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Abstract:  We study light-trapping in thin-film silicon solar cells with
rough interfaces. We consider solar cells made of different materials (c-Si
and pc-S) to investigate the role of size and nature (direct/indirect) of
the energy band gap in light trapping. By means of rigorous calculations
we demonstrate that the Lambertian Limit of absorption can be obtained
in a structure with an optimized rough interface. We gain insight into the
light trapping mechanisms by analysing the optical properties of rough
interfaces in terms of Angular Intensity Distribution (AID) and haze.
Finally, we show the benefits of merging ordered and disordered photonic
structures for light trapping by studying a hybrid interface, which is a
combination of a rough interface and a diffraction grating. This approach
gives a significant absorption enhancement for a roughness with a modest
size of spatial features, assuring good electrical properties of the interface.
All the structures presented in this work are compatible with present-day
technologies, giving recent progress in fabrication of thin monocrystalline
silicon films and nanoimprint lithography.
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1. Introduction

Strong and broad-band light trapping is necessary to obtain highly efficient thin-film solar cells,
thus a number of different light-management strategies have been explored, including plas-
monic nanoparticles [1, 2], ordered [3-5] and disordered [6-9] photonic structures, as well as
combinations of both [10]. These studies show that although ordered photonic structures can
give a significant absorption enhancement, this is often limited to narrow wavelength inter-
vals [11]. It is also known that a broad-band absorption enhancement requires photonic struc-
tures with a certain amount of disorder. For this reason, randomly rough interfaces [12-15],
being intrinsically broad-band scatterers, are particularly promising. Yet, the description of a
realistic rough surface topography is complicated, which makes the study and the optimization
of light-trapping a challenging task.

In our previous work [16], we have presented a one-dimensional model of randomly rough
Gaussian surface that is able to describe the optical properties of state-of-the-art rough sub-
strates (e.g., Neuchétel and Asahi-U) by means of only two statistical parameters. the root
mean square deviation of height and the lateral correlation length. Scattering properties of two-
dimensional random surfaces can be investigated using one-dimensional model because optical
response of considered substrates is isotropic. In particular, we performed the calculations for
unpolarized light (i.e., average of both polarizations) and took an average of the results obtained
for an ensemble of one-dimensional rough surface realizations. By comparison with rigorous
simulations of real two-dimensional substrates [17], we have shown [16] that this smple ap-
proach gives accurate results without being computationally too demanding.

In this contribution, we use the same model to further investigate light-trapping in thin-film
silicon solar cells with rough interfaces. In particular, we focus on solar cells made of different
materials, to determine the role of size and nature (direct/indirect) of the energy band gap in
light trapping. We demonstrate that the Lambertian limit of absorption can be obtained in a
structure with an optimized roughness. Analysis of the optical properties of rough interfaces,
in terms of haze and Angular Intensity Distribution (also called Angle-Resolved Scattering or
Angular Distribution Function), gives insight into the light trapping mechanisms. Finaly, we
explore the concept of a hybrid interface, which is a combination of a rough interface and a
diffraction grating. We show that this approach can give a significant absorption enhancement
for aroughness with amodest size of spatial features, and it can be of help in maintaining good
electrical properties of the interface.

In this work, we focus on crystalline (c-Si) and microcrystalline (uc-Si) silicon solar cells.
Epitaxy-free fabrication of thin monocrystalline silicon films and solar cells [18-20] and the
ability of the roughness model to describe realistic rough surface topographies suggest that
practical redlizations of the considered structures are compatible with current technologies.
Moreover, nanoimprint lithography allows fabrication of random textures on alarge areaand at
low costs[21].

This paper is organized as follows: The model of roughness and our numerical approach
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are summarized in Sec. 2. In Sec. 3, we discuss randomly rough textures for light trapping
in ¢-Si and puc-Si solar cells. In Sec. 4, we evaluate the optical performance of solar cells
with optimized random interfaces, by comparing it with the corresponding Lambertian Limit.
Sec. 5 givesinsight into the optical properties of rough textures by means of Angular Intensity
Distribution and haze. Finaly, in Sec. 6, we consider the hybrid texture, showing the benefits
of combining arandomly rough interface with an ordered photonic structure.

