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Abstract: Despite the progress in the engineering of structures to enhance
photocurrent in thin film solar cells, there are few comprehensive studies
which provide general and intuitive insight into the problem of light
trapping. Also, lack of theoretical propositions which are consistent with
fabrication is an issue to be improved. We investigate a real thin film solar
cell with almost conformal layers grown on a 1D grating metallic back-
reflector both experimentally and theoretically. Photocurrent increase is
observed as an outcome of guided mode excitation in both theory and
experiment by obtaining the external quantum efficiency of the cell for
different angles of incidence and in both polarization directions. Finally, the
effect of geometrical parameters on the short circuit current density of the
device is investigated by considering different substrate shapes that are
compatible with solar cell fabrication. Based on our simulations, among the
investigated shapes, triangular gratings with a very sharp slope in one side,
so called sawtooth gratings, are the most promising 1D gratings for optimal
light trapping.
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1. Introduction

Solar cells are and attractive route towards sustainable production of electricity; among the
various technologies, thin film silicon is particularly attractive because of low material usage
and the availability of advanced manufacturing technology. However, the poor electric
transport properties necessitate cell thicknesses below the optical absorption length in the red
and the infrared part of the spectrum both in amorphous and microcrystalline cells. The main
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problem with thin film silicon solar cells is therefore the coupling and confinement of incident
light into very thin absorber layers.

Much effort has been devoted to the trapping of light in the cell through periodic [1-4] and
random interface textures [5-7], resulting in an effective prolongation of the absorption
length. Assuming Lambertian scattering at the interfaces of a low absorbing thin film
semiconductor, Yablonovitch suggested an upper limit of the light path enhancement equal to
4n?, where n is the refractive index of the absorber film [8]; in the experiment, this limit has
not yet been reached. Actually, it has been proposed that periodic structures can even surpass
the mentioned limit in a narrow wavelength range [9,10]. However, in solar cells, the
absorption enhancement is required to work in a relatively broad spectral range.

An exact knowledge of the steady-state electromagnetic field inside a stack of thin layers
with textured interfaces is essential for an assessment of the absorption enhancement.
Electromagnetic simulations are thus of great importance in optimizing geometrical
parameters such as the shape of the structure and thickness of the layers since they can
provide the information about the near field phenomena, most of which are not accessible in
the experiment. A fast and stable simulation tool for the prediction of light absorption in
multi-layer stacks is hence of great benefit. Full numerical methods such as finite difference
time domain (FDTD) [11] and finite element method [12] can be used to obtain the
electromagnetic field profile of a specific structure at a pre-defined frequency but they are not
appropriate for an optimization due to unacceptable requirements of time or memory.
Therefore, semi-analytical methods such as the differential method [13], the coordinate
transformation method (C method) [14] and the rigorous coupled wave analysis (RCWA, also
called Fourier Modal Method, FMM) [15-17] are preferred. Also, approximate solutions such
as scalar scattering theory [18,19] can be used to get an initial insight but they rely on
approximations that may not always be fulfilled, and they are normally not capable of
handling polarization-dependent effects.

A variety of simulations were performed in regard to solar cells in the past decades, using
all the above mentioned theories. Actually, the selection of the simulation method often
depends on the problem to be solved. If one is going to investigate the near field phenomena
for a specific structure or if the degrees of freedom are reduced, full numerical simulation
methods can be used [20,21]; otherwise, one can benefit from the speed of semi-analytical
solutions [22-25]. Common to most simulation approaches is the restriction to idealized
structures e.g. ideal sinus or binary gratings which is sometimes a significant drawback from
an experimental point of view.

In this paper, we present measured photocurrent enhancement of a thin film solar cell with
textured interfaces and we compare the results to theoretical predictions using the geometrical
parameters that fit well with the experimental measurements. The texture is based on a
metallic 1D grating that permits validation of the theory, including the effects that are related
to the orientation of the grating lines with respect to polarization. Subsequently, we apply the
modeling to explore the ideal structures like sinusoidal, triangular and binary gratings.

