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Improving metal reflectors by suppressing surface
plasmon polaritons: a priori calculation of the internal
reflectance of a solar cell

Zachary C Holman, Stefaan De Wolf and Christophe Ballif

Imperfect internal reflectance of near-bandgap light reduces the performance of all solar cells, and becomes increasingly detrimental
as absorbers become thinner. We consider light incident on the silicon/dielectric/metal structure at the back of rear-passivated
crystalline silicon solar cells with surface textures that are large enough for geometric optics. By calculating the absorbance in the
metal as a function of the angle of incidence, we discover three results that are important for understanding and improving rear
reflectors in many types of solar cells. First, significant parasitic absorption occurs in the metal layer in two cases: s- and
p-polarized propagating modes (near-normal angles of incidence) when the dielectric thickness is adjusted to cause destructive
interference of the reflected beams, and p-polarized evanescent modes (angles of incidence above the semiconductor/dielectric
critical angle) that excite surface plasmon polaritons at the metal surface. Second, the latter loss dominates; a well-designed rear
dielectric passivation layer must suppress the penetration of evanescent waves to the metal. Third, when used as an input in a simple
analytical model, the average rear internal reflectance calculated by assuming a Lambertian angular distribution of light accurately

predicts the total reflectance and absorbance of a solar cell.
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INTRODUCTION

The current trend towards higher silicon solar cell efficiencies has
brought rear-passivated designs—including PERC (passivated emitter
and rear cell)," interdigitated back contact® and heterojunction’ struc-
tures—to the forefront of both research and production. While the
impetus for rear passivation is a reduction in surface recombination
and a corresponding gain in open-circuit voltage (V,.), the dielectric
passivation layer (or transparent conductive oxide layer in silicon
heterojunction cells) can be made to simultaneously serve an optical
role, thus increasing short-circuit current density (J,) too. Several
authors have observed that even high-conductivity metals like silver
are poor reflectors on textured silicon solar cells, and that a dielectric
buffer layer increases the rear internal reflectance of infrared (IR)
light."* In thin-film silicon solar cells that employ nanoscale textures
and metallic rear reflectors, transparent conductive oxide (TCO) rear
buffer layers suppress localized surface plasmons that are excited in the
metal by the rough surfaces.” *° For alkaline-textured monocrystalline
wafers with micrometer-sized pyramids, however, a different loss
mechanism must be responsible for parasitic absorption in the metal.
In optical simulations of planar Si/SiO,/Al structures, Campbell
observed diminished internal reflectance both above and below the
Si/Si0, critical angle for thin SiO, layers, revealing that evanescent as
well as propagating modes may be absorbed in the metal.»® In a recent

investigation of the TCO layers in amorphous silicon/crystalline sil-
icon heterojunction solar cells, we confirmed this finding with both
simulations and experiments, and demonstrated that J,. may be
increased by 0.5 mA cm ™ * with rear TCO layers that minimize the
penetration of evanescent waves to the metallic reflector.’* In this
paper, we expose the physics of parasitic absorption in the metal of
rear-passivated solar cells by calculating the electric field intensities in
semiconductor/dielectric/metal structures. We then develop a simple
formalism for predicting the rear internal reflectance and total IR
reflectance of a solar cell given specific dielectric and metal layers,
thereby facilitating the optimization of these layers. While only Si/
SiN,/Ag is considered here, the results apply equally well to other
material systems, including, e.g., III-V solar cells, for which high
internal reflectance of near-bandgap photons translates into a V,, as
well as a J. gain because of photon recycling.'?

MATERIALS AND METHODS

For a rear-passivated solar cell with a planar rear surface or micro-
meter-scale features, IR light arriving at the back of the cell sees the
locally planar semiconductor/dielectric/metal structure depicted in
Figure 1. The coordinate system is arranged such that light polarized
perpendicular to the plane of incidence (s-polarized or transverse
electric) has its electric field only in the y-direction, whereas light
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Figure 1 Schematic of the simulated Si/SiN,/Ag structure representing the rear
of a solar cell. Rays arriving within (left) and outside (right) the Si/SiN, critical
angle are shown, and the fields for both s-polarization (Es, Bs) and p-polarization
(Ep, By) are indicated to help clarify the coordinate system.

