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ABSTRACT: Multijunction solar cells provide a path to overcome Ganp

aln
the efficiency limits of standard silicon solar cells by harvesting a Galmasp T ———

Si

Ag —

broader range of the solar spectrum more efficiently. However, Si-
based multijunction architectures are hindered by incomplete
harvesting in the near-infrared (near-IR) spectral range as Si
subcells have weak absorption close to the band gap. Here, we

introduce an integrated near-field/far-field light trapping scheme to y .

S N S —
enhance the efficiency of silicon-based multijunction solar cells in

the near-IR range. To achieve this, we design a nanopatterned
diffractive silver back-reflector featuring a scattering matrix that -
optimizes trapping of multiply scattered light into a range of

diffraction angles. We minimize reflection to the zeroth order and parasitic plasmonic absorption in silver by engineering destructive
interference in the patterned back-contact. Numerical and experimental assessment of the optimal design on the performance of
single-junction Si TOPCon solar cells highlights an improved external quantum efficiency over a planar back-reflector (+1.52 mA/
cm?). Nanopatterned metagrating back-reflectors are fabricated on GaInP/GalnAsP//Si two-terminal triple-junction solar cells via
substrate conformal imprint lithography and characterized optically and electronically, demonstrating a power conversion efficiency
improvement of +0.9%,,, over the planar reference. Overall, our work demonstrates the potential of nanophotonic light trapping for
enhancing the efliciency of silicon-based multijunction solar cells, paving the way for more efficient and sustainable solar energy
technologies.

KEYWORDS: light trapping, multijunction solar cell, metagrating, nanostructures, photovoltaics

B INTRODUCTION In the vast landscape of photovoltaic architectures, multi-
junction solar cells are rapidly emerging.*™® With single-
junction Si solar cells reaching power conversion efficiencies’
close to the theoretical limit of 29.4%,° '’ major efficiency
improvements can be obtained by combining multiple
semiconductor materials with different band gaps in a
multijunction configuration so that light is absorbed more
efficiently over a broad range in the solar spectrum, and only a
smaller fraction of the photon energy is lost due to

New solar power conversion architectures are increasingly
important to achieve large-scale, efficient, and sustainable
power generation to satisfy the growing energy needs of our
society.” Many types of solar cells have reached high
efficiencies. Yet, in all cell designs, incomplete light absorption
induces a loss in short-circuit current Jgc, while poor electronic
carrier management (e.g, carrier recombination, parasitic

resistance, etc.) results in reduced open-circuit voltage Voc thermalization."" Taking advantage of the maturity of Si solar
or fill factor FE.*’ Although the majority of the current record cell technology, researchers have been exploring the best high-
cells still rely on single or double-pass absorption and exploit bandgap partners that can be coupled to state-of-the-art Si
relatively thick absorber layers (>100 pm for Si and >1 um for solar cells. However, while nanophotonic light management
thin-film architectures like GaAs, CdTe, etc.), smarter light

managing strategies can lead not only to higher efficiencies but Received: August 22, 2023 PhStonics
also to a dramatic reduction of the absorber thickness. This, in Revised:  October 11, 2023

turn, further implies numerous benefits including overall cost Accepted: October 12, 2023

reduction, higher production throughput, flexible form factors Published: October 26, 2023

for wearable technologies and vehicles, reduced weight, and
more efficient charge extraction.
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Figure 1. Optimized back-reflector. (a) Schematics of the GaInP/GalnAsP//Si multijunction solar cell featuring a nanostructured Ag back-reflector
at the Si subcell bottom. The back-reflector unit cell (side view and top view) highlights the relevant design parameters optimized. (b) Reflection to
the zeroth diffraction order (solid blue line) and parasitic absorption in the metal (solid orange line) for the optimized metagrating. (c) Polar plots
showing the fraction of incident power reflected (radial coordinate) to each diffraction channel (angular coordinates 6 and ¢) for unpolarized light
averaged in the range 1000—1200 nm. The critical angle is indicated by the dashed red lines, while the schematics indicate the grating position

relative to the angular coordinates 6 and ¢.

