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MANAGEMENT

In this chapter, we present a nanophotonic light trapping scheme in the near-infrared
wavelength range designed to increase the efficiency of high-performance two-terminal
GaInP/GaAs/Si triple-junction solar cells.

A silver diffractive back-reflector at the bottom of the cell is designed to steer incoming
light to diffraction angles for which total internal reflection occurs. The structural param-
eters are optimized and the physics behind the suppressed reflectance to 0th–order and
simultaneous low parasitic absorption is explained with a simple yet insightful interfer-
ence model. We numerically and experimentally assess the potential of the optimal design
on the performance of single-junction Si solar cells, highlighting a short-circuit current
increase over a planar back–reflector and over the design that is currently featured in the
record cell.

Finally, nanopatterned back-reflectors are fabricated on triple–junction solar cells via Sub-
strate Conformal Imprint Lithography (SCIL) and characterized optically and electroni-
cally, demonstrating a power conversion efficiency improvement of +1.8% over the planar
reference. Overall, the results show the possibility of achieving efficiencies above the cur-
rent record for III-V/Si triple-junction cells. Moreover, the same concepts could be flexibly
applied to other Si-based tandem solar cells.
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N EW solar power conversion architectures are increasingly important to achieve large-
scale sustainable power generation to satisfy the growing energy needs of our soci-

ety [1]. In this regard, research focused on photovoltaics (PV) has made huge progress
since the first practical solar cell was demonstrated at Bell Laboratories in 1954 [2]. In-
deed, many types of solar cells have reached high efficiencies yet there is still some mar-
gin to achieve their full potential and thus reach the thermodynamic detailed-balance
limit [3]. This can be traced back to incomplete light absorption, implying a loss in
short-circuit current Jsc, as well as poor carrier management (e.g. carrier recombina-
tion, parasitic resistance, etc.) resulting in reduced open-circuit voltage Voc or fill factor
F F [4, 5]. Regarding light management, in particular, the majority of the current record
cells still rely on single or double pass absorption and exploit relatively thick absorber
layers (> 100 µm for Si and > 1 µm for thin-film architectures like GaAs, CdTe, etc.).

In this context, the field of nanophotonic light management in PV has emerged and
it is well established in the broader area of nanophotonic research. In fact, smarter light
managing strategies can lead to higher efficiencies but also to a dramatic reduction of
the absorber thickness. This latter point, in turn, further implies numerous benefits:

• reducing material consumption has a direct impact on the overall cost. This is
markedly important for scarce elements (e.g. Te, In, etc.),

• shorter deposition times directly imply higher production throughput and make
low-cost CVD processes appealing for industry,

• thin absorbers can potentially enable new flexible form factors leading to more
facile system integration into wearable technologies and vehicles,

• in space applications, reduced mass and increased radiation resilience are key ad-
vantages of thin-film PV,

• when the cell thickness becomes comparable to the carrier diffusion length, charge
extraction is more efficient and less susceptible to bulk recombination.

Light management strategies in PV aim to address two main challenges. First, a source
of optical losses in a solar cell is reflection off its surface. This is typically solved via
micron-sized textured top surfaces or by interference coatings. Nonetheless, the former
approach is not applicable to thin PV due to the texture dimensions exceeding the cell
thickness, while the latter is typically optimized for a relatively narrow angle of incidence
range. Second, once light reaches the absorber material it has to be trapped in order to
be completely harvested. This is a particularly crucial task in indirect band–gap semi-
conductors where the absorption coefficient is relatively low.

Several nanophotonic strategies can be applied to tackle this latter challenge [6–8].
In thin-film PV, nanopatterned surfaces can be designed to couple incident light into
waveguide modes inside the absorber [9–11]. In thicker cells, when standard texturing is
not a viable option, diffraction gratings can be used to steer light at angles at which total
internal reflection (TIR) is occurring at the top interface [12].