polarized parallel to the plane (p-polarized or transverse magnetic) has
components in both the x- and z-directions. The electric field intens-
ities throughout the structure are defined as

E(z)= B (1a)
| Eop|

zZ)= ‘Ey(z)‘z 1b

B9=25 (1b)

E ()= £ (10)
| Eop|

where Ej(z) is the electric field in the jth direction as a function of
position z and Ey, and Ey, are the incident s- and p-polarized fields.
We calculated the field intensities with the explicit formulas given by
Ohta and Ishida—which were derived with the transfer matrix
method—as well as the Fresnel transmission and reflection coefficients.'?
The thickness ¢ of the dielectric layer was varied—this is the parameter
that is easiest to change in a solar cell—and the influence of the angle of
incidence 0 was studied. All calculations were performed in Mathematica.
For silicon wafer-based solar cells, photons with wavelengths of
900-1150 nm are above the bandgap yet sufficiently weakly absorbed
that they reach the rear side of the cell at least once, making them
susceptible to parasitic absorption in the metal reflector. A wavelength
of 1200 nm was chosen for all calculations because it is representative of
the wavelength range of interest, but is just below the bandgap, and thus
is not absorbed in the silicon itself. The semiconductor, dielectric and
metal refractive indices were assumed to be 1,=3.52, n,=1.9 and
1,=0.3+8.2i, respectively; these correspond to the values for Si, SiN,
and Ag at 1200 nm."*"> Although many PERC-like cells have aluminum
reflectors, silver was chosen to demonstrate how lossy even ‘good” metals
can be. Changing the wavelength or refractive indices alters the values of
the quantities calculated in this paper, but not the underlying physics.
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From the angle-dependent reflection loss per internal reflection at
the rear reflector, we calculated the average rear internal reflectance r,
by integrating over a Lambertian angular distribution function. SiN,/
Si/SiN,/Ag solar-cell-like structures were fabricated with select rear
SiN, thicknesses, and their total reflectance spectra measured. We then
simulated the same spectra using as input the calculated r, values for
the measured SiN, thicknesses, and compared the measured and cal-
culated spectra to evaluate our model for r,. Though s- and p-polarized
light are treated separately throughout much of the paper, we used
unpolarized light when simulations were compared to experiments.

To fabricate the SiN,/Si/SiN,/Ag structures, silicon wafers (float
zone, (100), n-type, 3 Q cm, 280 pm) were textured in an alkaline bath
to create random pyramids with feature sizes of approximately 5 pm
on both surfaces. Subsequently, SiN, layers were deposited on the
front and rear of each wafer by plasma-enhanced chemical vapor
deposition, and a silver layer was deposited on the rear by direct-
current sputtering. The front SiN, layer was 70 nm thick, the rear
SiN,, thickness varied, and the Ag layer was approximately 300 nm
thick. A flat glass sample witnessed each deposition; the thicknesses of
the layers were measured with profilometry on these witnesses and the
results were divided by 1.7 to obtain the layer thicknesses on the
textured silicon surfaces. This factor reflects the fact that the same flux
of atoms must coat a larger surface on the textured wafers, and it was
verified by comparing the interference extrema of codeposited layers
on polished and textured wafers. Spectroscopic ellipsometry of SiN,
layers on the witness substrates revealed that #n,=1.9 at 1200 nm, the
value used in calculations. The total reflectance spectra of these struc-
tures were measured with a dual-beam spectrophotometer equipped
with an integrating sphere using unpolarized light.

The reflectance spectra of the same structures were simulated with a
Lambertian analytical model proposed by Boccard et al. that extends
the formalism introduced by Deckman et al.'®'” In this model, the
wafer is treated as a planar semiconductor slab with front internal
reflectance 7y and rear internal reflectance .. The model also allows
for a different front internal reflectance ry the first time IR light
returns to the front surface after one round trip through the cell. This
parameter, the only one in the model that was fit, takes into account
the fact that the angular distribution function may be narrower than
Lambertian during the first few passes, causing more light to escape
from the front of the cell. In the model, light travels a distance of twice
the wafer thickness between reflection events, corresponding to the
average path for a Lambertian distribution. As this beam of ‘average
rays’ bounces back and forth in the wafer, losing intensity at each
surface, the escaping rays are summed and added to the primary front
reflectance to yield the total reflectance.