strategies'”~*” in thin-film PV can be designed by simulating

the entire cell and optimizing absorption, Si-based multi-
junction architectures require thicker cells and thus pose a
unique design challenge as both ray optics and near-field
nanoscale optics play a crucial combined role in determining
the overall performance of the cell. Due to the weak absorption
in the Si subcell near the band gap (1000—1200 nm), part of
the incoming solar light can escape from the front surface after
being reflected at the bottom of the Si cell. When standard
texturing of the Si wafer is not compatible with the device
design, nanopatterned optical gratings can be used to steer
light at angles at which total internal reflection (TIR) is
occurring at the top interface.”* Recent theoretical work”>*®
investigates the light-path enhancement induced by the grating
period for light trapping in optically thick solar cells. However,
a careful design and optimization of the grating at the
nanoscale and, at the same time, an assessment of the resulting
macroscale far-field light propagation through the entire cell
are still missing.

Here, we introduce a near-field/far-field light scattering
concept to design and implement a nanostructured back-
reflector that optimizes the distribution of light scattering
beyond the TIR critical angle while also serving as the bottom
electrode in a two-terminal GaInP/GalnAsP//Si multijunction
cell with an efficiency above 35%. Specifically, we optimize the
geometry of a hexagonal array of Ag nanodiscs that are
integrated with the Ag back-contact and show how pitch,
radius, and height of the individual scatterers control the
distribution of power over different diffraction orders, while at
the same time minimizing plasmonic dissipation losses in the
wavelength range of interest. We explain the physical
mechanism governing light steering by the back-reflector
with an intuitive interference model and use a multiple-
scattering matrix formalism to evaluate the near-band gap light
absorption in the Si bottom cell. We demonstrate exper-
imentally, first on Si single-junction cells and then on full two-
terminal triple-junction cells, an improved power conversion
efficiency (+0.9%,,), showing the benefits of this new light
trapping design concept. Our design strategy applies to any Si-
based multijunction cell, opening exciting opportunities for
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geometries that cannot support standard random texturing,
including, e.g., perovskite//Si tandem multijunction solar cells.

Theory and Design. To demonstrate the concept of
enhanced near-IR light harvesting in silicon-based multi-
junction solar cells, we design and implement a nanostructured
electrode/back-reflector at the bottom of a GaInP/GalnAsP//
Si two-terminal triple-junction solar cell (Figure 1a). These
high-efficiency cells combine a thin (%3.6 ym) III-V top
tandem cell (GaInP/GalnAsP) to a thick bottom Si cell (x300
um) via direct wafer bonding and have reached an overall
efficiency of 35.9%.”"”” In this type of silicon-based multi-
junction cells, weak absorption in the Si cell in the 1000—1200
nm wavelength range limits complete light harvesting.
Furthermore, standard microtexturing of the Si cell’s frontside
is not compatible with wafer bonding, while passivation of the
p-type polysilicon backside remains challenging in the case of
te){turing.24’28_31 Therefore, it is of value to assess how
ultrathin nanophotonic metagrating designs can tackle this
challenge and selectively enhance the optical absorption while
keeping the Si cell planar.

