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Current structures for solar cells or LEDs often incorporate layers of various optical regimes, with
a mixture of coherent, partially coherent or incoherent behavior. We developed a simple and
efficient calculation method to study such combined solar cell structures with both wave and ray
optics sections. These One-Pass Coherent calculations take wave effects into account where they
matter the most, while avoiding a large computational domain to model rough structures. The
method simulates a general diffuser by working directly with the reflected wavefronts, instead of
using its geometry. We utilize this method to study thin film silicon solar cell structures with a
grating on the front and a diffuser at the back. More absorption is obtained with the combined light
trapping scheme of appropriate characteristics, compared with grating-only or diffuser-only
counterparts. Finally, we report a significant effect of incoherence on the absorption of fairly thin
(10 lm) cells. We demonstrate that partially incoherent light can be more efficiently absorbed
than fully coherent light on average over a broad wavelength range. It turns out that the scarcity of
guided modes for fully coherent light can hinder the grating enhancement, leading to a consistently
C 2013 AIP Publishing LLC.
better performance when light coherence is limited or lost. V
[http://dx.doi.org/10.1063/1.4813102]
I. INTRODUCTION

The development of thin film solar cell technologies
spurs much research work on light trapping techniques to
make them competitive with preexisting solar technologies.
Various nanostructures, whether periodically structured or
random, have been proposed to fit the material choices for
thin film cells.1–12 It was shown that the absorption enhancement from periodic grating structures can exceed the
Lambertian limit in the case of thin film cells of a few wavelengths thick or smaller.13–15 Spinelli et al. have recently
shown that a nanopatterned Si surface can suppress reflection
to below 3% throughout the wavelength range of
450–900 nm.16 For thin film cells with thickness in the range
larger than a few wavelengths, random light trapping structures were shown to give comparable or larger enhancement
compared with periodic structures.3,13
As most of the proposed grating structures tend to function optimally in a limited wavelength range, the combination of different structures was considered. Much research
was done on dual interface grating structures, which have
front and back gratings in a single solar cell structure.17–20
We previously demonstrated that the two gratings can complement each other in enabling access to different photonic
phenomena.18 Martins et al. showed how superposing
a)
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gratings with different phases at one interface can lead to
more absorption enhancement, by increasing higher order
diffraction while suppressing the lower order processes.21
These supercell gratings can be interpreted as a compromise
between rough diffusers and periodic grating structures, due
to the length of one supercell period and the resulting
complex geometry. Such structures partially combine the
benefits of periodicity and roughness, balancing the amount
of available diffraction orders with their relative diffraction
efficiencies.
Here, we study light trapping by rough diffusers and gratings, by having each at a different interface. More specifically, we examine combined structures with gratings at the
front and rough diffusers at the back for thin film Si solar
cells. The grating structures on the front provide flexibility in
tailoring anti-reflection properties and light coupling. The
diffuser at the back will mainly serve to increase the optical
path length. This combined front-grating-back-diffuser structure couples the regimes of wave and ray optics.
The combined structures provide several computational
challenges. On the one hand, wavelength scale gratings
require one to take into account coherent effects. On the
other hand, calculating a rough diffuser in a full wave simulation would typically require a huge computational domain.
Furthermore, it is of great interest to simulate these combined structures in the thickness regime beyond several
wavelengths and thus beyond the coherence length of
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sunlight. To address these complications, a simulation technique is developed, which circumvents the need to fully
implement an extensive disordered geometry while taking
into account coherent effects where they matter. With our
approach, we can efficiently model 2D or 3D devices combining coherent and incoherent features, which is impossible
with the reported 1D methods.22–26 A full wave simulation
method that can take into account partially coherent light by
considering the Fourier components of the time signal has
been described.27 However, it still faces the same obstacles
as other standard wave simulation techniques when used to
simulate random diffusing structures.
In Sec. II of the paper, we describe the developed calculation method. Section III provides basic examples of calculation results. In Sec. IV, we report the, perhaps, unexpected
beneficial effect of incoherence for a particular range of Si
thicknesses. It is found that partially coherent light can be
absorbed more than fully coherent light on average throughout a wide wavelength range when certain conditions of the
cell geometry are fulfilled. In Sec. V, we examine more complex combined devices, exploring the effects of specular
reflection by the back diffuser, active material thickness, and
the front grating periodicity.
II. CALCULATION METHOD

As mentioned in Sec. I, there is a dilemma in simulating
a combined diffuser and grating structure as in Fig. 1(a): Ray