RESULTS AND DISCUSSION

Maps of the calculated field intensities at the rear of a silicon solar cell
are plotted in Figure 2 as a function of 0 and z for SiN, thicknesses of
20, 200 and 1000 nm. F,(z) and F,(z) are continuous at the interfaces,
as required by the boundary conditions, but F,(z) is discontinuous
across changes in dielectric function. Standing waves are present in the
silicon, as well as in the thickest SiN, layer for <6, where 0. is the Si/
SiNy critical angle denoted by the vertical dashed lines. For 6>6,, the
field becomes evanescent and decays exponentially into the SiN,. The
characteristic penetration depth of the evanescent wave is'®

dy(0)= é (2)

2mngy/sin® 0— (ny /ny)*
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Figure 2 y-, x- and z-components of the field intensity of 1200 nm light in Si/SiN /Ag structures with SiN, layers 20 nm (top row), 200 nm (middle row) and 1000 nm
(bottom row) thick. Note that F(2) is in the left column because the p-polarized field intensity is the sum of F(2) and FA2), and itis therefore visually preferable to have
them adjacent. The field intensities in the silver layer are multiplied by 20 for clarity. The vertical dashed lines denote the Si/SiN, critical angle and the dotted lines
indicate the characteristic decay length of the evanescent wave given by Equation (2).

with A the wavelength in air. Equation (2) is plotted as a dotted line in
Figure 2. The z-component of the field is very strong in thin SiN,, layers
(more than 30X enhancement; top-right map) for a wide range of
angles, and is concentrated near the critical angle for thicker layers.
Consequently, if the dielectric layer is thin and has non-zero extinc-
tion, it will strongly absorb p-polarized light at high angles of incid-
ence. We observed this in the rear TCO in silicon heterojunction solar
cells;'! it is also the principle behind metal overlayer-attenuated total
reflection, an IR spectroscopic technique to enhance the absorption of

doi:10.1038/Isa.2013.62

ultrathin layers under investigation.'®*® Most interesting for this
study, F,(z) is near-zero at the metal surface; instead, F,(z), and to a
lesser extent F,(z), is resonant with the metal.

The field intensities at the silver surface are summarized in Figure 3
for s-polarized (F,(z)) and p-polarized (F,(z)+ F,(2)) light for several
SiN, thicknesses. As is also apparent from the top row of Figure 2, the
field intensity at the metal surface is relatively strong for p-polarized
light incident on thin dielectric layers with a wide range of angles of
incidence above the critical angle. This is the signature of surface

w
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Figure 3 Field intensities of 1200 nm s- and p-polarized light at the silver surface
for varying SiN, thicknesses. The curves are offset vertically for clarity. The ver-
tical dashed line denotes the Si/SiN critical angle.

plasmon polaritons: spatially extended oscillations of charge at the
metal surface. Although plasmons cannot be excited by propagating
modes on planar surfaces, Otto demonstrated that they can be excited
across a low-refractive-index layer by evanescent modes of p-polarized
light.*! The rear structure of rear-passivated solar cells may thus be
recognized as unintentionally having the so-called Otto configuration.
Figure 3 shows that the plasmon resonance shifts to smaller angles with
increasing SiN, thickness and settles just above the critical angle. This
is because plasmons are excited only for 0.<0<0,, where 0,4, is
defined by d,(0,4,)=t for larger angles, the evanescent wave decays
too quickly to see the metal layer (see Figure 2, bottom row). There are
also strong fields just below 0, for p-polarized light and some SiNy
thicknesses (e.g., 200 nm). This light reaches the silver at grazing angles
near the pseudo-Brewster angle, for which p- but not s-polarized light
is coupled to the metal. For 0<<20°, the field at the metal surface is
similar for s- and p-polarized light, and may be large at specific angles
when the dielectric layer is several hundreds of nanometers thick. By
studying the standing waves in Figure 2, it becomes clear that these
fields are caused by the destructive interference of reflected propagat-
ing modes; the dielectric layer is behaving as an antireflection coating,
increasing the intensity of the standing waves within the dielectric and
coupling light to the silver reflector.

