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Abstract: In this paper, we present the design, analysis, and experimental
results on the integration of 2D photonic crystals in thin film photovoltaic
solar cells based on hydrogenated amorphous silicon. We introduce an
analytical approach based on time domain coupled mode theory to
investigate the impact of the photon lifetime and anisotropy of the optical
resonances on the absorption efficiency. Specific design rules are derived
from this analysis. We also show that, due to the specific properties of the
photonic crystal resonances, the angular acceptance of such solar cells is
particularly high. Rigorous Coupled Wave Analysis simulations show that
the absorption in the a-Si:H active layers, integrated from 300 to 750nm, is
only decreased from 65.7% to 60% while the incidence angle is increased
from 0 to 55°. Experimental results confirm the stability of the incident
light absorption in the patterned stack, for angles of incidence up to 50°.
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1. Introduction

The recent development of nanophotonics has triggered the emergence of novel concepts for
light management in photovoltaic solar cells. This includes incident light trapping and
strategies to control light absorption in thin film solar cells. The interest of the whole range of
accessible nanophotonic structures has been considered by an increasing number of research
groups during the past years (see e.g [1,2].).

Periodic dielectric structures like diffraction gratings positioned at the back of solar cells
appear promising to increase the photon path length, especially for high wavelengths, i.e.
when the absorption of the active material is low [3]. On the top of the devices, novel anti-
reflecting structures have been proposed, based on the integration of sub-wavelength
structures with a large range of shapes [4,5], up to complex multi-scale biomimetic structures.
On the other hand the use of plasmonic resonances to control light capture and absorption by
scattering or near field enhancement has been proposed by many groups (see e.g [6].). In
particular, various ways to implement such light trapping strategies on solar cells based on
hydrogenated amorphous silicon (a-Si:H), have been introduced during the past years. Most
approaches rely on the deposition of more or less conformal layers onto a patterned substrate
[7-9]. Using an efficient light trapping strategy on such a-Si:H-based devices appears
particularly relevant since it could lead to a high absorption level, while reducing the active
layer thickness, and therefore the impact of bulk carrier recombination.

Although all these approaches are promising and could end up in a real increase of the
conversion efficiency, sometimes larger than the one calculated considering the lambertian
limit, a more in-depth modification of the optical properties of the absorber is needed if one
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wishes to drastically reduce the thickness of the solar cell, and therefore its cost, or to
significantly increase its efficiency. To reach this goal, photonic crystals (PhC) may offer
their wide variety of optical modes, including slow light or Fano-like resonances, while they
do not suffer from the parasitic absorption of metallic nanostructures. In 2008, a novel
approach was proposed to reach an in-depth modification of the optical density of state,
thanks to the use of slow light Bloch modes standing over the light line of PhC. This is
achieved by patterning the absorbing layer itself as a planar 1D or 2D PhC [10-13]. If all
kinds of absorbing materials could be patterned as such structures, it appears more beneficial
in the case of inorganic solar cells, where the refractive indices of the active materials are
much higher than in the organic case. Indeed, it has been shown both theoretically and
experimentally that incident light absorption in a 100nm thick layer of a-Si:H can be
increased by a factor of 2 by the sole impact of the patterning, and in a wavelength range
expanding from 300 to 750nm [14]. Moreover, the characteristics of these devices rely on the
properties of the multiple Bloch modes of the PhC, which exhibits relatively flat dispersion
bands. This is expected to provide a good stability of the device characteristics with regards to
the angle of incidence of the sunlight.

In former papers, we have introduced the design of such PhC assisted a-Si:H solar cells
[15]. Using Rigorous Coupled Wave Analysis (RCWA), and scanning the main topographical
parameters, it is possible to optimize the design of such devices, enabling to increase the
integrated absorption in a-Si:H by 27%. Such PhC can be patterned into the active layers of
the solar cells, using laser interference lithography and reactive ion etching.