FIG. 1. (a) The system under consideration. P is the grating period, FF is the
grating fill factor, and d is the thickness of the Si layer. The horizontal diameter of the grating feature is P  FF. The front part is coated with an ITO
layer of 50 nm thickness. (b) The proposed computational method which
replaces the rough diffuser structure with a computational boundary and
reduces the simulation domain to a single period of the grating.
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optics is not accurate enough, whereas full wave simulation
is computationally costly. This problem is circumvented by
directly considering the wavefront reflected by the diffuser,
instead of its rough geometry, which can be represented as a
superposition of plane waves with a certain spatial frequency
spectrum.28,29 We propose to model the back diffuser with a
computational boundary which passes through incoming
waves (towards y) and relaunches plane waves with various directions (towards þy) into the structure (Fig. 1(b)).
The relaunched plane waves are determined in such a way
that together they model the wavefront that comes out from
the diffuser or any other selected structure at the bottom.
The details of the computational steps are shown in Fig.
2. One first calculates the coherent field profile resulting
from each relevant incident plane wave on the structure with
the front grating (Fig. 2(a)): one solar excitation direction
from the front (air-side) as the “first pass” field profile (for
each wavelength), and multiple (relaunched) directions from
the back (Si-side). If we consider the incoming sunlight to be
fully coherent or if the thickness of the cell structure is
smaller than the coherence length, we would have to calculate the coherent superposition of these calculated fields and
know the phase relation between incoming and relaunched
plane waves. However, if we can consider that coherence is
broken after the bottom diffuser, the calculations of the total
system response (absorption Atot ðkÞ, reflectance Rtot ðkÞ and
transmittance Ttot ðkÞ) are simplified. Then, we only need to
consider interference effects for each launched plane wave
separately and locally when it interacts with the front grating
structure, and not between launched plane waves. By taking
this assumption, the plane waves are treated as if they have
their coherent length limited to the path length in one pass
through the structure. Therefore, we refer to this method
as One-Pass Coherent (OPC) calculations. The “loss of
coherence” is applicable when the active material thickness
itself is larger than the coherence length of light, or when the
bottom diffusing structure is a bulk diffuser which makes
light travel and scatter over a relatively long distance before
coming back to the active material. One can therefore model
any kind of bottom diffuser by calculating only one period of
the front grating (Fig. 1(b)). In essence, we trade complexity
in real space for complexity in k-space. This method can
treat any kind of structure at the bottom as long as the OPC
assumption is valid and the reflected wavefront information
is known.
Various “one pass” quantities necessary to calculate the
total system response are obtained from the plane wave field
profiles (Fig. 2(a)). From the first pass field profile (incident
sunlight), we determine the first pass absorption (Afirst ðkÞ),
reflectance (Rfirst ðkÞ), and transmittance (Tfirst ðkk 0 ; kÞ, details
below). Subsequently, from the field profiles of the
relaunched plane waves, the one pass relaunch absorption
(Akk ðkÞ), escape transmittance (Rkk ðkÞ), and relaunch reflectance (Tkk ðkk 0 ; kÞ) are extracted for every possible transverse
excitation propagation constant kk  kSi . Here, kSi ¼ k  nSi
where k is the propagation constant in air and nSi is the refractive index of silicon. The subscripts kk indicate the transverse direction (x- or z-axis in Fig. 1(a)) of the plane wave
excitation. The arguments kk 0 indicate the transverse plane
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FIG. 2. Computational scheme assuming a lossless back diffuser or reflector.
(a) One pass field profile calculations.
(b) OPC iteration.

wave component of the response in that particular direction.
Note that the Rfirst ðkÞ and Rkk ðkÞ always indicate power
escaping from the solar structure to air (towards þy).
Tfirst ðkk 0 ; kÞ and Tkk ðkk 0 ; kÞ always indicate power fractions
going to the bottom of the cell (towards y).
We provide now more details on how these quantities
are determined. For clarity, we describe the calculations only
for 2D systems invariant along the z-axis and assume that
the launched power for each plane wave is already normalized over one cell of the grating. The one pass absorption is
calculated via the divergence of the poynting vector over the
absorbing volume (area in 2D)
ð
(1)
Aq ðkÞ ¼ ðr  S~q ðkÞÞdV;
where S~q ðkÞ is the poynting vector defined as
1
~q ðkÞ  H
~q ðkÞ ;
S~q ðkÞ ¼ Re½E
2