The absorbance dA in a layer of refractive index n and infinitesimal
thickness dz is proportional to the product of the field intensity and
the layer’s absorption coefficient o'

P aF(z)dz (3)

g cos 0

The parasitic absorbance in the silver reflector may thus be calcu-
lated by integrating Equation (3) over the layer thickness (a few tens of
nanometers is sufficient for metals). Alternatively, the absorbance may
be calculated using the Fresnel transmission and reflection coeffi-
cients.'” This approach is faster and gives the same result, but does
not provide the physical insight that comes with plotting the field
intensities.

The silver absorbance for a single rear internal reflection is displayed
as a map in Figure 4. As anticipated by Equation (3), the absorbance
tracks the field intensities displayed in Figure 3: p-polarized light is
strongly absorbed for 0>0,. (due to plasmon excitation) and the absor-
bance peak narrows and shifts towards the critical angle with increas-
ing SiN,, thickness, whereas the absorbance of s- and p-polarized light
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Figure 4 Absorbance of 1200 nm s- and p-polarized light in the silver layer per
internal reflection at the rear surface for SiN, layers of varying thickness. The
vertical dashed lines denote the Si/SiN, critical angle and the dotted line indicates
the characteristic decay length of the evanescent wave given by Equation (2). The
dash-dotted lines indicate the solutions to Equation (5), which correspond to
destructive interference conditions.

is similar for 0<<0. and is attributable to interference. The role of
interference may be confirmed by considering that the primary and
secondary reflected beams are out of phase when

(m—i—w)ﬂ,:mtcos {sinfl(@sinO)} (4)
2n m

where ¢, and ¢, are the phase shifts in radians at the first and second
interfaces, respectively, m is an integer and the right-hand side
expresses the optical path difference of the two beams. Given that
»1=0 and @,=n for our Si/SiN,/Ag structure, destructive interfer-
ence—and consequently increased silver absorbance—occurs for
SiN, thicknesses of

1(0)= (m;—TII)A {cos [Sinfl <Z—T sin 9)} }71 (5)

The solutions to Equation (5) are plotted in Figure 4 as dash-dotted
lines, and they align with the calculated absorbance maxima for prop-
agating modes. As in Figure 2, the evanescent wave penetration depth
given by Equation (2) is plotted as a dotted line for p-polarized light.
The absorbance in the silver reflector is approximately bounded by
d,(0) because, as stated previously, the evanescent wave does not
penetrate to the metal for 0 that satisfy d,(0)<t, Note that Figure 4
could in principle be reproduced experimentally by illuminating sil-
icon hemispheres coated on their flat sides with SiN,/Ag layer stacks
with an IR laser and varying the angle of incidence (surface-plasmon
spectroscopy).

doi:10.1038/Isa.2013.62
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Figure 5 Average rear internal reflectance of 1200 nm light assuming a
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What does this mean for solar cells? A textured solar cell may be
modeled as a planar device with surfaces that scatter light into the same
distribution of angles that the texture does on average. In the simplest
approximation, the surfaces scatter light randomly, generating a
Lambertian angular distribution function (ADF):

ADE(0) = %cos 0 (6)

In real silicon wafer-based solar cells with random pyramids, light
becomes near-Lambertian only after a few scattering events;** never-
theless, we will see that this oft-employed assumption suffices for our
purposes. Integrating the absorbance in Figure 4, weighted by the
angular distribution function, over 6 yields 1—r,, where, as before,
1, is the average rear internal reflectance (per interaction with the rear
surface). r, is plotted in Figure 5 as a function of SiN, thickness. The
most dramatic feature is the severe drop in internal reflectance for
t<<100 nm because of plasmonic absorption. Although Figure 4 indi-
cates strong absorption of p-polarized light near the critical angle for
layers several hundreds of nanometers thick, the effect on the average
internal reflectance is small because the absorption occurs only for a
narrow range of angles. The best dielectric layer is thick enough to
minimize the penetration of p-polarized evanescent fields to the metal
reflector (approximately 200 nm for this materials system); thicker
layers result in little gain and are technologically impractical.
Figure 5 also shows that when rear SiN,, passivation layers are designed
for optical performance, internal reflectances of 98.5% are achievable
(noting that sunlight is unpolarized), minimizing IR parasitic absorp-
tion and boosting J;.