2. Mode of roughness and numerical approach

For the sake of completeness, this section gives ageneral description of the model of roughness
and of our numerical approach. More details, as well as the results of the validation of the
model, can be found in [16].

In our approach, we consider a one-dimensional interface with a Gaussian roughness, de-
scribed by the vertical root mean square (RMS) deviation of height o and the lateral correlation
length I, which is proportional to the average spacing between consecutive minima/maxima of
the rough interface. The algorithm used to generate randomly rough interfaces with a given o
and | was taken from [22].

The calculations of the optical properties of measured rough surface topographies, reported
in [17], provided a benchmark to validate our approach. First, we used the RMS of height and
the lateral correlation length of Neuchatel and Asahi-U substrates as input parameters to the
one-dimensional model of Gaussian roughness. By Rigorous Coupled-Wave Analysis (RCWA)
[23, 24], we calculated the scattering properties of both interfaces, namely the haze and the
Angular Intensity Distribution of the transmitted light. Second, we compared our results with
the haze and the AID documented in [17], which were calculated for the two-dimensional
measured surface topographies. The comparison gave a surprisingly good agreement, which
confirms that this 1D model of Gaussian roughness provides an accurate description of the
optical properties of 2D realistic surface topographies.

It is important to note that in our approach we have been able to reduce the dimensionality
of the problem without aloss of accuracy, because the scattering properties of rough interfaces
areisotropic. This step allowed to drastically decrease the computational cost.

The solar cells investigated here are sketched in Fig. 1. The structures consist of crystalline
[25] or microcrystalline [26] silicon absorber, anti-reflection coating (ARC), and a silver [25]

Air
70 nm ¢ _A_RC

Silicon

Silver

(@) (b)

Fig. 1. Structures under consideration: (a) thin-film silicon solar cell with the randomly
rough interface, described by the RMS of height o and the lateral correlation length I;
(b) thin-film silicon solar cell with the hybrid interface, being a combination of a rough
interface and a diffraction grating. The grating has period a, width of the etched region b,
and etching depth h.
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back reflector. The ARC is taken transparent, with refractive index equal to narc=1.65 and
thickness equal to 70nm, which was found to be optimal (within &5 nm) for both materials. For
different parameters of the roughness, the volume of silicon is kept constant, and it corresponds
to the structure with aflat ARC/Si interface. The only difference between the two structuresis
the ARC/Si interface, which is the randomly rough texture in Fig. 1(a), or the combination of
rough interface and a diffraction grating in Fig. 1(b).

The optical properties of the solar cells are modelled by RCWA, with rough interfaces de-
scribed by the staircase approximation. The period of the computational cellsis taken equal to
10 um, much larger then the lateral correlation length of the roughness, which allowsto neglect
the effects of periodicity. Finally, all the calculations are performed for unpolarized light.

We use the short-circuit current density Jsc calculated for the AM 1.5G [27] spectrum as the
figure of merit. In our analysis, we do not consider the electrical properties of the solar cells,
assuming unity electron-hole pair collection efficiency. Jsc is thus expressed as [28]:

Jsc = q_/'bs<E>A<E>dE7 @

where bs is the incident solar photon flux density (number of photons per unit areaand per unit
time in the energy interval dE around E) and A(E) is the absorbance in the active layer. For
both c-Si and pc-Si, integration is done for the energy window between 1.1 and 4.2eV.

3. Randomly rough texturesfor light trappingin c-Si and uc-Si solar cells

First, we consider the solar cell sketched in Fig. 1(a), with pc-Si absorbing layer of 1um. In
Fig. 2 we show the short-circuit current density calculated asafunction of I, from 60 to 220nm,
and o, from 0 to 300nm. Each point is calculated as an average of 10 surface realizations. The
Jsc mainly depends on o, with a modest, in this parameter range, bell-like dependence on .
These trends are similar to the results for the crystalline silicon solar cell reported in [16].

To explore the difference in the optical performance between c-Si and pc-Si solar cells with
rough interfaces, we calculated the short-circuit current density as a function of o at fixed
Ic = 160nm, being the optimal value for both materials. The results, shown in Fig. 3, revealed
that for the flat structure, or when the roughness is small, absorption in the c-Si solar cell
(indirect band gap) islower than absorption in the pc-Si solar cell (quasi-direct band gap). Yet,
when the roughness is large enough, the c-Si structure outperforms the one made of pc-Si.
These results lead to the conclusion that without light trapping, absorption in the structure is
mainly determined by the nature (direct/indirect) of the band gap. For an efficient light trapping,
however, the band gap size is the most important, and materials with a smaller band gap can
give a higher absorption.