ð

Rkk ðkÞ ¼ ðS~kk ðkÞ  ~
j Þdx
P

y¼0

;
y¼0

wscat ¼ w  wincidence ;

P

~ 0 is the amplitude of a Fourier component of the
where w
kk
electric or magnetic field. With these Fourier components,
we calculate Tfirst ðkk 0 ; kÞ and Tkk ðkk 0 ; kÞ which are the portions of the total power carried by each component to the
bottom:

ð

0
~
~
;
(7)
Tfirst ðkk ; kÞ ¼ ðS first;kk 0 ðkÞ  j Þdx
P

(4)

(5)

where w is the total electric or magnetic field and wincidence is
the incident plane wave.
For our method, it is necessary to decompose the scattered wave towards the bottom into a set of plane waves.
One can use this information to consider specular reflection
by relaunching plane waves with the same amplitude and kk .
We obtain these components via Fourier decomposition
along the relaunch boundary:
 ð
1
0
~
wðxÞeikk x dx;
(6)
w kk 0 jrelaunch ¼
P

(2)

~q is the magnetic field.
~q is the electric field and H
where E
The subscript q indicates whether it is the first pass case or a
certain kk relaunch case. Rfirst ðkÞ and Rkk ðkÞ to air are
obtained via

ð

scat
~
~
(3)
Rfirst ðkÞ ¼ ðS first ðkÞ  j Þdx ;
P

calculated above the grating structure as shown in Fig. 2(a)
scat
along one period P. S~first ðkÞ refers to the scattered wave
poynting vector for the first launch case and ~
j is the unit vector in the y direction. The scattered field can be obtained
using the relation:


ð

scat
Tkk ðkk 0 ; kÞ ¼ ðS~kk ;kk 0 ðkÞ  ~
j Þdx
P

relaunch

;
relaunch

(8)
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which are calculated along the relaunch boundary in one grating period with
scat
S~kk ;kk 0 ðkÞ

1
~scat 0 ðkÞ  H
~scat 0 ðkÞ ;
¼ Re½E
kk ;kk
kk ;kk
2

Hn ðkk ; kÞ ¼
(9)

scat

where ~
w kk ;kk 0 ðkÞ is the scattered kk 0 Fourier component for a
~ E,
~ or H).
~
w represents S,
kk plane wave excitation (here, ~
Now, we have enough information to start the subsequent OPC iteration procedure for the bottom structure (Fig.
2(b)). Note that to model any kind of reflector at the bottom
for a particular top grating, we only need to calculate the previous quantities once. With these values, we proceed to take
into account the reflector, which can have both diffuse and
specular components. Here, it is assumed that the back
reflector/diffuser is lossless and thus Ttot ðkÞ ¼ 0. To obtain
the total system response (Atot ðkÞ and Rtot ðkÞ), we start from
the first response (Afirst ðkÞ, Rfirst ðkÞ and Tfirst ðkk 0 ; kÞ) and iteratively add the contributions of relaunched waves, until the
power to be relaunched from the back side is close to zero
(Fig. 2(b)). Utilizing the fact there is no coherent interaction
between different plane wave launches, the total response is
calculated with
X
n1
n1
ðkÞ þ
½Prelaunch
ðkk ; kÞ  Akk ðkÞ; (10)
Antot ðkÞ ¼ Atot
kk
n1
Rntot ðkÞ ¼ Rtot
ðkÞ þ

X

n1
½Prelaunch
ðkk ; kÞ  Rkk ðkÞ;

(11)

kk

where Pnrelaunch ðkk ; kÞ is the relaunched power distribution
(explained below). We can account for a lossy back reflector/diffuser without much added difficulty by relaunching
the power that passes the relaunch boundary only partially.
The values at the first iteration are determined from the first
pass responses,
A1tot ðkÞ ¼ Afirst ðkÞ;

(12)

R1tot ðkÞ ¼ Rfirst ðkÞ:

(13)

At every iteration, the relaunched power distribution
Pnrelaunch ðkk ; kÞ (towards þy) consists of specular and diffuse
components
Pnrelaunch ðkk ; kÞ ¼ UnDif ðkk ; kÞ þ UnSpec ðkk ; kÞ;

(14)

where UnDif ðkk ; kÞ and UnSpec ðkk ; kÞ are the spatial power density spectra of the diffused and specular component, respectively. UnSpec ðkk ; kÞ is updated at every iteration in order to
account for the specular reflection properly with the relation
UnSpec ðkk ; kÞ ¼ ð1  aÞHn ðkk ; kÞ;

