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Abstract:  We theoretically investigate the light-trapping properties of
one- and two-dimensional periodic patterns etched on the front surface of
¢-Si and aSi thin film solar cells with a silver back reflector and an anti-
reflection coating. For each active material and configuration, absorbance
A and short-circuit current density Jsc are calculated by means of rigorous
coupled wave analysis (RCWA), for different active materials thicknesses
in the range of interest of thin film solar cells and in a wide range of
geometrical parameters. The results are then compared with Lambertian
limits to light-trapping for the case of zero absorption and for the general
case of finite absorption in the active material. With a proper optimization,
patterns can give substantial absorption enhancement, especialy for 2D
patterns and for thinner cells. The effects of the photonic patterns on
light harvesting are investigated from the optical spectra of the optimized
configurations. We focus on the main physical effects of patterning, namely
a reduction of reflection losses (better impedance matching conditions),
diffraction of lightin air or inside the cell, and coupling of incident radiation
into quasi-guided optical modes of the structure, which is characteristic of
photonic light-trapping.
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1. Introduction

Nowadays, photovoltaic (PV) solar energy and all related research fields are experiencing a
very fast growth, in order to develop large-scal e solutions for the global energy request. In spite
of such arapid development, the total power delivered by theinstalled PV modules still covers
only a small fraction of electrical energy demand, and this is also due to the relatively high
costs of final PV devices. For example, conventional technology for crystalline silicon (c-S)
bulk PV cells[1] requires hundreds of microns of active material, and this, in turn, accounts for
up to 40% of the device cost.

In recent years, thin film PV cell technology showed the potential to overcome this problem.
In particular, for the materials analyzed in thiswork, namely ¢c-Si and amorphous silicon (a-Si),
thicknesses can be reduced down to afew microns and afew hundreds nanometres, respectively
[2], and this could lead to a substantial reduction of PV cell costs.

Unfortunately, the most prominent effect of such a thickness reduction is an absorption re-
duction, which tends to decrease the photo-generated current. Effects of thickness reduction can
be analyzed in short-circuit current density Jsc, which is calculated according to assumptions
of Sect. 3.1 with the standard AM 1.5 incident solar spectrum [3], and reported in Fig. 1 as a
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Fig. 1. Short-circuit current density Jsc for c-Si (indirect band-gap), a-Si, CdTe and
Culn;_xGacSe, (CIGS, direct band-gap, taking x = 0.08) as a function of thickness, under
AML.5 solar spectrum [3]. Solid lines refer to the single pass case, while dashed lines re-
fer to the Lambertian light-trapping limit denoted as LL o in this paper [9]. In both cases
reflection losses are not considered.

function of thickness (solid lines) for afew common PV materials. Optical data for the active
materials are taken from Refs. [4] (c-Si, aSi and CdTe), specifically from [5] for a-Si, and [6]
(CIGS).

We observe that direct band-gap semiconductors (like a-Si, CdTe and CIGS) intrinsically
require less material to absorb a significant fraction of sunlight with respect to indirect band-
gap semiconductors (like c-Si). Indirect band-gap in ¢c-Si is a big disadvantage, since the solar
photon flux hasits peak in theinfrared around 0.8 €V, and a very large fraction of incident pho-
tonsislost due to incomplete absorption. To increase absorption and hence the photo-generated
current in thin film solar cells, light-trapping must be performed: in other words, incident pho-
tons have to enter the device, and their mean dwelling time in the active region must be long
enough that, eventually, they are absorbed before escaping the device. Light trapping was first
suggested by Yablonovitch and Cody [7, 8], who derived analytical solutions for light path
enhancement in bulk PV cells with ideal Lambertian light-trapping in the case of very small
absorption. These results were then generalized by Green [9], who extended calculations for
any degree of absorption in the active material. The effects of Lambertian light-trapping in the
latter approach are shown in Fig. 1 for different active materials, as a function of thickness
(dashed lines). Asit is evident, a proper light-trapping scheme could allow to reduce the active
material thickness by an order of magnitude (even more in the case of c-Si), while preserving
the same Js; and substantially decreasing the device costs. While related curves are sometimes
found in the literature in the large thickness range (see, for example, Fig. 9.16 of Ref. [1] for
the case of c-Si), the results of Fig. 1 show that optimal light trapping may be highly beneficial
for the efficiency and may have a disruptive effect in terms of cost and material saving for thin-
and ultrathin film solar cells.

In recent years, many solutions have been suggested to implement light-trapping schemesin
thin film solar cells, ranging from plasmonic metallic structures[10-13] to diel ectric structures.
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In the latter case, which is also the main focus of this paper, light trapping can be obtained ex-
ploiting light scattering by a sub-micron surface roughness (hence a disordered, random struc-
ture), as well as adopting photonic crystal patterns (hence an ordered structure), that provides
diffraction inside the active material and/or coupling to quasi-guided modes of the structure.
Thefirst light trapping scheme is of great interest with polycrystalline active materials, and for
PV cells whose front contact is made of a transparent conductive oxide (TCO) with intrinsic
surface roughness in the sub-micron range [ 14—-18]. Another approach to light trapping in disor-
dered structuresrelies on the concept of Anderson localization [19]. The main result isthat light
scattering can substantially increase the photon dwelling time inside the absorbing material: by
proper roughness optimization, the interaction with light can be maximized to increase absorp-
tion at low energies, whereintrinsic absorption in the active material isweak. While absorption
can be increased over a broad spectral range, random structures cannot be engineered easily.
The second light-trapping scheme, in which geometrical parameters can be easily varied and
the whole structure can be fully engineered, is the one of primary interest for this work. In the
Conclusions we will return to the comparison between ordered and disordered light trapping
structures, and on their possible merging in an improved PV cell design [20, 21].

