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ABSTRACT

We theoretically investigate light trapping with disordered 1D photonic structures in thin-film crystalline silicon solar cells.
The disorder is modelled in a finite-size supercell, which allows the use of rigorous coupled-wave analysis to calculate
the optical properties of the devices and the short-circuit current density Jsc. The role of the Fourier transform of the
photonic pattern in the light trapping is investigated, and the optimal correlation between size and position disorder is
found. This result is used to optimize the disorder in a more effective way, using a single parameter. We find that a Gaussian
disorder always enhances the device performance with respect to the best ordered configuration. To properly quantify this
improvement, we calculate the Lambertian limit to the absorption enhancement for 1D photonic structures in crystalline
silicon, following the previous work for the 2D case [M.A. Green, Progr. Photovolt: Res. Appl. 2002; 10(4), pp. 235-241].
We find that disorder optimization can give a relevant contribution to approach this limit. Finally, we propose an optimal
disordered 2D configuration and estimate the maximum short-circuit current that can be achieved, potentially leading to
efficiencies that are comparable with the values of other thin-film solar cell technologies. Copyright © 2013 John Wiley &

Sons, Ltd.
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1. INTRODUCTION

In recent years, light trapping with photonic crystal pat-
terns has emerged as a hot research topic to develop high
efficiency and low cost thin-film solar cells. Up to now,
many efforts have been made for the investigation and
optimization of ordered structures, with typical periods
comparable with the wavelength of visible light [1-5]. Two
physical effects play a major role in these nanopatterned
devices: the reduction of reflection losses and the coupling
of light to the quasi-guided modes supported by the struc-
tures [2,3]. The latter effect is very important, especially
for indirect band gap semiconductors such as c-Si, which
suffer from poor absorption in the infrared region where
the solar irradiance is more intense [6,7]. To quantify the
absorption enhancement provided by patterns, a compari-
son with the Lambertian limit to light trapping is usually
performed [8-10]. It turns out that after the optimization
of the simple photonic crystal lattices, the overall absorp-
tion is still far from the Lambertian limit. In terms of the
short-circuit current density Jsc, the best results are inter-

Copyright © 2013 John Wiley & Sons, Ltd.

mediate between the planar reference configuration and
the Lambertian limit [3]. The reason is that for periodic
structures, only few diffraction orders can be efficiently
exploited for light trapping. Indeed, for a 1D grating of
period a, the diffraction cut-off at normal incidence for the
mth order in silicon is given by

A nsi

where A is the wavelength of light and ng; the real part of
the refractive index of silicon. Thus, for a = 500 nm (which
is the typical optimal period for front patterns [2,3,5]), the
maximum number of available modes m is limited to 1
or 2 in the near infrared region. To increase absorption
in this region, a broadband optical design with a richer
Fourier spectrum is needed. To this end, here we suggest
the introduction of a controlled amount of Gaussian disor-
der in the photonic pattern. The debate about the optimal
light-trapping design, in terms of ordered versus random
structures, is still open [11-15]. Here, we demonstrate that
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an engineered combination of both order and disorder can
substantially improve light trapping. In particular, we focus
on thin-film c-Si solar cells, which are novel and promis-
ing devices where the active material can be obtained via
low-cost and epitaxy-free fabrication techniques [16] and
then patterned using potentially large-scale nanoimprinting
methods [17,18]. In addition, high theoretical limits to the
efficiency [6,8—10] are expected for these devices, thanks
to broad absorption spectrum and long carriers diffusion
lengths. We calculate the optical properties of the photonic
structures with rigorous coupled wave analysis (RCWA)
[19,20], which is a very suitable tool for the investigation
of periodic systems. The effects of disorder are compared
with the best results that we obtained for ordered structures
in our previous works [2,3]. Only 1D photonic systems are
investigated, because it is much harder to reach conver-
gence for the 2D systems. Yet, the physics at the base of
light trapping is the same [1,3]; thus, important guidelines
can be derived also for the optimization of the 2D systems.