(15)

a is the portion of incoming power that will be diffused,
which in general can depend on k and kk . Hn ðkk ; kÞ is the
power contribution of plane waves with a certain kk value
that are going to the bottom of the cell. Hn ðkk ; kÞ is calculated using
H1 ðkk ; kÞ ¼ Tfirst ðkk ; kÞ;

in the first iteration and for the rest,

(16)

X

n1
Prelaunch
ðkk 0 ; kÞTkk 0 ðkk ; kÞ:

(17)

kk 0

Note that Tfirst ðkk ; kÞ and Tkk 0 ðkk ; kÞ give the complete information of how power is distributed to plane wave components propagating in the Si (towards y). Thus, we can infer
the values of Atot ðkÞ and Rtot ðkÞ for any Si thickness of
choice after simulating for a particular thickness, provided
that the relaunch boundary is far enough from the top grating
to avoid any possible near field effect.
From that information, we can calculate PnDif ðkÞ
X
aHn ðkk ; kÞ;
(18)
PnDif ðkÞ ¼
kk

where PnDif ðkÞ is the total diffused power to be relaunched at
iteration n which is then used to calculate UnDif ðkk ; kÞ using
UnDif ðkk ; kÞ ¼ PnDif ðkÞ  FDif ðkk Þ;

(19)

FDif ðkk Þ is the normalized spatial power density distribution
of the wavefront coming out from the diffuser
our choice.
pof
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
For a Lambertian source, FDif ðkk Þ ¼ C0 =ð k2  kk 2 Þ28,29
where C0 is a proportionality constant. One can infer the
proper FDif ðkk Þ from radiant intensity measurements if one
wishes to simulate for a realistic diffuser structure. Here, the
back reflector is assumed to not couple light to any evanescent component. The iterative procedure is stopped when the
total power to be relaunched Pnback ðkÞ (towards þy) calculated with
X
Hn ðkk 0 ; kÞ
Pnback ðkÞ ¼
kk 0

XX
n1
½Prelaunch
ðkk ; kÞ  Tkk ðkk 0 ; kÞ;
¼
kk 0

(20)

kk

for n > 1 reaches zero.
In the rest of this contribution, we only consider 2D systems, invariant along the z-axis. The full wave simulations
here were done using the finite element method (COMSOL),
however any tool can be employed. We only consider plane
waves with Transverse Magnetic (TM) polarization (no outof-plane electric field) for simplicity and clarity as the phenomena described below are not polarization specific. The
diffraction efficiency of TE waves can be different than that
of TM waves but the same phenomena discussed below
occur for TE waves also. The specular reflection component
of the back diffuser is assumed to be uniform for all wavelengths and angles of incidence, but a more thorough consideration can easily be implemented. For all wavelengths, we
simulate the excitation of plane waves with a homogeneous
grid Dkk ¼ 0:025  kSi . We then further interpolate the values of Akk ðkÞ, Rkk ðkÞ and Tkk ðkk 0 ; kÞ to a finer mesh with
Dkk ¼ 0:001  kSi . We utilize relaunched kk cases in the
range of 0:999  kSi  kk  0:999  kSi . Due to symmetry
of the front structures considered here, we only need to simulate for positive or negative values of kk .
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FIG. 3. Reflectance versus wavelength
for flat top structures in the case of
30 incidence angle for different back
reflectors. The inset shows the structure.

III. BASIC EXAMPLES

As a first example, we show OPC calculations for a flat
front surface with anti-reflection coating (50 nm indium tin
oxide (ITO)), but with various back reflectors (Fig. 3). The
light is incoming at an angle of 30 (arbitrary incidence
angle is possible). The blue solid line shows the coherent calculation result for the reflectance, assuming a perfect flat
mirror at the back of the cell which is modelled with a perfect electric conductor boundary. The resonances we see are
Fabry-Perot type modes. The blue circles show the reflectance curve from partially coherent calculations for an allflat structure (so with perfect specular reflection). We see
that the partially coherent reflectance follows the average of
the coherent case, as may be expected.
The green circle plot shows the reflectance when we
assume a 100% Lambertian diffuser at the bottom. We see
that there is a great decrease in reflectance due to the
increased optical path length. The red and magenta circle plots
show the in-between cases where there is partial specular
reflection by the back diffuser, 20% and 80%, respectively.
We see that in the presence of 20% specular reflection, its performance is still comparable to that of a Lambertian diffuser,
an important point for choosing a functional back reflector.
For more complex examples, we simulate cells which
have a grating at the front (see Fig. 1(a)) and various lossless
diffusers without specular component at the back side. The
grating geometry has period P ¼ 400 nm, fill-factor FF ¼ 0.7,
grating depth 300 nm, and ITO thickness 50 nm. The thickness of the Si layer is d ¼ 2.5 lm (the same as in Fig. 3). We
consider different back reflectors via the power density spectrum of the relaunched waves (Fig. 4(a)). This corresponds
to different radiant intensity JðaÞ in the far field (Fig. 4(b))
which can be calculated via the relation28,29
JðaÞ ¼ C  FDif ðkk Þcos2 ðaÞ;