In order to maximize light trapping in the Si bottom cell, we
optimize the periodicity p of the hexagonal silver array acting
as the back-reflector, along with height 4 and radius r of the
nanodisc constituting its unit cell. The Ag discs are embedded
in PMMA and form an integrated part of the back-contact of
the solar cell. The figure-of-merit (FOM) minimized is the
sum of parasitic absorption occurring in the metal and back-
reflection to the zeroth diffraction order at a single interaction,
FOM = Abs + R, averaged in the bandwidth 1000—1200 nm.
This, in turn, is equal to maximizing the fraction of light
steered away at an angle, with the practical advantage of not
having to consider a changing number of diffraction channels
for every simulation. Figure la schematically shows the design
parameters that are optimized. Employing a particle swarm
optimization (PSO) algorithm,”” the final set of retrieved
optimal parameters is p = 534 nm, h = 240 nm, and r = 171 nm
(see the Methods section). The corresponding spectra for
parasitic absorption and reflection back to the zeroth
diffraction order are shown in Figure 1b. It is important to
remark that reflection to the zeroth order is almost completely
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Figure 2. Back-reflector design. (a,b) Simulated reflection to the zeroth diffraction order (a) and parasitic absorption in Ag (b), averaged in the
range 1000—1200 nm, as a function of nanodisc height and periodicity if the lattice fill factor is kept constant (p/r = 3). The vertical red dashed
lines indicate the onset of diffraction into Si, as schematically depicted in the bottom schematics. (c) FDTD simulated and (d) analytically modeled
reflection to the zeroth diffraction order as a function of wavelength and nanodisc height for a fixed periodicity p = 510 nm. The red and green
dashed lines indicate respectively the conditions of maximum and minimum reflection in (d). The dashed white line corresponds to the absorption
maxima in (e). (e) Simulated parasitic absorption in the silver nanodiscs as a function of wavelength and nanodisc height for a fixed periodicity p =
510 nm and light at normal incidence. (f) Normalized electric field intensity and electric field z component profiles on the cross-cut planes are
highlighted in the schematics. The height of the nanodisc is 4 = 320 nm, and the illumination wavelength is A = 1140 nm. The x—y cross-cut plane
is taken at height h = 160 nm corresponding to the middle of the nanodisc. This cross-cut has a slight offset compared to the plane (h &~ 150 nm)
where the electric field z component is zero for a dipole oscillating in-plane.
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Figure 3. Calculated absorption in the Si bottom cell: OPTOS-calculations. (a) absorption spectrum near the Si band gap for the optimized design
and for a cell with a planar Ag back-reflector. (b) reflection (solid lines) and 1-parasitic absorption (dashed lines) spectra for planar (red curves)
and patterned (green curves) cells. The calculations assume a double-layer ARC and a Si cell thickness of 280 ym.

canceled, while plasmonic absorption resonances are shifted
outside the entire bandwidth of interest. The distribution of
reflected power to the different diffraction channels (averaged
over the simulation wavelength range and over both polar-
izations) is depicted in Figure lc. Most of the light reaching
the back-reflector at the bottom of the Si cell is reflected
equally to six diffraction channels beyond the critical angle for
the Si/air interface with a ~£15.4% efficiency for each channel.
This, in turn, implies that ~92% of the incoming light is
reflected at an angle within the TIR range. It is interesting to
point out that, while the FOM is polarization-independent, the
coupling efficiencies to the channels at an angle are not
(Supporting Information).

To understand why it is possible to achieve such a low FOM
and to unravel the mechanism behind the back-reflector
operation, it is useful to analyze the parameter space beyond
the optimum values. Figure 2a,b shows the reflection to the
zeroth diffraction order (a) and parasitic absorption (b),
averaged in the range 1000—1200 nm, as a function of
nanodisc height and periodicity if the lattice fill factor is kept
constant (p/r = 3) and close to that of the optimal grating. As
expected, if no diffraction channels are available, the only way
to have low reflection is by having a high parasitic absorption.
Indeed, for periodicities smaller than p,;, = A../fg & 336 nm,
the minima in Figure 2a correspond to the maxima in Figure
2b. However, when additional diffraction channels are opened
in the superstrate, it becomes possible to find regions in the
parameter space where both reflection and parasitic absorption
are low.