2. Experimental

The investigated device is a single junction amorphous silicon solar cell grown on a one-
dimensional grating substrate that serves as textured back reflector and is made using the
nanoimprint technique described in [26]. A SEM micrograph of the cell is shown in Fig. 1.
The substrate grating has a period of 560 nm and the peak to valley depth is 140 nm. It is
covered with 120 nm of silver and 60 nm of zinc oxide by sputtering (Univex 450B, Leybold).
The solar cell is grown with an n-i-p sequence by very high frequency plasma enhanced
chemical vapor deposition, more information are published elsewhere (see for example Ref
[27].). When deposited on a flat reference substrate, the nominal thicknesses are 13 nm for the
n-layer (n-Si), 200 nm for the i-layer (i-Si), and 17 nm for the p-layer (p-Si). The front contact
is made of sputtered indium-tin oxide (ITO), its thickness of 60 nm is designed to yield to an
anti-reflection (AR) effect at a wavelength of 550 nm. The absorption enhancement of the
grating substrate is investigated by measuring the dependence of the EQE on the incident
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angle of the incoming light for P- and S polarizations using a broadband wire polarizer
(Proflux PPLO5C, Moxtek). Further experimental details can be found in Ref [3]. Note that
throughout this paper we use the grating notation where the P polarization refers to the case
where the electric field vector is parallel to the grating grooves and S polarization stands for
the case where the magnetic field vector is parallel to the grooves.

3. Model
3.1 Electromagnetic field calculation

Among the methods for simulation of grating structures, the RCWA is selected. The main
advantages of this method are its speed, simplicity, and generality. In its most fundamental
form, RCWA applies Maxwell’s equations to the problem of a single 1D binary grating. More
complicated structures can be made using a stack of such simple gratings. For the case of 1D
binary grating, one can conclude the following relation from Maxwell equations in P

polarization [28]
M) @

In the above relation M represents a matrix which depends on the permittivity and E, and H,
are the Fourier coefficients of the only nonzero component of the electric field and the
component of the magnetic field along the direction of periodicity respectively. The directions
are shown in Fig. 1. Using eigenvalue decomposition of M, the following propagation
equation is obtained inside the grating region.

5 el -nteyer | £ 5] @

Hx(Zl)

Outside the grating, in the illumination medium and the transmission medium, the field can be
expressed via Rayleigh expansion [13]. Therefore, appropriate boundary conditions can be
obtained with the continuity of the tangential components of the electromagnetic field.

For extension of the method to a stack of binary gratings, a recursive algorithm has to be
used [15,28] or a large but sparse system of equations should be solved [29]. In this paper, we
use the recursive approach described in reference [28].

In S polarization, the method can be implemented quite simply by replacing E, with H,
and H, with E,; however, the convergence of the method is poor especially in the case of
metallic gratings. One major modification that should be implemented to make convergence
faster is applying the Fourier factorization rules [16].

Even after the latter modification, the convergence in S-polarized case is not as good as its
P-polarized counterpart. One can mitigate the problem of convergence by coarser staircase
approximation at the expense of accuracy.

3.2 Calculation of solar cell parameters

In a solar cell, the quantities that give the most accessible information on absorption
enhancement are the total absorption and the external quantum efficiency (EQE). The first one
is determined by 1-R-T where R and T are total reflection and transmission, respectively. The
EQE expresses how many charge carriers are collected with respect to the incident photon
flux in short-circuit condition; it is thus a direct measure of the absorption in the intrinsic
absorber layer (assuming all carriers are collected); power lost due to parasitic absorption in
the metal contact as well as the p-Si and n-Si layers do not contribute to EQE. The EQE can
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Fig. 1. SEM micrograph of the experimental sample. Thickness of layers is as follows. ZnO =
70nm, ITO = 50nm, i-Si = 180nm, p-Si = 15nm and n-Si = 20 nm. Period of the grating is 550
nm and its peak to valley amplitude is 150nm. The plot shows the approximate structure used
in S-polarized simulations. Different colors correspond to different layers; silver, ZnO, n-Si, i-
Si, p-Si and ITO are shown in black, white, yellow, cyan, green and blue respectively.

be approximated by calculating the ratio of the energy absorbed in the intrinsic silicon layer to
the total incident energy.