As already observed in [16], Jsc decreases for small o. In thisrange, the effective thickness
of the ARC isno longer optimal, and, at the same time, the roughness istoo small to provide an
efficient anti-reflection action. The Jsc for the flat structure with anon-optimal ARC issmaller
then in the structure with the optimized ARC, and it increases quadratically at small ¢. This
isan analogy to the scattering losses in photonic crystal waveguides in the perturbative regime
[29-31]. Finally, for o larger then few tens of nanometres, the AR action is almost entirely
performed by the roughness, which is large enough to prevent a constructive interference in
the ARC. Therefore, for large o, the ARC only smooths the transition between the refractive
indices of air and silicon.

To explain why c-Si solar cell outperforms the one made of pc-Si when light trapping is
efficient enough, in Fig. 4 we compare the absorption and the corresponding spectral contribu-
tion to the short-circuit current density dJsc/dE in c-Si and uc-Si solar cells, at three different
values of o. With increasing o, dJsc/dE inthe c-Si cell gradually exceedsthe onein the uc-Si
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Fig. 2. Short-circuit current density as a function of lateral correlation length I and RMS

deviation of height o, for a1um thick uc-Si solar cell with rough interface. Each point is
calculated as an average of 10 surface realizations.
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Fig. 3. Short-circuit current density as a function of RMS deviation of height o, for 1um
thick c-Si and pc-Si solar cells with rough interfaces. Lateral correlation length is equal to
lc = 160nm.
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Fig. 4. Absorption (left) and spectral contribution to the short-circuit current density (right)
in1um-thick c-Si and pc-Si solar cells, at three different values of RM S deviation of height
o. Latera correlation length isequal to | = 160nm.

cell. Finaly, for o = 300nm (Fig. 4(c) and (f)), absorption in the c-Si solar cell isclearly higher
in the energy range where the AM 1.5G spectrum has its maximum.

We can aso see that in the high-energy region, the increase of o gives a clear absorption
enhancement, but only a minor change of the spectral contribution to the Jsc. Thisis because
the number of photons available in this part of the solar spectrum is small.

4. Randomly rough textures and the Lambertian Limit of absor ption

The Lambertian Limit [32] of absorption is often taken as a fundamental benchmark for solar
cells. In this work, we calculate it using the formalism derived in [33] and extended in [34].
In general, the total absorption in a structure with the Lambertian Scatterer, assuming a perfect
back reflector, is given by

(1-Req)(1-T"T7)
1I-RT+T-

where T is the transmittance through the active layer for light propagating from the front
surface to the back reflector and T~ is the transmittance through the active layer for light
reflected from the back surface. Finaly, Ry is the part of light trapped in the active layer by
total internal reflection and Rey; is the reflectance at the initial interface. The product of T+T—
depends on the structure, and the value of R; depends on the dimensionality of the optical
problem. For a one-dimensional structure with a rough interface at the top and a flat back
reflector, T T~ and R; are given by

Ar = 2
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Fig. 5. Left: absorption in c-Si (&) and uc-Si (b) solar cells with the optimized rough
ARC/Si interface (6 = 300nm, I = 160nm) and an absorbing layer of 1um, along with
the corresponding Lambertian Limit. Both silver and perfect back reflectors (BR) were
considered. Right: absorption in c-Si solar cellswith rough ARC/Si interface (o = 300nm,
I = 160nm), a perfect back reflector (BR), and an absorbing layer of thicknessd = 2um
(¢), 5um (d), and 10 um (€), along with the corresponding Lambertian Limit.

fn/zz e20:d/c08(6) cog(6)do

T = : 3
jfﬁzcos(e)de ©
R =1-1/n. )

where d is the thickness of the active layer, o is the absorption coefficient, 6 is the scattering
angle, and n isthe refractive index of the active layer [34].