Starting from early works on the effect of diffraction gratings [22, 23], PV cells with pho-
tonic crystal patterns are extensively studied from both theoretical [24—42] and experimen-
tal [43-53] points of view. Silicon is the most commonly studied among the active materi-
als: monocrystalline [45,46], microcrystalline [44], nanocrystalline [51], and, especially, amor-
phous[43,44,48-50,52] thin film silicon cells with photonic structures have already been fabri-
cated. To obtain an electro-optical characterization of the devices, optical measurements for ab-
sorbed, reflected, transmitted, and diffracted power [44,48,49] are generally performed together
with external (or internal) quantum efficiency and I-V curve measurements [44, 46, 47,50, 52].
From atheoretical point of view, the effects of photonic patterns are analyzed starting from the
Maxwell equations, as both periodicity and PV cell thickness are comparable with wavelength,
making traditional ray optics approach unsuitable. Rigorous coupled wave analysis (RCWA) is
the most used numerical method to calculate absorption in the active material [24-33, 39, 40],
sinceit directly exploits the periodicity of the structure.

In this work we focus on ¢-Si and a-Si structures with 1D or 2D square lattice on the front
surface (Fig. 2). The holes, whose depth is a variable parameter in the structure, are assumed
to be filled with an oxide material, which is also used as an antireflection coating (ARC) on
the top surface. The absorbance of the active material and the spectral contributions to Jsc are
taken asfigures of merit and are cal culated over the characteristic spectral range of AM 1.5 solar
spectrum with RCWA. For several thicknesses of active materials in the range of interest for
thinfilm PV cells, the configuration is optimized with respect to the etching depth, the period of
the photonic patterns, and the ARC parameters. The calculations are performed over a broader
range of active material thickness with respect to the other works in the literature, where typi-
cally only one thickness value is investigated. By a detailed investigation of the optical spectra
we get insight into the three main physical phenomena involved in light trapping and resulting
in absorption enhancement: (i) suppression of reflection losses due to better impedance match-
ing, (ii) diffraction in air and into the cell material, and (iii) coupling with the quasi-guided
optical modes supported by the structure, which is often referred to as photonic light trapping.
Asamain goa of thiswork, results for the optimized structures are compared with Lambertian
limits for light-trapping in the ray optics regime. [7-9], which are commonly assumed as ref-
erence works in literature for the cases of low and arbitrary absorption, respectively. The rest
of thiswork is structured as follows: in Sec. 2 we present the structures under investigation and
in Sec. 3 we deal with the theoretical approach used in this study. The results are presented in
Sec. 4, first for ¢-Si and then for &Si structures, treating both 1D and square 2D patterns for
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Fig. 2. Scheme of silicon PV cells patterned with asimple 1D photonic lttice (a) and with
asquare 2D lattice (b).

each material. Conclusions and prospective developments are summarized in Sec. 5.

2. Analyzed structures

The structures analyzed in this work are PV cells patterned with a 1D or with a square 2D
lattice, as shown in Figs. 2(a) and 2(b), respectively. The PV cell surface is taken in the (X,y)
plane, with z the direction normal to the cell. The direction of incident radiation isindicated by
the red arrow in Fig. 2(a) and can be identified with the pair of polar angle 6 and azimuthal
angle ¢. For the present work, we limit ourselves to nearly normal incidence, namely 6=0.1°
and ¢=0° (the choice 6=0.1° is necessary for the convergence of the calculations and it does
not substantially modify the results from the normal incidence case, [54]). The results are av-
eraged over the two, orthogona polarizations. We previously analyzed the dependence of the
cell response on the incidence direction and polarization [36], and we found that these struc-
tures are rather robust with respect to variationsin both 6 and ¢. Thisis particularly interesting
in the case of 1D patterns, since a stronger angular dependence would be expected. Instead, a
typical cos6 dependence of the current response was found, and the same trend occurs when
the polarization direction is parallel (¢=0) or orthogonal (¢=90 degrees) to the grating [36].
For 2D structures, the angular dependence is expected to be further suppressed, due to higher
symmetry and isotropy.

Both 1D and 2D patterns are supposed to be obtained via etching procedure starting from a
dab of semiconductor material of thickness d, deposited on a silver (for optical data see Ref.
[4]) substrate that serves as back reflector and el ectric contact. The active materials we consider
are c-Si and a-Si, whose optical functions are taken from Ref. [4]. The spectral absorbances of
these materials are different, and this affects the typical thicknessd required to obtain complete
light absorption, making c-Si PV cells much thicker than a-Si ones. Being interested in light-
trapping in thin film Si solar cells, we limit the range of thicknesses from 250 nm to 4 um for
c-Si PV cellsand from 50 to 500 nm for aSi PV cells. Especially for the case of a-Si PV cells,
the film thicknessislimited by diffusion lengths for the photogenerated carriers, which are less
than a few hundreds nanometres [2].

For PV cells with 1D pattern, the period is indicated with a, the width of the etched region
with b, and the etching depth with h. The grooves are supposed to be filled with a transparent
dielectric medium with refractive index narc=1.65, and the same dielectric is supposed to be
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deposited until a covering slab of thickness | is formed. This layer acts both as a passivating
structure for the etched layer as well as an anti-reflection coating (ARC). The value for narc
isin between that of fused silica (SIO,, see Ref. [4] for optical data) and that of transparent
conductive oxides, as, for example, Al-doped zinc oxide (AZO, see Ref. [56]) and indium
tin oxide (ITO, see Ref. [57]). In this way our results are generally applicable without strong
variations to PV cells whose patterned layers have very different transport properties, from
passivating window layers (for example with SiO,, aswe used in our previous work [33,36]) to
conductive layers for carriers extraction. In this work we choose an idealized, dispersion-less,
covering dielectric, but more realistic and absorbing materials could be considered without
major changes to the conclusions. The thickness of the covering slab | is set to 70 nm for all the
investigated structures: this value has been optimized in a previous work on 1D lattices [33],
and we have verified that the same optimized value is found for the 2D lattices considered in
thiswork.