Next, taking crosscuts of the data in Figure 2a—Db at different
periodicities, it is possible to analyze the reflection to zeroth-
order and the parasitic absorption as a function of wavelength.
Figure 2c,e shows such a cross-cut for p 510 nm.
Interestingly, the reflection to zeroth-order (panel c) can be
approximated with a simple model assuming that light that is
reflected off the top of the nanodiscs interferes with light
reflected off the PMMA and Ag interfaces. While the first
contribution can be captured by the Fresnel coefficient for the
single Si/Ag interface, the second should take into account
multiple reflections at the PMMA/Si and PMMA/Ag
interfaces and thus be modeled as a Fabry-Pérot interference,
as schematically shown in Figure 2d (schematic). Under these
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simple but insightful assumptions, the resulting Fresnel
reflection coefficient for the entire back-reflector is

Tot = Frag + (1 = F)rp (1)
2mr”
J3p?
reflection coeflicient for the Si/Ag interface and rgp is that of
the PMMA etalon of height & sandwiched between Si and Ag.
Figure 2d shows the modeled reflection Ir,,/* as a function of
the wavelength and height. The trends in Figure 2c are well
reproduced in Figure 2d, but it is easy to notice that the
conditions for minima and maxima (red and green dashed
lines) do not match exactly. Indeed, the simple model does not
consider the plasmonic resonances in the Ag particle array.
The presence of the latter is signaled by the resonant peak in
parasitic absorption in Figure 2e that red-shifts for larger
cylinder height. To further investigate its nature, we inspect the
near-field profiles at the resonant wavelength. Figure 2f shows
the electric field profiles corresponding to a nanodisc array of
height & = 320 nm with an illumination wavelength 4 = 1140
nm. Looking at the electric field intensity distribution at
different planes (see schematic) as well as its component along
the z-axis, it can be seen that each nanodisc acts as a plasmonic
dipole antenna that interacts with its neighbors via near-field
coupling. This additional scattering pathway is interfering with
nonresonantly reflected light, as described earlier and modeled
with the coefficient r,,. The interference between these
resonant and direct pathways fC.;ives rise to a Fano line shape
in the reflection spectrum”**~*° where the resonance
wavelength (white dashed line in Figure 2ce) is located
between a maximum and a minimum in reflection, as shown in
Figure 2c.

It is worth pointing out that, different from other light
redirection strategies employing gratings,*>*” in our case, light
is not steered at an angle by engineering the scattering of the
single scattering unit via resonances. On the contrary, sharp
resonant modes should be avoided as they would result in
severe parasitic loss. Our design redirects light at an angle by
suppressing one of the available channels (zeroth order) by
destructive interference. Therefore, parasitic absorption in the
metal can still be mitigated.

The analysis described thus far concerns light scattering
from the Ag metagrating only. Next, we assess the benefits of

where F = is the array fill factor; r,, is the Fresnel
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this light trapping scheme for the entire solar cell. Although, in
principle, possible, simulating the entire solar cell via FDTD is
unfeasible from a computational point of view. Hence, the
metagrating simulation/optimization and calculation of the
induced absorption enhancement within the thick Si bottom
cell must be decoupled. One strategy to calculate the optical
properties of optically thick sheets with arbitrarily textured
front and rear surfaces is the optical properties of textured
optical sheets (OPTOS) formalism.**™*° In this framework,
the effect of the textured surface, in the present case the
optimized metagrating, is captured by a redistribution
scattering matrix, where each element describes the fraction
of light that is reflected from one diffraction channel to the
other. In the scattering matrix formalism, the redistribution
matrix is composed of the squared amplitudes of the s-
parameters that constitute the complex-value-metagrating
scattering matrix. The redistribution matrix is calculated
independently via FDTD by simulating the grating response
when light is incident from each diffraction channel, for each
wavelength in the bandwidth of 1000—1200 nm and both
polarizations. The latter evaluation is rather time-consuming
but must be performed only once. Next, light propagation
within the Si absorber is modeled with a propagation matrix
that considers absorption according to Lambert—Beer’s law.
Thus, the optical properties of the entire stack (thick Si
absorber and Ag grating) can be calculated by a series of matrix
multiplications. The outcome of such calculation comparing
the optimized design described above to a planar Ag back-
reflector is shown in Figure 3. The fraction of power absorbed
in Si shows a clear enhancement due to the light trapping effect
induced by the metagrating (Figure 3a). This, in turn, results
in a lower overall reflection compared with its planar
counterpart (Figure 3b). Even though parasitic absorption in
the patterned Ag is higher, the increase in Si absorption still
favors the metagrating design over the planar reference. Such
analysis demonstrates that designing the metagrating at the
nanoscale to suppress zeroth-order reflection and parasitic
absorption has a positive impact on the Si absorption on a
hundreds-of-microns-scale.