However, while the basic properties of the surface addressable slow light modes are well
known, the best way to control them to tailor the absorption over a wide wavelength range is
still to be investigated. Indeed, more advanced designs could enable to reach a much higher
increase in absorption, and therefore, a substantial increase in terms of conversion efficiency.
Moreover, the impact of the unique properties of such Bloch modes on the angular acceptance
of PhC solar cells still requires a specific theoretical and experimental investigation.

In this paper we will first introduce the design and basic properties of a-Si:H based PhC
assisted solar cells. Then, we will present an approach based on the Time Domain Coupled
Mode Theory (TDCMT) [16], which enables to define design rules for the PhC structure
integrated in the solar cell. The objective is to reach the highest possible absorption over a
given wavelength range. Finally, we will discuss on the angular acceptance of a-Si:H PhC
solar cells, in relation with their modal properties.

2. Design and basic properties of a-Si:H based photonic crystal assisted solar cells

The targeted devices are based on a thin film solar cell stack, comprising from the back to the
front, a silver (Ag) layer deposited on a glass substrate, a transparent and conductive oxide
(TCO) layer made of zinc oxide (ZnO), a p-i-n a-Si:H junction, and another TCO layer
formed by the deposition of indium tin oxide (ITO), corresponding to the top electrode. The
ZnO layer, with a thickness of 100nm, is expected to act as a barrier against the diffusion of
Ag in a-Si:H; it may also play a role in maximizing sunlight absorption. The total thickness of
the p-i-n junction is 100nm, which is lower than the diffusion length of the minority carriers
in a-Si:H. It is chosen in such a way that the bulk recombination of photocarriers in the active
layer is minimized. It also reduces the amount of active material used in the device, compared
to more standard designs of a-Si:H based solar cells. The top TCO layer thickness of 50nm is
chosen in order to limit the absorption in this material. In the approach proposed, the top
layers (ITO and a-Si:H) are fully patterned as a PhC. More precisely, it consists in a 2D
square lattice of circular holes, as schematized in Fig. 1(a).
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Fig. 1. Schematic view of the 2D PhC assisted a-Si:H solar cells (a), simulated absorption
spectra in the active layer for the patterned and for the reference solar cell stacks, both
illuminated at normal incidence (b).

Optimizing the lattice parameter, L, and the holes diameter, D, of the PhC leads to an
integrated absorption of 82% in the whole stack, between 300 and 720nm. This value, which
is limited to 65.7% if only the useful part of the absorption, namely the one in a-Si:H is
considered, is reached for L = 380nm, and D = 237.5nm. Figure 1(b) displays the
corresponding absorption spectra for the 2D PhC patterned solar cell and a reference
constituted of the same but unpatterned stack, including layers with the same thicknesses. It
should be highlighted that this does not correspond to the final optimum for two main
reasons. First, only a square lattice of air holes has been considered and second, L and D are
the sole parameters which have been varied in a range limited by fabrication constraints, L
was tuned in the 200-800nm range, while D was varied in order to explore the full range of
surfacic air filling fraction from 0 to 1. Still, at this stage, it should be mentioned that this
corresponds to a substantial increase with regards to the unpatterned structure, where the
absorption in a-Si:H is only of 51.7%. Moreover, the integrated absorption achieved for a
PhC solar cell is quite stable with regards to technological uncertainties, since it is only
reduced by 1% when L or D are tuned by 5% from the above-mentioned parameters.