In the following, we will focus on light trapping applied to multi-junction solar cells.
With single-junction Si solar cell reaching power conversion efficiencies [13] close to
the theoretical limit [14, 15], efficiency improvement can still be obtained by combining
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Figure 5.1: a Silicon absorption depth as a function of wavelength. The intersection between the red dashed
line and the absorption curve indicates the wavelength beyond which light harvesting is incomplete in a fully
planar cell. b-c Schematics illustrating the effect of a patterned back–reflector to enhance light trapping in a
III-V/Si triple-junction solar cell.

multiple semiconductor materials with different band-gaps in a multi-junction configu-
ration so that light is absorbed more efficiently over a broad range in the solar spectrum,
and a smaller fraction of the photon energy is lost due to thermalization [16].

In particular, series-connected two-terminal devices, where sub-cells are monolith-
ically stacked, are simpler (compared to spectral splitting configurations and four ter-
minal devices) and more practical when it comes to implementation into photovoltaic
modules. Taking advantage of the maturity of Si solar cell technology, researchers have
been exploring the best high band-gap partners that can be coupled to state-of-the-art
Si cells. Among the potentially compatible stacked materials, two materials are investi-
gated the most: III-V semiconductors and perovskites. Organic-inorganic metal halide
perovskite solar cells are one of the most rapidly advancing technology and among the
most researched materials, recently reaching 29.8% [17, 18] in combination with Si. How-
ever, stability and reproducibility are important open questions.

On the other hand, a novel approach to combine a III-V top tandem cell (GaInP/GaAs)
to a bottom Si cell via wafer bonding recently led to an overall efficiency of 35.9% [19].
One critical challenge affecting this type of cell is the weak absorption in the Si cell near
the band gap (1000-1200 nm). In fact, in that wavelength range, the typical absorption
length becomes larger than twice the cell thickness, as shown in Fig. 5.1a. Thus, part of
the incoming solar light is able to escape from the front surface after being reflected at
the bottom of the cell.

Furthermore, standard micro-texturing of the Si cell’s backside is not compatible
with this type of cell. The Si bottom cell employs the TOPCon (tunnel oxide passivated
contact) technology developed at Fraunhofer ISE. This charge carrier-selective contact
is based on an ultra-thin tunnel oxide in combination with a thin silicon layer and en-
ables excellent charge carrier selectivity. The p-type TOPCon layer at the backside of the
Si bottom cell provides the best passivation on a planar surface while carrier recombi-
nation is much higher on textured surfaces. This particular cell geometry thus poses a
uniquely challenging scenario where conventional light trapping schemes are inappli-
cable. Therefore, it is thus of value to assess how ultra-thin nanophotonic metasurface
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designs can tackle this challenge and selectively enhance the optical absorption in the
1000-1200 nm spectral range.

Here, we leverage our insights in optical metasurfaces to design a nano-structured
back-reflector that steers incoming light to angles at which total internal reflection at the
cell’s top surface can occur. Specifically, we optimize a hexagonal array of Ag nano-disks
and show how pitch, radius, and height of the individual scatterer control the amount
of power that is distributed into the different diffraction orders. We present an intuitive
interference model to explain the physical mechanism governing light steering at the
back-reflector. Next, the impact of the optimized design on the absorption in a thick Si
slab is evaluated, highlighting an increase over a planar back-reflector and over the de-
sign that is now featured in the current III-V/Si triple-junction record cell [19]. Finally, we
demonstrate experimentally, first on Si single–junction cells and afterwards on full two–
terminal triple–junction cells, improved power conversion efficiency (+1.8%), showing
the benefits of the proposed light trapping scheme.

5.1. THEORY AND DESIGN
In order to maximize light trapping in the Si bottom cell, we optimize the periodicity p
of the hexagonal array acting as the back-reflector, along with height h and radius r of
the nano–disk constituting its unit cell. Specifically, the figure-of-merit of the minimiza-
tion is the sum of parasitic absorption occurring in the metal and back-reflection to the
0th diffraction order, FOM = Abs+R0th averaged in the bandwidth 1000-1200 nm. This,
in turn, is equal to maximizing light intensity steered at an angle with the practical ad-
vantage of not having to take into account a changing number of diffraction channels
for every simulation. Figure 5.2a schematically shows the design parameters that are
optimized. To reduce the parameters’ space explored by the optimization, the period is
constrained to be pmin < p < pmax, where pmin is the minimum periodicity required to
have diffraction in the entire bandwidth and pmax is the maximum periodicity for which
the first diffraction orders are outside the escape cone (' 16.2◦ for the Si/air interface).
The nano-disks’ radius and height are constrained to practical values from the fabrica-
tion point of view. Employing a particle swarm optimization algorithm [20], the final set
of retrieved optimal parameters is: p = 534 nm, h = 240 nm and r = 171 nm.