The rest of the paper is organized as follows. In
Section 2, we describe the photonic structures under inves-
tigation, and in Section 3, we derive an analytical solution
for the 1D Lambertian limit, generalizing the treatment
of Green [10]. The numerical results are presented in
Section 4, where we show the effects of the disorder on
the light trapping from a general point of view, analyz-
ing them in the Fourier space framework (Section 4.1). We
use these results to optimize the 1D disorder, showing a
significant improvement with respect to the ordered con-
figuration (Section 4.2). Finally, we present few comments
on the finite-size effects in the modelling of disordered sys-
tems using a finite supercell (Section 4.3), and we estimate
the maximum achievable short-circuit current in a disor-
dered 2D system (Section 4.4). In Section 5, we sketch
our conclusions.

2. THE SOLAR CELL STRUCTURES
UNDER INVESTIGATION

The structures under investigation are sketched in Figure 1.
The reference structure (Figure 1(a)) is a c-Si slab with
thickness d = 1 pum, a silver back reflector (the optical
functions of the two materials are taken from [7]), and
optimized antireflection coating (with thickness 70 nm
and refractive index 1.65; see [2]). A silver back reflec-
tor is taken in order to be as close as possible to the
ideal metallic case (see [21] for a comparative analysis of
different back reflectors). We also considered an ordered
structure, in which the silicon layer is patterned and the
stripes are filled with the antireflection material. Opti-
mization of the periodic pattern gives etching depth &
200 nm, silicon fraction fg; = 0.7, and period ag =
500 nm (Figure 1(b)). To improve light trapping, a con-
trolled amount of Gaussian disorder is introduced in the
unit cell, as shown in Figure 1(c,d). In the framework of
our Fourier analysis, we consider a supercell of length
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(a) Reference planar cell

(b) Ordered structure 6,,=0,=0 nm

(c) Size disorder 6,,= 60 nm6,=0 nm

(d) Size + position disorder
6= 60 nm 6x=60 nm

. ARC (n=1.65) I:I C-Si . Ag

Figure 1. The c-Si solar cells under investigation: (a) the
reference planar cell, (b) the optimized ordered configuration,
(c) a configuration with size disorder only, and (d) a configuration
with both size and position disorder. All the photovoltaic cells
have an optimized antireflection layer of thickness 70 nm on the
top (n = 1.65 and dispersion less) and a silver back reflector.

a = 10ag = 5 pm containing 10 silicon ridges of width
w; and centred at the position x;. We notice that another
approach based on a supercell with an optimized basis (but
with a different silicon thickness) has been recently pre-
sented [12]. The use of a supercell allows to model the
structure by RCWA, but it introduces a certain approxima-
tion in the description of the disorder. In Section 4.3, we
will clarify this point. The width of the ith silicon elements
is defined as w; = wg + Aw;, where the index i runs from
1 to 10, wq is the width of the ridge in the optimized peri-
odic 1D lattice, and the quantity Aw; follows a Gaussian
distribution with zero average and standard deviation ow:

P(Aw;) = efAWZ/ZO'V% )

1
2mow

The central position of the ith silicon element is x; =
x;0 + Ax;, where x; is the position of the centre of the
ith ridge in the ordered configuration and the quantity Ax;
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is Gaussian distributed with zero average and standard
deviation oy:

P(Ax) = o Ax20% 3)

V2mwox

The etching depth / and the silicon fraction fg; are the
same of the ordered configuration. To study the effects of
disorder, a statistic analysis over the equivalent structures
generated for the same oy, and ox must be performed. In
particular, we consider both the average and the best Jgc
obtained over at least 20 structures with the same oy and
ow. Convergence of the numerical results has been tested
for both ordered and disordered structures. In both cases,
101 plane waves with in-plane wave vectors ky = k;, =
m%’ (a =5 pm and m integer from —50 to +50) are enough
for convergence in the investigated spectral range.

3. LAMBERTIAN LIMIT TO LIGHT
TRAPPING IN 1D PHOTONIC
STRUCTURES

In this section, we derive an analytical expression for the
absorption in a c-Si system with an ideal 1D Lambertian
scatterer, which is appropriate for a comparison with the
investigated structures. We perform the calculation taking
into account the actual absorption in the active material:
our results generalize the calculations of Green [10] to
1D systems, so we choose to maintain the same notation,
when possible.

