[60]. The anisotropic etching process of
silicon in KOH solution is similar to that used for conventional
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micron-scale pyramid textures and is expected to be easily op-
timized for the wafer-scale texturing process.

The fabricated PuNPs showed a front surface reflectance
lower than that of conventional micron-scale pyramid textures
and the previously investigated PiNPs. With the application of a
conformal 70 nm SiNx ARC, simulation predicts that the front
surface reflectance can be further reduced to ∼1% (at 8° an-
gle of incidence), which is comparable to b-Si [56], provided
the fabrication process can be optimized to minimize the flat
area. However, even with a 40% flat area fraction, PuNPs show
a reflectance comparable to that of conventional micron-scale
surface textures. This allows a wide process window in practical
applications. Furthermore, we showed that the superior antire-
flective properties of PuNPs are conserved at oblique angles of
incidence. At 40° incidence, PuNPs with an ARC reduce the
front surface reflectance to as low as 2.8%.

The superior antireflective property by PuNPs contributes
to impressive absorbed photocurrent densities for varying sili-
con absorber thickness. With a significant flat area fraction of
30%, PuNPs are predicted to achieve an absorbed photocur-
rent density of 40.8 mA/ cm2 for a 40 µm silicon absorber
layer at an incidence angle of 8°, which is 0.7 mA/ cm2 higher
than PiNPs, 0.8 mA/ cm2 higher than inverted pyramids, and
1 mA/ cm2 higher than upright pyramids.

As PuNPs are geometrically similar to conventional pyra-
mids, it can be speculated that similar surface passivation con-
cepts will work and yield similarly good results. In summary, the
compatibility with ultrathin silicon layers, the superior antire-
flective potential, the expected transferability of existing pas-
sivation concepts, and wide process window make PuNPs a
very promising candidate for light management applications in
ultrathin silicon solar cells.
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