([ alEfds
EQE =(1-7-n, '—S:ﬁSis-IEIZ S 3)

S=cell

In the latter relation 7, and 7, stand for the diffraction efficiency [13] in reflection and
transmission respectively and &, represents the imaginary part of the permittivity. Note that

this definition represents an upper limit approximation to the EQE; the experimental values
are lower because of recombination losses. The short circuit current density, Jg, is determined
from the EQE by multiplying it with the illumination spectrum and subsequent integration.

4. Validation of the model, observation of guided modes and their angular variation

Most simulations deal with ideal structures like perfect sinusoidal or binary gratings, and they
assume the layers to be perfectly conformal. In practice, there are always deviations from
perfect conformal shapes [30]. In this section, we validate the calculation routine using the
interface structure of the real device as shown in Fig. 1, i.e. taking into account the flattening
of features as they get overgrown with layers of finite thickness. The simulation procedure
starts with the characterization of the cell parameters i.e. the thickness of different layers by
comparing experimental and theoretical results under P-polarized normal illumination. For the
ITO, ZnO, and the silicon layers we use permittivity values that are determined in-house by
spectroscopic ellipsometry, whereas literature data are used for the silver layer [31]. To reach
acceptable agreement between experiment and theory, we adapt the individual layer
thicknesses from the nominal thicknesses of flat reference films that are given in the
experimental part; we use 60, 15, 180, 20, and 70 nm for ITO, p-Si, the intrinsic absorber
layer (i-Si), n-Si and the ZnO buffer layer, respectively. The silver layer of the back reflector
is assumed to be semi-infinite. Furthermore, deviations from full conformality as shown in
Fig. 1 are taken into account in the simulation.

Figure 2 shows the experimental and theoretical values of EQE vs. wavelength for both
polarizations under normal incidence and Fig. 3 exhibits the same result as Fig. 2 for different
angles of incidence. Angular dependence of EQE has been measured/ calculated by changing
the incident angle from —50° to + 50° by steps of 10°. Figure 3 illustrates that the theoretical
values of the angle resolved EQEs reproduce the dominant variation of the experiment. The
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EQE peaks in Fig. 3 and their shift as a function of incident angle can be explained by guided
mode excitation [3,32]. The overall better agreement between theory and experiment in P
polarization is the result of several phenomena. Firstly, the structure is sliced more coarsely in
S polarization to accelerate the simulations. Secondly, despite applying the Fourier
factorization rules, light intensity distribution suffers less from Gibbs phenomenon in P
polarization. As previously noticed in [3] and confirmed here by modeling, the S-polarized
response provides a higher EQE increase in the almost-normal incident angles, but a
significant increase on the P-polarized EQE is observed for highly off-normal incidence. The
latter observation can be interpreted as the difference in the coupling efficiency of different
guided modes [3]. To provide a better feeling of the impact of guided mode excitation
approach, we can compare the experimental and the theoretical values of Js. for the sample
and its counterpart with flat interfaces. Experimental values of Jg, are 11.8 mA/cm?, 12.95
mA/cm? and 10.63 mA/cm? for the P- and S polarizations and for the flat substrate
respectively [3]. The corresponding theoretical values are 11.65 mA/cm?, 13.60 mA/cm? and
10.97 mA/cm? respectively.

The SEM cross section micrograph in Fig. 1 shows that the structure is not symmetric but
exhibits a blaze angle. Therefore, both positive and negative angles have been investigated in
order to compare the experiment with the theory; the experimental EQE curves are
surprisingly symmetric for both polarization directions. In case of the theoretical curves, the P
polarization is rather symmetric while certain deviations are observed in the S-polarized case.