The 1D Lambertian system is sketched in Figure 2(a):
a slab of crystalline silicon with thickness d, (real part
of the) refractive index ngj, and absorption coefficient
o has a Lambertian scatterer on the front surface and
an ideal reflector at the bottom. The photon flux ¢jnc
is incident from air and scattered inside the silicon with
ID Lambertian angular distribution function ADF(ip)
given by

1
ADF(p) = ECOSQ 4

where 6 is the angle between the z-axis and the scatter-
ing direction. The factor 1/2 in Equation (4) derives from
normalization of the ADF(1p) for the case of the sole
downward scattering. In the 1D case, the light is scattered
only along the x direction of Figure 2(a), whereas both
the x and y directions are allowed in the 2D case. Many
optical quantities are different between the 1D and 2D
cases, and we list them in Table I for a comparison. The
Lambertian surface is characterized by the hemispherical
reflectance Rext, and two hemispherical fluxes ¢, and ¢_
are defined for the propagation along z inside the silicon.
At the Lambertian surface, the relation between ¢4 and ¢_
writes as

¢ =TT ¢y )
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Figure 2. The Lambertian limit to light trapping: (a) solar cell

structure used for the calculation of the Lambertian limit and

relative notation, (b) comparison between 1D and 2D scattering

in terms of the absorption for ¢c-Si with thickness d=1 wm, and

(c) short-circuit current density Jsc. The same quantities are

plotted with dashed-dotted lines for the reference planar cells
introduced in Section 2.

Table I. Summary of the differences between the 1D and the
2D Lambertian scatterers.

1D Case 2D Case
Scattering directions x only Both x and y
ADF(0) %0030 %0030
A (ad —0) wng; 4
1 1
R - s -
Jsc for ¢-Si (d=1 wm) 22.7 mA/cm? 28.7 mA/cm?

where T4(T-) is the effective transmittance for ¢4(¢-)
from the Lambertian surface (bottom) to the bottom
(Lambertian surface). Energy conservation at the scattering
interface requires
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Pinc — [Rext¢inc +(1- Rf)¢—] = ¢+ —¢- (6)

where Ry = 1 — 1/n is the fraction of light trapped by
total internal reflection in the silicon layer, and it is lower
than the corresponding 2D quantity (Table I). By combin-
ing Equations (5) and (6), the absorption A in the active
material can be obtained:

_ (I = Rex)(1 - T4 T-)
1-RiT, T

A

Q)

The product 7,7~ is calculated from the ADF(p) and
from geometric optics:

+7/2 —adlcost
LT = a5 € cosfd6l

3)
:;1//22 cosfdf

It is worth noticing that when the intrinsic absorp-
tion becomes very small (¢d =0), the absorbance of
Equation (7) approaches wngjad, as already pointed out by
Fan and co-workers [1] (see also Table I). We numerically
evaluated the integral in Equation (8) using the dielectric
function of c¢-Si taken from [7]. The results are shown in
Figure 2(b,c) in terms of the absorption and the corre-
sponding Jsc. To highlight the role of the light trapping in
these idealized systems, we report also the data for the pla-
nar reference cells that have no pattern but a single-layer
antireflection coating. For simplicity, all the results of this
paper are calculated assuming unpolarized light coming
from a black body at temperature 7 = 5800 K normal-
ized to an irradiance 100 mW/cm? and integrating in the
frequency window [1.1,3.5] eV, except otherwise specified
(as in Section 4.4). Unit internal quantum efficiency for
separation and collection of the photo-generated carriers is
always assumed. As expected, the 1D scatterer provides a
shorter effective path with respect to the 2D, as a result
of monodirectional scattering and less efficient total inter-
nal reflection (Table I). Thus, the absorption of a c-Si slab
of thickness 1 pwm with the 2D scatterer is larger than the
corresponding 1D case below 2.5 eV (Figure 2(b)). This
difference is amplified for the short-circuit current density,
because the low-energy contributions have larger weight
as a result of the larger photon flux. The J¢ calculated for
thicknesses d from 0.25 to 4 pm is shown in Figure 2(c).
For all the layer thicknesses considered here, the 1D Lam-
bertian limit is basically intermediate between the 2D case
and the planar reference case. We emphasize that we are
considering the limit for a given c-Si thickness; that is, we
are not using an equivalent material thickness. In the fol-
lowing, we will focus on the thickness d = 1 pwm, which
fits well with the capabilities of the epi-free fabrication
techniques for c-Si [16,18] and allows a direct compar-
ison with our previous works on the ordered structures.
For this thickness, the 1D Lambertian limit to the Jgc is
22.7 mA/cm?, that is, 6 mA less than the corresponding
2D case.
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4. RESULTS