The corresponding spectra for parasitic absorption and reflectance back to the 0th

diffraction order are shown in Figure 5.2b. It is important to remark that reflection to the
0th–order is almost completely canceled while no absorption peaks signaling plasmonic
resonances are present in the entire bandwidth of interest. This, in turn, implies that
' 92% of the incoming light is reflected at an angle within the TIR range.

The distribution of reflected power to the different diffraction channels (averaged
over the simulation wavelength range) is depicted in Fig. 5.2c for unpolarized light. Most
of the light reaching the back-reflector at the bottom of the Si cell is reflected equally to
6 diffraction channels beyond the critical angle for the Si/air interface with a ' 15.4%
efficiency for each channel. It is interesting to point out that, while the FOM is polar-
ization independent the coupling efficiencies to the channels at an angle are not (see
Fig. 5.2d-e). Indeed, at normal incidence and for a normally reflected wave (e.g. the 0th

diffraction order) the array is invariant under π/3 rotations. This implies that any in-plane
polarization vector can be written as a linear combination of two basis vectors that span
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Figure 5.2: a Schematics of the back-reflector unit cell highlighting the relevant design parameters optimized. b
Reflectance to the 0th diffraction order (solid blue line) and parasitic absorption in the metal (solid orange line)
as a function of wavelength. c Polar plots showing the fraction of incident power reflected (radial coordinate)
to each diffraction channel (angular coordinates θ and φ) for unpolarized light averaged in the range 1000-
1200 nm. d-e Polar plots showing the averaged fraction of incident power reflected to each diffraction channel
for x- and y-polarized incident light.

the entire plane and for which the response is identical by symmetry (e.g. the primitive
translation vectors of the hexagonal lattice that form an angle of 2π/3 and are of equal
length). On the other hand, for light impinging from an angle, and hence by reciprocity
reflecting at an angle, the lattice would look distorted and not highly symmetric, there-
fore the response is polarization dependent.

To understand why it is possible to achieve such a low FOM and to unravel the mech-
anism behind the back-reflector operation, it is useful to analyze the parameter space
beyond the optimum values. Figure 5.3a-b shows the reflectance to the 0th diffraction
order (a) and parasitic absorption (b), averaged in the range 1000-1200 nm, as a function
of nano–disk 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
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Figure 5.3: a-b Reflectance to the 0th diffraction order (a) and parasitic absorption in Ag (b), averaged in the
range 1000–1200 nm, as a function of nanodisk 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 insets. c Simulated and modeled (d) reflectance to the 0th diffraction order as a function of wavelength
and nano–disk height for a fixed periodicity p = 510 nm. The red and green dashed lines indicate respectively
the maxima and the minima locations in the modeled reflectance. The dashed white line corresponds to the
location of the absorption maxima in (e). e Parasitic absorption in the metal as a function of wavelength and
nano–disk height for a fixed periodicity p = 510 nm. The dashed white line marks the location of the absorption
maxima. f Normalized electric field intensity and electric field z component profiles on the cross-cut planes
highlighted in the schematics. The height of the nano-disk is h = 320 nm and the illumination wavelength is
λ= 1140 nm. The x y cross–cut plane is taken at height h = 160 nm corresponding to the middle of the nano–
disk. 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 5.4: a Reflectance to the 0th diffraction order as a function of wavelength and nano–disk height for a
fixed periodicity p = 600 nm. b Parasitic absorption for the same parameter space.

the only way to have low reflectance is by having a high parasitic absorption. Indeed, for
periodicities smaller than pmin = λmax/nSi ' 336 nm the minima in Fig. 5.3a correspond to
maxima in Fig. 5.3b. However, when extra diffraction channels are opened in the super-
strate it becomes possible to find regions in the parameter space where both reflectance
and parasitic absorption are low.