To provide a better understanding of the role of different layers in the EQE curve, we
briefly discuss the impact of changes in individual layer thicknesses. Generally, the blue
response up to the wavelength of 550 nm is dominated by absorption losses in the ITO and in
the p-Si layer. Additionally, increasing (decreasing) the ITO thickness shifts the AR condition
to longer (shorter) wavelengths, similarly to the case of flat interfaces. The response at long
wavelengths is dominated by a Fabry-Perot interference fringe associated with the total silicon
thickness close to 600 nm and signatures of several guided modes. The most prominent
guided mode is observed for perpendicular incidence and P polarization at 690 nm; in S
polarization there are several resonances between 650 and 700nm. The interference fringe as
well as the guided modes is most significantly influenced by the thickness of the silicon
layers. Because of the high refractive index, thicker layers generally move all features towards
longer wavelengths.

Increasing (decreasing) the grating depth generally leaves the positions of guided mode
resonances unchanged, but strengthens (weakens) the light absorption associated with a given
resonance. Likewise, lengthening (shortening) the grating period shifts the resonance to longer
(shorter) wavelengths.

100 = T T T T T i
80 [ _— _

60 — —

EQE (%)

40, ‘ .

= = =Experiment- S polarization
20— ——=Theory- S polarization
= = =Experiment- P polarization
—ITheory-P p(ljlarization

400 500 600 700 800 900
Wavelength(nm)

Fig. 2. Comparison of EQE obtained from experiment and theory in both polarizations under
normal incidence.
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Fig. 3. Angular variations of EQE vs wavelength. The red curves are theoretical results and the
black curves are the experimental ones. (up): P polarization, (bottom): S polarization. The
dashed line shows the angular variation of interference.

Fig. 4. Normalized intensity profile for the experimental sample in P- (left) and S polarization
(right) at 690 nm.
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Figure 4 shows the intensity profile at 690 nm for both polarizations. The peak observed in
the EQE in P polarization at about 690 nm can be interpreted as a result of presence of a
guided mode, i.e. light confinement in the i-Si layer as it is demonstrated by Fig. 4. Also, in S
polarization, EQE is relatively high since a large portion of intensity is localized in i-Si layer.
As Fig. 4 shows, there is quite some intensity in the silver and at the silicon-ITO interface
which leads to EQE drop. Since the field distribution is available all over the structure, one
can evaluate the role of different layers in EQE reduction separately. The calculated values of
EQE drop associated with the profile of Fig. 4 are 0.02%, 3% and 14% due to absorption in
silver, p-Si and ITO respectively. Furthermore, there is a region of high light intensity near the
p-Si layer which might not be as useful as it seems in our simulations because the electronic
properties of the materials are affected near the interface. This can justify, to some extent, the
difference between theory and experiment around 680 nm in Fig. 2 and similar issues in Fig.
3. If field intensity is mainly localized in regions with high charge recombination, i.e. near p-
Si or n-Si layer, optical simulation can serve only as an upper limit for the EQE since
electronic losses are not included in it.

5. Impact of geometry

After justification of the computational method for both polarizations by comparing the theory
with the experimental observations, we apply the model to different back-reflector shapes and
discuss the impact on the absorption enhancement. Four different general shapes of 1D
gratings are discussed in this manuscript which are plotted in Fig. 5. Short circuit current
density serves as a figure of merit for this purpose since it integrates the information about
both cell structure -EQE- and solar spectral irradiance; hence, we discuss the impact of
geometrical parameters on Jg in different back reflector shapes. Note that to simplify the
calculations the simulations are performed under the assumption of normal incidence of light.