In Fig. 5(a) and (b), we show the absorption calculated for ¢-Si and puc-Si solar cellswith the
optimized rough ARC/Si interface (o = 300nm, | = 160nm) and an absorbing layer of 1um,
along with the corresponding Lambertian Limit. Reflection losses at the Air/ARC interface
were included in the Lambertian Limit to obtain a fair comparison. It should be noticed that,
since the Lambertian Limit assumes no reflection losses at the back, we have also considered
structures with a perfect mirror instead of silver. This allows to estimate the |osses caused by a
non-ideal back reflector.

In both cases, absorption in the structure with the optimized roughness and a perfect back
reflector approaches the theoretical limit for a wide energy range. Small discrepancies can be
seen only in the high energy region, where the effective wavelength in silicon is small com-
paring to the correlation length of the roughness, and the anti-reflection action of the rough
interface becomes less effective. In this region, however, solar photon flux is small anyway.
Similar results were obtained for the rough interface with the same parameters (¢ = 300nm,
I = 160nm) and an absorbing layer of 2um, 5um, and 10um. The results for c-Si are shown
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Table 1. Short-circuit current densities calculated for 1 um thick ¢-Si and pc-Si solar cells,
with either silver or perfect back reflectors (BR), together with the val ues corresponding to
the Lambertian Limit. The parameters of the rough interface are: o = 300nm, I = 160nm.
silver BR perfect BR | Lambertian Limit

¢S | 229mA/ecm? | 249mA/cm? | 25.5mA /cm?
uc-S | 22.8mA/cm? | 23.5mA /cm? 23.9mA /cm?

in Fig. 5(c), (d) and (e).

The short-circuit current densities calculated for the solar cells with an absorbing layer of
lumaregivenin Tab. 1. The Jgc for the structures with an ideal back reflector are very close
to those corresponding to the Lambertian Limit.

So far we considered one-dimensional structures. Yet, because the scattering properties of
rough interfaces are isotropic, absorption in the two-dimensional structure with an optimized
rough interface is expected to approach the corresponding two-dimensional Lambertian Limit.
Thus, the general conclusions of this work concerning the optimal values of roughness param-
eters to approach the ultimate limits for light trapping are expected to be valid for rea 2D
interfaces.

5. Optical propertiesof randomly rough interfaces

Optical properties of rough interfaces can give insight into the light trapping mechanisms in
thin-film solar cells. Therefore, we focus on the rough interface, sketched in the inset of Fig. 6,
between the transparent medium with refractive index equal to narc=1.65 and crystalline sili-
con [25] with complex refractive index. Following [35], we describe the light transmitted into
the active layer by: 1) Angular Intensity Distribution (A1D), which is the intensity of scattered
light asafunction of the scattering angle; 2) haze, which istheratio of the intensity of scattered

10L o©=300nm ' ' ]

—

/‘"’-‘_A
o =150 nm A
0.8+ / J
o)
g 0.6+ .
T
0.4} .
0.2 : : : :
1.0 1.5 2.0 2.5 3.0
Energy (eV)

Fig. 6. Haze of transmitted light as a function of energy for increasing RMS deviation
of height o, calculated for the rough interface sketched in the inset. Both anti-reflection
coating (ARC) and c-Si layer are assumed to be semi-infinite. Each point is taken as an
average of 500 rough surface realizations. The lateral correlation length is equal to I =
160nm.
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Fig. 7. AID of transmitted light as a function of energy for increasing RMS deviation of
height o, calculated for the rough ARC/c-Si interface. The AID is taken as an average of
500 rough surface realizations. The black rectangles denote the specular part of transmit-
ted light (i.e., the light propagating within the cone between —1.5° and 1.5°). The lateral
correlation length is equal to I = 160nm.

light to the total intensity of transmitted light (scattered and specular). We consider the light to
be specular if it is propagating within the cone between —1.5° and 1.5°. Both AID and haze
are calculated just below the rough interface, and are taken as an average of 500 rough surface
realizations. Finally, we study the AID and the haze in the energy range between 1.1 and 3.0eV.
For energies higher then 3.0eV, crystalline silicon absorbs very well, but the solar photon flux
in this part of the spectrum issmall.