Next, taking cross-cuts of the data in Fig. 5.3a-b at different periodicities it is possi-
ble to analyze the reflectance to 0th–order and the parasitic absorption as a function of
wavelength. Figure 5.3c-e shows such a cross-cut for p = 510 nm. Interestingly, the re-
flection to 0th–order (panel c) can be approximated with a simple model assuming that
light being reflected off the top of the nano–disks can interfere 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 Fig. 5.3d. Under these simple but insightful
assumptions the resulting Fresnel reflection coefficient for the entire back-reflector is

rtot = F rAg + (1−F )rFP (5.1)

where F = 2πr 2/
p

3p2 is the array fill factor, rAg is the Fresnel reflection coefficient for the
Si/Ag interface and rFP that of the PMMA etalon of height h sandwiched between Si and
Ag (see Appendix A). Figure 5.3d shows the modeled reflectance |rtot|2 as a function of
wavelength and height. The trends in Fig. 5.3c are well reproduced in Fig. 5.3d but it is
easy to notice that the minima and maxima locations are not matching exactly (red and
green dashed lines).

Indeed, this simple model does not take into account any plasmonic resonances in
the Ag particle array. The presence of the latter is signaled by the peak in parasitic ab-
sorption in Fig. 5.3e. To further investigate its nature it is useful to inspect the near field
profiles at the resonant wavelength. Figure 5.3f shows the electric field profiles corre-
sponding to a nano–disks array of height h = 320 nm with an illumination wavelength
λ = 1140 nm. Looking at the electric field intensity distribution at different planes (see
inset) as well as its component along the z axis it can be seen that each nano–disk acts
as plasmonic dipole antenna that interacts with its neighbors via near-field coupling.



5

94 5. NANOPHOTONIC LIGHT MANAGEMENT

ba

400 500 600 700 800 900
period [nm]

50

100

150

200

250

r [
nm

]

Reflectance to 0th order

0

0.2

0.4

0.6

0.8

1

400 500 600 700 800 900
period [nm]

50

100

150

200

250

r [
nm

]

Reflectance to 0th order

0

0.2

0.4

0.6

0.8

1

h = 240 nm h = 240 nm

Figure 5.5: a-b Simulated (a) and modeled (b) reflectance to the 0th diffraction order, averaged in the range
1000–1200 nm, as a function of nano–disk radius and periodicity for a fixed nano-disk height h = 240 nm. The
white and red dashed lines indicate the fill factors values at which nano–disks are touching each other and
fully covering the substrate respectively. The green dashed line indicates the minima in panel b.

This extra scattering pathway is interfering with non–resonantly reflected light, as de-
scribed earlier and modeled with the coefficient rtot. The interference between these
resonant and direct pathways gives rise to a Fano lineshape where the resonance wave-
length (white dashed line in Fig. 5.3c,e) is located between a maximum and a minimum
in reflectance, as shown in Fig. 5.3c.

Next, referring back to Fig. 5.3b, it is worth highlighting a faint region around p =
600 nm where parasitic absorption is higher. To further explore the physical mechanism
behind this slight increase, Fig. 5.4a-b displays the reflectance to 0th–order and the par-
asitic absorption as a function of wavelength for an array with p = 600 nm (and conse-
quently r = 200 nm). The clearly visible sharp vertical feature in the reflectance spectra
(panel a) corresponds to similarly sharp absorption peaks (panel b). This is due to the
onset of higher diffraction modes that open up at grazing angles hence interacting more
strongly with the nano-disks array and thereby inducing more losses. This phenomenon
is known as Rayleigh anomaly (RA) [21–23].

To further test the applicability of Eq. (5.1), Fig. 5.5a-b demonstrates how the 0th–
order reflectance depends on the array periodicity and nano–disks radii and consequently
on the fill factor F . Again, the general trend in reflectance is well captured by the sim-
ple model described above with a small discrepancy due to resonances that cause a slight
mismatch in the minima locations (green dashed line) in panels (a) and (b). Understand-
ably, there is an optimum fill factor to minimize reflection given the need of balancing
the contributions from rAg and rFP.

It is worth pointing out that, different from other light redirection strategies employ-
ing gratings [24, 25], in our case light is not steered at an angle by engineering the scatter-
ing of the single inclusion 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 (0th–order) essentially by destructive
interference. Therefore, parasitic absorption in the metal can still be mitigated.

