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Abstract: As an effective means to surpass the Shockley-Queisser efficiency limit, tandem
solar cells have been successfully designed and used for years. However, there are still
economical and design set-backs hampering the terrestrial implementation of tandem solar
cells. Introducing high efficiency, thin Si-based tandem cells that are flexible in design (shape
and curvature) will be the next major step towards integrating highly efficient solar cells into
fashionable designs of today’s buildings and technologies. In this work we present an
optically coupled tandem cell that consists of a GaAs nanowire array on a 2um-thick Si film
as the top and bottom cells, respectively. By performing FDTD simulations, we show that
coupling the incident light to guided modes of the 1D wires not only boosts the absorption in
the wires, but also efficiently transfers the below bandgap photons to the Si bottom cell. Due
to diffraction by the nanowire array the momentum of the transmitted light is matched to that
of guided modes of the 2D Si thin film. Consequently, infrared light is up to four times more
efficiently trapped in the Si bottom cell compared to when the film is not covered by the
nanowires.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Introducing thin, light-weight and high efficiency photovoltaics (PV) will make solar cells
more suitable to be integrated in urban landscapes or even small gadgets and would largely
contribute to solving the global warming threat that we are facing today. Designing such solar
cells, however, is challenged by many set-backs. While stacking of solar cells with different
characteristic bandgaps is the most common strategy to surpass the Shockley-Queisser
efficiency limit, such tandem devices are typically heavy weight, rigid and costly. A
fascinating strategy to potentially reduce both cost and rigidity is to combine thin film silicon
(Si) PV (few micrometers in thickness) with semiconductor nanowire (NW) solar cells. The
mechanical flexibility and resilience of micrometer thin cells introduces their adaptability to
curved surfaces as well as the use of new potentially lighter encapsulation materials. The
small footprint of the NWs breaks the lattice mismatch restriction so that any material
combination is possible, including III-V/Si [1-8]. At the same time, the needle-like
morphology of NWs results into a superior light absorption with respect to their thin film
counterparts [9-16], which provides a path to save expensive and non-abundant elements
such as indium or gallium. Experimental NW ensemble solar cells have shown similar
extraordinary increase in conversion efficiencies as in hybrid perovskite-based PV. In only 8
years the conversion efficiency has increased from ~4% to almost 18% for InP and ~16% for
GaAs [17-23].

Silicon is a highly desirable component in any tandem design thanks to the mature
understanding of its optical and electronic properties as well as its widely available
fabrication technologies. However, downscaling Si to few micrometers in thickness
compromises the solar cell performance due to the poor Si absorption of infrared light and
requires light management strategies. Diffraction gratings [24-26] and resonant
nanostructures [27,28] have been proposed to improve light management in pm-thin silicon
single junction cells. So far, no strategies have been proposed specifically for tandem designs.
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Although the combination of III-V semiconductor NWs with bulk Si as tandem cells has been
studied both theoretically [29-34] and experimentally [35,36], the dramatic absorption loss in
um-thin Si films in this type of tandem cells and the possible solutions are yet to be studied.

In this work we demonstrate that optically coupled systems consisting of nanostructures
and thin films in a tandem fashion can improve the overall solar cell performance beyond that
of uncoupled counterparts. We show that light scattering in NW arrays can be smartly tuned
to match the momentum of guided modes in the bottom cell. This way, the top cell provides
two functionalities for the tandem device: 1) The GaAs NWs absorb the light so efficiently
that filling only 10% of the volume is enough to have about the same fundamental PV
efficiency limit as in a bulk GaAs cell, and 2) the grating effect of the NW array allows to
couple the transmitted light to the guided modes of a 2 pum-thin Si slab, which quadruples
light absorption in the Si cell.

