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Diffractive light trapping in 1.5 ym thick crystal silicon films is studied experimentally through hemi-
spherical reflection measurements and theoretically through rigorous coupled-wave analysis modeling.
The gratings were fabricated by nanoimprinting of dielectric precursor films. The model data, which
match the experimental results well without the use of any fitting parameters, are used to extract
the light trapping efficiency. Diffractive light trapping is studied as a function of incidence angle,
and an enhancement of light absorption is found for incidence angles up to 50° for both TE and TM

polarizations. © 2011 Optical Society of America

OCIS codes:  050.0050, 310.6845.

1. Introduction

Thin crystal silicon (c-Si) solar cells, with a silicon
thickness range of 2—20 ym, hold the promise to com-
bine the high conversion efficiencies of silicon wafer
technology with the scalability and cost effectiveness
of thin-film technologies. Poor absorption of near-
bandgap light in ¢-Si, however, is a central issue to
be solved with this emerging technology [1-6]. Dif-
fractive grating couplers at both the front [7-11]
cells have been proposed and tested to assess their
light-trapping potential for poorly absorbed wave-
length ranges in the red and near-IR parts of the
solar spectrum. It is evident that, at certain wave-
lengths, grating couplers can greatly outperform
the more commonly used random scatterers because
100% of the light can be trapped through wave-
guiding [12]. However, the relatively broad solar
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spectrum, the varying angle of incidence in a non-
tracking solar cell, and the largely unpolarized
nature of sunlight contribute to losses that may ren-
der diffractive light trapping less effective. Hence,
the question whether diffractive couplers can, in a
practical realization, outperform random, so-called
Lambertian scatterers is yet to be answered.

We recently published a nanoimprint method
for dielectric materials [19] and measured its light-
trapping performance on 25 um thick silicon wafers
[5]. We believe this nanoimprint technique addresses
the cost-effective fabrication of grating structures
with well-defined, subwavelength features covering
the whole solar cell area. Moreover, our technique
does not require etching a grating into the cell itself,
and it can be applied as a final step before encapsu-
lation of finished cells. Thus, the method is easy to
implement and does not degrade cell performance.
In this paper, we present our first results for diffrac-
tive light trapping in far thinner c¢-Si film devices in
both glass “superstrate” and “substrate” configura-
tions. Light trapping is analyzed by combining



measurement and theory. We performed hemispheri-
cal reflection measurements and then modeled both
the hemispherical reflection and the light absorption
in the silicon layer with the rigorous coupled-wave
analysis (RCWA) method. The light absorption in
the silicon, extracted from the reflection model, en-
ables the calculation of the expected short-circuit
current increase due to light trapping. We further
studied, both experimentally and through RCWA
modeling, the effect of the incidence angle on diffrac-
tive light trapping in a superstrate film stack, for
both TE and TM polarizations. Although the angular
dependence of diffractive light trapping has been
addressed in the literature [18], we believe that
our contribution is the first experimental and theo-
retical proof that grating back reflectors provide en-
hancements of short-circuit current vis-a-vis flat
back reflectors at incidence angles greater than 0°.
Using simulations, we highlight the role of diffrac-
tion efficiencies on light trapping. Finally, we show
experimental results for two different gratings in
substrate configuration.

2. Experimental and Modeling Details

Hydrogenated amorphous Si films were deposited on
Corning Eagle glass substrates by plasma-enhanced
chemical vapor deposition (PECVD). The films were
then oven-crystallized in two steps in a nitrogen en-
vironment. An initial 1h anneal at 450 °C effused
most hydrogen from the film, and a 15h anneal at
650 °C crystallized the Si to grains about 1um in
diameter. The temperature was ramped at 5 °C/ min
[20]. For the superstrate samples, we applied a
dielectric diffraction grating and silver reflector film
directly to the Si film and admitted light from the
glass side [Fig. 1(a)l. For the substrate samples,
we applied a 122 nm thick PECVD silicon nitride film
as a quarter-wavelength antireflection coating after
Si crystallization. For these samples, we applied the
diffraction grating and silver reflector film to the
glass side and light was incident from the silicon-
nitride side. Both ¢-Si and nitride thickness were
measured by reflectance and transmission with an
n&k 1700RT analyzer.

The transparent, dielectric grating films were fab-
ricated by spin coating aluminum oxide phosphate
precursor and subsequent thermal nanoimprinting
using ethylene tetrafluoroethylene molds, as de-
scribed previously [5,19], except for the following
changes: the precursor concentration was reduced
by a factor of 2, the imprint temperature was in-
creased to 180°C, and the postimprint annealing
temperature was increased to 500 °C. These changes
enabled the fabrication of thinner films with a more
homogeneous thickness. The higher annealing tem-
perature provided an almost complete elimination
of water and acid from the dielectric film, and
100 nm thick silver reflector films were deposited
onto the gratings by electron-beam evaporation
using a planetary substrate holder.