For PV cells with a 2D sguare pattern (Fig. 2(b)), the same notation is used for the lattice
period, the ARC thickness, and the etching depth. In this case we consider a 2D lattice of
circular rods of radius r etched in the Si dlab, and the materialsfilling fractions are

2 2

FFSi:l*zTr2 FFARCZ%- D
We shall display the results as afunction of theratio r/a (instead of the filling parameters FF),
asit gives a more intuitive description of the pattern structure. Attention should be paid to the
fact that theratio b/a for 1D patterns can span the range [0,1], while theratio r /a is within the
range [0,0.5], the upper limit corresponding to rods' contact.

We analyzed also another 2D periodic pattern, namely the triangular lattice of circular rods.
We found that best results for triangular pattern are essentialy analogous to those for square
pattern, as expected from the high symmetry of both lattices. However, rather unexpectedly, the
sguare lattice gives slightly higher short-circuit currents than the triangular lattice. In view of
this, in the rest of this paper we present only the results for square patterns.

3. Theory and numerical methods

The electric response of a PV cell is given by its current-to-voltage curve or, more briefly, I-
V curve. From a theoretical point of view, this relation can be derived assuming an ideal and
exponential |-V curvefor the p-njunction forming the PV cell and adding a current contribution
proportional to the flux of incident photons with energy larger than the band-gap Eg4 (Ref. [1]).
Considering the response of the PV cell unit area rather than that of the whole PV cell, the J-V
curve can be expressed as:

V) =Jdsc —Jo {e%—l}, 2

where Js is the short-circuit current density, Jo is the generation current density for the p-n
junction, e the electron charge, Kg the Boltzmann constant, and T the thermalized electron
temperature of the cell. At agiven operating voltageV, the product V - J(V') gives the electrical
power converted by PV cell per unit area. It can be shown that this depends nearly linearly
upon Js¢, and for thisreason Js. has been assumed as our main figure of merit. The short-circuit
current density Jg is a spectrally-integrated quantity defined as[1]:

e d.v
I :e/ AE) L 10E (E)dE =
Eq dE
= A = dJs (E)
e[ AE) YL dE = / dE, 3
J AE) = [T ®
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where A(E) isthe absorbance of the active material, dd—{ istheincident solar photon flux (which
has dimension of number of incident photons per unit time, per unit surface area, and per unit
energy bandwidth), and IQE isthe internal quantum efficiency for separation and collection of
the photogenerated electron-hole pairs. Since in this work we are concerned with the optical
rather than transport properties of the cell, IQE has been set equal to one. In this way one can
define the spectral contribution dJs;/dE to the short-circuit current density (Eg. (3)). Thisin
turn is proportional to the absorbance A(E) of the active material in the PV cell, which is taken
as our second figure of merit. The integration range has a lower limit 1.12 eV for c-Si, or 1.25
eV for &S (the bandgap of a-Si with the data of Ref. [5]). The upper limit is taken to be 3.5
€V in both cases, as the photon flux above this energy is small in the standard AM1.5 solar
spectrum [3]. Finally, as in our previous work [33], a black-body dependence is assumed for
the photon flux dd—/EV with characteristic emission temperature of 5800 K and total irradiance of
100 mW/cm?, which isthat of the AM 1.5 solar spectrum. Both the truncation of the integration
range and the choice of a blackbody spectrum affect the final results, giving lower Js; with
respect to the full AM1.5 solar spectrum, which is dlightly richer in photons in the visible
range. This s the reason why the subsequent results for Lambertian limits are slightly smaller
than those given in Fig. 1: this choice allows to considerably reduce computing time when
optimizing the structures. Of course, area solar cell should be simulated with the full AM1.5
spectrum.

The absorbance A(E) of the active layer and hence Js. are calculated adopting a rigorous
electromagnetic approach, starting from Maxwell equations for fields E(x,y,z) and H(x,y,2),
and then calculating the scattering matrix S for the configuration under investigation [54, 55].
The PV structure is treated as a multilayer along z (see Fig. 3(a)), with the light incident from
the left, under the form of a plane wave. Following the notations of Refs. [33] and [54], and
denoting in-plane coordinates (x,y) = p, the electric field E can be expressed in each point as

aFourier series:
NPW -1

E(p.2)= Y E(Gp,2)e"®/ TGP, )
n=0

where NPW is the total number of plane waves considered in the simulation, G, are the recip-
rocal lattice vectors (taking Go = 0), and k , is the component of incident wave vector in the
(x,y) plane. The Fourier amplitudes E (Gy,z) are obtained solving Maxwell equations in each
layer by matrix diagonalization, and then propagating along the structure with proper boundary
conditions, with the basis set of plane waves determined by NPW (z dependence isimplicitly
taken into account, with both propagating and exponentially decaying waves being considered).