2. Material and methods

In all calculations, the absorption spectra are obtained from FDTD simulations by using
Lumerical software package. Computationally expensive FDTD simulations are done on the
super computer LISA from SurfSara. The source in all the simulations is a broadband plane
wave covering the wavelengths between 300 nm and 1200 nm. Complex refractive indices of
the materials are taken by fitting polynomial functions to experimental data from Palik [37].
In the appendix 4.1, the calculated absorption with the fitted values and a broadband source is
compared to that obtained when using the exact numbers in a frequency sweep.

The unit cell of all absorption simulations consist of one GaAs nanowire standing on a 2
pm-thick silicon film covered by a 200 nm thick Ag film underneath as a mirror and rear
contact. Both substrates extend through the boundaries of the FDTD simulation area. The top
and bottom boundaries are chosen to be Perfectly Matched Layers (PML) to guarantee total
absorption of light and to prevent parasitic reflections from the top and bottom boundaries.
For the simulations of NW arrays, the side boundaries are chosen to be periodic, resulting into
a square array. For the simulations in which absorption and forward scattering cross sections
are calculated for a single nanowire, a total field scattered field (TFSF) configuration is used
and the side boundaries are chosen to be PMLs. TFSF is a predefined source in Lumerical
which separates the scattered field from total field.

In order to calculate the conversion efficiency of our designed tandem cell, we use
detailed balance principle in the radiative limit, namely only radiative recombination of
photoexcited charge is taken into account as loss. This assumption will turn into ultimate
thermodynamic efficiency limits, which is still far from real devices due to losses at contacts
and the large non-radiative recombination rates, particularly relevant in NWs [38-41]. We
have obtained the maximum conversion efficiency by calculating the electrical power as a
function of bias voltage normalized by the incident power from the sun per unit surface area [
n= V-J(V)/ P ). The characteristic J-V curve of each cell is plotted by subtracting the dark

solar

current from the photogenerated current [ J(V)=J,

jark

()=, 1. In the radiative limit, the bias
dependent dark currents were calculated by:
. 4000nm ) )
To @)= [ e-em'(D)-bi(A,p)d2, (1)

200nm
where e is the elementary charge, u = eV is the electrochemical potential of the electron-hole
pair, and i refers to either the GaAs-NW array or Si film. The electrochemical potential is
assumed constant over the whole sub-cell structure. Due to reciprocity, the photon emission
and absorption rates of the cell are equal, thus em(2) = abs(1). The absorption spectra, abs(A),
were obtained from the FDTD simulations, where normal incidence on the cell was
considered. b, (4, 4) is the radiative emission rate per unit wavelength, described as
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where c¢ is the speed of light, k, is the Boltzman’s constant, T is the temperature in Kelvin

and / is Planck’s constant. F, is a geometry factor that highlights the emission profile of the
cell. It has been previously shown that the absorption spectrum in NW arrays is virtually
constant up to angles ~75 degrees [42,43]. Despite experimental work on InP NW arrays with
large pitch distances (2um) have shown directional light emission mostly ruled by the
individual NW geometry [44], theoretical work has shown that the directivities offered in
NWs and NW arrays would only lead to about 20mV increase in the Voc [45]. Thus, isotropic
light emission towards the both upper and lower hemispheres was considered for simplicity in
the NW array (F, = 47) and only to the upper hemisphere in the thin film, (F, = 27) .

The photogenerated current (J,,) of each cell is calculated by plugging the AM1.5G solar
spectrum [N;n(A)] and the wavelength dependent absorption [abs(A)] into the following
equation:

Jp=e | N, (Dabs(2)dA (3)

300nm

Neglecting series or shunt resistance losses makes the short circuit current Jsc (i.e. current at
V = 0) and J,;, to be the same. The maximum efficiency is given by %[] )V]1=0. The

four terminal (4T) efficiency is calculated by adding the efficiencies of the top and bottom
cells, without any restrictions on matching currents or voltages.

