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Abstract—This paper addresses the calculation of internal back
reflectance for various dielectrics that are used in rear-side pas-
sivated crystalline silicon solar cells. Optical modeling of various
stack configurations is examined to explore the back-surface re-
flectance at the Si–dielectric interface for different film combi-
nations and thicknesses as a function of wavelength and internal
angle of incidence at the rear side. Specifically, configurations us-
ing aluminum oxide (AlOx), silicon nitride (SiNx), titanium dioxide
(TiO2 ), and silicon dioxide (SiO2 ) were investigated with a focus on
designing stack configurations that will also allow for high-quality
passivation and are compatible with a high-volume manufactur-
ing environment. In addition, samples were fabricated by plasma-
enhanced and atmospheric pressure chemical vapor deposition of
thin dielectric films onto polished and textured monocrystalline
silicon wafers. Spectral reflectance curves of the samples are pre-
sented to supplement and validate the conclusions that are obtained
from the optical modeling data.

Index Terms—Characterization, dielectric films, metrology,
optics, photovoltaic cells, silicon, Si photovoltaics (PV) modeling.

I. INTRODUCTION

THE transition to thinner silicon wafers (e.g., < 150 μm)
in crystalline silicon (c-Si) photovoltaics (PV) offers the

potential for significant advantages in terms of both perfor-
mance (e.g., higher open-circuit voltages due to reduced bulk
recombination [1], [2]) and cost (e.g., improved silicon usage
efficiency [3]–[5]). However, there are still many challenges
that are associated with processing thin silicon wafers includ-
ing wafer handling [6], wafer bowing when using a full Al back
contact [7], surface recombination at the backside of the cell [8],
and reduced absorption of near-bandgap photons [9].

In-line deposition of rear-side dielectric passivation layers has
emerged as a strong candidate to realize passivated emitter and
rear cell (PERC) solar cells, which address the issues of wafer
bowing and rear-side surface recombination, while also offer-
ing light trapping advantages for weakly absorbing wavelengths
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Fig. 1. Fractional absorption in c-Si for four different optical path lengths:
1 mm, 200 μm, 50 μm, and 10 μm.

due to increased internal back reflectance (IBR) when compared
with standard aluminum back surface field (Al-BSF) cells [10],
[11]. This paper focuses on modeling IBR at the Si-dielectric
interface for various dielectric stack configurations. Higher re-
flectance effectively increases the optical path length of the cell,
which can lead to increased absorption, particularly at longer
wavelengths (900–1120 nm), which are poorly absorbed in c-Si
due to the indirect bandgap. This is highlighted in Fig. 1, where
the fraction of light absorbed in c-Si as a function of wave-
length is given for four different optical path lengths (1 mm,
200 μm, 50 μm, and 10 μm) using published absorption coeffi-
cient data [12]. The effective optical path length of a solar cell
is dependent on the wafer thickness and overall light trapping
ability of the cell.

AlOx has gained significant attention as a rear-side passiva-
tion material for p-type c-Si solar cells. Surface recombination
velocities below 5 cm/s have been achieved with this material
[13]–[15], resulting in significant interest from the PV commu-
nity of late. In an industrial PERC-type cell design, the thin AlOx

film will likely require a capping layer to prevent the screen-
printed Al paste from penetrating through AlOx [16]. There-
fore, dielectric stack configurations using AlOx have recently
been explored experimentally, including AlOx–SiO2 and AlOx–
SiNx [16]–[21]. The double-layer dielectric coating (DLDC)
configurations that are considered in this simulation study all
consist of an AlOx passivation layer of at least 10 nm thick
to ensure compatibility with well designed p-type PERC cells,
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Fig. 2. Schematics illustrating the key optical parameters of interest. (a) Ba-
sore optical model, from [23]; (b) two primary transmitted rays in a textured
monocrystalline solar cell, from [24]. Note: θ1 of the primary ray for an encap-
sulated cell is smaller (35◦) than that of an unencapsulated cell (41.4◦).

in terms of effective chemical and field-effect passivation (see
Fig. 2). DLDCs featuring SiNx , TiO2 , and SiO2 capping layers
are all investigated. This study expands on recently presented
results [22] by providing more simulation data and analysis as
well as includes experimental data to supplement and validate
the conclusions that are obtained from the modeling. As with
the previous study, a planar backside is assumed.