@ rEQr*™
light in
1mm glass

B 1 <sum c-si
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Fig. 1. (Color online) (a) Schematic of crystal-Si film on glass
superstrate, with imprinted dielectric grating and silver reflector.
The directions of the electric field vector for TE and TM polarized
light are indicated. (b) SEM micrograph of 600 nm imprinted di-
electric grating on Si wafer substrate, without metal reflector,
top view. The grating has a period of 600 nm and a grating height
and average width of both 225 + 5 nm; the residual layer, defined
as the continuous layer between the grating valley and the
substrate/dielectric interface, is 30 &= 2nm thick. (¢) As (b), 88°
side view.

Imprint topography was imaged with scanning
electron microscopy (SEM) using an FEI Sirion
microscope with 5kV acceleration voltage and
through-lens detector. To avoid sample charging pro-
blems, dielectric gratings identical to the ones used
for the film devices were fabricated on Si wafers in-
stead of Si film/glass stacks and AuPd alloy films
5nm thick were sputter coated onto the imprinted
and annealed dielectric layers prior to SEM imaging.

Hemispherical reflection measurements were per-
formed in TE and TM polarizations using a Varian
Cary 6000i UV/Vis/NIR spectrometer with integrat-
ing sphere (DRA-1800). The light was linearly polar-
ized, with the E-vector (H-vector) parallel to the
grating lines for TE (TM) polarization. The grating
samples were always oriented such that the grating
lines were perpendicular to the plane of incidence in
order to obtain unmixed TE and TM polarizations
(the plane of incidence is defined by incident beam
and surface normal directions) [5]. In addition, the
incidence angle for illumination was varied using a
clip-style variable-angle center-mount holder.

Electromagnetic modeling was performed for the
technologically more relevant superstrate sample
geometry with the RCWA method for square grating
reflectors using the DiffractMod software package
(RSoft Design Group, Inc., Ossining, New York).
We present and discuss the following model outputs:
the total reflection, which can be directly compared
to the experimental hemispherical reflection; the
light absorbed in the Si layer, which is obtained using
the RSoft Monitor function; and the diffraction effi-
ciencies for a particular grating. TE or TM polarized
light at varying incidence angles with respect to
the surface normal were studied separately. The
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experimental n and k values were used for the na-
noimprinted dielectric film material, aluminum
oxide phosphate [5,21]. The n and & values for c-Si
from the compilation by Aspnes were used [22]. For
the analysis of diffraction efficiencies, the incident
light wave was launched inside the Si layer, and
the Si optical constants were replaced by those of
a nonabsorbing dielectric with n = 3.5. Glass was
modeled with wavelength-independent n = 1.5 and
k = 0. Silver was modeled with the optical constants
provided by RSoft.

3. Results and Discussion

Figure 1 shows the schematic of the investigated
stack in superstrate configuration, along with SEM
micrographs of a 600 nm period imprinted dielectric
grating on c-Si. The defect-free grating has an area
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Fig. 2. (Color online) (a) Experimental hemispherical reflection
data for a 1.45 ¢-Si film on glass superstrate, with grating and flat
reference reflector, TE and TM polarizations, 8° incidence angle
(averaged data). Inset: raw data for grating (black curve) and flat
(blue curve) reflector, TE polarization only. (b) Simulated data
using RCWA method, for grating and flat reflectors, 8° incidence
angle (averaged data). Inset: raw data for grating (black curve)
and flat (blue curve) reflector, TE polarization only. (c) Comparison
of experimental and simulated data for gratings, TE and TM
polarizations.
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of 64mm?. Figure 2(a) shows the experimental

reflection data for the 1.45 ym thick c-Si superstrate
stack. The interference fringes are smoothed using a
+50nm window moving average, which preserves
the area under the curves [3]. The averaging of both
experimental and model curves enables a better vi-
sual comparison. The overall increase in reflection
above 550 nm wavelength observed in all curves is
due to increased transmission of light through the
Si and subsequent reflection off the respective back
reflectors. The transmission through the 100nm Ag
back reflector is negligible, meaning the total absorp-
tion A(1) in the stack can be calculated from the
hemispherical reflection R(1) as A(1) =1-R(4).
The redshifted onset of reflection for the grating re-
flector indicates increased total light absorption in
the stack [5,23]. We note that, for TM polarization,
the shift of the reflection slope is only observed above
750 nm.

