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Abstract: Nano-resonators can be used in photovoltaics to drastically improve the ability of
the device to absorb light and generate photo-carriers, therefore enabling a reduction of the
absorber volume. Conventionally, the harvest of the spectrally broad solar spectrum is
achieved via the tedious engineering of multiple optical resonances. In this paper, we propose
a breakthrough approach, which consists in reducing the solar spectral range with a spectral
conversion layer to match only one resonance that can then be easily designed. We use a
Maxwell solver and a ray-tracing code to optimize the nano-resonator and its spectral
converter. We show that 66.2% optical efficiency can be theoretically achieved in less than 40
nm mean thick absorber while leading to device design enabling collection of photo-
generated carriers.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

One main axis of research in photovoltaics is the absorber volume reduction to drop costs and
absorber material consumption, both issues of increasing importance as photovoltaic industry
develops towards the TW scale. It explains the appearance of a second photovoltaic
generation with highly absorbing materials (CdTe, Cu(In,Ga)Se,), allowing two orders of
magnitude thickness reduction compared to classical 200 pm thick c-Si. Pioneered by
Yablonovitch [1] and Goetzberger [2], conventional Lambertian back reflector can be used to
increase light pathway. While optical absorption enhancement can be as high as 4n” (n is the
medium refractive index), it requires surface roughness larger than the wavelength, which is
incompatible with sub-wavelength size [12,14,15,39]. More recently, efforts have been
focused to push absorber volume downwards to reach sub-wavelength dimensions [39,38],
down to nanometer scale and 2D materials [37], while at the same time considering
conditions for electrical collection of photo-generated carriers [40]. At this scale, finding a
highly absorbing material is not enough to circumvent loss absorption, which leads to
consider advanced light trapping strategies. Three main alternative methods have been
proposed. One of them is back reflector gratings, allowing the incident wave to couple to
numerous propagating diffraction modes inside the absorbing layer [3—5]. Another method is
light trapping enhancement which can exceed 4n” but is strongly angle dependent [6]. Due to
technological progress in nano-fabrication during the last decades, in terms of control of
features at subwavelength scales implemented on various materials, of devices based on light
trapping in standard p/n diodes, as, e.g. based on InP with improvements above that of
standard antireflection coatings [35] or in nanowires of various sorts were proposed by
several research groups. For example, silicon nanowires with p-n radial junction [7,9], InP
nanowire array [8,10], or nanowire based dye-sensitized solar cell [11]. The third strategy,
developed in this work, is based on nano-resonators to confine the electro-magnetic field in
small volumes [12—17]. In photovoltaics, nano-photonic light trapping has been applied to
low absorbing material, such as inorganic or a-Si solar cells [14,18-20]. References [19] and
[20] have reported almost 70% optical efficiency on 90 nm thick a-Si solar cell at normal
incidence using mainly Fabry-Perot resonances. In this paper, optical efficiency is the
percentage of AM 1.5 photons below the bandgap that are absorbed by the photovoltaic cell.
More recently, Massiot et al. [21] reported 67% optical absorption in 25 nm thick GaAs-
based device. While impressive from the optical point of view, 25 nm thick absorber may be
too thin from the electrical point of view to include a p/n diode allowing for the efficient
extraction of photo-carriers. If this point is considered, we note that in addition to reduce the
absorber volume, ultra-thin absorber could improve charge collection by minimizing the
photo-carrier recombination in the volume of the absorber.