II. OPTICAL MODELING METHODOLOGY

A popular model to characterize the IBR of c-Si solar cells was
introduced by Basore, see Fig. 2(a), and relies on the utilization
of experimentally measured internal quantum efficiency (IQE)
data of c-Si cells and calculates the aggregate IBR over all
relevant wavelengths [23]. Later, more detailed investigation of
IBR by Kray et al. used raytracing software and IQE data to
empirically determine IBR (again to be an aggregate value with
respect to λ and for radiation incident normal to the surface) [24].

This study has been carried out by first directly calculat-
ing IBR irrespective of the cell electronic properties, similar
to the treatment by Green [25], but expanded to include multi-
ple materials, stack configurations, and different frontside op-
tics (e.g., with and without encapsulation). The IBR of these
configurations is calculated for different angles of incidence
between the silicon and initial dielectric layer (θ1) and aver-
aged over four near-infrared (NIR) wavelengths (λ = 900, 950,
1000, 1050 nm). The goal is to provide new insight and a start-
ing point for comparing the various dielectric configurations in
terms of IBR enhancement. A MATLAB program was created
to implement the transfer matrix method (TMM) of calculating
multilayer transmission and reflectance [26]. Randomly polar-

TABLE I
NIR REFRACTIVE INDEX VALUES USED FOR TMM CALCULATIONS

ized light incident on random, 3-D upright pyramids is assumed
in the TMM calculations. The pyramid features are assumed to
be much larger than the wavelengths of interest here; therefore,
diffractive effects are ignored. TE and TM components were
calculated separately, and equal components of each were used
to determine reflectance at the Si-dielectric interface.

In this treatment, the dielectric layers are assumed to be loss-
less (k = 0) with a constant refractive index at the wavelengths of
interest in this study (i.e., NIR). The assumed values are given in
Table I and have been taken from both the literature [27]–[29]
and ellipsometry measurements that are carried out on films
deposited by atmospheric pressure chemical vapor deposition
(APCVD) and plasma-enhanced CVD (PECVD). The complex
refractive index parameters for the c-Si [12] and Al [30] layers
were used throughout the calculations to account for losses due
to the evanescent wave occurring for angles beyond the criti-
cal angle (θc). This last point is crucial, since the critical angle
between Si and AlOx is ≈26.5◦ (nAlOx = 1.63, λ = 1000 nm)
and θ1 for most of the radiation on the backside is larger than
this. This means that the surface wave and evanescent losses are
the dominant loss mechanisms for IBR with these types of cell
configurations. It should also be noted that for industrial c-Si
solar cells using a screen-printed Al paste, the actual n and k
values likely deviate from that of pure Al, even though those are
the values that are commonly used. The authors are currently
investigating this issue and plan to present the results in a future
publication.

For textured monocrystalline wafers, the characteristic base
angle (α) of the well-known pyramid structures is commonly
taken to be 54.74◦, although recent work has shown that in
industrial cells this is actually around 50–52◦ depending on the
etchant used [31]. Assuming α = 54.74◦ and a SiO2 frontside
coating, Kray et al. show that at normal incidence, the two
primary rays that are transmitted through the cell have θ1 of
41.4◦ and 59.1◦, the former (Ray A) being the primary ray,
which carries 76.4% of the total incident flux, and the latter
(Ray B) carrying 19.4% [24]. This is illustrated in Fig. 2(b). It
should be noted that the frontside texture does affect θ1 , both
in terms of the types of pyramids and α. Ray tracing data for
regular upright, inverted, and random upright pyramids can be
found in [32]. Using simple geometrical optics equations, one
can show that the primary ray for a similar cell with a SiNx

antireflection coating (ARC) has an equivalent θ1 . However,
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θ1 of the primary ray for an encapsulated cell is significantly
lower at ≈35◦ (nEVA = 1.5, nSiNx = 2.2). Since the reflectance
contour plots given in Section IV are given as a function of both
dielectric thickness and θ1 (from 0◦ to 60◦), they can be used to
determine IBR for different transmitted ray angles.