3. Light trapping and absorption in thin film semiconductor solar cell: a physical insight

Most of the approaches which have been proposed to implement light trapping make use of
resonant modes to increase the coupling between the incident light and an absorbing layer. To
this end, optical simulations are abundantly used to maximize the integrated absorption,
simply by systematically scanning a restricted number of free parameters. However, it turns
out that the results obtained lack a certain level of physical understanding which enables to
make the connection between the absorption enhancement observed and the modal properties
involved. If the critical coupling conditions are often mentioned to justify the creation of a
new and high absorption peak [14], this explanation is limited to the sole resonant wavelength
of the mode, and is not sufficient to understand the origin of the increase of the absorption
integrated over a broad spectral range. In line with this, Yu et al. [17-19] have derived the
analytical expression of the absorption by a resonance using the TDCMT. As their goal was
to calculate the upper limit for absorption, they highlighted the impact of the spectral cross
section of the resonances, yet the influence of the different coupling parameters on the
absorption spectrum was not fully covered by their study. Consequently, we propose to
address this issue by providing a more comprehensive analysis of the TDCMT model so as to
facilitate the interpretation of the simulation and experimental results, and to propose design
rules for more advanced solar cells including photonic nanostructures and resonances.
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The first step consists in describing, in a low-absorbing spectral region, the optical
properties of a PhC membrane, which is supposed to support a single mode without any
assumption on its symmetry properties. This can be achieved thanks to the TDCMT using the
same methodology and terminology as in [20], which gives the differential Eq. (1) describing
the evolution of the field amplitude in a mode in the time domain:

da 1 1
—=| jo,———— |a+KS,,. 1
dt [/0 7, TJ g M

where a is the amplitude of the field in the mode, w, is the resonant frequency of the mode, 7,
is the decay time of losses due to external coupling (in s), 7y is the decay time of losses due to
absorption, and S, is the field amplitude of the incident light. This differential equation has

to be coupled with the equations that apply to the coupling with the reflected and transmitted
light:

S,=e7(S, ~Ka).

S, =—e""Ka

2

where S_; is the field amplitude of the reflected light, S., is the field amplitude of the
transmitted light, x; is the coupling coefficient associated with the incident light and «; is the
coupling coefficient associated with the transmitted light. This is represented in Fig. 2(a),
together with a schematic view of the photonic membrane (Fig. 2(b)).

As shown in [21], x; and «, can be related to 7, via Eq. (3) by using z,.; and 7., which are
respectively the decay times on the front side and on the back side of the system:

ei

In addition, it is noteworthy to highlight two coupling parameters. The first one is the z./zy
ratio: high values for this ratio indicate that the intrinsic (or absorption) losses are dominating,
whereas low values are obtained when external losses are prevailing. The second coupling
parameter is the coupling anisotropy of the system denoted ¢. The latter is defined as follows:

=" )
7,
The parameter { can be infinite, as encountered in many devices involving a back
reflector, but can also be adjusted within a sole absorbing layer by introducing a specific
nano-patterning, for instance a double-layer 2D PhC [22] or by using patterns with non

vertical sidewalls, e.g. like holes with radii changing along the membrane thickness [23].
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Fig. 2. TDCMT parameters used to describe the optical properties of the photonic membrane
(a) and schematic view of the photonic crystal (b).

Using the harmonic steady-state hypothesis, one can solve Eq. (1) for any frequency (w)
detuned from the mode resonant frequency (wg) by w-w, = dw:

-k
a(w)= s 5)
Jjow-———
TO z.e

Starting from the above equations and introducing the expression of the field amplitude in the
mode and of {, the reflection () and transmission (f) coefficients in field, can be expressed as
follows:

RIS e/ 1
AW A é, ot l jow— L _ i
2 ; TO Te
(6)
Soopmei| 4o :

S, 1 1 1)/
* T, 1+— || jowo————
e( ;j(l TO Tej

From Eq. (6), it is then possible to get the reflection (R) and transmission (7) coefficients in
energy, as well as the resulting absorption (4 = 1-R-T) as in (7);
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7, )T,

In the remainder of the paper, these expressions will be used in order to assess the
influence of the 7./7, ratio and of ¢ on the width and on the highest achievable value of the
absorption peak corresponding to the mode considered, and finally to determine the coupling
conditions which maximize the integrated absorption of this isolated mode.