3. Results and discussion

In this paper, we present a combination of two waveguiding effects in NW-thin film tandem
architectures. This concept combines the photonic properties of nanoscale semiconductors,
the grating effect in ordered arrays with fabrication on low-cost silicon substrates. So far,
coupling to the fundamental hybrid HE guided mode in vertically standing NWs has been
used to maximize light absorption and PV efficiency in NW-based solar cells. By contrast, in
this work we aim at taking additional advantage of the NW array configuration of the top cell
as a grating coupler of sub-bandgap photons and funnel this light towards the thin bottom cell
(See Fig. 1(a)). From now on, we will address the spectral range from 875 nm (bandgap of
GaAs) to 1200 nm as NIR.
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Fig. 1. a) Schematic representation of the combined 1D-2D waveguiding in the NW-thin film
tandem solar cell. The NW geometry ensures the efficient coupling of a plane wave coupling
to guided modes of the 1D waveguide NW. The interference between all scattered light
generates an interference pattern at the bottom cell. This light will be coupled to 2D waveguide
modes of the Si thin film. b) The geometry of our tandem cell, consisting of a square array of 6
um long GaAs nanowires on a 2 pm Si slab. The 4T tandem cell is covered with 200 nm Ag at
the back. Geometries can have different GaAs filling fractions by varying the diameter (d) and
pitch distance (p).
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As a proof of concept, we have considered a periodic 2D square array of GaAs NWs on
top of a 2 um-thick Si cell (see Fig. 1(b)), but the design principles apply to any combination
of materials. The rear surface of the coupled system is covered with 200 nm silver as a back-
reflector and possible back-contact. While the focus of this work is the optical properties
proof of principle, we first only consider a GaAs NW array directly on top of a Si film for
simplicity and to ensure an optimum optical coupling between the two cells. At the end of the
manuscript, we address the potential losses that occur when considering a more realistic
device structure.

A semiconductor NW that is illuminated parallel to its long axis acts as a 1D waveguide,
the modes of which light can couple to very effectively when they are poorly confined
[15,46—49]. The strength of light in-coupling is wavelength dependent and can be tuned by
changing the diameter of the nanowire [11,46]. Fig. 2, shows the simulated absorption and
forward scattering cross section of a single GaAs NW for different diameters. We have
considered the light flux that is transmitted towards the lower half space of the simulation
area as forward scattering. Both types of spectra show strong peaks in absorption/scattering
that are ruled by the coupling to the NW guided modes, HE, the order of which is marked by
a star (HE,;), triangle (HE,), square (HE,;) and circle (HE,4). The position of the peaks shifts
to longer wavelengths with diameter. In general, the best sunlight absorption is given by NWs
with diameters, for which the peak in absorption related to the fundamental HE,, guided
mode is close to the material’s bandgap (diameter of 140 nm in GaAs). At larger diameters,
efficient coupling to the HE;; mode occurs at wavelengths longer than that of the bandgap.
Consequently the overall absorption decreases in favor of scattering. At even larger
diameters, wavelengths close to the bangdap efficiently couples to higher order HE modes,
resulting into both strong absorption and scattering (see for instance the spectra for the
diameter of 500 nm).
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Fig. 2. Absorption (a) and forward scattering (b) cross section of a single GaAs nanowire of
6um in length and various diameters. The peaks in absorption/forward scattering result from
incoming light coupling to waveguiding modes of the NW, represented by different symbols
according to the guided mode order. (c) Field intensity distribution in the axial cross-section of
a NW of 200 nm in diameter at two different wavelengths, that highlight the coupling into the
HE,; and HE,, guided modes. Scale bar is 100 nm. (d) Schematic representation of the
simulation, where a plane wave is travelling along the main axis of the NW.

In the particular case of GaAs NWs with diameters of 200 and 500 nm a strong scattering
peak related to the first and second order HE mode, respectively, lies in the 1000-1200nm
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spectral range. In this wavelength range, which is right at the Si bandgap edge (~1100nm), the
light is efficiently scattered forward by the GaAs NWs to the Si film underneath, which can
be very beneficial to the Si bottom cell.