Common solar cell analysis programs such as PC1D** calculate the
total reflectance R and external quantum efficiency (EQE) of a solar
cell using r, as an input. In many cases, users have no a priori know-
ledge of internal reflectance, and they thus estimate it using a guess-
and-check approach until a calculated spectrum matches a measured
spectrum. The internal reflectance shown in Figure 5, which was
derived using only refractive indices, may be used directly in optical
models.

To test the accuracy of this approach, we simulated the total reflec-
tance spectra of SiN,/Si/SiN,/Ag solar cell-like structures and com-
pared the results to measurements. These structures represent solar
cells in which the emitter and back-surface field (possible sources of
free-carrier absorption) have been omitted, so that parasitic absorp-
tion at 1200 nm occurs only in the silver reflector (note that, with a
doping density of 1.5X10" cm™?, the wafer itself has a free-carrier

doi:10.1038/Isa.2013.62
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Figure 6 Measured (symbols) and simulated (dashed lines) total reflectance of
an alkaline-textured silicon wafer with a 70-nm-thick front SiN layer, a variable-
thickness rear SiN, layer and a silver rear reflector.

absorption coefficient of 2X107> cm ™" at 1200 nm and absorbs only
0.01% of light per pass**). The measured spectra are shown with
symbols in Figure 6. The sub-bandgap reflectance (i.e., R at
1200 nm) increases with SiN, thickness for thicknesses up to
167 nm, indicating diminishing parasitic absorption in the silver layer.
This is expected from the above simulations identifying plasmonic
excitation. The reflectance spectra of structures with thicker SiN,
layers nearly overlap that of the 167 nm sample (not shown). The
simulated spectra are plotted as dashed lines in Figure 6. The spectra
were generated with the analytical Lambertian model developed by
Boccard et al.'® using the r,values from Figure 5 that correspond to the
measured rear SiN, thicknesses (93.6, 96.1, 97.3 and 98.5% for layers
16, 38, 66, and 167 nm thick, respectively). While these r, values are,
strictly speaking, specific to 1200 nm light, they change by less than
0.5% as the wavelength decreases to 1000 nm. This relative insensitiv-
ity to small variations in wavelength allows us to simulate the total
reflectance spectra without recalculating r,. PC1D or many other
simulation tools could have been used instead of Boccard’s model;
we chose this model because it has the fewest fitting parameters and
thus would not allow us to compensate with other parameters if the
calculated r, values were incorrect. In accordance with a Lambertian-
scattering surface, rywas set to 1—1/ 1y°=91.9%. We found T first=90%
to give the best fit to the measured data, though r¢4,=r=91.9% did
not change the reflectance dramatically.

The calculated curves fit the measured data remarkably well given
the Lambertian assumption and the simplicity of the analytical model,
faithfully reproducing the shape of the spectra. For the thinner SiN,
layers, the measured and simulated curves slightly deviate above
1100 nm. This may be due to small errors in the thicknesses measured
by profilometry, which would result in large errors in rear internal
reflectance for thin SiN, layers. The error bar provided for the 16 nm
sample indicates the change in calculated reflectance at 1200 nm if is
varied by =5 nm. Because r, may be used in a simple model to accu-
rately predict R, it may also be used to predict EQE (in our model,
assuming perfect collection, by summing the rays absorbed in the
wafer), and thus J,.. This provides a clear path to J,. improvement in
rear-passivated solar cells, as their IR response may be calculated and
subsequently optimized given only the semiconductor, dielectric and
metal refractive indices, and the dielectric thickness.

CONCLUSIONS

Solar cells with dielectric/metal rear reflectors suffer from imperfect
internal reflection, which can be understood by calculating the electric

[&)]
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fields in these structures. Most striking, when the dielectric layer is thin, the
evanescent field of p-polarized light excites surface plasmon polaritons for a
wide range of angles of incidence above the critical angle. The resulting
absorption in the metal is a major loss mechanism for near-bandgap light,
and any reflector design should seek foremost to mitigate this absorption.
The present investigation was limited to a single, representative materials
system, for which we demonstrated that absorption in the silver reflector is
suppressed by increasing the SiN, thickness. Nevertheless, other materials
systems (including direct-bandgap solar cells) and other approaches (such
as reducing the dielectric refractive index) may be effectively explored and
quantified within the framework introduced here.
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