The total light absorption in the stack is the sum of
absorption in the Si A (1) and parasitic absorption
A, (2) in the back reflector. A;(4) cannot be obtained
in a direct way from the optical measurements, so we
extract it instead through electromagnetic modeling
using the RCWA model. In Fig. 2(b), we plot the mod-
el curves for R(1) for the same stack, which show very
good overall agreement with the experimental data
[as shown in direct comparison for the grating curves
in Fig. 2(c)]. The model contains no free fitting para-
meters, and the experimental geometric grating
parameters noted in the caption of Fig. 1 were used.
A, () is extracted from this model and plotted for the
flat and grating reflectors in Fig. 3(a). Increased ab-
sorption with respect to the flat reference reflector is
observed for both grating curves. It is important to
note that the peak absorption at 70% is so low be-
cause we have no antireflection coating between
the glass and Si, nor on the glass front. In a practical
solar cell design with appropriate antireflection
coating(s), nearly 100% absorption can be easily
achieved, at least in the 400—450 nm range. However,
the focus of the present work is rather the relative
improvement that can be achieved through diffrac-
tive light trapping. To obtain the effect of light trap-
ping on the short-circuit current JJ, (mA/cm?) under
solar illumination, A,(1) must be weighed with the
solar spectrum, which is computed from the following
integral:

1100 nm
Je=e [T A 0@, 1)
350 nm
where the solar photon flux @(1) (photons/
nmcm? sec) is derived from the AM 1.5 reference
spectrum [24], and e is the elementary charge. The
internal quantum efficiency is arbitrarily set to 1
(this factor does not influence the relative improve-
ments due to light trapping that are object of this in-
vestigation). Figure 3(b) shows both the AM 1.5 solar
photon flux curve ®(1), along with the integral (gray
area) for the grating reflector and TE polarization.
From the absorption curves in Fig. 3(a), we obtain
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Fig. 3. (Color online) (a) Light absorption in the Si layer for grat-
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Js = 17.22 and 15.74 mA /cm? for the grating reflec-
tor for TE and TM, respectively, and J,, = 15.15 and
15.21 mA/cm? for the flat reflector for TE and TM,
respectively. Thus, the relative improvement in cur-
rent density due to the grating is 13.6% and 3.5% for
the TE and TM cases, respectively, and the increase
for average polarization is 8.5%. As noted previously,
the overall low values for J originate in the lack of
antireflection coating(s), which would be included in
a practical solar cell design. Poor performance for TM
polarization is likely exaggerated by the model,
which predicts higher reflection (and, therefore, low-
er total absorption) than the experiment in the
wavelength range 700-900 nm [Fig. 2(c)]. In the fol-
lowing paragraphs, we discuss the origin of the lower
degree of light trapping in TM in the context of first-
order diffraction efficiencies.

We next discuss the influence of the incidence an-
gle on diffractive light trapping. Figure 4 shows the
experimental and simulated reflection curves for the
stack for four different incidence angles in TE polar-
ization. The general trend observed is that the red-
shift of the grating curves diminishes with increasing
incidence angle. Only the wavelength ranges around
800 nm for 40° and around 900 nm for 50° incidence
angle are exceptions to this observation. At these
wavelengths, the model also shows higher reflec-
tance values for the grating curves, which may result
in an underestimation of the actual degree of light
trapping in the experiment. At this point, we empha-
size again that absorption losses in the grating
reflector (both intrinsic and plasmonic) contribute
to the total measured reflection and that no direct
conclusion on nonparasitic light absorption in the
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(Color online) Experimental (solid curves) and simulated (dashed curves) hemispherical reflection data for the film in Fig. 2 for

different incidence angles, to surface normal (averaged data, TE polarization only): (a) 20°, (b) 30°, (c) 40°, (d) 50°.
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silicon can be drawn from the experiment. We extract
the Si absorption from the simulated curves, as de-
scribed earlier, and calculate the expected increase
in Jg due to diffractive light trapping. Figure 5
shows the results in terms of relative improvement
in short-circuit current density for different inci-
dence angles, for TE and TM polarizations, and the
average of these. Although the improvement for aver-
age polarization decreases from 8.5% (8° incidence
angle) to 3.4% (50° incidence angle), diffractive light
trapping is observed in the entire angular range we
investigated. We believe that this is the first quanti-
tative evaluation of diffractive light trapping at vary-
ing incidence angles, although indirect evidence for
light trapping non-normal incidence was recently
published by the Neuchatel group [18].