In addition to the TMM reflectance calculations that are exe-
cuted in MATLAB, the freeware optical calculator named OPAL
2 and its built-in complex refractive index library were also
used to investigate the wavelength dependent IBR for different
dielectric stack configurations [33].

III. EXPERIMENTAL DETAILS

Test samples have been fabricated to supplement and validate
the results and conclusions that are obtained from the opti-
cal modeling. For these experiments, two different wafer types
have been used: 250-μm-thick, 6-in round FZ p-type wafers
with 2 Ω·cm resistivity and both sides polished and optically
smooth; and 180-μm-thick, 156-mm square-mono-CZ p-type
wafers with 1–3 Ω·cm resistivity, a frontside textured via an
alkaline-based solution (i.e., anisotropically etched) and the
backside chemically polished via a HF/HNO3 solution. The
round, polished FZ wafers and a portion of the textured CZ
wafers were cut into smaller pieces using a laser treatment sys-
tem. AlOx , SiO2 , and TiO2 films of varying thickness were
deposited on the backside of substrates using an industrial, in-
line APCVD system (Schmid Thermal Systems, formerly Sier-
ratherm), while the SiNx films were deposited on the front and
back of the substrates that use a standard PECVD batch pro-
cess. SiNx antireflection coatings (ARC) were also deposited
onto the frontside that uses PECVD; however, thicker ARCs
(180–200 nm) were used to reduce the front surface reflection
at the NIR wavelengths of interest in this study (as opposed
to the conventional approach of broadband reflection suppres-
sion for solar cells). For the smaller pieces cut using the laser
system, 200-nm Al films were deposited via thermal evapo-
ration on the backside of the samples. For the full 156-mm
wafers, a standard screen-printed Al paste was printed onto the
backside and subsequently fired using an industrial belt firing
furnace.

Ellipsometry measurements were also carried out to char-
acterize the deposited dielectric films on the polished sub-
strates using a SENTECH SE800 PV spectroscopic ellip-
someter and a SENTECH SE400 laser ellipsometer (λ =
632.8 nm). The SiNx films that are deposited on the tex-
tured substrates were characterized using a J. A. Woollam
M-2000XI T-SOLAR system. The measured refractive index
data were found to be in excellent agreement with the val-
ues that are used in these simulations and those found in
the literature (<3% relative difference for the wavelengths
of interest). Reflectance measurements were carried out us-
ing an Ocean Optics HR2000+ high-resolution spectrometer,
Mikropack DH-2000-BAL light source, Mikropack integrating
sphere, and Labsphere reflectance standards. Reflectance was
measured for wavelengths between 250 and 1105 nm at≈0.5 nm
increments.

Fig. 3. IBR contour map for backside SLDC with AlOx , highlighting the
three regions of interest and the primary ray angles transmitted through the
front surface of textured monocrystalline cells with and without encapsulation
(noted as “EVA” and “Air,” respectively).

IV. RESULTS AND DISCUSSION

A. Transfer Matrix Method Contour Plots

By plotting contour maps of the IBR versus dielectric layer
thickness and θ1 , some interesting trends can be seen. For exam-
ple, there are three critical regions with respect to θ1 , as shown
in Fig. 3.