4.1. Light trapping in disordered
structures: the role of the Fourier spectrum

We begin the analysis of disorder by calculating the Js¢ for
20 equivalent structures that are generated for ow and ox
between 0 and 60 nm. This range is limited by the over-
lap between two consecutive ridges. The average Jgc as
a function of (ow, 0x) is shown in Figure 3(a). The opti-
mal parameters that maximizes the Js: are oy = 50 nm
and ox = 25 nm, and the Jg increases from 19.1 mA/cm?
(ordered configuration) to 20 mA/cm?. The spread in the
Jsc 1s shown in Figure 3(b)—with the best Jsc around
20.3 mA/cm?. These results can be explained in terms
of the richer Fourier spectrum of the disordered struc-
tures, which increases the number of accessible diffraction
orders, and this is crucial for the absorption enhancement.
To obtain a better insight into the physics, we analyzed the
features of the contour plot of Figure 3(a) within a Fourier
framework, considering also the general properties of the

Jge (MA/CM?)

19,00 19,50 20,00 20,50
60
50
40
T 30
£
b)(
20
10
0
0 10 20 30 40 50 60
G, (nm)
G =6d nm, . =20 nrln —0—o =2b nm, 6. =20 r;m
205 w X W X

[ —A—,=40 nm, 6,220 nm —#— 5, =0 nm, 6,=20 nm |

(b)
19.0 =~ Ordered structure | T
) 5 10 15 20
Structure

Figure 3. (a) Average short-circuit current density Jsc for the

disordered structures as a function of ow and ox. (b) Spread in

the Jsc for 20 equivalent structures with the same oy and oy;

the average Jsc is shown with a dashed line, whereas the value
for the ordered configuration is reported with solid line.
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photonic modes in these thin structures. The photonic
bands of a planar c-Si slab (ng; = 3.5) with thickness
1 wm in air are calculated using standard waveguide theory
[22,23] and reported in Figure 4(a) for the case of trans-
verse electric polarization (electric field along the y-axis,
parallel to the grating). As we shall see, the differences
between this simplified waveguide and the investigated
cells are not essential for the following considerations.
The guided modes lie below the air light line and
provide a good field confinement in the c-Si. The radiative
modes, instead, lie above the air light line and are responsi-
ble for diffraction in air. In Figure 4(a), we highlight with a
yellow background the spectral range where the absorption
of the 1 wm thick c-Si slab is incomplete, that is, where
the light trapping is needed. At normal incidence, cou-
pling occurs at the intersections with the photonic bands at

ky = km = mzt—?, as emphasized in Figure 4(a) with black

35
Radiative /:
— 30f| modes : A
% Guided modes f
2 o5 (a) / :
g % 2
[o)]
o 20Q //_
5 /
1.5H / i
o — / No modes
10 6,60 nm 6,=60 nm 6,=20 nm 6,=20 nm'|
| 2221 6,240 nm 0,40 nm 277 6,=20 nm 6,=0 nm
% (b) > W22 c,=0 nm c,=0 nm
= 10
E P
S
7
~— 7
1w 7
— o1}
7
7
7
%
0.01 2
10k NN 6,70 nm, 6,20 nm 5
226,720 nm, 5,=0 nm
| QL
— 0.1 SN NE -
0.01 R ii Egzg 8 Eg