It can be first inferred from Eq. (7) that the expressions of R, (7-1) and A4 correspond to
Lorentzian functions with a full width at half maximum (FWHM, denoted I) defined as:

i ]
A=1-R-T=4 (EHJ + 12507 [1+lji

T
(6 + IJ
(1
r=2~">—2=, (®)
Te
To illustrate Eq. (8), the FWHM was calculated for different z,/7, ratios.
External losses Absorption losses
governed region overned region
10°- Critical couplin
region
S 107
=
I
=
[T
10"+
10° . . :
10° 10 10" 10° 10" 10?  10°
/T,

Fig. 3. FWHM (in 7, units) of the R, T or 4 peaks as a function of z./7,.

The results, gathered in Fig. 3, indicate that the FWHM increases together with the
absorption losses, that is when 7, decreases. Conversely, the value of /" is constant when the
absorption losses are small compared to the external ones. As shown in [20], this can be
expressed in terms of quality factors:

1 1
Qtot (K) amﬂ s_Qvfa

losses esternal

losses
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k being the extinction coefficient of the material considered proportional to z,”', y a coupling
coefficient and Q, = wyt,. It can be noticed that due to the symmetry of Eq. (8) with respect to
the parameters 7, and 7,, the same curve as in Fig. 3 would be obtained by expressing the
FWHM in 7, units.

In addition to the FWHM, another characteristic of the absorption peak impacting its
integral is the maximum absorption value which can be attained. This occurs when the
frequency is set to the one of the resonance of the mode, namely when dw = 0. After
modifying Eq. (7) accordingly, one can compute Ry, - g, T, - 9 and A, - ¢ as a function of
7y/7, for different { values (see Fig. 4(a)) or the other way around, i.e. as a function of { for
different z./7, ratios (see Fig. 4(b)).

Firstly, Fig. 4(a) underlines the superposition of the reflection curves for (" and 1/{. This
results from the destructive interferences occurring between the transmitted and the reemitted
waves since the mode is supposed to be at its resonance. For the symmetric membrane ({= 1),
it can be observed that a total reflection is obtained when the absorption losses are negligible.
The value of the reflection is progressively decreasing when the coupling anisotropy
increases.

..-'
=4
o

=0

B0

04 X

absorption losses ~ critical coupling  external losses back sufle It?sses front Si':‘le |<_>SSES
governed region region governed region dominating dominating

Fig. 4. Reflection, transmission and absorption of a single mode membrane, calculated as a
function of z,/z, for different coupling anisotropy values (&) (a) and as a function of ¢ for
different 7./, ratios (b). Values are plotted at the resonant frequency.

Besides, small values of ¢ (such as 10"2) are associated with a high transmission (7, - ¢
close to the unity whatever the z./zy ratio, see for instance Fig. 4(b)), since the front side
coupling of the mode is weak and almost no energy can be injected in it, leading to both a low
absorption and a low reflection. When the 7,/7, ratio matches exactly the critical coupling
conditions (/7. = 1), the transmission equals 25% for the symmetric membrane (same value
as the one of the reflection) but tends to zero if {>10, which means that back side coupling
can be neglected and that the absorption is then completely determined by the Ry, -y value.

Finally, this enables to understand the evolution of the absorption as a function of {'and of
the 7y/z, ratio. It should be first emphasized that a maximum absorption is obtained when the
intrinsic losses counterbalance the external ones, in other words, when the critical coupling
conditions are fulfilled [14]. Under this condition (zy/z, = 1), the maximal absorption of the
symmetric membrane is 50%. This value can be exceeded by increasing {. Indeed, after
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introducing a strong coupling anisotropy (for instance ¢ = 10%), a quasi-total absorption is
achieved. Thus, it can be concluded that at the resonant frequency of the mode, a total
absorption of the incoming light is possible provided that the best conditions on the coupling
anisotropy ({ close to 10%) and on the 7/, ratio (zy/z, = 1) are both achieved.