diffuser only configurations with the three types of diffusers.
For the structures with a flat front interface, there is a monotonous trend of Rtot ðkÞ reduction as we increase the diffusing
capability of the rough diffuser (from a narrow distribution
to Lambertian) as can be seen by comparing the dotted plots
(Fig. 5). The combined structure with the Lambertian back
diffuser (green solid line) still has the best performance compared with all the other structures. However, there is not
much reduction in reflectance for the combined structure by
increasing the spread of the back diffuser, unlike for the flat
front interface structures.
We show later (Sec. V) how the enhancement of the
combined structure will be more optimal with a larger Si
thickness. In Sec. V, we further discuss how the performance

(21)

where C is a proportionality constant and a is the angle with
respect to the normal direction of the diffuser surface (thus
kk ¼ k  sinðaÞ). As mentioned before, all these different
diffusers are modelled with the results of a single plane wave
calculation sweep.
Fig. 5 demonstrates how one can further suppress reflection by combining a back diffuser with a grating patterned
front. We plot the reflectance of several combined and back

FIG. 4. (a) The spatial power density spectrum FDif ðkk Þ of the wavefront
coming out of the diffuser. (b) The corresponding radiant intensity profiles.
a is the angle relative to the normal of the diffuser surface. The “narrow diffuser” radiant intensity has a Lorentzian shape with a linewidth of p/6 rad.
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FIG. 5. Reflectance calculated with the
OPC method of flat top (dotted curves)
and grating top (solid curves) structure,
for various types of diffusers.

of the combined structure depends on the specular reflection
component, the Si thickness and the grating period.
The characteristics in Fig. 5 are explained by examining the escape transmittance of Si to air, thus the transmittance of the plane waves coming from the bottom (Fig.
1(b)). Fig. 6(a) gives this escape transmittance for a flat top
structure. We see that beyond a certain kk (or angle), there
is no more transmittance due to Total Internal Reflection
(TIR). At shorter wavelengths, there is also no escape transmission due to the strong Si absorption. In the grated structure (Fig. 6(b)), we see that the escape transmittance for
small kk is smaller. However, the TIR has been partially
broken, as diffraction by the grating allows light at higher
kk to escape to air. The dark triangle region of Fig. 6(b) in
the wavelength range of 800–1200 nm and kk =kSi range of

0.3–0.6 is the region where TIR is not broken and is determined by the grating periodicity.
The narrow diffuser works well with the grating structure because the diffuser redistributes the power to relatively
low kk components, which have low escape transmission and
thus give more light trapping effects. However, the gain of
optical path length is still not as much as compared with a
Lambertian diffuser.
There is less additional enhancement that is obtained
when combining wide spread diffusers with a grating top,
because they redistribute the power to high kk components.
With the grating structure at the front surface, a substantial
portion of the diffused light with high kk (range 0.4–0.6 kSi )
will have high escape transmittance. The reason why the
Lambertian diffuser works better with the grating top (as
compared with a flat diffuser) is because there is more power
being distributed to very high kk (>0.8 kSi ) components,
which still have a low escape transmittance.
IV. IMPLICATIONS OF LIMITED COHERENCE
ON ABSORPTION

FIG. 6. Escape transmittance (Rkk ðkÞ) of relaunched plane waves for (a) flat
top structure (d ¼ 2.5 lm) and (b) grating top (P ¼ 400 nm, d ¼ 2.5 lm). In
all cases, the ITO thickness is 50 nm.