Figure 4. (a) Guided modes of a planar c-Si slab of thickness
d =1 pum in air (no antireflection coating or back reflector are
considered). The useful spectral window is highlighted with a
light background, whereas the dots define the coupling to the
quasi-guided modes mediated by &, = 10 x 2777 at normal inci-
dence. (b) Strength of the Fourier components of the dielectric
function of the 1D patterns of period a=5 wm for different val-
ues of aw and oy, and (c) difference between size and position
disorders in terms of their Fourier spectra.
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dots for the case of the m = 10 diffraction order. The main
parameter affecting the coupling is the strength (amplitude)
of the Fourier components of dielectric function in the
pattern [11,12,24]

(k)| = ‘1 / ‘ e(x)e_ik’"xdx‘ )
aJo

We report the average I€(ky,)l for different configura-
tions in Figure 4(b,c). For the ordered structure, only the
components with m multiples of 10 are active; thus, the
coupling to the guided modes is limited. On the contrary, in
disordered structures, the strength of the secondary orders
increases with oy, and ox, and light trapping is improved.
Yet, when the disorder is too large, ow = ox = 60 nm,
the coupling to the radiative modes close to the zero order
is enhanced too, and this limits the Jg.. This demonstrate
that in the case of Gaussian disorder, the optimal design
for light trapping is not a pure random structure with large
ox and oy [11], but it is rather characterized by a finite
and relatively small amount of disorder. Similar conclu-
sions for position disorder have been presented in [14]. In
addition, size and position disorders have complementary
Fourier features. The former enhances the strength of the
components that are intermediate between the m = 10 and
m = 20 orders. The latter enhances the components close
to the main orders and in the radiative zone (Figure 4(c)).
This peculiarity favours size disorder over position disor-
der. The maximum in the contour plot of Figure 4(a) is thus
determined by a trade-off between the increased coupling
efficiency to the quasi-guided modes, which improves light
trapping, and the coupling to the radiative components,
which leads to diffraction in air and degrade light trapping
when the disorder becomes too large.

4.2. Correlation in Gaussian disorders

We now turn to the optimization of the disorder for
maximizing the Js.. To do that, we first notice that the con-
figurations with high J are dislocated along a curve with
owOx = constant with an anticorrelation trend, as shown
in Figure 3(a). In addition, the optimal correlation is such
that ow/ox = 2. These features suggest that a faster analy-
sis can be performed by defining a single-parameter o, for
the Gaussian disorder and correlating the size and position
disorders. We choose to use the following relations:

2 2
: XoJ
Ow =fsi0a Ox = @ fS]Q - (10)

< OowOx =

and to investigate 50 equivalent structures with the same
0a. The best Jgc for each o, is reported in Figure 5.
As for the uncorrelated disorder, the balancing between
coupling to the radiative and the quasi-guided modes gives
the optimal configuration that maximizes Jsc. This optimal
disorder parameter is 0, = 50 nm, with a correspond-
ing Jgc = 20.9 mA/cm?. In terms of short-circuit current,
the optimized disorder provides a +43% enhancement with
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Figure 5. Best short-circuit current density Jsc for the struc-

tures with correlated disorder varying oz, compared with the
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corresponding 1D Lambertian limit.
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Figure 6. Spectral contributions dJ/sc/dE to the short-circuit

current density for different structures: for increasing values,

the planar reference cell (lowest curve), the optimized ordered

structure, the best disordered structure, and the 1D Lambertian
limit (highest curve).

respect to the planar reference cell (Jgc = 14.6 mA/cmz).
It is also much better than the simple ordered structure and
substantially closer to the 1D Lambertian limit.

In Figure 6, we report the spectral contributions dJ/sc/dE
to the short-circuit current to demonstrate that disorder
provides a broadband light trapping. The planar reference
case is characterized by complete absorption only above
2.5 eV. The simple 1D pattern provides light trapping and
improves the impedance matching, but absorption is still
incomplete below 2 eV, and the curve presents deep min-
ima, because only two diffraction orders play a major role
at low energy. On the contrary, the richer Fourier spectrum
of the optimized disordered structure improves coupling
of the incident radiation to the quasi-guided modes over
all the investigated spectral range. The resulting curve
gives a higher spectral photocurrent, and the deep minima
of the ordered configuration almost disappear. The opti-
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mized disordered structure is actually very close to the
1D Lambertian limit (green line), and this demonstrates
that the introduction of an engineered amount of disor-
der inside a photonic crystal may be a good solution for
high-efficiency light trapping.