SN N/

< > < > < > < >

(a) (b) (© (d)

Fig. 5. Four different types of back-reflector grating; a: sawtooth (experimental sample), b:
perfect sinusoidal, c: perfect sawtooth and d: binary. Only one period of the back-reflector is
shown and the parameters that change are exhibited in each case by arrows.

5.1 Sawtooth and sinusoidal comparison

We consider two geometries; the first one is the sawtooth grating geometry with real
interfaces of the previous section (Fig. 5-a), but scaled in depth and period, the second one is a
perfect sinusoidal back-reflector with conformal layers (Fig. 5-b). The thicknesses of layers
on the sinusoidal grating are assumed to be the same as the respective thicknesses mentioned
in the previous section for the experimental sample.

The grating periods are varied from 300 to 800 nm, the peak to valley depths are changed
from 50 to 250 nm. The short circuit current densities obtained through the RCWA simulation
are depicted in Fig. 6 and Fig. 7 for both polarizations for the sawtooth (experimental sample
with scaled dimensions) and sinusoidal shapes, respectively. Overall, the sawtooth grating
exhibits higher photocurrents in a wider parameter space than the sinusoidal grating, and it
provides a better overlap of high-Js. regions for the two polarizations. Finally, periods
between 400 and 600 nm with depths ranging from 175 to 225 nm are altogether acceptable
from the point of view of manufacturing and solar cell processing.

It is of interest to move towards ideally sawtooth gratings (Fig. 5-c). As it will be
discussed later in more detail in section 5.3 of this contribution, the pure sawtooth grating can
result in higher J;. when it has one side as steep as possible. We have simulated such a
structure with the sawtooth edge positioned in 10% of the period, assuming the same
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thickness of layers as in the previous examples. Figure 8 shows the Js. plot when the period
and the depth of the grating are changing. It is observed that in the P polarization case, J
values are not as high as in the previous cases; however, in the S polarization, J takes
noticeably larger values. Furthermore, the strong overlap of the Ji. between the two
polarizations might be used beneficially to obtain higher Js values.

Short circuit current density depends more on the depth of the grating especially in S
polarization if the grating is perfectly sawtooth -Fig. 8. However, in the case of sinusoidal
grating, Js is also very sensitive to changes in the period of the grating back-reflector -Fig. 7.
The experimental sample represents a compromise between the two aforementioned cases
exhibiting both high current densities and appropriate polarization overlap- Fig. 6. By taking
the average of the results obtained for S- and P polarization we can obtain the cell
performance under unpolarized light as depicted in Fig. 9. It is observed that a cell based on
the sample geometry can potentially produce higher photocurrent over a wide parameter space
with the maximal value of about 13.2 mA/cm? but a cell with sinusoidal geometry produces at
most 13.0 mA/cm? of photocurrent.

14
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80 100 120 140 160 180 200 220 240 80 100 120 140 B0 180 200 220 240
depth fnm) depth fnm)
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period (nrm)
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Fig. 6. Short circuit current density variation vs period and depth of grating for P- (left) and S
polarization (right). The metallic back-reflector is a sawtooth grating with thicknesses of layers

defined in section 4.
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Fig. 7. Short circuit current density variation vs period and depth of grating for P- (left) and S
polarization (right). The metallic back-reflector is a sinusoidal grating with thicknesses of
layers defined in section 4.
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Fig. 8. Short circuit current density variation vs period and depth of grating for P- (left) and S
polarization (right). The metallic back-reflector is a perfectly sawtooth grating with thicknesses
of layers defined in section 4. Sawtooth edge is positioned at 0.1 of the period.
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Fig. 9. Short circuit current density variation vs period and depth of grating under unpolarized
light for experimental sample (left) and sinusoidal grating (right).

5.2 Blue response behavior

Throughout the geometrical variations of the previous sections, we did not find major
improvements in the blue part of the spectrum, despite several reports on an improved
coupling of short wavelength light [1,2,33,34]. In this section, we discuss the fact that the
potential improvement due to index grading and geometrical AR effect for short wavelengths
is overshadowed by the strong absorption in the ITO and in the p-Si.