In order to better quantify this effect in the tandem structure we have integrated the
simulated absorption spectra of the NW array and Si film in the complete device design with
the solar spectrum, and estimated the short circuit current for each sub-cell. Figure 3(a) shows
the short circuit current (J,.°**%) of the NW array as a function of NW diameter, calculated as
described in the previous section. Different colors correspond to different NW pitch distances
from 314 to 800 nm. In accordance to the previous section and previous works [20], J 5
rapidly increases with the NW diameter followed by a decrease when the diameter increases
beyond 150 nm. For pitch distances 500, 600, and in particular 800 nm, the absorption
increases again at large diameters, as expected from the fact that a peak in absorption occurs
near the bandgap due to light coupling into higher order guided modes. It is worth noting that,
in all the arrays the ultimate absorption is less than that in a 6 um-thick GaAs film and when
the filling fraction is above ~0.2 (for instance, diameter of 160 nm for pitch distance 314 nm
and diameter 400 nm for pitch distance 800 nm) the J,,**** decreases regardless of individual
NW geometry. We attribute this loss in absorption due to increased reflectivity (see appendix
4.2 for more details) arising from the increased refractive index contrast at the Air/GaAs
interface [50].
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Fig. 3. a) Short circuit current (Jsc) of GaAs nanowire array (length: 6 um) as a function of
diameter, for pitch distances of 314, 450, 500, 600 and 800nm. b) Short circuit current in the Si
film calculated for wavelengths longer than 875 nm, as a function of the GaAs NW array
geometry. Arrays with pitch distances of 314, 450, 500, 600 and 800 nm are shown in different
colors. The different lines correspond to the expected current densities of the cases as
explained in the text.

Now we turn to the light absorption in the Si bottom cell. To highlight the optical effects
of the top cell on the bottom one, Fig. 3(b) shows the Js* calculated from integrating the
solar spectrum and the simulated Si absorption spectra only for energies below that of the
bandgap of GaAs (i.e. A > 875 nm). We plot the result as a function of GaAs NW diameter.
Because in this wavelength range GaAs is transparent, changes in Js* (A> 875 nm) for
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different NW array geometries must arise from the optical coupling of the two systems
together. Different colors in the graph correspond to the different periodicities of the NW
array.

In all the arrays studied here, Jsc* (A> 875 nm) is the same for the smallest NWs and it
matches with the short circuit current for the same wavelength range of a free-standing Si
film with a Ag back-reflector (0.9 mA/cm?), which is represented by a horizontal dashed line
in Fig. 3(b). This value is one order of magnitude smaller than what is attainable in bulk Si
(9.8 mA/cm?), if zero reflection is assumed. Interestingly, increasing the NW diameter rapidly
increases the NIR-related current in Si, which in most cases it surpasses the expected current
for the 2 pm-thick Si on Ag if (dash line in Fig. 3(b)). This is only true for diameters smaller
than ~200nm, at which point the growth of Jsc> (A> 875 nm) with NW diameter is smaller. In
the more sparse arrays, this change in the growth of the current at a diameter of 200 nm even
results into a peak. A second peak is also discerned at diameters around 500-600 nm. The
highest calculated Jsc* (A> 875 nm) in the 2 pm-thick Si is ~3.7 mA/cm?, which represents
almost 40% of the bulk reflection-less limit. The anti-reflection properties of the array cannot
explain this trend, given that it is mostly ruled by the filling fraction instead of the NW
diameter, and it detriments at filling fractions beyond 20%.