4.3. Finite-size effects in
disorders optimization

In this section, we spend few words to highlight the effects
of a finite supercell in the modelization of the disorder.
As already remarked in Section 2, a correct modelization
of the disorder would require an infinite supercell period
[1]. With RCWA, however, we have to choose a period
to define the photonic structure in real space. For a given
period and silicon fraction, the degree of freedom of the
disordered structures is defined by the number of Fourier
components €(km): when the period becomes small, the
structure tends to a simple grating. For a larger period, a
larger number of Fourier components can be exploited. It
is interesting to analyze the effects of light trapping as a
function of the period a of the supercell and to understand
whether there is a cell size that maximizes the Jgc.

In Figure 7, we report Js¢ for disordered structures with
different a. For the case a = 2.5 um, there are only five
c-Si ridges in the supercell. For the a = 10 pm, instead,
there are 20 ridges. The average Jsc contour plots for the
uncorrelated Gaussian disorders (Figure 7(a,b)) have sev-
eral similarities. First, the optimal configuration is around
ow=50 nm and ox = 20 nm, which is close to the optimal
value for the a = 5 pum case. In addition, an anticor-
relation trend between size and position disorders is still
present. The main difference is the value of the Jsc, which
slightly increases by increasing the period, when compar-
ing Figures 3(a) and 7(a,b). This trend is observed also for
the structures with correlated Gaussian disorder, as shown
in Figure 7(c) where the best among the average Jgc is
shown as a function of the size of the supercell. The value
of 0, that maximizes the Jgc is also reported, and it is
stable for periods larger than 5 pm. From these results,
we conclude that a minimum period a = 5 pm is needed
to obtain an appreciable effect of Gaussian disorder. It
is worth noticing that, in all cases, convergence with the
number of plane waves has been verified.

4.4. Extrapolation of the results to the 2D
systems and comparison with the
other approaches

In the previous sections, we investigated only 1D photonic
patterns, because it is very difficult to achieve convergence
in 2D systems using a large supercell. To gain an insight
into this problem, in a 1D lattice with period a = 5 pum,
up to 101 plane waves are needed for convergence up to
3.5 eV. This number scales linearly with the energy in
1D systems. On the contrary, in 2D systems, the number
of involved plane waves scales quadratically with energy:
this means that more than 10 000 plane waves would be

1242 Prog. Photovolt: Res. Appl. 2013; 22:1237-1244 © 2013 John Wiley & Sons, Ltd.
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Figure 7. Average short-circuit current density Jsc as a function
of ow and oy for disordered structures with different supercell
periods (a) a = 2.5 um and (b) @ = 10 wm. (c) The best average
Jsc for structures with correlated disorder and different periods.
The value of o3 that maximizes the average Jsc is also reported.

required for convergence up to the same energy. In addi-
tion, the computational time in RCWA scales with the cube
of the number of plane waves [19,20], making calculations
for 2D disordered systems very difficult. Yet, it is well
known that 2D systems can perform much better than 1D
for light trapping, as a result of the larger contribution from
diffraction [1,3]. In this section, we try to extrapolate the
results of Sections 4.1 and 4.2 to 2D photonic structures for
estimating the maximum achievable short-circuit current.
‘We did not consider any carrier recombination mechanism
that would decrease the Jg¢ in a device. This comparison is
useful just to highlight the potentialities of patterned thin-

Broadband light trapping in thin-film silicon solar cells

film devices in producing a photocurrent that is comparable
with other solar cell technologies.

The first step is to convert the optimal 1D parameters o
and oy for size and position disorder into the equivalent 2D
quantities. To do this, we assume a square lattice of period
ap = 600 nm and circular rods of radius rg = 200 nm as the
starting 2D ordered configuration [3]. For the disordered
structures, we assume a supercell of period a = nag con-
taining n? rods with positions x; and y; and radius r;. We
assume that the rods are filled with the same antireflection
coating material used in the rest of the work. The Gaussian
position disorder in a 2D system is described by means
of two parameters ox and oy for the x and y directions,
respectively.