All the previously cited structures are multi-resonant, which means that they exhibit
multiple, spectrally-thin, resonances to harvest the broad-band solar spectrum. One of the
challenges lies in designing the device in a way that resonances homogeneously cover the
solar spectrum. This can be achieved by combining several resonance mechanisms in the
same device or use multiple orders of a single mechanism. While efficient, this approach
makes the resonator design difficult, especially with small bandgap semiconductors that
require absorption enhancement over a large photon energy spectrum. In this paper, we
propose an innovative approach which consists in narrowing the solar spectrum with a
spectral convertor made of dye-doped matrix to match a thin spectral bandwidth resonance.
This approach comes down to simplify the resonator design, transferring the difficulty to the
less challenging spectral convertor, following the geometrical optics regime. Thus, optical
efficiency is maximized and the absorber volume is minimized, while being still electrically
compatible. Devices known as luminescent solar concentrators have been studied in the
literature but their performances are low due to their high sensitivity to non-ideal parameters
[22, 23]. Although we take advantage of part of the luminescent solar concentrators concept
[33] (spectral conversion), the approach studied here does not incur all its losses.
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Nevertheless, this system can also be coupled to polymer luminescent sheet concentrators and
yield very high power relative to active photovoltaic material and systems that could be easily
integrated in devices or buildings, a topic that has recently attracted considerable attraction
(e.g [33]. and refs therein) and may continue to do so as luminescence quantum yield
approaching 100% are demonstrated using quantum dots [33, 36]. After describing the
modeling, we show how the device has been designed to perform optimally. Despite low
absorber volume, optical efficiency up to 66.2% can be theoretically achieved. The above
mentioned result takes into consideration light polarization and spectral distribution, angular
dependency and loss mechanisms in both optical stages. In a second phase, we analyze the
reasons behind this result using a top-down approach. First the nano-resonator absorption
spectrum and electric field map are shown, followed by the angular dependency. Then we
endeavor to highlight the benefits of the spectral convertor / nano-resonator coupling. Finally,
considerations on the dye feature are given.

2. Method
2.1 Device structure

We consider a 1D nano-resonator embedded in a spectral convertor (Fig. 1). The photoactive
layer is a pin junction (thickness #) of absorbing semiconductor bordered with two metal
reflecting layers (thickness ¢, for the top metal, considered infinite at the back). Apart from
the back mirror, all the layers are structured (width w, period p). Our strategy to develop
nano-resonator in which even the semiconductor is structured relies on the so-called funneling
effect [24]. It allows lateral concentration because the nano-antenna optical cross section is
larger than its area. Structuring also generates semiconductor / air interfaces, which can lead
to increase recombination and ultimately a loss on the open-circuit voltage. InP was selected
as absorber because it has low surface recombination velocity [25, 26] and a direct bandgap at
1.34 eV, well matched to the solar spectrum. Silver is the best performing metal at visible
wavelengths and was selected for the metallic reflectors. The spectral convertor (thickness ¢.)
is made of a PolyMethyl MethAcrylate (PMMA) doped with a dye. PMMA is a suitable
material for this application because of its high transparency in the visible, stability and
doping-facility. We choose a dye absorption and emission spectrum corresponding to a
commercially available dye Lumogen RED 305, shifted of 0.35 eV towards low energy. The
shift allows a better matching between the dye emission spectrum and the InP bandgap, thus
being a good trade-off between real and perfectly matched dye. The shift value has been
optimized (not shown here) to obtain a good match between InP bandgap and dye emission
spectrum and to reduce photons number emitted below InP bandgap.

Doped PMMA

Fig. 1. Schematic of a nano-antenna array and its spectral convertor. The back silver layer
supports a structured (width w, period p) InP pin junction (thickness ¢) and a top silver layer
(thickness #,,), embedded in a doped PMMA cavity (thickness #.).
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2.2 Modeling

The system modeling is a multiscale problem since it involves both sub-wavelength optics for
nano-resonator and geometrical optics with a Monte Carlo algorithm for the (thick) spectral
convertor. The nano-resonator array optical response is modeled by a Rigorous Maxwell
Constitutive Approximation code (RMCA [27]), a 1D electromagnetic solver based on modal
approach. To couple the spectral convertor (modeled with incoherent light) to the nano-
resonator array (modeled with Maxwell’s equations), we assumed that absorption in the nano-
resonator could be well approximated by averaging polarizations and directions of light at
each wavelength as given by the Monte-Carlo algorithm and using the detailed response at
each polarization, wavelength and direction as computed by the RMCA code.