To go further, it should be precised that for most applications including photovoltaic
devices or sensors, an optimization of the integrated absorption of the peak is required rather
than just a maximization of A, - o for a targeted and single wavelength. Once again, it is
possible to compute this integrated absorption (4,,,) by considering the general expression of
the integral of Lorentzian functions. 4;, is then defined by A, - ¢ and I, which depend
directly on the coupling parameters { and 7,/z, as seen previously.

a ar

Aint = A&U:O_:—‘
2 (z, +TO)(1+2J

As an illustration of Eq. (10), 4,,, was calculated and plotted in Fig. 5 as a function of 7,/z,,
for different values of (. It can be noticed that increasing & from 107 to 10° enables to
significantly increase the integrated absorption, regardless of the coupling regime considered.
Moreover, for a given value of ¢, two distinct domains can be defined as regards the 7./7
ratio, with a transition occurring around the critical coupling conditions. More precisely, 4,
rises as 7./7y decreases and eventually converges towards an optimal value when the external
losses are dominating. As it was highlighted in [19], the spectral cross-section of a single
resonance is maximized in this over-coupling regime. Furthermore, one can observe in Fig. 5
that a —3dB cutoff takes place precisely at critical coupling. This means that increasing the
external losses so that they can equal the intrinsic ones is a must, and strengthening them to
overcome the absorption losses is a plus.

(10)

Critical coupling Absorption loSSes
—rogon S

10? 10" 10° 10’ 10°
T/T
e 0

Fig. 5. Integrated absorption (in 7, units) calculated for different coupling parameters.

So as to achieve a broadband absorption enhancement, the goal is not only to select a
mode operating in the over-coupling regime, but also to fill properly the targeted spectral
range with a collection of such modes. A generalization of Eq. (10) to a set of N non-
overlapping modes enables to calculate the total integrated absorption 4;,,

1

A =47 : (11)
(rw. +7,; ) [1 + ;j

#183852 - $15.00 USD  Received 4 Feb 2013; revised 17 Mar 2013; accepted 18 Mar 2013; published 22 Apr 2013
(C) 2013 OSA 22 April 2013 | Vol. 21, No. 8 | DOI:10.1364/0OE.21.00A515 | OPTICS EXPRESS A523



This formula describes corrugated absorbing layers such as PhC membranes in regions
where the spectral range between consecutive modes is large compared to their linewidth. To
illustrate the discussion above, let us consider two examples of absorbing PhC structures. The
first example consists of a 100nm thick a-Si:H layer, patterned as a 1D PhC, with a lattice
parameter L = 450nm, and 146nm wide air slits. Its absorption spectrum is simulated using
Finite-Difference Time-Domain (FDTD) simulations, considering normal incidence
illumination, with a Transverse Magnetic (TM) polarization. The spectrum, plotted in Fig. 6,
exhibits a single peak which corresponds to a resonant mode of the PhC, with a quality factor
of 30, as determined with a harmonic inversion code [24]. The critical quality factor O,
defined as n/2k, where n is the refractive index of the absorbing material, is also indicated on
the graph. One can note that the quality factor of the resonant mode is almost equal to O, at
the corresponding wavelength, 640nm. This explains that around 50% absorption is achieved
at this wavelength. One should note that even for a vertically symmetric membrane, the
absorption reached in this spectral region is not limited to 50% due to an additive absorption
law [20]. Indeed, the absorption of this resonance can be added to the background absorption
emerging from Fabry-Pérot resonances, possibly combined to the absorption of the
surrounding resonances originating from the patterning, as will be shown in the next example.

Absorption (TM)

0.0

1) 1 1 T 1 |'
600 620 640 660 680 T00 720
wavelength {nm})
Fig. 6. Simulated absorption spectra for two 1D PhC structures. The dashed line corresponds to
an unoptimized structure with L = 450nm, D = 146nm. The solid line corresponds to an
optimized structure, with L = 597nm and D = 197nm. The quality factor of each absorption

peak is indicated in italic. The green line corresponds to, Q.. The computed structure is
schematized in the inset.