We can assume that the optimal size disorder scales lin-
early with the period ag; thus, the optimal ox and oy should
be equal and around 30 nm for the 2D case. Taking ox = oy
should be the best choice, because the beneficial effects of
disorder would be equal for both the in-plane directions,
minimizing the angular and the polarization dependence
of the spectral response of the device. The standard devia-
tion oy, of the 1D case has to be converted into a standard
deviation o; for the distribution of the radii of the rods for
the 2D case. To do this, we assume that the relative size
variation induced by the disorder has to be the same in 1D
and 2D:

wo 70

Substituting the values for wg = 350 nm, ow = 50 nm,
and r9p = 200 nm into Equation (11), we can infer the
optimal size disorder for the 2D case as oy ~ 30 nm.

We then extrapolate the Jsc that would be obtained in
the optimized 2D case under AM 1.5 solar spectrum [6].
From the results of Section 4.2, we observe that the best
disordered structure (Jgc = 20.9 mA/cmz) is intermedi-
ate between the ordered one (Jsc = 19.1 mA/cmz) and the
corresponding 1D Lambertian limit (Jgc = 22.7 mA/cmz).
Considering that the optimized 2D ordered configuration
provides Jgc = 22 mA/cm?2 [3] and that the 2D Lambertian
limit has Jgc = 28.7 mA/cm? (Table I), the optimized
2D disordered configuration is expected to have Jic ~
25 mA/cm?2. We then calculate the optical spectra of the
patterned 1D structures up to 4.4 eV and performed the
integration with the standard AM 1.5 solar spectrum [6],
which is more intense than the black body spectrum in
the visible region. This produces a higher short-circuit cur-
rent density Jsc = 24.3 mA/cm? for the 1D structure,
with a relative +16% increase compared with the results
of Section 4.2. This enhancement would produce a short-
circuit current density Jsc ~ 29 mA/cm? for the optimized
2D configuration. We compare these values with those
from other established fabrication techniques for crys-
talline silicon solar cells. Bulk laboratory-size c-Si solar
cells typically have larger short-circuit currents ranging
between 35 and 40 mA/cm?, with the record value Jsc =
42.7 mA/cm? for the PERL solar cell design [25]. Our
structures generate a smaller photocurrent, but the quantity
of high-quality active material would be reduced by two
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orders of magnitude. This demonstrates that the thin-film
c-Si solar cells with photonic patterns have the potential to
compete with other silicon technologies and that the quan-
tity of active material can be drastically reduced once a
proper light-trapping design is used.

5. CONCLUSIONS

We investigated the effects of a Gaussian disorder in c-Si
solar cells with 1D photonic patterns for light trapping. We
modelled the disorder considering both size and position
variations of the pattern, and we investigated the role of the
Fourier spectrum for the light trapping. After analyzing the
general features of disorder, we made use of the optimal
anticorrelation trend between size and position disorder to
improve the design. In this way, we optimized the disorder
to produce the highest short-circuit current using just one
parameter. We found that a controlled and relatively small
amount of disorder (ow = 50 nm and ox = 25 nm or, equiv-
alently, 0, = 50 nm) has to be introduced in the pattern to
maximize light trapping.

Introducing the disorder in the starting ordered
configuration always increases the absorption, and the
resulting short-circuit current is remarkably close to
the 1D Lambertian limit. Extrapolation to the 2D case
allows designing optimal configurations and estimating
the maximum short-circuit current density that can be
achieved. The optimal photonic configuration from the
point of view of light trapping is neither perfectly ordered
nor totally random, but rather an engineered combination
of both order and disorder. The photonic structures consid-
ered in this work are easy to realize in a silicon layer with
just one lithographic and etching step. The same concept
can also be applied to thin-film solar cells made of differ-
ent materials, for example, amorphous or microcrystalline
silicon. The results demonstrate that thin-film crystalline
silicon solar cells with photonic structures for light trap-
ping have the potential to compete with other common
solar cell technologies.
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