This is justified in the cases of interest, where the fluorophore has a high quantum yield,
so that it can be used at concentrations high enough for complete absorption of the solar
spectrum in its absorption band, and where the nano-resonator array is well matched to the
emission band of the fluorophore, for all directions (Fig. 8): then, irrespective of the incidence
of the nano-resonator, the light is absorbed by the device. Moreover, because the spectral
convertor is thick (mm), minute variations of thickness would destroy interference effects.
This eliminates correlations that might be due to reflections on the nano-resonator bouncing
back on the array after scattering in the spectral convertor and would not be accurately treated
by the Ray tracing code.

The refractive indices of silver and InP are taken from the Palik database [28] and PMMA
refractive index is set at 1.5. RMCA calculates the absorptivity in each layer for each
incidence angle (0;), wavelength (A) and polarization. Sun light is not polarized and we
assume that light emitted by the dye is not polarized. Unpolarized values are obtained by
taking the arithmetic mean over TE and TM polarization. From these absorptions, we deduce
the absorption in the photoactive layer Appo(0,1), the parasitic absorption Aj.e(0,4) (in metal
layers) and the reflectivity R(6,4)=1-4, ,(6,4)— 4, (6,1). Since the spectral convertor

loss

follows geometrical optics, it is modeled with a home-made ray-tracing code based on a
Monte Carlo algorithm, using periodic lateral boundary conditions [34]. When a photon hits
the spectral convertor back surface (i.e. hits the nano-resonator array), the outcome is
determined by testing a random number (uniform distribution on the interval [0 1]) against
Aphoto Aloss and R parameters corresponding to the photon wavelength and incidence angle.
For calculation speed sake, four 0 values are considered (0°, 20°, 40° and 60°). Using fewer
angles was found too rough an approximation.

We neglect electron-hole pair recombination in the ultra-thin pin junction doped layers
(typically 10 nm thick), therefore we consider the whole pin junction as photoactive. This
assumption will be discussed in section 3.3. We consider the PMMA cavity thickness #. = 2
mm and top metal thickness #, = 15 nm. Dye concentration is 250 ppm and its
photoluminescence quantum yield is assumed ideal. These parameters influence on the whole
device will be discussed in section 3.2.

3. Results

photo

In this section we describe how a nano-resonator array can be designed to perform optimally
and we analyze its optical performances.

3.1 Design

The optimization of geometrical parameters allows a better light confinement by giving rise
to resonances adapted to the dye emission spectrum. To do so, we vary simultaneously the
period p, width w and InP thickness ¢. We also define in Eq. (1) the mean thickness ..,
which represents the averaged InP thickness per unit area:
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Geometrical parameters used for the nano-resonator design are summarized in Table 1.

Table 1. Geometrical parameters used for nano-resonator optimization

Parameters Thickness (nm)

Top metal tw=15

Pin junction te [70, 120], step = 10 nm
Period p € [150, 1000], step = 50 nm
Width w € [80, 300], step =20 nm
Mean thickness twean € [5.6 - 104]

Since we seek to reduce ¢ as much as possible, we restrict ourselves to £ € [70 — 120] nm.
The lower limit of 70 nm is chosen to avoid situation where device design (that should
account for a p/n junction for selective extraction of electron and holes, as well as for
electrically passivating contacts) becomes not realistic with current technologies. We limit the
width to 80 nm because of fabrication issue. Results are shown in Fig. 2.