We investigate a second case in which the geometrical parameters of the PhC (period L
and air slit width) are optimized. This leads to L = 597nm, and D = 197nm. The
corresponding absorption spectrum is also shown in Fig. 6; the integrated absorption is
increased from 19.6% to 36.7%. It clearly appears on the spectrum that this increase can be
accounted for by the creation of two additional resonances surrounding the previous one.
While the resonances located at around 607nm and 637nm correspond to critical coupling
conditions, it should be noted that the one at 671nm lies in its over-coupling regime (Q. = 80
at A = 671nm, to be compared to the value of 20, computed in the case of this PhC structure).
This results in a broad absorption enhancement close to the a-Si:H bandgap.

In summary, we have analyzed the coupling properties of resonant modes, and we have
presented their potential to optimize their peak and integrated absorption in a low-absorbing
spectral region. In this context, it was first concluded that the coupling anisotropy of the
system should be maximized as much as possible. A second requirement was to bring the
external losses at least at the critical coupling conditions. The goal is then to broaden the
modes so as to reach the over-coupling regime, and to fill properly the spectral region with a
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collection of modes, in order to optimize the resulting absorption enhancement. A general
objective of the design is then to generate additional optical resonances which are strongly
coupled to the radiative continuum. This can be achieved simply by changing the main
parameters of the PhC, or, more efficiently, by including a multiple periodicity, or even a
controlled degree of disorder, in a simply periodic pattern. Example of such structures can be
found in the recent literature [25-27]. In this section, the results were illustrated in the case of
a simple 1D PhC made of a-Si:H. However, they are also valid in the case of a full solar cell
stack patterned as a 2D PhC or more complex structures. In particular, the computed spectrum
displayed in Fig. 1(b), in the case of the optimized 2D PhC solar cell, illustrate the positive
impact of multiple damped optical resonances.

In the case of crystalline silicon (c-Si) thin film solar cells, like those discussed in [28—
30], one can draw similar conclusions. However, as the resonances are then very densely
packed, Eq. (7) cannot be applied in a straightforward way: the interplay between the optical
modes is hardly taken into account by this simple analytical model. It remains that in this
practical case, as the thickness of the c-Si layer is necessarily much higher than in the a-Si:H
case, since the absorption coefficient is lower. Then, the PhC membrane may support a much
higher spectral density of optical resonances, with increased quality (Q) factors. The
optimization process then tends to select such densely packed modes, close to the critical
coupling conditions; this leads to a higher integrated absorption.

4. Angular acceptance of a-Si:H based photonic crystal assisted solar cells

Additionally to the necessary optimization of the absorption efficiency, any photonic
engineering strategy for photovoltaics should be compatible with a reasonable angular
acceptance. Although relying on optical resonances, absorbing PhC structures bring a key
intrinsic advantage: these modes correspond to relatively flat dispersion curves. Such optical
resonances are then expected to exhibit relatively stable properties with regards to the angle
of incidence. Additionally, as it has been highlighted in the last section, the behavior of a
single PhC layer relies on several optical modes; even if their behavior is modified with the
incidence angle, it may be expected that the impact of these modifications could be globally
compensated when integrated over a broad spectrum. Lastly, in the case of PhC structures, the
coupling of light at normal incidence is prohibited for specific symmetries of modes [31]. As
a result, the integrated absorption may be increased while the incidence angle is tilted with
regards to normal incidence. In order to assess the positive impact of these specific properties
of PhC Bloch mode resonances, the integrated absorption has been calculated by Rigorous
Coupled Wave Analysis (RCWA), for two different structures, between 300 and 720nm,
considering the AM1.5G solar irradiance.

Figure 7(a) displays the integrated absorption evolution in the case of an optimized
absorbing 2D PhC constituted of a 100nm a-Si:H layer, with a lattice parameter L = 300nm,
and holes diameter of 240nm [15]. It clearly appears that the integrated absorption is much
higher in the case of the PhC, for all incidence angles up to 80°. While the integrated
absorption is increased by a factor of 2 at normal incidence, this factor is in excess of 3 at 80°.
Moreover, the integrated absorption increase is clearly visible in the PhC case, when the
incidence angle is increased from 0 to 10°. All these remarks illustrate the properties and
confirm the tendencies discussed in the beginning of this section.