Light trapping in the stack is low compared to the
ideal Lambertian light trapping limit [23,25]. While
our grating obtained an 8.5% relative enhancement
in solar photon absorption (and short-circuit current)
compared to the flat reflector, a Lambertian reflector
would lead to a 66% improvement. The latter value is
calculated with a (noncoherent) ray-tracing model
from our earlier work [5], which is based on the
model by Deckman et al. [25], assuming a back reflec-
tor with 95% wavelength-independent reflectivity
and Fresnel transmission through the glass/Si inter-
face. The physical reason for our low light trapping
efficiencies is likely the relatively weak diffraction
of light at the particular grating reflector studied
here. The simulated diffraction efficiencies in Fig. 6
show that only 15% to 18% of light is diffracted into
nonzero orders in the wavelength range above
700nm for TE polarization. For TM, the diffracted
intensity is approximately zero at 800nm and in-
creases to about 70% with increasing wavelength.
Dedicated reflection gratings in air, as used for spec-
troscopy, routinely achieve diffraction efficiencies of
nearly 100% for certain wavelength ranges. In our
case, the grating is clad with dielectric, and the Si
layer is sufficiently close to the metal reflector to in-
fluence the diffraction intensities. Future work will
focus on the role of both the dielectric environment
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Fig. 5. (Color online) Improvement factors for the simulated
short-circuit current density due to the grating reflector versus flat
reflector for a 1.45 ym Si film device. TE and TM polarizations and
the polarization-averaged improvement factors are shown (lines
are a guide for the eye).
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Fig. 6. (Color online) Simulated diffraction efficiencies for grating
reflector: (a) TE polarization and (b) TM polarization (RCWA).
First- and second-order diffraction efficiencies contain both +1st
and +2nd orders. The third order is too weak to be displayed
on this scale. The sum of all total diffraction efficiencies (curve
marked “total”) is identical to the reflectivity of the interface.
The light wave is launched inside the Si layer, with an incidence
angle of 0°.

and the potential for grating optimization, both
through experiment and simulations.

We note that the degree of light trapping, as seen
in the redshift of reflection (Fig. 2), closely follows the
first-order diffraction efficiency for both TE and TM
as simulated in Fig. 6. The redshift for TE light is
seen above 600 nm and a larger shift is seen above
800 nm for the TM case. This clearly demonstrates
that the goal of grating design must be to diffract
a maximum fraction of incident light intensity into
the diffracted orders that can be absorbed in the film.

Up to this point we have discussed light trapping
in the superstrate geometry, in which incident light
first passes through a transparent glass plate. We
finally present in Fig. 7 experimental data for two
c-Si films with different dielectric grating reflectors
in substrate geometry, in which the gratings are im-
printed on the backsides of the glass substrates as
schematically shown in the inset. These substrate
films are measured with light incident on the sili-
con-nitride antireflection coating. We do not analyze
these substrate results with the RCWA method as we
did for the technologically more important super-
strate data above, but we rather present these
results to highlight the similarity of diffractive light
trapping in different sample geometries. The 606 nm
period grating in Fig. 7(a) shows light trapping
comparable to the superstrate grating of the approxi-
mately same period discussed above [Fig. 2(a)l,
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Fig. 7. (Color online) Experimental hemispherical reflection data
for 1.50 + 0.05 um c-Si films in substrate geometry, with grating
and flat reference reflectors, TE and TM polarizations, 8° incidence
angle. (a) 606 nm grating period, (b) 833 nm grating period. Inset:
schematic of the substrate stack configuration.

except that the TM case shows lower reflection at
smaller wavelengths, especially in the 600 to
800 nm range. The reflection data for the 833 nm per-
iod grating in Fig. 7(b) follow a similar trend as the
grating in Fig. 7(a), with the exception that light
trapping is only apparent at wavelengths above ap-
proximately 710 nm, for both TE and TM polariza-
tions. This wavelength limit is very close to the
theoretical lower wavelength threshold for light
trapping of 717 nm, which is a function of the grating
period D and incidence angle 0;, according to A,;, =
D(1 -sin6;) [5]. This result shows the importance of
the appropriate choice of the grating period as one of
the main design criteria for diffractive light trapping,
as discussed earlier [5]. For the Si film thickness
investigated here, a 600 nm period grating provides
improved light trapping.

4. Summary and Conclusions

Light trapping in approximately 1.5um thick c-Si
films through diffractive back reflectors, fabricated
by nanoimprinting of a dielectric precursor layer,
was studied experimentally and theoretically
through RCWA simulations. We compared the simu-
lated and experimental hemispherical reflection of
grating and flat back reflectors and the extracted
wavelength-dependent optical absorption in the Si
layer. The polarization-averaged improvement in
solar photon absorption, and short-circuit current,
through the grating reflector is 8.5%. The degree
of improvement decreases with increasing incidence
angle, although light trapping is observed in TE and

TM polarization for incidence angles up to 50° to the
surface normal. Through RCWA modeling one can
attribute this comparatively low degree of light trap-
ping to the low overall diffraction efficiency of the
particular grating structure investigated. Future
work will focus on the effect of the dielectric grating
cladding on the diffraction efficiencies, and on the
potential for improvement of diffraction efficiency
through modification of grating parameters and of
the type and thickness of the dielectric cladding.
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