The fact that the NIR-related current is increased up to a factor 4 with respect to the bare
Si film by incorporating a NW array top cell is a significant light trapping scheme that is
obtained “for free” when using a nanostructured top cell. To confirm this link, we focus on
the absorption spectrum in the Si film for the wavelength range between 875 nm and 1200
nm, Fig. 4(a). The dashed curve shows the absorption in a reference Si thin film in air (same
thickness and with a Ag back-reflector), in which the Fabry-Pérot resonances are present. The
solid curve shows the absorption of the same Si film with a top GaAs NW array of d = 200
nm and p = 800 nm. As compared to the bare film, additional sharp absorption peaks arise.
We explain these sharp peaks as resonant coupling of light to the 2D waveguiding modes of
the Si film, enabled by the coherent interference of scattered light by the NWs in the periodic
array.

As in standard gratings, the scattered light from each NW coherently interferes and gives
rise to a diffraction pattern. The in-plane momentum of the diffracted light

(k[% )= (2% Wm® +n°, where p is the pitch distance and m and n are the diffraction orders in

the two orthogonal in-plane directions) can be beyond the light cone in air enabling the
diffracted light to couple into guided modes of the Si film. As a consequence, the effective
optical mean path under such conditions is strongly enhanced and results into an increased
short circuit current. Opposite to standard diffraction grating solutions in PV [51], in our
design the brightness or intensity of the diffracted light by the NW array is strongly
dependent on the NW diameter (see appendix 4.3). The effect proposed here is similar to light
trapping strategies in thin film absorbers with the use of periodic arrays of metal or
semiconductor resonators at either the front or rear-surfaces [52,53].
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Fig. 4. a) Absorption spectra of the Si film without (dashed) and with (solid) the NW array on
top in the NIR spectral range, for which GaAs is transparent. The NW array parameters are
800 nm pitch distance and 200 nm in diameter. b) Dispersion curves for TE and TM guided
modes of a 2 pm Si slab, in red and blue respectively. The horizontal lines show the grating
orders of a 2D periodic array with a 800 nm period. [mn] refer to the diffraction orders.
Vertical lines are to highlight some intersections of the guided modes with the diffraction
orders. ¢) Field distribution in a transverse cross-section of the full device for three different
wavelengths, marked in the spectrum by arrows. The field profile at the peaks in absorption
(green and red) match well with the excitation of the 7th order TE and 4th order TM guided
modes in Si, respectively.

TTLLLLITYyyIY Y
R gy yYYYYYYYY!
TTLLLLITYrVYY
Yy Yy YYYYYY!

For completeness, we plot the dispersion relation of the TE and TM guided modes of 2
pm Si film in Fig. 4(b) (in blue and red, respectively). For the wavelength range of interest
(875-1200 nm) the mode propagation constant (B) lies within the range of ~7 to 20 rad/pm.
The modal calculations were done numerically by considering a 2 um-thick Si film
sandwiched between Ag and a dielectric of refractive index 1.45. The latter is a fair
approximation to the refractive index of the NW-air ensemble in this wavelength range. The
wavevectors for /mn] grating orders of a periodic NW array with pitch distance of 800 nm are
displayed in horizontal solid black lines. As expected, the intersections between grating
orders and guided modes coincide at the same wavelength where the absorption peaks occur.
For clarity, not all intersections are shown. This highlights that the increase in Si absorption is
not only affected by efficient forward scattering from each NWs, but is also strongly
determined by whether or not the momentum of the transmitted light is matched to the 2D
guided modes of the thin Si film. Further proof is given by the cross-sectional field energy
distribution in the whole device structure for a wavelength where the momentum is matched
(top and bottom plots in Fig. 4(c)). For comparison, we also include the field energy profile
under non-matching conditions (middle plot). The increased photocurrent in Si due to
diffraction-enabled coupling to guided modes also explains the strong dependence on pitch
distance of the largest attainable Jsc> (A> 875 nm) in Fig. 3(b). This means that the top GaAs
NW array is not only active as a part of the solar cell, but also contributes to light trapping in
the bottom Si cell.
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Fig. 5. Light trapping efficiency in the Si film as a function of the NW array filling fraction for
arrays with different pitch distances. The efficiency is obtained by normalising the short circuit
current in Si by that calculated considering the 4n’r (p/A)’a absorption limit.