In Fig. 6, we show the haze as afunction of energy for increasing o at fixed I = 160nm. For
modest RMS (o = 50nm), the haze increases steadily with the energy, from 0.3 in the region
close to the energy band-gap, up to 0.9 for energies higher than 2.5eV. The hazes for o =
150nm and o = 300nm are identical, except the low energy region, where a small discrepancy
can be observed. Indeed, Fig. 3 shows that Jsc saturates above o = 150nm. Therefore, changes
in haze observed for large o should be minor. Finally, a ¢ = 300nm, more then 90% of the
incident light is diffused, regardless of energy.

AID as afunction of energy at three different values of ¢ and at fixed | = 160nm is shown
in Fig. 7. When increasing o, the intensity of light scattered at large angles is aso increased,
and the shape of the AID becomes less regular, particularly in the high energy region. This can
be clearly seen in the cross-sections of the AID at two fixed energies (E = 1.24eV and E =
2.86€V), shown in Fig. 8, where the AID is compared with a cosine distribution corresponding
to the Lambertian Limit.

The AID at low energy, shown in Fig. 8(a), is narrower then the Lambertian distribution. It
can be explained by the fact that the AID is calculated after the light has passed through the
rough interface. At this point, part of the light has been already absorbed in the roughness,
and, as was pointed out in [33], the light propagating in the device is being concentrated in the
direction normal to the surface.

The AID at high energy, shown in Fig. 8(b), exhibits two symmetrical peaks at large ¢
(o0 = 150nm, ¢ = 300nm). These peaks shift to smaller angles when energy or ¢ is decreased,
which isin agreement with the behaviour expected from Fabry-Pérot oscillationsin athin film.
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Fig. 8. AID of transmitted light at (a) E = 1.24eV and (b) E = 2.86eV, calculated at three
values of RM S deviation of height 6. The results are compared with the cosine distribution
corresponding to the Lambertian Limit. Lateral correlation length isequal to | = 160nm.

Therefore, we attribute the peaks to a constructive interference in the rough interface. Similar
symmetrical peakswere observed in experimental studies of random textures, e.g., in AID of the
light reflected from arough monocrystalline silicon film [36] or in AID of the light transmitted
through arough air/glass interface [37]. Taking thisirregular shape of the AID, it isimportant
to note that in a high energy range and for alarge o, absorption very close to the corresponding
Lambertian Limit is achieved for the interface with AID different from the cosine distribution
of the Lambertian Scatterer.

6. Hybrid texture

Thus far we have seen that rough interfaces perform very well from the optical point of view.
It has been pointed out [38, 39], however, that large and sharp surface features may worsen the
electrical properties of asolar cell. To address this problem, we extend the idea of a modul ated
surface texture [40], and study a combination of a rough interface and a diffraction grating.
We show that such a hybrid interface allows to obtain a strong absorption enhancement us-
ing a rough interface with a modest feature size. This approach isin line with recent findings
demonstrating the benefits of joining ordered and disordered photonic structures In this regard,
possible light trapping schemes are realized either by introducing a certain amount of disorder
into an ordered system (or the opposite) [34, 41], or by using separate ordered and disordered
structures acting together [10]. Moreover, combining rough textures with different statistical
properties has been also explored [42].

The structure under investigation is sketched in Fig. 1(b). Thisisalum thick c-Si solar cell
similar to the structure considered previously, except that the rough interface has been replaced
by a combination of arough interface and a diffraction grating. The grating has the period a,
the width of the etched region b, and the etching depth h. The optimal parametersfor 1um c-Si
solar cell are: a= 600nm, b = 180nm, h = 240nm [3]. Moreover, we took a rough interface
with o = 80nm, | = 60nm. According to the data presented in [42], this small and sharp
features should assure good electrical properties of the interface, by avoiding cracks that form
when the surface features are not small enough.
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Fig. 9. Absorption in 1um thick c-Si solar cells with (a) the rough interface with a modest
spatial features (o = 80nm, Ic = 60nm), (b) the optimal diffraction grating (a = 600nm,
b = 180nm, h = 240nm), and (c) the hybrid interface. The structures are sketched on the
right. The results are compared with the corresponding Lambertian Limit of absorption.