The computed data displayed in Fig. 7(b) corresponds to the structure schematized in Fig.
1(a): an a-Si:H solar cell stack patterned as a 2D PhC, with optimized integrated absorption (L
= 380nm, and D = 237.5nm). In this second situation, similar results are obtained: a slight
absorption increase from 0 to 10° for the patterned stack and a higher absorption at every
angle in the case of the PhC, compared to the unpatterned reference. However, it turns out
that the absorption increase is lower in this stack, compared to the sole patterned a-Si:H layer.
The reason is that the presence of the back electrode and of the top ITO layer lead to a
substantial absorption increase of the unpatterned stack. Still, the integrated absorption in a-
Si:H is only decreased from 65.7% to 60%, while the angle of incidence is increased up to
55°.
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Fig. 7. Simulated integrated absorption for an a-Si:H unpatterned and 2D PhC patterned layer
(a) and for the unpatterned and 2D PhC patterned solar stack (b). The solar cell stack
corresponds to the structure schematized in Fig. 1(a). In both cases, the absorption is integrated
from 300 to 720nm, considering an AM1.5G solar distribution.

Finally, Fig. 8(a) exhibits measured absorption spectra obtained with an integrating
sphere. In this case, a solar cell stack was deposited, and 2D PhC structures were patterned
using laser interference lithography and reactive ion etching. Details of the processes can be
found in [14]. The PhC geometrical parameters were relatively far from the optimal situation,
since L = 600nm, and D = 350nm. The spectra measured at angles of incidence a between 10
and 50° exhibit a relatively stable behavior. Indeed, there is no global decrease of the overall
integrated absorption as underlined in Fig. 8(b). More precisely, it clearly appears that the
wavelength of the resonant modes is tuned for increasing angles, and that there is a
compensation phenomenon between the peaks which appear or disappear with a changing
angle of incidence.
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Fig. 8. Absorption spectra measured for an a-Si:H based solar cell stack, patterned as a 2D PhC
(with L = 600nm and D = 350nm). Measurements are performed in an integrating sphere, with
angles of incidence from 10 to 50° (a scanning electron micrograph of the patterned solar cell
stack is shown in the inset (a). The overall integrated absorptions calculated from those spectra
are also reported (b).

5. Conclusion

Patterning a silicon-based thin film solar cell as a 2D PhC enables a substantial increase of the
absorption efficiency. In the case of a device including a 100nm thick a-Si:H p-i-n junction,
and all the necessary layers to collect the electrical carriers, the relative increase is up 27%.
This is achieved by a simple patterning of the stack as a square lattice of air holes. To further
increase this absorption efficiency, it is necessary to refine the design of the photonic
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structure and to perform optical mode engineering. To reach this goal, we have introduced a
method based on a TDCMT analysis. Using this method, it is possible to evaluate, and
maximize the absorption around a given wavelength, which can be useful for indoor
photovoltaics, or down-conversion structures for third generation solar cells. It is also
possible to optimize the integrated absorption in a given wavelength range, increasing the
spectral density of optical modes, and generating optical resonances operating in the over-
coupling regime. Such resonances can be generated by a careful choice of the PhC structure
parameters, or, more efficiently, by using a more complex unit cell, partially etched photonic
structures or patterns with a controlled disorder. In the case of an absorbing layer with a
thickness in the micrometer range, the spectral density of optical modes can be further
increased, with the possibility to use resonances closer to the critical coupling conditions,
with lower optical losses.

Another key characteristic of PhC resonances is that they enable a particularly high
angular acceptance. Using RCWA simulations, we have shown that the integrated absorption
in the a-Si:H active layer of a patterned solar cell stack is only decreased from 65.7% to 60%,
while the incidence angle is increased from 0 to 55°. This excellent stability has been
confirmed by optical measurements, for angles of incidence up to 50°.
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