To estimate the efficiency of the NW arrays to trap NIR photons in Si, we have calculated
the ultimate Jgc> (> 875 nm) for a 2 pum Si film according to the Yablonovitch limit, which
makes use of geometric optics and Lambertian texturing by considering a 4n> enhancement of
the absorption [54]. Within this framework, the ultimate current is 6 mA/cm?, which results
into a light trapping efficiency of 62% in the best case by using our design. While the
Lambertian limit is commonly used in the community as a reference, its validity has been
debated when considering nanostructures [55-58]. In particular, Yu et al. [59], found that a
more accurate limit in a periodic grating whose periodicity (p) is smaller than the wavelength,
considers the absorption to be enhanced by a factor 4n’m(p/A)*. This means that the ultimate
light trapping of the NW array top cell is determined by the pitch distance. Figure 5
represents the light trapping efficiency in the Si film as a function of array filling fraction
through the normalisation of the current by the periodicity-dependent limit. Interestingly, all
the configurations have a similar trend in efficiency with ultimate values around 50%.

Last, we comment on the detailed balance conversion efficiency of our tandem design.
Detail balance only considers radiative losses, which is in practice not attainable due to high
surface or Auger recombinations. While the former is particularly true in GaAs NWs, Auger
recombination limits the Silicon PV efficiency to ~94% of the detailed balance value in thin
films [60]. Consequently, the efficiencies calculated here are thus slightly higher than what
can be achieved in practice but it is a good figure of merit to compare the different tandem
geometries.



Research Article Vol. 27, No. 12| 10 Jun 2019 | OPTICS EXPRESS A917

Optics EXPRESS

Efficiency (%)

best short GaAs
NWSs / 2um-Si / Ag

600nm-GaAs / 2um-Si / Ag

*h (no reflection)

5
& 6um-GaAs / on 2um-Si / Ag
by (no reflection)
| =
S 314
2 = best short GaAs NWs in PDMS
5 £ —- 450 1 5i0,/ 2 um-Si / Ag
- = == 500
= £ - 600 best short GaAs NWs in PDMS
& 800 /1TO / Si0,/ 2 um-Si / Ag

ARC /600 nm GaAs film /
SiO,/ 2 um-Si/Ag

20
00 01 02 03 04 05 06 07
i ; ARC / 600 nm GaAs film /
NW array filling fraction ITO / Si0,/ 2 um-Si / Ag

Fig. 6. Left: Detailed balance conversion efficiency of the 4T GaAs NW-Si film tandem cell as
a function of GaAs array filling fraction. The NWs are 6 um long and the Si is 2 um thick. An
Ag reflector is considered on the rear side. Different colors correspond to different pitch
distances of the NW array. Stars show the total efficiency achieved by considering the NWs to
be of 12 pum in length. The grey dashed line is the calculated 4T conversion efficiency of a
GaAs equivalent film on 2 um thick Si tandem, where the thickness of the GaAs film is such
that it contains the same amount of material as in the array. Right: Summary of top, bottom
and total cell efficiencies for our best performing designs along with the thin film and bulk
equivalents. The geometry of the best short NWs is d = 160nm, p = 450nm. Realistic designs
are labelled in grey. ARC refers to anti-reflective coating based on a 100 nm tick dielectric of n
=1.5.