Light coherence can influence absorption in a 1D multilayer solar cell structure.22,23 Here, we show that having limited light coherence can improve absorption on average for a
2D solar cell structure over a fairly broad wavelength range
when certain conditions are met. In Fig. 7, we compare the
reflectance under fully coherent and OPC conditions for solar cell structures with the same top gratings and a (100%)
specular bottom reflector. The geometric parameters of the
grating are P ¼ 400 nm, FF ¼ 0.7, grating depth of 300 nm,
and ITO thickness of 50 nm. The deviation of the OPC reflectance from the average reflectance under fully coherent
conditions is less significant if the Si thickness is relatively
small or large. For Si thickness 1 lm, the OPC reflectance
follows closely the average of coherent reflectance, as the
OPC plot lies in between the peak and the dips of the coherent resonances. In contrast, the difference between OPC and
average coherent is very apparent when d ¼ 7.5 lm. This
deviation again decreases for the thicker structures, e.g.,
when d ¼ 30 lm.
When all the light at a certain wavelength is absorbed in
a single pass, the total reflectance will converge to the first
pass reflectance (the reflectance for infinite Si thickness). In
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FIG. 7. Reflectance curves for the fully
coherent and one pass coherent cases
for top grating-flat bottom solar cell
structures with different Si thicknesses.
The top grating structure is the same as
shown in Fig. 1(a) with P ¼ 400 nm.

this regime, the OPC and coherent case provide the same reflectance. The particular wavelength edge, where interplay
between front and back interface becomes important,
depends on the Si thickness (around 550 nm for d ¼ 1 lm,
900 nm for d ¼ 30 lm).
The dependence of absorption on light coherence stems
from the constructive phase relation necessary for waveguide
modes. This phase restriction makes diffraction of fully
coherent light efficient only at specific kk values and wavelengths. This condition is relaxed if most of the light coming
back from the bottom has been absorbed substantially in one
pass or when coherence is lost, as in the OPC calculations.
For incoherent waves, diffraction to high kk values in the regime of TIR does not need to fulfil any phase relation and
thus it will always be an allowed process. However, if the
material absorption is too weak or if the optical path length
is only slightly increased by diffraction, the absorption
enhancement is reduced. In other words, the absorption of
the diffracted waves cannot be too strong or too weak in
order to see this effect. Thus, it is typically apparent at longer
wavelengths (around 800–1000 nm for Si), when light travels
multiple passes in the active layer and certain geometrical
conditions are fulfilled.
Fig. 7 demonstrates this analysis. Note that the optical
path length gain by scattering light to higher kk is proportional to the thickness d. At small thickness (d ¼ 1 lm), there
is not much gain in optical path length by coupling to waveguide modes. For d ¼ 30 lm, a significant portion of the diffracted waves would already be absorbed in a single pass and
thus there is weaker OPC reflectance deviation from the fully
coherent average. For the in-between thickness of d ¼ 7.5 lm,
light at longer wavelengths is not over-absorbed in just a single pass and there is significant increase in optical path length
upon diffraction. Thus, incoherence has a significant influence on absorption at d ¼ 7.5 lm. This explains why there is
stronger deviation from the fully coherent average.
To quantify, we calculate a figure of merit in the wavelength region of 750–1200 nm
c ¼ ðWIRFC  WIROPC Þ7501200nm ;

ð
WIR ¼

RTot ðkÞ  PAM1:5G ðkÞdk
ð
;
PAM1:5G ðkÞdk

PAM1:5G ðkÞ is the power spectrum of the AM1.5G solar radiation. The subscript FC and OPC refers to the fully coherent
and OPC condition, respectively. We choose this wavelength
regime for Si cells, as the effect of limited coherence (and all
light-trapping features) should be apparent there.
We plot c as a function of Si thickness in Fig. 8, and see
that there is an optimal thickness, as the previous analysis
predicts. The solar cell structure with d ¼ 7.5 lm has around
9% less reflectance when incoming light has limited coherence. When Si thickness is further increased, the difference
in WIR approaches the initial value for the very thin thickness d ¼ 1 lm. We also note that the fully coherent WIR is
larger than the OPC WIR even at d ¼ 1 lm, where the OPC
reflectance is close to the fully coherent average. This is due
to the AM1.5G power spectrum and the nature of the FabryPerot resonances, which have a free spectral range (FSR)
proportional to the square of the wavelength and inversely
proportional to the thickness. The FSR will increase more
rapidly at thin thicknesses as the wavelength increases, providing for less reflectance dips in the wavelength region of
interest (Fig. 7, coherent case for d ¼ 1 lm).
As the effect of coherence depends on the absorption of
the diffracted waves, we therefore expect that it is affected by
the periodicity of the grating. We compare in Fig. 9 the reflectance of structures with a flat bottom and a grating top for
P ¼ 1000 nm and P ¼ 400 nm with d ¼ 2.5 lm and 7.5 lm.