(a) Optical efficiency (%) ] (0) T T . . ]

p=tee30—sa—gente,
60 — Qt
60 4

50 -

40

Optical efficiency (%)

—e— Period
304 —e— Width 1
30 —e— InP thickness
> Mean thickness
Width w (nm) oo 200 400_ 600 800 1000 o0
Period p (nm) 0 o5 40 60 80 100
Min Tested parameters range (norm.) Max

Fig. 2. Nano-resonator design. (a) Optical efficiency (colormap) as a function of ¢, w and p. (b)
Best optical efficiencies for each parameter. x-axis is standardized. As an example, for the
black curve corresponding to the period, min designates 150 nm whereas max corresponds to
1500 nm (see Table 1 for the tested parameters range). Optical efficiencies standard deviation
is 0.15%.

Figure 2(a) shows that there is only one maximum at 66.6% for a mean thickness of 48
nm, corresponding to the triplet { p =200, w=120, =80 nm}. The efficient zone

(efficiency larger than 60%) is broad, which means we have a certain tolerance on the
geometrical parameters, which is precious when one thinks to fabrication. Figure 2(b)
highlights the relative influence of the tested parameters. The most critical parameter is the
period. The width curve (blue) is almost constant: for any given width, there is always a
couple {p,t} allowing efficiency larger than 65%. There is an optimal value of InP thickness,
but the maximum is flat (red curve). Efficiency larger than 65%, corresponding to 20.1
mA/cm’, can be achieved for mean thickness ranging from 35 to 60 nm. By comparison, the
best InP-based solar cell exhibits 29.5 mA/cm? for 3 um thick InP layer [29]. The maximum
optical efficiency region (red / brown area in Fig. 2(a)) is close to the cube borders at low
width and period. Yet, complementary calculations (not shown here) for lower period and
width have not shown better optical efficiency, which means that the maximum is an
optimum. Naturally, this result is strongly dependent on the dye and optical efficiency may be
improved with a better dye. This point will be discussed at the end of this paper. Finding
analytical relationship between the geometrical parameters to perform optimally seems out of
reach due to the complexity of the device. Yet some design trends can be given, as shown in
Fig. 3.
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Optical efficiency (%)

300 —'_._t u 70 nm' Ta-i-mlm-m-m-0-n-8-8-8 66.20
280 +—e—1t =90 nm 4 64.28
260 S—A—t=110n

/ 62.10
1 59.93

/.\/. . 57.75

220

’é‘ 200 ] a—-E-n | | _-
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80-7 = A_AI_A_A T T — T — 44.70

150 200 250 300 350 400 450 500

Period (nm)

Fig. 3. Design trends. For three different InP thickness 7 of 70, 90 and 110 nm (squares, circles
and triangles respectively), we represent the couple {period, width} allowing the best optical
efficiency, given as a colormap. The upper left grey triangle represent non-physical
configuration (width cannot be higher than period).

Interestingly, the width is an increasing function of the period. Yet the optimal filling
factor w/p differs according to the InP thickness ¢. Figure 3 exhibits step shape graphs, all the
stiffer that the thickness is large. This behavior is due to a saturation effect, especially on the
width. At low period, lower width should be considered to avoid saturation. At low thickness,
high filling factors are favored and optical efficiency is always higher than 60%. At higher
thickness, the transition between low and high width becomes sharper and occurs at larger
period. Additionally, tolerance on the optical efficiency is better at low thickness. The
meshing calculation has been refined on the efficient zone and we find that the triplet
{p=250, w=115, t =87.5 nm} reaches 66.2% optical efficiency for a mean thickness of

40 nm. This geometry offers the best trade-off on the ratio efficiency / volume. This is due to
the optimized coupling between the antenna and the spectral convertor. The first step of the
analysis is to look at the whole device (spectral concentrator and nano-resonator) spectral
response, as shown in Fig. 4.

5000 T T T T T T
—AM 15 s\

Collected  66.2% P! (a) (b)
External loss 4.0%

4000

|
—— Escape loss 16.2 % L 5
Antenna loss 13.0% X
Gap loss 0.6% B \

Dye absorption !
- - - Dye emission ! \

a.u.)