We distinguish two optical loss mechanisms; there are losses due to reflection
(transmission losses are possible but normally taken care of by a back reflector like the silver
layer in our configuration). The second loss mechanism is by parasitic absorption in
supporting layers that do not contribute to photo-current. Reflection can be greatly reduced by
anti-reflection coatings; for example, our cell configuration uses 60 nm of ITO in order to
reduce reflection at 550 nm by interference. Interface textures can also be used to reduce
reflection because light cannot resolve modulations of the refractive index when their length
scale is below the wavelength. For example, Heine and Morf report a broad-band three level
zero-order grating that reflects less than 0.37% and 0.52% of the total solar energy flux in P-
and S polarization respectively [25]. Also, Haase and Stiebig benefited from pyramidally
structured transparent conductive oxide layers to reduce the reflection [35] and they have
noticed a compromise between the parasitic absorption loss in the AR coating and its
reflectivity in the blue part of the spectrum. Figure 10 compares the AR-properties of our
realistic surface structure when its amplitude is varied between 0 (flat interface) and 150 nm
(experimental condition). For the flat interface, there is an almost perfect AR condition
between ITO and silicon at 500 nm. This interference effect is gradually lost with the

#137962 - $15.00 USD  Received 9 Nov 2010; revised 10 Dec 2010; accepted 10 Dec 2010; published 21 Dec 2010
(C) 2011 OSA 3 January 2011/ Vol. 19, No. 1/ OPTICS EXPRESS 137



introduction of the surface corrugation; at the same time the reflection is clearly reduced
between 350 and 430 nm by the effect of refractive index grading.

Using two representative grating depths of 30 and 150 nm, Fig. 11 illustrates how the AR-
effects translate into the EQE; the 30 nm structure exhibits higher values between 480 and 550
nm because the interference effect of the flat interface structure is still applicable to some
extent. Below 480 nm, a grating depth of 150 nm results in slightly better EQE due to the
effect of refractive index grading. Unfortunately, the AR effect in the blue region turns out to
be moderate compared to losses in the ITO and in the p-Si. Figure 11 shows that an upper
bound for the EQE is defined by a very simple relation that describes only the absorption in
ITO and in the p-Si, without taking into account any reflection effects.

EQEmax (’1) = eXp{_%(kpSid psi T kITOd ITO)}' 4)

—_ =k -k
L= T S

Reflection (%)

S N AR ®

350 400 450 500 550

wavelength (nm)

Fig. 10. Reflected power normalized to the incident power (%) for different grating depths. The
geometry is similar to the experimental sample but scaled in depth.
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Fig. 11. EQE for two different grating back-reflectors mentioned in section 5.2 for both P (left)
and S polarization (right). The absorption in the p-Si alone, and in p-Si and ITO layer is
illustrated between 350 and 600 nm by dashed and solid lines respectively.
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Fig. 12. Short circuit current density variation vs period and depth of grating under unpolarized
light for sawtooth grating with sawtooth edge positioned at 0.1 of the period (left) and for
binary grating with duty cycle of 0.9 (right).

In EQ. (4), dysi and diro are the thicknesses of p-Si layer and ITO layer which are
considered to be 15 and 50 nm, respectively, and ks and kro are extinction coefficients of the
materials at the associated wavelengths.

Figure 11 shows that the absorption losses in ITO are not negligible, but the dominant part
of the losses occurs in the p-Si, particularly towards short wavelengths.