The left plot in Fig. 6 is the four-terminal (4T) tandem conversion efficiency in the
radiative limit as a function of GaAs NW array filling fraction, calculated as described in the
methods section. The footprint of the GaAs array is tuned by changing both the diameter (d)
and pitch distance (p) of the NW array. Different colours gather all data from same
periodicities. We highlight two main observations in this plot in accordance to what has been
described so far: 1) the maximum reachable efficiency strongly depends on the array
geometry, and 2) after 20% of the surface being covered by GaAs the efficiency is
independent of geometry and is limited by reflection. The grey dashed plot depicts the 4T
efficiency of the film-equivalent GaAs-Si tandem, where the GaAs array is transformed into a
film that contains the same amount of material. In this case, the efficiency is calculated by
considering a double pass of the light and no reflection (see the appendix 4.4 for more
details). In general, the highest PV efficiencies achieved in our calculations for the ultrathin
tandem are when the top NW cell has a filling fraction around 5-15%. This is interesting
when compared to the highest efficiency in the film-equivalent, where the more material the
higher the PV efficiency. The best obtained efficiency based on our ultrathin NW/thin film
design is ~32.5% for an array with p = 450nm and d = 160nm (i.e. only ~10% of the surface
is covered by NWs). Despite this value being larger than the 30.3% obtained for its film-
equivalent and just slightly higher than the 32.3% obtained in the case where the GaAs cell is
a compact 6 pum-thick film on the 2 pm-Si/Ag bottom cell, it does not represent the best light
trapping conditions in the bottom cell. According to Fig. 3(b), d = 200 nm and large p are
best.

Arrays with larger pitch distances do not absorb all above bandgap photons. Thus, we
have also calculated the total conversion efficiency by considering longer NWs (i.e., 12 pm)
with d = 200 nm for a couple of pitch distance conditions. The resulting PV efficiency is
represented by stars of corresponding colors in the left plot of Fig. 6. Now, the total
conversion efficiency is increased to 32.8% and is virtually the same in both cases. We have
summarized all the best efficiencies along with the contributions from each cell in a chart in
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Fig. 6. While our design reaches efficiency values that are still well below the Shockley-
Queisser limit for the bulk GaAs/Si tandem (38.7%), it over-performs the film-equivalent
solution. The use of a hexagonal array configuration may improve the light absorption in the
GaAs array, and thus the total efficiency. An even better solution might be the use of
hyperuniform arrays with correlated disorder, where a continuous range of scattered momenta
can be also tailored [61-63].

We have focused so far on the ultimate light absorption and detailed balance efficiency
limit of the NW-Si coupled system, where the NW array is surrounded by air and a 4T
configuration was assumed to avoid current matching conditions between top and bottom
cells. In a realistic 4T device, an intermediate contact and an insulating layer must exist
between the two cells and the NWs will most likely be embedded in a polymer support that
planarizes the top surface. To illustrate this effects, we have also performed simulations by
considering the NW array being supported by a PDMS matrix on a 100 nm-thick Indium Tin
Oxide (ITO) as transparent contact and a 100 nm-thick SiO, layer as insulator. In the case of
the thin film equivalent, we have also incorporated a standard anti-reflective coating (ARC)
based on a 100 nm-thick dielectric of refractive index 1.5. In the realistic device design, the
ultimate detailed balance efficiency is higher if the GaAs is shaped in the form of NWs (30.9
vs 25.8%), but overall lower than the idealistic case (32.5%). By comparing the efficiency
numbers with those obtained in a realistic configuration without the ITO layer, one can see
that most of the loss comes from NIR absorption at the ITO (see appendix 4.5 for more
details). This is not unexpected and highlights the need for new transparent conductive
materials as intermediate and top contacts that are photonically inactive.

In conclusion, we have introduced a tandem design for GaAs nanowires on pm-thick Si,
in which the 1D waveguiding and scattering in GaAs NWs are combined with 2D
waveguiding in Si film. While high order HE modes in the nanowires maximizes above GaAs
bandgap photon absorption, lower order modes efficiently forward scatter NIR light to the Si
bottom cell. Coherent interference between the nanowire scatterers creates a diffraction
pattern, the momentum of which enables to increase the optical path in the Si film. While the
interwire distance determines the number of resonances in the absorption spectrum of Si, the
nanowire diameter determines the coupling strength and hence the redistribution of energy in
the Si thin film. We proved the concept of waveguiding combination, and our design can lead
to achieve 62% of the Yablonovitch absorption limit of the bottom Si cell. We believe that
with better engineering of the k-space of the nanowire array, e.g. hyperuniform designs, the
absorption in both top and bottom cell can be increased even further.