Due to trandational invariance, we can limit ourselves to the unit cell in the (x,y) plane, and
apply Poynting theorem to the volume element enclosed by dashed linein Fig. 3(a). Absorption
in the active material is calculated from difference in Poynting vector fluxes across the facets
normal to z direction, while any contributions from the other facets vanish due to trandational
invariance. Normalizing incident power density to unit, energetic balance implies:

A+R+T+ Y Rot+ X Ta=1, (5)
n#0 n#0

where A is the absorbance of the active material, R = Ry—g is the zeroth-order reflectance, and
T = Th—o isthe zeroth-order transmittance to the Ag substrate. The first sum represents al the
power contributions deriving from diffraction in air, and the second sum refers to diffraction
in the Ag substrate. In the case of a planar cell, the last two sumsin Eg. (5) are absent, due to
tranglational invariance, and thusR and T are the only optical losses (Eq. (5) simply reduces to
A+R+T=1).
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Fig. 3. (a) Multilayer subdivision of PV cells along z (the unit cell volume used for A
calculation isenclosed with dash line). (b) Convergence of the cal cul ated absorbance (main
panel) and Jsc (inset) as a function of the number NPW of plane waves involved in the
calculation.

Note that only the absorption A in the active material contributes to the short-circuit current
density, thus the photonic pattern has to increase the absorbance with respect to planar cells
without introducing additional losses.

Inthelimit NPW — o, thisanalysisis exact. In practice, one has to truncate the sum in Eq.
(4) to a certain number of plane waves. As the computational time for alarge number of plane
waves is proportional to NPW 2 because of matrix diagonalization, it isimportant to choose the
NPW that guarantees the convergence of the results in a reasonable computing time. In this
respect, symmetry properties of the pattern play amajor role, determining both the appropriate
number NPW and coupling between incident field and optical quasi-guided modes of the PV
structure.

The effect of increasing NPW is shown in Fig. 3(b), where atypical absorbance spectrum is
reported for ac-Si PV cell (d=500 nm) with 2D sguare pattern. The same spectrum is calcu-
lated with four different values for NPW. All spectra have similar features at low energy, but
noticeable differences are evident with increasing energy. This is because low energy photons
can couple only with few modes of the structure, namely the lowest energy modes, and arela-
tively small NPW is sufficient to reach convergence. On the contrary, high energy photons can
couple with more modes, and thus a higher NPW is needed to take into account all accessible
modes and to reach convergence. We studied convergence for 2D structures with different pat-
tern configurations, and we concluded that differences between NPW egual to 121 and 137 are
small and located at energies above 3 eV, where the solar photon flux isweaker, so NPW=121is
sufficient to full convergence within the wholeinvestigated range. For 1D cellsthe computation
is much shorter, and NPW = 25 is enough to reach full convergence.

In addition, we studied the convergence of the short-circuit current density, which is shown
in the inset of Fig. 3(b) for the structure of the main panel of Fig. 3(b) as a function of NPW.
For alow NPW, Js isbelow the convergence value, then it increases with NPW , showing small
oscillations around the convergence value. Even if there is convergence in the spectra only at
low energies, the variations around the convergence spectrum are limited to high-energy, where
solar photon flux is lower, and they tend to balance in the integration, giving a faster global
convergence as compared to absorption spectra.
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We compared our resultswith Lambertian limitsto light trapping in bulk PV cells. The upper
limits for the enhancement of light path inside the active material were first derived under three
assumptions[7, 8]:

e The structure has a front Lambertian scatterer or a back Lambertian reflector on the
bottom. In both cases transmitted or reflected light is randomized with isotropic angular
distribution at every energy. Furthermore, intrinsic reflection losses of the active material
are set to zero, and an ideal back reflector islocated at the bottom.

e Theintrinsic absorption of the active material is sufficiently low for both the single-pass
and the enhanced absorbance. This situation isreferred to as weak absorption regime and
is described by the condition:

4n?ad < 1, (6)

where n isthereal part of the refractive index, o is the absorption coefficient, and d the
thickness of the active material.

 The film thickness d is much larger than wavelength A /n inside the active material, and
this makes ray optics arguments suitable.

The absorption can thus be described and quantified in terms of the product o(E )dest, with dest
being the effective light path inside the active material in agiven configuration. For example, if
we consider a single-pass through a planar slab, neglecting reflection losses, the product ordgs
has a direct interpretation, asthe total absorbance Agp is:

Ap(E) =1—e *EB), @

Under Yablonovitch hypothesis, it can be shown using ray optics or statistical mechanics argu-
ments that the maximum light path is enhanced by a factor 4n%/sin?y, with y half of the apex
angle of the cone subtended by the dielectric medium surrounding the cell. In the case of apla-
nar cell surrounded by an isotropic medium (siny=1), the maximum enhancement is given by
4n?, which corresponds to nearly 50 for silicon near the band gap and gives an active material
absorbance equal to:

Alo(E)=1—- e_4n2a<E)d, (8)

where reflection losses are neglected. Along the manuscript, this first Lambertian limit (i.e.,
weak absorption and neglecting reflection losses) will be denoted by LLO.

More recently, a general limit to Lambertian light-trapping has been derived by Green con-
sidering the case of arbitrary absorption and providing an analytic expression for light path
enhancement as a function of the photon energy [9]. In this case, assuming siny=1, it can be
shown that the maximum absorption enhancement is lower than in the LLO limit, as the weak
absorption hypothesis is relaxed and the enhancement expected by light trapping is smaller
when absorption is larger. We refer to [9] for details of the theoretical treatment. This general
Lambertian limit will be denoted by LL o, and it is the most relevant for our work, since active
material’s absorption is not negligible in most of the investigated configurations. To compare
properly with the LLO limit, we take also the LL ¢ limit in the case of no reflection losses.