3000

Photon counts (

Wavelength (nm)

Fig. 4. (a) Spectral output of the optimized structure. Green curve represents the photons which
have been absorbed in the InP layer. Blue curve is the Fresnel loss due to the interface
air/PMMA. Red curve is the escape loss through the front surface of the spectral convertor.
Orange curve represents photons absorbed in the metal layers. Gap loss is not represented
since it occurs at wavelength larger than InP bandgap. The normalized absorption and emission
spectrum of the dye are also given (dash curves). The red-shift between the emission
coefficient and the emitted spectrum is due to dye self-absorption [30]. (b) Scheme of the
device. Loss channels are illustrated with colored arrows. Red star represents dye absorption.
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Figure 4 shows that the nano-resonator design adapted to the spectral convertor is
efficient, leading to 66.2% of optical efficiency. The two main loss causes are the escape loss
(16.2%) and the parasitic absorption in nano-resonator metal layers (13%). Escape loss
generally occurs when photon incident angle on the front surface is lower than the critical

angle 6. =asin(n,, /np,, ). External loss is only 4% and may be reduced by adding an

antireflective coating, whereas gap loss (photon wavelength higher than InP bandgap) is
lower than 1%.

3.2 Optimization of the fluorophore utilization

The nano-resonator design is dependent on the spectral convertor. Apart from the matrix
refractive index, the dye absorption/emission spectra, concentration and photoluminescence
quantum yield are determining. We have presented on Fig. 5 the influence of dye
concentration and photoluminescence quantum yield on the optical efficiency. Dye
concentration set to zero leads to 57.3% optical efficiency, considering all photons incoming
at normal incidence. It can be seen that the dye contributes additional power conversion only
if its photoluminescence quantum yield is larger than 72%. The optimal dye concentration is
an increasing function of the quantum yield, which is all the sharper than the quantum yield is
low. This behavior can be easily understood knowing that increasing the dye concentration
has one beneficial effect, obtaining a modified solar spectrum better matched to the nano-
resonator, and two drawbacks, increasing escape loss and non-radiative de-excitation. The
optimal trade-off is depicted by the black dots in Fig. 5.
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Fig. 5. Effect of the dye concentration and photoluminescence quantum yield on the optical
efficiency. The black curve marks out the condition on the concentration and
photoluminescence quantum yield where the use of the dye produces no net additional power
conversion. The dye should be used only at the right of the black curve. Black dots are a guide
for the eyes showing the optimal dye concentration for a given quantum yield.

It is worth noting that a new optimization made without dye leads to a different optimized
structure { p =450, w=280, =70 nm} with an optical efficiency of 61% (integrated over

wavelength, polarization and incidence angle). Even in this case, the use of the dye leads to
almost 10% relative enhancement despite additional optical losses due to the escape cone
emission. In the best conditions (concentration 250 ppm and quantum yield ideal), the use of
the dye allows an enhancement of 9% (absolute) on the optical efficiency. This number
depends on the dye emission spectral shape and can be improved with a thinner emission
bandwidth.
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3.3 Analysis of the nano-resonator

The optical response of the resonator is shown in Fig. 6.
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Fig. 6. Total / InP (solid / dash) absorption spectra in TE and TM polarization (red and blue
respectively) at normal incidence. AM 1.5 is represented in gray as well as the spectral
convertor-modified AM 1.5 in green. It represents the spectrum of the photons reaching the
nano-resonator array.

InP absorption is higher at high wavelength, more than 50% on the [700 — 940] nm range.
Even though this behavior was predictable, the good response for low wavelengths is
unexpected since only 12.2% of photons reach the nano-resonator with a wavelength below
620 nm. That contributes to explain why 57.3% optical efficiency is reached even if the
PMMA matrix is not doped. The remarkably good absorption despite low InP volume is
mainly due to the strong resonance around 820 nm (835 nm in TE, 810 nm in TM). We stress
that absorption in these InP nanostructures can be over 5 times larger than what it would be in
a single InP slab of the same average thickness.