4. Appendix
4.1 Refractive index fitting sanity check

In order to check that the simulated absorption near the band gap edges by using a broadband
source, and consequently fitted functions for the refractive indices, we performed two sets of
simulations for one design case (NW array with pitch distance of 444 nm and a pillar
diameter of 180 nm, on a 2-um Si film on 200 nm Ag). In the first simulation we divided the
source wavelength into three parts: from 300 nm to 830 nm, from 800 nm to 930 nm, and
from 900 nm to 1200 nm, with a resolution of 0.5nm. By doing so we made sure to achieve a
good fit to match experimental values of real and imaginary parts of refractive indices. We
combined these three wavelength areas to cover the whole range. The absorption spectrum
from this simulation is shown in black in Fig. 7. In the second simulation we performed a
frequency sweep for our simulations with 1nm wavelength step, meaning that the source was
changed from a broadband source to a single frequency source, effectively increasing the
computational time by a factor of 190. The absorption spectrum can be seen in red. Due to the
good agreement between the two spectra we chose the first approach for all the other
simulations presented in this work.
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Fig. 7. Comparison of the NIR absorption spectra of the Si film when calculated using a fit to

the Si optical parameters and broadband sources with respect to the experimental values and
monochromatic light.

4.3 Reflectivity data

Figure 8 is the reflectance for the tandem structure (GaAs/Si/Ag) as a function of NW pitch
distance and diameter. The reflectance has been calculated for the integrated spectrum of
wavelengths < 875 nm, in order to avoid the long wavelength light that may not be absorbed
by the Silicon film.
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Fig. 8. Simulated reflectance in the visible spectral range for the Tandem device as a function
of NW array filling fraction.

4.3 Si light absorption spectra as a function of GaAs NW diameter for p = 314nm

Figure 9 shows the absorption in Si thin film for 900<A (nm)<1125 for a nanowire array with
a pitch distance of 314 nm, and diameters of 80, 100, 140, 160, 180 and 200 nm. The sharp
absorption peaks are present in all spectra at the exact same wavelength, but their intensity
increases with NW diameter. This confirms that the peaks are rising from diffracted light
entering Si slab from the NW array (namely, the wave vector or wavelength of the diffracted
light only depends on the periodicity of the array). Second, the Fabry-Pérot (FP) peaks are
apparent even in the case with largest diameters, arising from multiple reflections from the
zero-order diffracted light. Note that the period of FP peaks in the cases of diameters 180 and
200nm nanowires seems to be smaller. This effect results from the fact that packed arrays on
top of Si form the effective thickness of the dielectric slab to be larger which results in
smaller periodicity of the FP peaks.
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Fig. 9. Absorption in Si thin film for NIR range for a nanowire array with a pitch distance of
314 nm, and various diameters. Spectra are vertically shifted by 0.15 for clarity

4.4 Thin film-equivalent absorption calculations

As shown in Fig. 10, the absorption calculation for the thin film equivalent of the tandem
design has been done using the Beer-Lambert law and neglecting reflection. In order to
consider a realistic case, we assume the transmitted light from GaAs top cell to have a double
pass in Si bottom cell, and then the remained transmitted light to pass through GaAs once

more.
lo |0(1 -e““d‘ 2(1 _e-zu.,.d_)
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Fig. 10. Schematic representation of how is the double pass absorption being calculated for the
thin film equivalent tandem designs

4.5 NIR absorption in ITO

The detrimental effects of the ITO/SiO, inter-layers in a realistic device configuration for the
NIR absorption in Si mostly comes from the absorption in the ITO (Fig. 11).
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