Both light trapping limits investigated by Yablonovitch and Green arevalid in the limit of ray
optics, i.e., they assume that the active material thickness is much larger than the wavelength of
light. In the present study, the typical dimensions of thin-film solar cells are comparable to the
wavelength of light in most of the spectral range. In the literature this situation is often referred
to as photonic light-trapping, in contrast with the case of bulk PV cells. Light trapping in the
(nano)photonic regime has been investigated in Refs. [31, 32] for the case of weak absorption,

#156735 - $15.00 USD Received 18 Oct 2011; revised 7 Dec 2011; accepted 8 Dec 2011; published 30 Jan 2012
(C) 2012 OSA 12 March 2012 / Vol. 20, No. S2/ OPTICS EXPRESS A233



where it is shown that the LLO limit can be overcome in some circumstances. Still, the general
limit to light trapping for any material thickness and for arbitrary absorption is unknown. Here
we shall take the LLO and LL o limits as references for the calculated short-circuit current and
absorbance spectra, since they can be easily calculated and provide a continuous transition to
the case of thick cells, where the ray optics treatment is rigorously valid. In fact, the dashed
curves of Fig. 1 are calculated for the realistic case of the LL o limit.

In the case of photonic light-trapping, it is difficult to introduce an effective light path. Thus
we define an absorption enhancement factor F with respect to the single pass absorption Asp as

A(E A(E
F(E) = AS;S(E)) = 1_e(7a)(E)d’ (9)

where A(E) is the structure absorption, which can be calculated analytically or numericaly
depending on the cell geometry. It is worth noticing that the two limits discussed above can
be described using Eqg. (9). In particular, in the case of weak absorption the expression gives
back the typical 4n’ enhancement factor, which can be considered as a reference value for
Lambertian light trapping. As it will be evident from the results in the next section, reaching
Lambertian light-trapping limits over a broad spectral range is a very difficult task, which can
be partly (but not fully) achieved with the periodic structures considered in this work.

4, Resultsand discussion

We analyze separately the properties of c-Si and a-Si PV cells patterned with photonic lattices.
1D and square 2D patterns are compared for several thicknesses d in range of interest for thin
film solar cells, according to observations of Sect. 2. For brevity, only one thicknessis analyzed
in detail for each active materia (1 um for ¢-Si and 300 nm for &Si), and the results for
structures of varying thickness are described at the end of each material’s subsection.

At afixed active material thicknessd, the analysisis performed in the following way. First, a
contour plot of J is calculated with the scattering matrix formalism varying at the same time
the etching depth h and the ratio b/a (for 1D pattern) or r/a (for square pattern). According
to observations of Sec. 3, the number NPW of plane waves is chosen to be 45 for 2D square
pattern. Optimal pattern configurations are then identified from maxima in the contour plot,
and the corresponding spectra are analyzed in detail. For each optimal configuration, optical
spectra for reflectance R, transmittance T, absorbance A, and diffracted power are calculated
with aNPW that ensures convergence over the whole spectrum (NPW =25 for 1D patters and
121 for 2D square patterns). Finally, the absorption enhancement F with respect to single pass
absorption without reflection losses is compared with the Lambertian limits LLO and LL o to
light-trapping.

Somerelevant reference spectrafor A and Js¢ are considered. For absorbance, the comparison
is made with the absorbance of a bare slab of active material, without ARC or back reflector
and considering the cases with and without reflection losses. This comparison is useful because
it directly recalls intrinsic properties of the active material in terms of bare absorption and
reflection. The energy range for cal culations can thus be subdivided into two ranges. one at low
energy, where patterning enhances absorption due to light-trapping, and the other one at high
energy, where total absorption occurs even without light-trapping, and, actually, reflection and
diffraction in air have to be minimized.

For short-circuit current density Jsc and spectral contributions dJsc/dE, the comparison is
made with areference cell with same thickness d of the investigated configuration, planar ge-
ometry, Ag back reflector, and single-layer ARC on top. Optical spectrafor reference cells are
calculated following the same procedure used for patterned cells. The parameters of the ARC
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Fig. 4. Contour plot of short-circuit current density Jsc as a function of etching depth h and
ratiosh/a andr/a (in %) for c-Si PV cells patterned with asimple 1D lattice (a) and square
2D lattice (b). For both patterns the thickness d=1um and the optimal period a=600 nm.

are optimized to give the highest possible Js; from the reference cell. To make a proper com-
parison, optimizations (like random texturing) that are common in commercia cells are not
considered here.

4.1. Crystalline silicon (c-Si)

The contour plots for the short-circuit current density Jsc for c-Si PV cells of thickness d=1
um patterned with simple 1D and square 2D lattices are shown in Figs. 4(a) and 4(b). One can
immediately note that the 2D square pattern is much more performing that the 1D one over
a broad range of pattern parameters. Shallow and deep pattern configurations emerge as the
maximain the contour plot. In particular for simple 1D pattern we find:

« ashallow configuration, with a=600 nm, h=240 nm, b/a=0.3 and Js;:=19.13 mA/cm?;
» adeep configuration, with a=600 nm, h=560 nm, b/a=0.35 and J;;=18.86 mA/cm?.

For 2D square pattern we find:

« ashallow configuration, with a=600 nm, h=190 nm, r /a=0.33 and Js;:=22 mA/cm?;

* adeep configuration, with a=600 nm, h=595 nm, r /a=0.42 and J;;:=21.3 mA/cm?.

As we can see, contour plots are smooth over the whole investigated range of parameters,
with several local maxima. Thereis also agood tolerance in Js; around the optimal configura-
tion with respect to variationsinh and b/a, or r /a: Js; decreases no more than 2% upon relative
variations of +10% around the optimal values.