Parasitic losses (i.e., metal absorption) are greater in TM than in TE polarization. It can be
understood with electric field intensity maps in both polarizations at the resonance,
represented in Fig. 7.
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Fig. 7. Electric field intensity (|E[*) map at 835 nm / 810 nm in (TE / TM). Electric field
confinement in TE is typical of lst order Fabry-Perot resonance. In TM, confinement at the
interface InP/metal is an evidence of plasmonic resonance.
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Electric field confinement in TE is well centered in the InP photoactive layer, that is why
metal absorption is reduced compared to TM in which the electric field intensity is located at
the interfaces. In TE, the remarkable confinement in the InP layer is typical of a Ist order
Fabry-Perot mechanism, whereas the field enhancement in TM is typical of plasmonic
resonance. In TE polarization, heavily InP doped layers (p + and n + ) would not be an issue
for photo-carriers’ recombination since the field enhancement, and therefore the absorption, is
far from the interface. On the other hand, in TM, the field enhancement occurs mainly close
to the interface. Assuming that absorption in these two layers (10 nm thick each, no optical
constant change due to doping) are considered as loss, back loss rises to 28.8% and optical
efficiency lowers to 50.4% (calculation not shown). The real back loss is likely to be in-
between 13% and 28.8% because the extremely low thickness of doped layers may allow
photo-carriers diffusion before recombination. Despite good behavior at normal incidence, the
nano-resonator has to be angular tolerant. This is a general issue in photovoltaics since the
Sun position is moving across the sky, but in our case, this is even more critical due to
isotropic emission pattern of the dye in the spectral convertor. Figure 8 shows the angular
tolerance.

Atot. Atot, (@

1 1

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2
0

0
400 500 600 700 800 900 0 400 500 600 700 800 900 °
Wavelength (nm) Wavelength (nm)

InP absorption [
Total absorption X

0,6-—\-

] _ [AWON).AMpoa(N)dA
03] Am(0) = PR SRS

)
=3

IS
o
N
o

o

20 20

Incidence angle (°)
©w
(=]
Incidence angle (° )
w

o

Optical absorption (unpolarized light)
o
S

10 20 30 40 50 60
Incidence angle (°)

Fig. 8. Tolerance to incidence angle. Total absorption spectrum as a function of the wavelength

and the angle of incidence in TE (a) or TM (b) polarization. (c) Integrated optical absorption

over the spectral convertor-modified AM 1.5 spectrum (AM,,4, Obtained from green curve in
Fig. 6) as a function of the incidence angle.

Angular tolerance is reflected by the weak incident angle influence on Fabry-Perot
resonances occurring above 700 nm. Others mechanisms occur below 700 nm but are not
relevant in this study since almost no light reach the nano-resonator at these wavelengths.
Total absorption remains higher than 0.8 in TE. TM polarization is more sensitive to the
incident angle with total absorption drop to 0.5 at 60°. Since each wavelength has not the
same “weight” on the optical efficiency, we have represented on Fig. 8(c) the optical
absorption integrated over the modified AM 1.5 spectrum (see green curve in Fig. 6). It can
be seen that InP absorption remains stable until 20°, then lowers at a low rate of —0.28% /
degree. The good tolerance to incidence angle suggests that our device is well suited for
photovoltaics applications.