B RESULTS AND DISCUSSION

In order to experimentally demonstrate the proposed nano-
photonic light trapping structure, large-scale nanopatterns are
fabricated on solar cells by substrate conformal imprint
lithography (SCIL).*"**

Full 4" wafers with several silicon bottom cells or full
GalnP/GalnAsP//Si triple-junction cells are fabricated with a
planar Ag back-reflector and then characterized. Next, the
planar Ag layer is peeled off mechanically, the front side is
protected with resist, and the nanopatterned back-reflector is
fabricated on the clean Si back interface. The detailed
fabrication procedure is explained step by step in the Methods
section.

Figure 4 shows the results of the fabrication procedure at
two different stages. The scanning electron microscopy (SEM)
image (Figure 4a) of one of the triple-junction cells (C1) after
the reactive ion etching (RIE) steps indicates that the
patterned sol—gel mask is smooth and uniform, and the
PMMA in the holes has low sidewall roughness. Also, no
residual PMMA is left at the bottom of the holes after RIE.
Figure 4b shows a cross section of the structure after the Ag
sputter deposition. As can be seen, conically shaped inclusions
have formed in the metal film, which we attribute to non-
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Figure 4. Cell fabrication. (a) Tilted SEM image of the patterned
backside of the triple-junction cell after the RIE steps (cell C1). (b)
SEM image of an FIB cross section of the same cell after metal
deposition. The scale bar is 500 nm for panels (a,)b). (c) Photograph
of the fully patterned backside of the wafer containing the triple-
junction GaInP/GalnAsP//Si cells showing diffractive colors due to
the fabricated metagrating.

perfectly straight metal deposition during the sputtering
process. Nonetheless, such air inclusions do not deteriorate
the optical performance of the back-reflector (Supporting
Information). The samples are uniform over the entire
patterned area with very few defects, mainly due to dust
particles (Figure 4c).

To assess the impact of patterning on a device level, silicon
bottom cells and full two-terminal triple-junction cells are
optically and electronically characterized, first with a planar Ag
back-reflector and finally with the fabricated optimized grating.
Starting with Si bottom cells, Figure Sa highlights the
enhancement in the external quantum efficiency (EQE)
spectra due to the back-reflector nanostructuring. As
anticipated by the simulation, the experimental spectra
demonstrate a distinct advantage in using the described
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Figure S. Si bottom cell performance. Experimental (a) EQE and (b)
reflection spectra for a Si solar cell with the optimized design
described above and for a cell with a planar Ag back-reflector. The Si
cell had a thickness of 300 ym and a double ARC was applied.

optimized design. The lower reflection achieved by the
hexagonal grating (see Figure Sb) can be ascribed to enhanced
light trapping capabilities and parasitic absorptance. The boost
in the EQE results in a + 1.52 mA/cm? current density gain.
To the best of our knowledge, this is the highest gain measured
in this type of cell due to back-reflector nanostructuring. These
experimental results fully corroborate the light trapping
metagrating design and modeling approach described above.

Given the performance improvement validated on Si bottom
cells, full two-terminal triple-junction GaInP/GalnAsP/Si cells
were patterned and characterized. Figure 6a depicts the front
side of the wafer containing cell CI, showing the cell
configuration layout and the patterned backside of another
sample.

The EQE spectra of cell C1 are shown in Figure 6b for a
planar back-reflector. As calculated from these spectra, the
short-circuit current density (Jsc) of each subcell indicates that
the Si cell is limiting the current flow of the entire stack.
Hence, any current gain in the Si subcell directly improves the
Jsc of the entire device.