Table 2. Short-circuit current density Jsc and itsrelative enhancement for a1 um thick c-Si
solar cell with the optimal diffraction grating (a = 600nm, b = 180nm, h = 240nm), the
rough interface with a modest spatial features (c = 80nm, I = 60nm), the hybrid inter-
face, and the optimized rough interface (o = 300nm, I = 160nm), compared with the Jsc
corresponding to the Lambertian Limit. Relative enhancement of the Jsc was calculated
with respect to the structure with aflat ARC/Si interface.

structure Jsc (mA/cmz) relative enhancement

reference cell (flat ARC/Si interface) 16.5 1.00
rough interface (o = 80nm, | = 60nm) 22.2 1.35
optimal grating 22.6 137

hybrid interface 23.7 1.44

optimal roughness (¢ = 300nm, I = 160nm) 239 1.45
Lambertian Limit 255 155

Figure 9 showsthe absorption calculated for 1 um thick c-Si solar cellswith arough interface
(), adiffraction grating (b), and acombination of both (c). Adding the diffraction grating to the
rough interface clearly increases the absorption, resulting in a redshift of the whole spectrum.
Nevertheless, absorption in the structure with the hybrid interface does not reveal the spectral
features coming from the grating. This is consistent with the results reported in [10], where
spectral features corresponding to a photonic crystal are smoothed when a randomly rough
surface is added. The values of Jg¢ for the structures considered here are summarized in Tab. 2.
The structure with the hybrid interface clearly outperforms that with the optimized diffraction
grating, as well as the one with the rough interface (o = 80nm, I = 60nm). As a result, the
hybrid interface allowsto significantly reduce o; indeed, Jsc = 23.7mA / cm? has been obtained
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for o = 80nm, compared to o = 200nm, which is necessary to achieve that high Jsc in the
corresponding structure with arough interface. Thus, use of a hybrid interface might allow to
achieve Lambertian light trapping even with relatively small values of ¢ that correspond to
common (Asahi-U and Neuchétel) substrates, as shown previously in Fig. 2.

These findings show that a hybrid interface is a promising approach to achieve broad-band
absorption enhancement with shallow roughness. Asafinal remark, we stressthat the scattering
properties of ahybrid interface are no longer isotropic. Thus, the connection between 1D model
and the optical properties of 2D system in the case of ahybrid interfaceis not as straightforward
asitisfor isotropic rough interfaces.

7. Conclusions

In this contribution, we have used a simple but accurate model of Gaussian roughness to study
light-trapping in thin-film solar cellswith rough interfaces. We have considered solar cells made
of different materials (c-Si and pc-Si), showing that without light trapping, absorption in the
structure is mainly determined by the nature (direct/indirect) of the energy band gap, while for
efficient light trapping, the band gap size is the most important.

We have demonstrated that short-circuit current density in ¢-Si and uc-Si solar cells with
optimized roughness is very close to the Jsc corresponding to the Lambertian Limit. Since
the optical properties of randomly rough interfaces are isotropic, we expect that 2D structures
with optimized roughness will approach the 2D Lambertian Limit. This, for an absorbing layer
of 1um, would give Jsc close to 31.9mA /cm? for ¢-Si solar cell and 29.7mA /cm? for pic-
Si solar cell. Moreover, the optimal parameters of the roughness are expected to be the same
for 1D model and for real 2D substrates. We stress that the values of Jsc given here include
reflection losses at the Air/ARC interface. Assuming perfect anti-reflection action, we calculate
Jsc inastructure with the 2D Lambertian Scatterer to be 33.9mA /cm? (c-Si) and 31.6mA /cm?
(uc-Si).

The concept of a hybrid interface, which is a combination of a randomly rough interface
and adiffraction grating, allowed to achieve significant absorption enhancement with a shallow
roughness. The purpose in reducing the vertical size of the roughness was to assure good elec-
trical properties of a rough interface. This study confirms that a combination of ordered and
disordered photonic structures may be beneficia for light trapping in thin-film solar cells, in
line with recent findings documented in the literature for other kinds of systems[7, 10, 34,41].

Finally, the model of roughness considered here is able to predict the scattering properties
of realistic rough surface topographies, such as Neuchatel and Asahi-U substrates. In view of
recent progress in fabrication of thin monocrystalline silicon films and of the possibility of
using nanoimprint lithography, structures presented in this work are compatible with present-
day technologies and can be realised in practice on large areas and at low cost.
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