The analysis described so far concerns the metagrating only. Assessing the benefits
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Figure 5.6: OPTOS calculated absorption in Si (a), reflectance (b), and parasitic absorption (c) spectra for
the optimized design described above (“AMOLF hexagonal grating”), for the optimized design in Ref. [12]
(“ISE crossed grating”) and for a cell with a planar Ag back–reflector. The calculation assumes a double anti–
reflection coating and a cell Si thickness of 280 µm. Inset: schematic of the two back-reflector geometries.

of this light trapping scheme on the entire solar cell level is a challenging task. Indeed,
although in principle possible, simulating the entire cell via FDTD would be unfeasible
from a computational point of view. Hence, the metagrating simulation/optimization
and the calculation of the induced absorption enhancement within the Si bottom cell
must be decoupled. One strategy to calculate optical properties of optically thick sheets
with arbitrarily textured front- and rear surface is the OPTOS (Optical Properties of Tex-
tured Optical Sheets) formalism [26–28]. In this framework, the action of the textured
surface, in the present case the optimized grating, is captured by a redistribution matrix
where each element describes the fraction of light that is reflected from one diffraction
channel to the other1. 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 1000–1200 nm and for both polarizations. The lat-
ter evaluation is rather time–consuming but has to 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 (280 µm–thick Si absorber and Ag grating) can be calculated by a series of matrix
multiplications similar to what is described in Chapter 4. The outcome of such calcula-
tion is shown in Fig. 5.6. Specifically, the optimized design described above (“AMOLF
hexagonal grating”) is compared to the grating geometry (“ISE crossed grating”) [12]
used in the current world record with a power conversion efficiency of η =35.9% and
to a planar Ag back–reflector. Figure 5.6a demonstrates a clear enhancement in the ab-
sorption of both grating designs due to light trapping with a distinct advantage for the
hexagonal design discussed here. Even though the total reflectance of the two designs is
comparable, a lower parasitic absorption favors the AMOLF design.

Finally, it is important to remark that including OPTOS calculations in each FDTD
optimization round would be the ideal way to maximize the cell performance as the rel-
evant FOM is primarily the absorption in the thick Si bottom cell. However, this was
not possible due to the heavy computational requirements for the computation of the
redistribution matrix.

1In the scattering matrix formalism, the redistribution matrix is composed of the squared amplitudes of the
s-parameters.



5

96 5. NANOPHOTONIC LIGHT MANAGEMENT

5.2. EXPERIMENT
In order to experimentally demonstrate the proposed nanophotonic light trapping struc-
ture, large-scale nanopatterns are fabricated on solar cells by Substrate Conformal Im-
print Lithography (SCIL) [29, 30]. The silicon master used to mold the double-layer
PDMS stamp was made at AMOLF by means of EBL and RIE. It consists of a 2.5×2.5 cm
array of holes with the optimized periodicity and radius described above and a depth
of about 100 nm which is optimal for solgel imprinting and PDMS demolding. Silicon
bottom cells and full triple–junction cells are fabricated at Fraunhofer ISE with a planar
Ag back-reflector and then characterized. Next, the planar Ag is peeled off mechanically,
the front-side is protected with AZ520D resist and the cells are diced (2.1×2.1 cm) and
shipped to AMOLF for patterning. In the following, the detailed fabrication procedure is
explained step by step.

RIE HF etch Ag evaporation

solgel - PMMA spin imprint

Si

GaInP

GaAs

Figure 5.7: Overview of the fabrication steps needed to pattern the cells’ back-reflector.

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

• A layer of solgel (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 a 6 minutes curing time, the stamp is detached carefully.

• The solgel residual layer at the bottom of the imprinted holes is cleared via RIE
using Oxford Instrument’s PlasmaPro 80 and a process employing CHF3 and Ar
(etch rate 0.28 nm/s).

CHF3 gas flow 25 [sccm]
Ar gas flow 25 [sccm]
pressure 15 [mTorr]
Set temperature 20 [◦C]
RIE forward power 67 [W]
ICP power 0 [W]
time 150 [s]
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• The PMMA exposed in the solgel holes is etched down completely via Reactive Ion
Etching (RIE) using an O2 plasma (etch rate 7.94 nm/s).