(22)

where WIR is the weighted integrated reflection of the
AM1.5G solar spectrum which is defined as

(23)

FIG. 8. Plot of c versus Si thickness d for the structure of Fig. 7.
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FIG. 9. Comparing the fully coherent
and OPC case for (a) P ¼ 400 nm with
d ¼ 2.5 lm and d ¼ 7.5 lm, and for
(b) P ¼ 1000 nm with d ¼ 2.5 lm and
d ¼ 7.5 lm. For all structures, the bottom reflector is 100% specular, FF
¼ 0.7 and grating depth of 300 nm.
The dotted line plots are the reflectance
for the fully coherent case. The solid
line plots are the average reflectance of
the fully coherent case, with wavelength averaging window 20 nm. The
circle plots are the reflectance for the
OPC case.

Comparing Fig. 9(a) with 9(b), we see that the OPC case reflectance deviates more from the fully coherent average reflectance for lower periodicities. The fact that the c values for
P ¼ 1000 nm are significantly lower than for P ¼ 400 nm further demonstrates that the effect of limited coherence is
weaker at larger grating periodicities. This is because the
larger period couples to less oblique angles, which leads to
less influence of guided modes and their phase restrictions. In
other words, the absorption of the diffracted waves when
P ¼ 1000 nm is too low to make much difference as compared
with when P ¼ 400 nm for the two Si thickness cases.
V. OPTIMAL COMBINED STRUCTURE

It is of great interest to investigate the effect of specular
reflection (Sec. V A), Si thickness (Sec. V B) and front grating periodicity (Sec. V C) in combined devices. Obtaining a
perfect Lambertian diffuser is not always feasible and one
would wish to see how much specular reflection is acceptable. When considering the thickness of the active material,
there is a trade-off that comes into play. The gain of a
Lambertian diffuser would not be apparent when the active
material is too thin, as the optical path length is not that long
upon deviation. On the other hand, if the active material is
too thick, most of the light will already be absorbed before
reaching the diffuser. The grating periodicity basically controls the escape transmittance of the diffused light with high
kk , while also influencing the first pass reflection. Thus, one
would expect there is an optimal periodicity that maximizes
the benefit of the combined structure.

A. Specular reflection

The absorption enhancement by just having a front grating structure (with a perfect specular reflector at the back) is
already significant. Fig. 10 shows results for a combined
diffuser-grating system with d ¼ 2.5 lm, assuming a lossless
back Lambertian diffuser with 100%, 50%, and 0% specular
component, respectively. The blue line curve is for fully
coherent simulations with a 100% specular back reflector,
the blue circles give the reflectance under OPC conditions.
Comparing both of these blue plots with the black dashed
curve (which gives the OPC reflectance of an all flat structure without grating), we see that there is much reduction in
reflectance just by introducing the top grating structure.
Indeed, the top grating structure gives both better antireflection properties and improves the optical path length inside
the Si.
Combining the front gratings with a back diffusing element can further enhance the absorption, even in the presence of significant specular reflection at the back diffuser.
This can be seen by comparing the red squared and green
dashed-dot plot (Fig. 10), which show the reflectance of the
combined structure with a 50% specular and 50%
Lambertian back diffuser and with perfect Lambertian diffuser (0% specular), respectively. The reflectance for these
two structures is comparable, although the combined structure with fully Lambertian back diffuser still performs better.
There is significant reduction in reflectance by more than
10% in the wavelength range of 800–1000 nm for the combined structures. With the perfect Lambertian back reflector,

FIG. 10. Total reflectance of combined
diffuser-grating structure (P ¼ 400 nm,
d ¼ 2.5 lm) assuming different specular components for the diffuser. For
comparison, the reflectance of an all
flat structure without any front grating
and back diffuser under OPC condition
is the black dashed line. The geometrical parameters of the top grating are
P ¼ 400 nm, FF ¼ 0.7, grating depth of
300 nm, and ITO thickness of 50 nm.
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FIG. 11. Total reflectance of combined
diffuser-grating structures and single
element structures. The geometrical
parameters of the top gratings are the
same as in Fig. 10.

the reflectance reduction can be more than 20% in this wavelength range.
The flat top and perfect specular bottom structure has a
WIR of 38.5%. The front patterned only configuration has
27.9%, and the Lambertian back diffuser only configuration
has 26.5%. Finally, the combined Lambertian back diffuserfront grating configuration has a WIR down to 22.2%.
B. Si thickness

