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We discuss a hybrid light trapping scheme in thin crystalline silicon solar cell
structures which combines gratings at the front and rough diffusers at the back. A
simulation technique that evades the traditional large-scale computational domain
typical in simulation of disordered systems is developed. The hybrid structures provide
significant absorption improvement when light diffused from the back has a narrow or
lambertian scattering distribution, in contrast with the strictly incoherent case. We
experimentally characterize real back diffuse reflectors which provide relevant input to
the simulation model.

Introduction

The rapid development of thin film solar cell fabrication technologies spurs much
research work on light trapping techniques to enhance absorption of these thin cells and
make them competitive with preexisting solar cell technologies. Various forms of
nanostructures, whether periodically structured or random, have been proposed to fit the
various needs arising from the different material of choice that can be used for thin film
cells. As most of these nanostructures tend to be optimal only in a limited wavelength
range, people have further considered to combine different nanostructures together in
order to have enhanced absorption in a broader wavelength range. Much research has
been done in combining different periodic structures together in one thin film solar cell
structure and complementary enhancement roles of each component have been shown
[1-2].

In this contribution, we present our numerical investigation of a hybrid light trapping
structure which combines rough surfaces on the back together with periodic gratings on
the front in a thin film silicon solar cell system. To address such hybrid systems
numerically, we developed a full wave simulation technique which circumvents the
need to have a random geometry and a large computational domain. This is
accomplished by directly considering the wavefront leaving the bottom diffuser, which
can be represented as a superposition of plane waves with a certain spatial spectrum that
is assumed or obtained through measurements. When the active material thickness is
larger than the coherence length of sunlight as considered here, the total absorption in
the active material can be calculated in a simpler manner without completely
considering all wave interference contributions.
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Calculation Method

The structure under consideration is shown in Fig.1(a). The back rough diffuser is
modeled with a computational boundary which passes through incoming waves and re-
launches plane waves of different directions into the structure as seen in Fig.1(b).
Essentially, one first calculates the field profile resulting from each plane wave launch.
If we consider the incoming sunlight to be fully coherent or if the thickness of the cell
structure is smaller than the light coherence length, we would have to calculate the
superposition of these calculated fields and know the phase of each re-launched plane
wave. However, in the regime where the coherence length of incoming light is much
smaller than the thickness, the calculation of the total system response (absorption
Aspi(4), reflectance R;,(1) and transmittance T,(2) ) is simplified. By taking such
assumption of coherence length, we thus only need to consider interference effects when
light interacts with the grating structure at the front of the cell. In effect, to obtain the
total system response, we can directly add the absorption, reflectance and transmittance
for each passes of different plane waves until the power to be re-launched from the back
computational boundary reaches zero.
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Fig.1. (a) System under consideration. (b) The chosen computational method which reduces simulation
domain requirements to a single period of the grating structure.

The computational steps of our method are shown in Fig. 2. We start by calculating the
first pass field profile in which a light wave is launched from the air. The incoming light
is chosen as a normal incident plane wave from air. From this first pass field profile the
first pass absorption ( Ag(4) ), reflectance ( Ryy(A) ), and transmittance ( Ty (1)) are
calculated. Next, we calculate the field profile of the re-launched plane waves from
which we extract Ay(4), Ri(4) and Ty(4) for each possible k. For every grating geometry
we only need to calculate these field profiles and single plane wave responses (A, R, and
T) once to model any kind of diffuser at the bottom. Modeling different back diffusers
can simply be done by changing the fourier spectra distribution of the re-launched
waves. The re-launched waves from the back rough diffuser can also have a specular
component if so desired. The spatial fourier spectrum components of the radiant

intensity emanating from a lambertian diffuser, for example, has the form = 1//k;’ -k
[3]. All the waves that propagate to the back of the cell for each plane wave launch will
be re-launched again as plane waves with different k-vectors in the next calculation step.

Thus, to obtain the total response (A1), Ri(4) and T;,(4)) of the system, starting from
the first responses (Afir(4), Rprs(A), Thir(4)), we iteratively add the A, R, and T of
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individual plane wave launch cases as shown in Fig. 2 assuming a certain spatial
frequency spectra for the diffused light. In this way we ignore interference between
different components, and we perform the iteration until the re-launched power at the
back side is close to zero.

HE

() 40) 00) 00

45, (D) = A7 () + Y A (APl (k. )
k

Atlor (}”) = Aﬁm (;")
R, (2) =R, (%)

10t

n _ n-1
P D =Ty )| | [Frtsaen = LT DB . D)

ot o1 relaunch

RL(A) =R (A)+ D R (AP, (k. 2)

o

DM
"

‘l’ no

(A) > Zero limit]l end

yes

Calculate first pass field profile
components with different k,

Calculate field profile of
Relaunched plane wave

if P!

relaunch

obtain A, (), Ry, (A). T4 (A)  obtain 4, (1), R, (A),T, (1)

Fig. 2. Computational scheme with active material thickness > light coherence length considering
normal incidence only. Here, the back diffuser is considered lossless and thus all the power propagating to
the back side is re-launched again

Preliminary Results

We show simulation results for cell structures as depicted in Fig. 1(a). This is a 2D
system with a lossless 2D diffuse reflector at the back side that has no specular
reflection component. We consider different fourier spectra cases for the re-launched
waves as indicated in Fig. 3(a). We also compare R,,(4) for cases in which the front
side is flat (dotted lines) with cases in which there is 1D grating nanostructures at the
front (solid lines). As seen in Fig. 3(b) the grating structure lowers R,,(4) throughout the
whole wavelength range. For the flat structure there is a monotonous trend of R,(4)
reduction as we increase the diffusing capability of the rough diffuser (from a narrow
distribution to lambertian).

However, when the diffuser back reflector is combined with a top periodic grating
structure, we see that the difference of reflectance performance between a narrow spread
diffuser and an incoherent flat spread diffuser is small. Interestingly, if we go beyond the
incoherent flat spread to a perfectly lambertian spread, we see that significant
improvement can still be achieved in the hybrid system. These results show that special
considerations need to be taken in order to optimally combine a rough diffuser with a
periodic grating.
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Fig. 3. (a) Normalized fourier power spectra distribution of diffused wave as a function of horizontal
k-vector component. (b) Reflectance of flat top structure and periodic grating top structure for various
fourier spectra of diffused light wave.
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