Similar to the observation in Figure 5, also in this case, there
is a clear increase in EQE when the planar Ag reflector is
replaced with the optimized metagrating (Figure 6c). The
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current density gain calculated from the EQE (data in Figure
6¢) amounts to 1.22 mA/cm? It is important to stress that the
very same cell is measured first with a planar Ag and, once the
back-reflector is peeled off and a new patterned one is
fabricated, then with the optimized Ag grating design.

Calibrated one-sun current—voltage measurements were
performed on cell C1 at Fraunhofer ISE CalLab and the
power conversion efficiency #, short-circuit current density Jg¢,
open-circuit voltage V¢, and fill factor FF were determined;
the data are summarized in the inset of Figure 6d.
Corroborating the EQE enhancement, the I-V curves prove
a clear increase in the Jgc due to optimized light trapping and
consequently higher absorption in Si. Importantly, the short-
circuit current gain for the entire stack amounts to 0.5 mA/
cm?. This value is lower compared to the estimated gain in the
Si subcell (1.22 mA/cm?, see above) as the GalnAsP middle
cell now limits the overall current flow in the series-connected
device. Further performance improvement can be obtained by
redesigning the top cells taking into account the expected
current gain in the Si subcell. We note that the V¢ of the
patterned cell remains essentially unaltered compared with the
planar reference. This implies that the cells are not damaged or
electronically degraded by the back-reflector processing,
further proving the applicability of SCIL to the fabrication of
high-efficiency solar cells. The light trapping effect induced by
the implemented metagrating design results in an efficiency
increase of +0.9% (absolute) for cell Cl1, reaching an overall
efficiency of 35.35%.

Additional measurements of cells on the same wafer and of
other wafers, all patterned using the same SCIL stamp, show
small variations in efficiency, with a highest efficiency observed
of 35.6% and a highest Si subcell current gain of 1.52 mA/ cm?
(data shown in Supporting Information).

B CONCLUSIONS

In conclusion, the results presented in this work demonstrate a
nanophotonic light trapping scheme for Si-based multijunction
solar cells that integrates and optimizes near-field nano-
photonic light scattering from a metallo-dielectric metagrating
with a far-field multiple scattering matrix formalism. The
scattering matrix is composed of elements derived from near-
field simulations, and a far-field scattering matrix multiplication
analysis leads to the evaluation of light trapping in the silicon
bottom solar cell.

We introduce the concept of a diffractive metagrating back-
reflector composed of a hexagonal array of silver nanodiscs
embedded in PMMA and integrated within the silver back-
contact. The nanodisc radius and height as well as the lattice
periodicity are optimized by employing a PSO algorithm. The
optimal design shows minimal back-reflection to the zeroth
diffraction order while keeping the parasitic plasmonic
absorption low. The working principle of the design can be
captured by a simple interference model. We then propagate
the optimized nanoscale design to the macroscale via the
OPTOS multiple-scattering formalism, to evaluate the
absorption in a thick Si slab, highlighting a clear advantage
of the metagrating over a planar back-reflector.

The resulting patterned Si bottom solar cells and full two-
terminal GalnP/GalnAsP//Si triple-junction solar cells are
characterized optically and electronically. We show exper-
imentally a +0.9% (absolute) efficiency gain on full triple-
junction cells and superior quantum efficiency on Si bottom
cells (+1.52 mA/cm”). We note that the integration of a
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Figure 6. Full triple-junction cell performance. (a) Photograph of the fully patterned backside of the 4” wafer containing all triple-junction cells. (b)
Experimental EQE spectra of each subcell with a planar electrode for cell C1. (c) Experimental EQE spectra of the Si subcell for a patterned and
planar back-reflector. (d) Measured 1 sun I-V characteristics comparing the cell with the optimized hexagonal grating and its planar reference. All
panels refer to the same triple-junction cell C1 with either a planar or patterned back-contact.

nanopatterned surface in the process flow of a high-efficiency
solar cell proved to be possible via SCIL with no signs of
degradation of the semiconductor quality.