Optical spectrafor the optimized structures with simple 1D and 2D square patterns are shown
in Fig. 5. Starting from reflectance and diffraction in air (Figs. 5(a) and 5(d)), we observe a
gradual decrease of these quantities from reference planar cells to 1D and then 2D patterned
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Fig. 5. Calculated optical spectra (for unpolarized light) for c-Si PV cells patterned with
optimal 1D simple lattice (d=1 um, a=600 nm, h=240 nm, b /a=0.3): reflectance Rn—o and
contributions from diffractioninair 3.0 Rn (&), absorbance A (b) and absorption enhance-
ment F (c). Calculated optical spectra (for unpolarized light) for c-Si PV cells patterned
with optimal 2D square lattice (d=1 um, a=600 nm, h=190 nm, r/a=0.33): reflectance
Rn—o and contributions from diffraction in air ¥,,.oRn (d), absorbance A (€) and absorp-
tion enhancement F (f). For absorbance the Lambertian limitsLLO and LL @ are reported,
together with single pass (SP) absorption with and without reflection losses. The thin grey
linesrefer to the calculated data, while the thick black lines are the corresponding smoothed
quantities.

cells. For the patterned cell, the contribution X0 Ry is present, but the total reflectance, which
includes al diffraction orders, is always lower than the reflectance R of the reference cell; a
similar trend is observed as for the zero-order reflectance.

This is due to both the better impedance matching condition (because the patterned layer
has an intermediate effective refractive index) and to light trapping. At low energies, incom-
plete absorption gives the dominant R contribution, that is nearly complementary to absorbance
spectrum. At high energies there is aresidua reflection, but it is evident that the intermediate
patterns provides a spectral band of low reflectance, which is broader than that of the reference
cell with single-layer ARC. Diffraction in air is a substantially small and constant term in 1D
cells, butitislarger in 2D cells, due to the larger number of diffraction modes allowed by sym-
metry. Diffraction in air can be strongly reduced by decreasing the lattice period, as it will be
evident for aSi cells.

Absorbance spectra have a rich variety of optical features and are shown in Figs. 5(b) and
5(e) for c-Si PV cells with ssimple 1D and 2D sguare patterns, respectively. Starting from the
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Fig. 6. Spectral contributions dJs:/dE to short-circuit current density Jsc for c-Si PV cells
patterned with optimized 1D and square 2D square lattices. Thickness d=1um, optimal
period a=600 nm.

single pass case, we note that a planar slab of thickness d=1 um has the potential to absorb
nearly all incident light with energy greater than 2.75 eV, at least when aproper ARC isapplied
on the front surface. Light trapping has to be tailored to give its maximum contribution below
this energy threshold. Thisis done optimizing the structures, and best results reported in Figs.
5(b) and 5(e) show several peaks deriving from coupling with quasi-guided modes. Since the
typical spectral width of each peak is narrow compared to the useful solar spectrum bandwidth,
a collection from multiple peaks deriving from different coupling processes is needed to obtain
relevant increase in Jsc.

Due to the higher number of quasi-guided modes available related to higher symmetry, 2D
patterns are always better than 1D ones. For both patterns, the line shape of the resonance
broadens for increasing energy, according to the fact that a higher intrinsic absorption produces
lower and broader featuresin the absorption spectra[31, 32].

For c-Si cells with 1D pattern, the calculated absorbance is always lower than both LLO
and LLo limits. This is evident from absorption enhancement F reported in Fig. 5(c), which
reaches a smoothed maximum value of 15, still far away from 4n? maximum value for the
LLO limit in the weak absorption regime. For ¢c-Si PV cellswith 2D sguare lattice, instead, the
calculated absorbance can overcome both LLO and LL o limits, at least at the exact energies for
coupling with quasi-guided modes, in agreement with predictions from temporal coupled-mode
theory [31, 32]. When absorption enhancement is smoothed, the maximum value reaches 40 to
45 near the ¢-Si band gap energy, not far away from 4n? for Lambertian limit to light-trapping
(Fig. 5(f)).

Smoothed spectral contributions dJsc /dE to short-circuit current density are shown in Fig. 6.
In terms of short-circuit current density, patterning gives a +30% enhancement for the 1D case,
and a +55% enhancement for the 2D square case, compared to a reference cell with the same
thicknessd=1 um.

In order to check the validity of our optimization procedure, we compared our results with
others in literature that are available for the same structures at a few specific thicknesses. For
example, Refs. [29, 40] reported results about 1 um thick microcrystalline Si PV cells with
frontal 1D grating and back reflector, with optimal period a=600 nm and optimal grating height
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Fig. 7. (a) Calculated short-circuit current densities Jsc for ¢-Si PV cells patterned with
optimized 1D and square 2D lattices varying the thicknessd of the starting active material’s
slab. (b) Jsc for optimal configurations as a function of period a and thickness d.

h=200 nm, that are in good agreement with our results.

The results of our simulations for ¢-Si PV cells are summarized in Fig. 7(a), where short-
circuit current densities Jg; are shown for the optimal configurations for each different thickness
d. Periodic patterns give nearly the same current density gain at every thickness, while Jg;
strongly decreases in thinner reference cells (as indicated by the blue curve of Fig. 7(a)). This
makes light trapping much more relevant for thinner structures. For example, only a +23%
increasein J iscalculated for a4 umthick c-Si PV cell with optimized 2D square pattern, but
a+82% is obtained with a 250 nm thick cell with the same, properly optimized pattern.