O2 gas flow 25 [sccm]
pressure 5 [mTorr]
Set temperature 20 [◦C]
RIE forward power 200 [W]
ICP power 200 [W]
time 32 [s]

• The sample is shipped back to Fraunhofer ISE for further processing: a wet HF
etch (5 min) removes the native oxide on the Si surface inside the PMMA holes
to ensure proper electrical contact. Finally, 1 µm Ag followed by 200 nm Pt are
sputtered and the front protection is removed.

Figure 5.8 shows the result of the fabrication procedure at two different steps. The sam-
ples are uniform over the entire patterned area with very few defects mainly due to dust
particles. Figure 5.8a shows a SEM image of a triple-junction cell (sample X623-7) after
the RIE etch steps. The solgel mask is smooth and uniform and the PMMA has a low
sidewall roughness. Also, no residual PMMA is left in the holes after RIE. Metal deposi-
tion on such a patterned structure is quite challenging. Fig. 5.8b, shows conically-shaped
air inclusions in the metal film. We attribute this to non–perfectly straight metal depo-
sition during the sputtering process. Standard e-beam evaporation has been optimized
to smoothly fill the PMMA holes but proved to have lower electrical performance. In the
near future, a combination of sputtering and electrochemical deposition of Ag will be
explored to avoid these issues.

In order 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. Exter-
nal Quantum Efficiencies (EQEs) were measured using a grating monochromator set-up
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
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Figure 5.9: a Experimental EQE spectra for the optimized design described above (“AMOLF hexagonal grat-
ing”), for the optimized design in Ref. [12] (“ISE crossed grating”) and for planar Ag back–reflector. b Measured
reflectance spectra comparing the hexagonal and crossed gratings discussed above. c Calculated parasitic
losses for the same two designs. All panels refer to a Si bottom cell with thickness 280µm and no anti–reflection
coating was applied to these samples.

measured under a spectrally adjustable solar simulator with one xenon lamp and two
halogen lamp fields that are adjusted in intensity independently of each other to gen-
erate exactly the same current densities in each sub-cell as under illumination with the
AM1.5G spectrum (IEC 90604-3, ed. 2 with 1000 W/m2) [31]. The cell temperature was
held at 25◦C during the measurement. An aperture mask with an area of 3.984 cm2 was
placed on top of the III–V/Si solar cell to avoid any contribution of photo-generated car-
riers from outside the defined cell area.

Starting with Si bottom cells without anti–reflection coating, Fig. 5.9a highlights the
enhancement in the External Quantum Efficiency (EQE) spectra due to the back–reflector
nano-structuring. As anticipated by simulation, the experimental spectra demonstrate
a distinct advantage in using the described optimized design. The lower reflectance
achieved by the hexagonal grating (see Fig. 5.9b) can be ascribed to enhanced light–
trapping capabilities but also to slightly increased parasitic losses. Indeed, the quantity
1−EQE−R (see Fig. 5.9c) represents the fraction of photons that are absorbed but not
collected as charges and hence lost due to parasitic plasmonic losses or collection ineffi-
ciencies. These are higher than estimated in simulation, most likely due to the non-ideal
metal deposition possibly inducing higher parasitic absorption of optical and electrical
nature (i.e. resistive losses). The high reflectance (and low EQE) compared to Fig. 5.6 is
due to the absence of the anti–reflection coating at the top side of the cell.

Given the performance improvement validated on Si bottom cells, full two–terminal
triple–junction GaInP/GaAs/Si cells were patterned and characterized. Similar to what
observed in Fig. 5.9, also in this case there is a clear increase in EQE compared to the
planar reference (see Fig. 5.10). The current density gain calculated from the EQE (data
in Fig. 5.10a) amounts to 1.1 m A/cm2. Again, the reflectance (see Fig. 5.10b) of the entire
stack is greatly reduced in the bandwidth of interest.

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, with the op-
timized Ag grating design. However, this procedure cannot be repeated again, therefore
the two different designs (i.e. “AMOLF hexagonal grating” and “ISE crossed grating” from
Ref. [12]) cannot be compared directly on the same III-V/Si cell. Nonetheless, their com-
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Figure 5.10: a-b Experimental EQE (a) and reflectance (b) spectra for the optimized hexagonal grating and for
its planar reference. c Measured one-sun I–V characteristics comparing the cell with the optimized hexagonal
grating and its planar reference. All the panels refer to the same triple–junction cell, with either a planar or a
patterned back-contact.