Altogether, these results show a nanophotonic light trapping
scheme based on metagratings that can enhance the perform-
ance of solar cells where more traditional random texture
strategies are not possible such as the wafer-bonded TOPCon-
based cells in this work. The concepts presented in this work
recently led to the fabrication of a GaInP/GalnAsP//Si solar
cell featuring a certified 36.1% power conversion efficiency, a
record for Si-based multijunction solar cells.”* Lastly, these
results are applicable to any planar Si-based multijunction cell
and thus may be relevant for the upcoming research field of
perovskite/Si tandem solar cells, where a planar Si surface is
often beneficial for the fabrication of a high-quality perovskite
top cell.

B METHODS

Numerical Simulations. All optical simulations were
performed using the software FDTD: three-dimensional
Electromagnetic Simulator by Lumerical Inc.

To optimize the back-reflector geometry (data in Figure 1),
two perfectly matched layers have been used for the top and
the bottom of the simulated region, while periodic boundary
conditions were imposed in the plane. The array of Ag
cylinders is placed on a semi-infinite Ag substrate, while the Si
semi-infinite superstrate is modeled as a lossless material with a
refractive index n = 3.57. A plane wave source is used to inject
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light from the Si side at normal incidence. The reflection to the
zeroth diffraction order is extracted via the “grating order
transmission” analysis group, while the parasitic absorption is
calculated employing a “power transmission box” analysis
group surrounding the pattern. The sum of these two
quantities is used as a FOM to be minimized within the
software’s PSO utility. The parameters optimized are the
periodicity p, height h, and radius r of the nanocylinders. To
reduce the parameter space explored by the optimization, the
nanodisc radius and height are constrained to practical values
(200 nm < h < 400 nm, S0 nm < r < 450 nm) taking into
account boundary conditions in fabrication. The range of
periodicities explored is 300 nm < p < 1200 nm, slightly larger
than pmin < P < pmax) Where pmin = /1max/nSi ~ 336 nm is the
minimum periodicity required to have diffraction in the entire
bandwidth and p = (2//3)A,;, ~ 1154 nm is the max-

imum periodicity for which the first diffraction orders are
outside the escape cone (=x16.2° for the Si/air interface).
Different local minima of the FOM can be found with such
constraints, the range 300 nm < p < 600 nm was used to obtain
the optimum parameters used in this work. A similar
simulation configuration is used to explore the parameter
space, as shown in Figure 2.

To calculate the redistribution matrices needed to perform
the OPTOS calculation, the simulation featuring the optimum
parameters illuminated from normal incidence is used as a seed
to set up all the other simulations characterizing the grating
response when light is incident from each diffraction channel,
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for each wavelength, and for both polarizations. For these
simulations, Bloch boundary conditions are employed.

The theoretical and numerical analysis presented in ref 26
highlights a slightly higher light path enhancement factor for a
hexagonal grating compared to a crossed grating, under the
assumptions of unity efficiency in reflection and equal
redistribution of power over all the diffraction orders.
Moreover, in simulation, we obtained better FOM values for
the hexagonal grating compared with the crossed grating. For
these reasons, the hexagonal grating was chosen for
experimental implementation.

Cell Fabrication. The III-V top cells were grown in a
commercial AIXTRON AIX2800G4-TM reactor using metal—
organic vapor-phase epitaxy. Epitaxial growth was performed
on 4” GaAs wafers with an offcut of the (001) surface toward
[111]B at temperatures ranging from 550 to 640 °C. More
details on the epitaxial growth are reported elsewhere.”*’