Finally, the dependence of Js; on lattice period is studied, as shown in Fig. 7(b) for the
optimized configurations at different d and a in the range from 300 to 1000 nm. Upon variations
of a, light trapping can be tuned in order to produce a dense distribution of absorption peaksin
the desired spectral region. With a short period, only high energy photons can couple into the
structure, and the low energy ones experience the textured layer as uniform and characterized
by an effective refractive index intermediate between those of ¢-Si and ARC. Reflection and
diffraction losses can be reduced, but light trapping is limited to high energies, where solar
photon flux is weak. Light trapping can be tuned toward low energies by increasing the period
a, but also diffraction in air is increased. Optimal periods derive from balance of these two
mechanisms: thethicker the cell, the morelight-trapping hasto be tuned towards lower energies.

This causes the optimal period for thinner structures (d=250 nm) to be around 450 nm, then
it increases up to 600 nm for intermediate structures (d=1 um) and up to 700--800 nm for
thicker structures (d=2 and 4 um). Nevertheless, it is interesting to observed that the optimal
period has a much smaller increase than the cell thickness, and that the short-circuit current
has arelatively weak dependence on the lattice period close to the optimal value, being always
considerably improved with respect to the reference cell.

4.2.  Amorphous silicon (a-Si)

The contour plots of short-circuit current density Jsc for aSi PV cells of thickness d=300 nm
patterned with simple 1D and square 2D lattices are shown in Fig. 8(a) and 8(b), respectively.
Asfor c-Si structures, various configurations emerge.
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Fig. 8. Contour plot of short-circuit current density Jsc as a function of etching depth h and
ratiosb/a and r/a (in %) for aSi PV cells patterned with a simple 1D photonic lattice (a)
and sguare 2D lattice (b). For both patterns the thickness d=300 nm and the optimal period
a=300 nm.

For cellswith 1D simple pattern we find:

« ashallow configuration, with a=300 nm, h=75 nm, b/a=0.45 and Js;=24.7 mA/cm?;

* adeep configuration, with a=300 nm, h=210 nm, b/a=0.55 and J;:=25 mA/cm?.

For 2D square pattern we find only:
+ adeep configuration, with a=300nm, h=215 nm, r/a=0.4 and J;;=26.9 mA/cn?.

Optical spectrafor aSi PV cells with optimized patterns are shown in Fig. 9. Starting from
reflectance (Figs. 9(a) and 9(d)), we observe the same trend of ¢c-Si PV cells: Ry—o decreasesin
1D and, especialy, in 2D patterned cells. A spectral band with nearly zero reflection is obtained
from 2to 2.75 eV in 1D cellsand up to 3.25 eV in 2D cells. Only two residual contributions
are observed: one at high energy (Rh—o ~0.1) and one around E=1.6 eV, whichis present in all
devices (with just a gradual red shift in the reflection peak from reference to 1D and then 2D
cells). Diffractioninair, instead, is substantially suppressed dueto the short period a, differently
from c-Si cells.

Absorbance spectra are reported in Figs. 9(b) and 9(e), and are basically complementary to
reflectance spectra, as for c-Si structures. The main differences between ¢-Si and a-Si PV cells
are due to different spectral absorbances of the active materials. Being the aSi a direct band
gap semiconductor, its absorption coefficient rises more rapidly above the band gap, and this
limits the spectral range where light-trapping can be applied only to low energy photons. For
example, for the thickness d=300 nm, light trapping can give a contribution only for energies
below 2 eV, where absorption is sufficiently weak.

Being this spectral range smaller than that typical of c-Si, the absorption enhancement pro-
vided by light trapping gives aless significant relative contribution. In addition, all spectra are
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smoother than in ¢-Si PV cells, and only broad peaks are present since intrinsic absorption is
higher than in c-Si. Absorption enhancements F reported in Fig. 9(c) and 9(f) are lower than 10,
and till far from 4n? Lambertian limit. This is mainly due to the high intrinsic absorption for
the single pass, that gives low F according to Eq. (9): for a-Si, the LL o limit is more relevant
in most of the spectral range. 2D square pattern gives higher Jsc, with arelative +20% increase.
The simple 1D pattern follows with a relative +11% increase in Jsc with respect to reference
cell.

Results for aSi structures of thickness d=300 nm are summarized with spectral contribu-
tions dJsc/dE shown in Fig. 10. We compared our results for a-Si structures with those in the
literature at afew specific thickness, aswe made for c-Si cells. For example, Ref. [25] reported
results for a 338 nm thick aSi PV cell with a 1D front grating (the structure is the same of
Fig. 2(a)), characterized by optimal period a=360 nm, etching depth h=80 nm and Si fill frac-
tion 1—b/a=58%. Thisisin good agreement with the data in the contour plot of Fig. 8(a): we
observe the main maximum at a larger etching depth, but also a secondary maximum having
features compatible with the aforementioned work. Also Ref. [30] reported a 100 nm thick aSi
PV cell with frontal 1D grating of optimal period a=450 nm and Si fill fraction 1 — b/a=68%.
Also in this case we find good agreement with our results, with optimal period a=500 nm and
1—b/a=65%.

The effects of photonic light trapping on aSi structures as afunction of thicknessd areillus-
trated in Fig. 11(a). Asfor c-Si structures, patterned cells have better performance with respect
to planar reference ones, with 2D square pattern being better than 1D pattern. In addition, light
trapping is more relevant for thinner cells. For example, a +12% Js. increase is calculated for
a 500 nm thick cell with optimized 2D square pattern, but a +49% increase is obtained in a 50
nm thick cell with the same, properly optimized pattern.