Planar Ag AMOLF hex
η 31.2% 33%
Jsc [m A/cm2] 11.3 12.2
Voc [V] 3.135 3.142
FF 88.3% 86.2%

Table 5.1: Performance parameters (η, Jsc, Voc, and F F ) for the same cell (X623-7) with planar and patterned
back-reflector.

parison is reliable on Si bottom cells (data in Fig. 5.9) as the manufacturing process of
these cells is well controlled and efficiencies are very similar from cell-to-cell.

Lastly, one-sun I–V characteristics measurements conclude the cell performance char-
acterization. The measured power conversion efficiency η, short circuit current density
Jsc, open circuit voltage Voc, and fill factor F F are summarized in Table 5.1. Corrobo-
rating the EQE enhancement, the I-V curves prove a clear increase in the Jsc due to opti-
mized light–trapping and consequently higher absorption in Si. Importantly, any current
gain in the Si sub-cell directly improves the Jsc of the entire stack as the silicon bottom
cell is limiting the overall current flow in the series-connected device. It is worth point-
ing out that the Jsc value as extracted from the I–V characteristic differs slightly from its
EQE–calculated counterpart. This could be due to a non perfect lamp calibration and
to the different illumination area sizes used in the two techniques (3.984 cm2 for the I-V
measurements and 1 cm2 for the EQE).

It is important to remark that the Voc remains essentially unaltered compared to
the planar reference. This implies that the cells are not damaged or electronically de-
graded by the back-reflector processing further proving the applicability of SCIL to high-
efficiency solar cells.
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Figure 5.11: a-b SEM images of the patterned backside of a full 4 inch-diameter Si bottom cell after the RIE
etch steps. The scale bar is 500 nm in panel a and 5 µm in b. c Photograph of the sample shown in panels a and
b.

5.3. CONCLUSION
In conclusion, the results presented in this chapter demonstrate a nanophotonic light
trapping scheme leading to an overall power conversion efficiency increase on a high
performance GaInP/GaAs/Si triple-junction solar cell.

First, the concept of a diffractive back-reflector composed of a silver nano-disks hexag-
onal array is introduced and the relevant structural parameters are presented. Specifi-
cally, nano-disks’ radius and height as well as the lattice periodicity are optimized em-
ploying a particle swarm optimization algorithm. Consequently, the performances of the
optimal design are shown and analyzed, highlighting suppressed back-reflection to the
0th-diffraction-order while keeping parasitic absorption low. To understand the work-
ing principle of such optimal design, the parameters’ space is explored further and a
simple model for the reflectance to the 0th-diffraction-order is provided, along with its
limitations. Next, the impact of the optimized design on the absorption in a thick Si slab
is evaluated with OPTOS highlighting an increase over a planar back–reflector and over
the design that is now featured in the current record cell. The fabrication process is de-
scribed in depth and the resulting patterned Si bottom cells and full two–terminal triple–
junction cells are characterized optically and electronically. We show experimentally a
1.8% efficiency gain on full GaInP/GaAs/Si triple-junction cells, and superior EQE on Si
bottom cells compared to the design featured in the record cell, despite the presence of
severe fabrication imperfections such as the air inclusions in Fig. 5.8b.

It is important to stress that the integration of a nanopatterned surface in the process
flow of a high efficiency cell is far from trivial, yet it proved to be possible via SCIL with
no signs of electrical degradation. As mentioned above, a combination of sputtering
and electrochemical deposition of Ag will be explored in the near future to obtain better
metal coverage. In addition, to avoid potential losses due to cells dicing, the whole fab-
rication process flow is now being scaled up to full 4–inch wafers. Figure 5.11 shows the
first successfully patterned large-scale Si bottom cell.

Altogether, these results show a nanophotonic light trapping scheme based on grat-
ings that can enhance the performances of cells where more traditional random texture
strategies are not possible. Furthermore, the EQE data on Si sub-cells and the successful
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implementation on full triple-junction solar cells support the possibility of GaInP/GaAs/Si
cells featuring a patterned back-reflector with power conversion efficiencies above the
current world record.
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