3.4 Nano-resonator and spectral convertor coupling

The benefits provided by the spectral convertor are double. First it allows to spectrally
concentrate light on the main device resonance, around 820 nm. It can be seen on Fig. 6 that
resonances at 820 nm and the modified solar spectrum are slightly mismatched. Yet, a better
alignment would have led to photons emission below the InP energy bandgap, resulting in an
overall optical efficiency drop. Another beneficial effect is the light trapping improvement
due to Fresnel reflection at the interface PMMA / air. We have shown that 16.2% of photons
are lost by front escape (see Fig. 4). Front escape event may concern two photons families.
The first one is photons which never reached to nano-resonator, they have been absorbed by
the dye, re-emitted toward the front surface and get escaped. The second family concerns
photons which have been reflected by the nano-resonator and finally escape through the front
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surface. The first family is included in escape loss but is not linked with the nano-resonator
reflectivity. To determine this contribution, we have run calculation assuming a perfect nano-
resonator (App = 1, V 0, A). It turns out that in this case, escape loss is 7.5%. Thus the
proportion of photon lost because of the nano-resonator reflection coefficient is only
16.2—-7.5=28.7% . This number can be compared with the integrated reflection coefficient of
the nano-resonator, displayed on Fig. 9.
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Fig. 9. Photons recycling analysis. Black curve represents the spectrally integrated reflection
coefficient of the nano-resonator, derived from the formula given in the graph. AMq is the
solar spectrum reaching the nano-resonator array leaving the spectral convertor (green curve in
Fig. 6). Dash red line is a guide for the eyes corresponding to the front loss, due to the nano-
resonator reflection coefficient.

Without photon recycling, the front loss due to the nano-resonator reflection coefficient
should be higher than the lowest reflection coefficient (=0.18). This is not the case, which is
an evidence of the photon recycling effect due to PMMA / air interface. The two
complementary spectral convertor effects of narrowing the solar spectrum and photon
recycling contribute to improve optical efficiency if the nano-resonator is adapted. Finally,
one can argue about the usefulness of structuring. The same optimization as reported in Table
1 except than InP layer is continuous shows that the best achieved optical efficiency is 66.8%
for the triplet { p =300, w=260, =70 nm}, with an absorber mean thickness of 70 nm

against 40 nm if structured.
4. Conclusion

The aim of this paper was to demonstrate that the coupling between nano solar cells and a
spectral conversion may improve the overall device optical efficiency. We have shown that
the coupling between a structured nano-resonator array and a spectral convertor theoretically
lead to optical efficiency as high as 66.2% with an absorber mean thickness of 40 nm. It is
worth noticing that absorption in InP is 5 times larger than what it would be in a single InP
slab, while absorber mean thickness is about half the minimum pin junction thickness.
Compared to the multi-resonant devices, our approach transfers and reduces the nano-
resonator-induced loss to the spectral convertor. Doing so, we take advantage of the spectral
conversion and the non-imaging concentration feature of a luminescent solar concentrator as
well as almost ideal absorption in a thin spectral region of a nano-resonator array. The good
optical efficiency comes from the synergy between the spectral convertor and the nano-
resonator array. Although adding the spectral convertor generates intrinsic loss (escape loss
due to dye emission), its benefits of narrowing the solar spectrum and improving light
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trapping allow to reach high optical efficiency with low absorber volume. The spectral
convertor eases the nano-resonator design since it should be resonant on a thinner spectral
bandwidth and also because reflection is not necessarily a loss. Furthermore, the device
design is electrically-compatible since the absorber layer is thick enough to hold a pin
junction. Structuring InP layer allows to reduce material consumption without reducing the
optical efficiency. This work has been done with InP as absorbing material because of its
direct bandgap at 1.34 eV and its low surface recombination velocity. Yet this device
architecture could be extrapolated to other absorber materials such as GaAs or a-Si, provided
that surface recombination is kept low. Prototypes are under development and fabrication
process is at an advanced stage [31,32]. Finally, it appears that further improvement relies on
the dye’s spectral properties optimization. A thinner emission bandwidth shifted to larger
wavelength (near infrared) would allow a better matching with the absorber material as well
as a thinner modified solar spectrum, reinforcing the coupling between the nano-resonator
and the spectral convertor. This improvement must not damage the photoluminescence
quantum yield, which tends to indicate that quantum-dots may be a promising alternative to
organic dye for this concept.
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