The differences caused by absorption properties of ¢-Si and aSi are evident considering
the dependence of optimal Jsc on thickness d and period a, as shown in Fig. 11(b). For thin
cells (d=50 and 100 nm), optimal a is of the order of 500 nm and atrend similar to c-Si cellsis
observed. For thicker cellswe do not observe thistrend, and, actually, for d=300 nm the shortest
a is the best one. Taking into account that alonger a is needed to couple low energy photons
inside the structure, we conclude that the absorption enhancement provided by a longer a is
overcome by additional losses deriving from diffraction in air. The highest Js; is thus obtained
with a shorter a, since diffractionin air is largely suppressed, and reduction of reflection losses
becomes the key effect determining the absorption enhancement.

5. Conclusions and future developments

We investigated the optical properties of silicon (c-Si and a-Si) PV cells patterned with sim-
ple 1D and sguare 2D photonic lattices on the front surface. Patterns have been studied with
rigorous coupled wave analysis and optimized for several thicknesses in the range of interest
for thin-film PV cells. We conclude that patterning can give a substantial absorption increase,
which contributes towards higher short-circuit current densities Js; and hence higher conver-
sion efficiencies of the PV structures under consideration. For ¢c-Si, relative increase goes from
+23% with a4 umthick cell, up to +82% with a 250 nm thick cell. For aSi, instead, Js. relative
increase goes from +12% with a 500 nm thick cell, up to +49% with a 50 nm thick cell. These
results are rather tolerant with respect to small (up to 10%) deviations from the optimal param-
eters. Actually, fabrication imperfections might even improve the light trapping performance
thanks to the effects of disorder, as discussed below.

The optical properties of the investigated structures are determined by the interplay between
different physical effects: (i) reflection, (ii) diffraction in air and into the cell material, and (iii)
coupling with the quasi-guided optical modes supported by the structure. The dominance of
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Fig. 9. Calculated optical spectra (for unpolarized light) for aSi PV cells patterned with
optimal 1D simple lattice (d=300 nm, a=300 nm, h=210 nm, b/a=0.55): reflectance Ry—g
and contributions from diffraction in air 3,.oRn (&), absorbance A (b) and absorption
enhancement with respect to single pass absorption without reflection losses, F (c). Cal-
culated optical spectra (for unpolarized light) for aSi PV cells patterned with optimal 2D
square lattice (d=300 nm, a=300 nm, h=215 nm, b/a=0.4): reflectance R,,—o and contri-
butions from diffraction in air ¥,,.oRn (d), asorbance A (€) and absorption enhancement
with respect to single pass absorption without reflection losses, F (f). For absorption the
Lambertian limits LLO and LL o are reported, together with single-pass absorption with
and without reflection losses.
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slab. (b) Jsc for optimal configurations as a function of period a and thicknessd.
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these effects depends on the cell structure and on the spectral range. We showed that patterned
cells give higher absorption and higher Jsc with respect to planar reference cells. Thisis mainly
due to light trapping that increases absorption in the low energy region where the intrinsic
absorption is weak, and to the broadband reduction of reflection losses, that is achieved by
the intermediate photonic pattern, whose effective refractive index is intermediate between that
of the AR coating and that of silicon. In particular, 2D patterns perform always better than 1D
ones, thanksto improved diffraction propertiesinto the quasi-guided modes of the structure. Itis
important to remark that diffraction and anti-reflection properties of a given photonic structure
areintimately related and cannot be considered separately.

The final goal isto find structures that approach the limit of a Lambertian light scatterer. In
this respect the present results show that there is still much room for improvement. From the
comparison with Lambertian light trapping limits (especially the LL « limit, which is generally
valid in the case of arbitrary absorption) we conclude that the Js; generated by the investigated
structures is intermediate between the calculated values for the planar reference cells (with AR
coating and back reflector) and the ultimate limits. Two main guidelines can be derived for the
future design of more efficiency thin film cells with a photonic pattern:

« reflection losses have to be reduced over the largest possible spectral range,

« light trapping has to be tailored to increase absorption at low energy, without promoting
additional diffractionin air.

The key point, and also the main difficulty, is that this optimization has to be performed over
the full solar spectral range to give further, relevant Js; increase.

In terms of reduction of reflection losses, the front pattern could be improved towards amul-
tilevel pattern, for example with lattices of rods or pillars with gradually varying radius etched
on the front surface. Thiswould give a smoother variation of effective refractive index from air
to the active material, that is the basic concept for high efficiency AR coating design. Since the
pattern would be periodic, diffraction inside the structure and, hence, light trapping would be
performed. In terms of more efficient light trapping schemes, multiple photonic patterns (per-
haps subdivided between front and back surfaces) could also increase the efficiency compared
to asingle pattern. This multiple pattern approach could also be generalized for multi-junction
PV cells, where each junction in the stack could be patterned with a photonic lattice whose
period has to be tuned depending on the absorption threshold of the active material.

However we expect that on ordered structure alone will not alow reaching the Lambertian
limits for light trapping over the full solar spectrum. Indeed, the broad range of Fourier com-
ponents needed for light scattering suggests that some amount of disorder has to be added.
The combination of ordered structures like those considered in this work, together with micro-
roughness on a sub-wavelength scale, appears to be especialy promising as it would take ad-
vantage of optimized diffraction in the optical range as well as Rayleigh scattering with a con-
tinuous spectrum of wavevector components. The role of quasi-guided resonances in such a
situation is well worth investigating.

In thiswork we have not considered electrical transport and the possible presence of defects
at the patterned surfaces, giving rise to surface recombination. While electronic transport in the
active material could benefit from reduced layer thicknesses when the Lambertian limit is ap-
proached, the issue of surface recombination in a patterned structure could be a crucia one. A
high-efficiency ultra-thin film PV cell islikely to require careful optimization of light manage-
ment, electronic transport, and surface passivation, just like for conventional bulk silicon solar
cells.
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