5.3 Other geometries

In the next example, two simpler cases are investigated which include ideal structures to
provide some insight on the impact of the back-reflector shape. The first case includes an
ideal sawtooth grating (Fig. 5-c) and the second one is made on a binary one (Fig. 5-d). The
layers of the cell are assumed to be conformal and with the same thicknesses as the
experimental sample discussed in the section 4. Degrees of freedom in the first case are
period, grating depth and position of sawtooth edge. In the case of the binary shaped back-
reflector, the degrees of freedom are the period, the grating depth and the duty cycle of top of
the cell. From the simulations, we observe that in the case of sawtooth grating, the high-Jg
regions in the two polarizations have a strong overlap. However, the binary shape does not
provide this feature. In the latter case, there is no global trend in P polarization to maximize
the short circuit current density for specific grating parameters, i.e. there is more than one
region of high Js.. Such a splitting of high-Js regions is not observed in S-polarized case.
Clearly defined regions of high current have been reported for unpolarized light on binary
patterns [36,37], but the authors used a structure with a flat back-reflector.

The effect of different parameters on the Js. can be described as follows. In the sawtooth
grating with shorter period and increased depth and asymmetry brings about higher current.
For a binary back-reflector, in P polarization, Js. is more sensitive to change in duty cycle and
period than change in grating depth. On the other hand, in S polarization, the impact of depth
on Jg is quite obvious as expected; increased depth of grating lets the light couple into the
silicon layer more efficiently. Taking the average of P- and S polarization for the two cases of
sawtooth and binary gratings, one can obtain the unpolarized Js. as shown in Fig. 12. Note that
Fig. 12 shows only a cut of the complete results in the optimal duty cycle/ sawtooth edge
position. As observed, the sawtooth grating can show almost the same maximal values of Jg.
over a wider range of geometrical parameters in comparison with the binary grating. Note that
we did not consider periods lower than 500 nm in the case of binary grating; in order to make
a meaningful prediction, this would require a detailed analysis of realistic interface structures
throughout the device.

We can summarize this section as follows. If the layers are almost conformal as it is the
case in real thin amorphous Si solar cells, a sinusoidal shape of metallic back-reflector will
result in the poor overlap of optimal regions in P- and S polarizations. A binary shape suffers
from the absence of a global optimum and additionally a poor overlap of optimal regions in
the two polarizations. The maximum of Js. is higher in S polarization for all of the cases
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studied here. A sawtooth shape with as high slope as possible in one side has both a global
maximum and very good overlap of the two polarizations. Hence, it seems to be the optimal
1D structure assuming conformal coverage. While sawtooth gratings seem quite good at the
first glance, fabrication issues necessarily result in deviations from ideal theoretical designs.
In reality, there will probably be some variation from the Jg. values predicted by theory due to
mismatch between the simulated structures and the fabricated ones and because of the
theoretical approximations. Also, realizing grating depths with high aspect ratios, e.g. gratings
deeper than 250 nm with a period of less than 400 nm, might be problematic in practice.

6. Conclusion

A real thin film solar cell with almost conformal layers grown on a 1D grating back-reflector
is investigated in experiment and theory. Angular variation of EQE is obtained using both
experiment and theory to validate the theoretical approach and to show the role of guided
modes in enhancing the EQE. To show the impact of different parameters on the short circuit
current density, geometrical parameters were changed in the simulations for the experimental
sample and for solar cells based on perfect sinusoidal, sawtooth and binary gratings. Grating
shape and depth yield different anti-reflective properties for short wavelength, however, in
realistic devices, the EQE in that part of the spectrum is found to be dominated by absorption
losses and relatively insensitive to anti-reflection effects. RCWA calculations show that
among the investigated shapes, sawtooth gratings with a very sharp slope in one side are the
optimal 1D gratings for light trapping in near normal incident angles. In practice, however,
some deviation from ideal structures is expected.

Acknowledgement

We thankfully acknowledge Dr. Rudolf Morf and David Gablinger from the PSI Villigen for
discussions and funding by the Swiss National Science Foundation under project humber
200021-125177/1.

#137962 - $15.00 USD  Received 9 Nov 2010; revised 10 Dec 2010; accepted 10 Dec 2010; published 21 Dec 2010
(C)2011 OSA 3 January 2011/ Vol. 19, No. 1/ OPTICS EXPRESS 140