Silicon bottom cells were fabricated on polished p-type float-
zone silicon wafers with a bulk resistivity of 1 Qcm and
thickness of 300 um. Tunnel oxide passivated contacts
(TOPCons)* were formed on both sides with n-type doping
on the front and p-type doping on the back side. The thin
tunnel oxide was grown thermally in a tube furnace at 600 °C.
A 100 nm amorphous silicon layer was deposited using
LPCVD, doped by ion implantation, and crystallized at 900
°C. The passivation was improved by a remote hydrogen
plasma at 425 °C. More details of the silicon bottom cells can
be found elsewhere.”*

The upright-grown III-V top cells were temporarily bonded
to a sapphire carrier wafer, and the GaAs substrate was
removed to bare the bond layer. The III-V bond layer was
cleaned and thinned by chemical—-mechanical polishing, but
the silicon bottom cells were cleaned only without abrasion.
The top and bottom cells were joined by direct wafer bonding
at room temperature with surface activation by an argon beam.
After bonding, the sapphire carrier wafer was removed by a
thermal slide at 190 °C. Solar cells with a size of 2 cm X 2 cm
were fabricated including front contacts, antireflection coating
(ARC), and a 1 um thick Ag layer on the back side acting as an
electrical contact and planar mirror. More details on cell
processing are published elsewhere.”"*”

Back-Reflector Nanopatterning. The silicon master used
to mold the double-layer PDMS stamp was acquired from NIL
Technology. It consists of a 10 cm? array of holes with the
optimized periodicity and radius described above and a depth
of about 122 nm, which is optimal for sol—gel imprinting and
PDMS demolding. Silicon bottom cells and full triple-junction
cells were fabricated at Fraunhofer ISE with a planar Ag back-
reflector and then characterized. Next, the planar Ag was
peeled off mechanically, the front side was protected with
AZ520D resist and the cells were shipped to AMOLF for
patterning. After nanoimprint and etching, the cells were
shipped again to Fraunhofer ISE for a final HF dip followed by
metallization. In the following, the detailed fabrication
procedure is explained step by step.

(1) A layer of PMMA (PMMA 950k A8, 240 nm) is spin-
coated and baked at 150 °C for 2 min. The thickness of
the layer is equal to the final Ag nanodisc height.

(2) A layer of sol—gel (SCIL Nanoimprint Solutions
NanoGlass T-1100, 75 nm) is spin-coated and, before
solidification, the PDMS stamp is slowly brought in

contact to mold the layer. After 6 min of curing time, the
stamp is detached carefully.

(3) The sol—gel residual layer at the bottom of the
imprinted holes is cleared via RIE using Oxford
Instrument’s PlasmaPro 80 and a process employing
CHF,; and Ar (etch duration: 150 s, etch rate 0.28 nm/
s). This etch step does not have a detectable effect on
the PMMA layer underneath.

(4) PMMA exposed in the sol—gel holes is etched down
completely via RIE using an O, plasma (etch duration:
36 s, etch rate 7.94 nm/s). This step does not etch the Si
substrate.

(5) The sample is shipped back to Fraunhofer ISE for
further processing: a wet HF etch (5 min) removes the
patterned sol—gel mask and the native oxide on the
exposed Si surface inside the PMMA holes. This ensures
proper electrical contact. Finally, 1 ym Ag is sputtered
and the front resist protection is removed.

Device Characterization. EQEs were measured using a
grating monochromator setup with adjustable bias voltage and
bias spectrum,* while reflection measurements were per-
formed on an integrated LOANA measurement device. One-
sun I-V characteristics were measured under a spectrally
adjustable solar simulator*® with one xenon lamp and two
halogen lamp fields that were adjusted in intensity
independently of each other to generate the same current
densities in each subcell as under illumination with the
AMIL1.5G spectrum (IEC 90604-3, ed. Two with 1000 W/
m?).*® The cell temperature was maintained at 25 °C during
the measurement. An aperture mask with an area of 3.984 cm”
was placed on top of the III-V/Si solar cell to avoid any
contribution of photogenerated carriers from outside the
defined cell area.

B CODE AVAILABILITY

All codes produced during this research are available from the
corresponding author upon reasonable request.
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