There is an optimum Si thickness at which the advantage
of having a combined back diffuser and front grating structure
is maximized. This can be seen in Fig. 11 which shows the reflectance of single-element and combined structures under the
OPC condition for two different Si thicknesses d. For both d
values, the combined structure outperforms the single element
structures. At larger d ¼ 20 lm, the combined structure has
significantly lower reflectance than the Lambertian back diffuser only configuration, more so than for d ¼ 2.5 lm. This is
because there is more increase in optical path length by scattering light to oblique angles when d is larger. Thus, the
Lambertian back diffuser can significantly improve the
absorption of light only when d is large enough. However, at
large d values, a significant portion of light is absorbed in the
first pass and leaves smaller room for improvement via the
Lambertian diffuser, except in the longer wavelength range.
This is the reason why the reflectance of the combined structure is close to the grating only configuration in the wavelength range < 850 nm at d ¼ 20 lm (red star and circle plots).
It is also seen in Fig. 11 that the Lambertian diffuser only
reflectance curve crosses the other curves at certain wavelengths, which indicates a change of the dominant absorption
mechanism. The crossing between the Lambertian diffuser
only and grating only reflectance curves indicates the start of
the longer wavelength regime where first pass absorption is
no longer dominant. The crossing between the Lambertian
diffuser only and combined configuration curves indicates the
start of the longer wavelength regime where absorption is
mainly determined by the escape transmittance (Rkk ðkÞ).
The WIR versus d plot in Fig. 12(a) confirms that the performance of a front grating only configuration becomes close
to the combined structure above a certain Si thickness. The
WIR difference between the front grating only configuration

and the combined structure is less than 3% for d > 10 lm.
Even so, the combined structure has in general less reflectance
than single element structures.
The effect of specular reflection at the back also
becomes less important as d becomes larger. Fig. 12(b)
shows the WIR as a function of the bottom specular reflection
percentage for various Si thicknesses of the combined structure. The difference in WIR between a 100% specular back
reflector and Lambertian back diffuser is also less than 3%
for d > 10 lm.
C. Grating periodicity

The effect of front grating periodicity can be surprisingly weak for the combined grating-top-Lambertian-bottom
structures in the top periodicity range of 300–1000 nm.
Reflectance for different front grating periodicities, but with
identical fill factor and grating depth, is shown in Fig. 13 for
Si thickness d ¼ 7.5 lm. The similarity between these

FIG. 12. (a) WIR versus Si thickness. (b) WIR versus % of specular reflection at different Si thicknesses for the combined structure.
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FIG. 13. Total and first-pass reflectance of combined structures with front
gratings and Lambertian back diffuser
for several different grating periods.
The gratings have fill factor 0.7 and
grating depth 300 nm. The Si thickness
is d ¼ 7.5 lm and the ITO thickness is
50 nm.

gratings is connected to the fact that they have comparable
first-pass reflectance. In addition, the escape transmittance of
waves with high kk is similar in a broad wavelength range
for these structures (not shown). This is relevant here as high
kk components are dominant for a Lambertian diffuser (Fig.
4(a)). The combined structure with front grating period
P ¼ 1000 nm is significantly more reflecting (around 10%) in
the wavelength region of 750–950 nm compared with the
other systems. This is mainly due to the slightly larger first
pass reflectance for P ¼ 1000 nm in that wavelength range.
For thinner Si thickness d, the difference in reflectance
between these structures becomes less apparent.
VI. CONCLUSION

A calculation method to efficiently address structures
that couple wave and ray optics is discussed. The OPC calculations take wave effects into account where they matter the
most, while evading a large computational domain to model
rough structures. A general rough diffuser is handled directly
via the reflected wavefront, instead of its geometry. A single
plane wave calculation sweep provides all the information to
calculate any kind of bottom diffuser.
We utilize the calculation method to study solar cell
structures which combine gratings at the front and a rough
diffuser at the back, which has been realized in state-of-theart thin film Si devices.30 Results clearly show that the combined structures provide more light trapping capabilities than
single element devices. We elucidate the important dependence on the active material thickness and the specular reflection component of the bottom diffuser.
We demonstrate that partially coherent light can be more
efficiently absorbed than fully coherent light over a fairly
broad wavelength range for an important range of Si thicknesses. This phenomenon is due to the existence of an additional phase condition that is imposed on the waves diffracted
in the fully coherent case. Therefore, the back reflector in
advanced thin-film devices needs careful consideration.
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