1) Region I (θ1 <θc ): In this region, the electromagnetic wave
propagates through the dielectric film(s) and interference
effects play a key role in the resulting reflectance, hence
the periodic dependence on layer thickness (constructive
versus destructive interference). These smaller angles of
incidence are less interesting for anisotropically etched
monocrystalline cells, due to refraction of primary beams,
but could be of interest in cells with different texturing
and ARC configurations (e.g., black silicon).

2) Region II (θ1 near θc ): At the critical angle, total inter-
nal reflection occurs and rather than propagating into the
film, the wave propagates parallel to the Si–AlOx interface
(i.e., surface wave) [34]. This surface wave that propagates
parallel to the interface allows for rather efficient energy
transfer to the lossy Al layer.

3) Region III (θ1 > θc ): As the angle of incidence increases
above the critical angle, less energy is transferred to the Al
layer. The energy carried by the evanescent wave propa-
gating parallel to the Si–AlOx interface is attenuated as the
distance from the higher index media (i.e., Si) is increased.
This attenuation is increased as θ1 increases, and this is
why the larger angles of incidence and thicker dielectric
layers result in higher IBR.

In this case of a single-layer dielectric coating (SLDC) with
AlOx , the primary ray angles for cells with and without encap-
sulation fall within Region III. Therefore, layer thickness is not
very critical, as long as it is beyond a certain thickness. Based on
cost considerations, the fact that the passivation quality saturates
after approximately 15 nm [35], and the fact that a capping layer



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE JOURNAL OF PHOTOVOLTAICS

Fig. 4. IBR contour maps for backside DLDC with AlOx –SiNx as a function
of SiNx thickness and θ1 for two fixed AlOx thicknesses: (a) 20 nm and
(b) 75 nm.

is required to protect the AlOx from a screen-printed paste, the
AlOx film thickness should be limited.

As mentioned before regarding industrial PERC cell designs,
a lower cost capping layer should be used to prevent the screen-
printed Al paste from penetrating through AlOx . It is known that
the added thickness of this capping layer can also promote higher
IBR, which has been shown experimentally on unencapsulated
cells [24].

Fig. 4 shows IBR versus SiNx capping layer thickness for
two different fixed AlOx thicknesses (20 nm, 75 nm). In this
case, due to the higher index of refraction of SiNx compared
with AlOx , the poorly reflecting Region II is effectively shifted
to higher values of θ1 . While this does not significantly affect
the unencapsulated cell case, it appears to reduce the IBR for
encapsulated cells, which have a smaller θ1 . This suggests that
an encapsulated PERC cell with a thick, higher index capping
layer might not realize the same IBR enhancement (and there-

Fig. 5. IBR contour maps for backside DLDC with (a) AlOx –SiO2 and
(b) AlOx –TiO2 , with n taken from high temperature anneal TiO2 . Both con-
figurations feature a fixed AlOx thickness of 20 nm.

fore NIR IQE performance) as expected in the unencapsulated
case.

Results for DLDC configurations with TiO2 and SiO2 capping
layers have also been studied, both with a fixed AlOx thickness
of 20 nm (see Fig. 5). The lower refractive index of SiO2 ensures
that Region II is suppressed to values that are below that of
the primary ray angles. It is known that the refractive index of
TiO2 can be varied widely depending on deposition temperature
and postdeposition thermal treatments [29]. In this case, a high
refractive index TiO2 has been simulated, to illustrate the effect
of a high-index capping layer on IBR. As expected, the lossy
region in this case is pushed to higher values for θ1 .

The ray angle for additional passes through a cell (e.g., θ2 , . . . ,
θn in Fig. 2) is commonly assumed to be 60◦ to approximate
the randomization of light rays through subsequent reflections
at the front and rear sides of the cell [23]. In Fig. 3–5, it can be
seen that IBR changes very little even for very large changes in
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the dielectric layer thickness at this large angle. In Fig. 4(a) for
example, changing the SiNx capping-layer thickness from 50 to
175 nm, there is virtually no change in IBR at 60◦. However, at
41.4◦ a >10%abs change in IBR is expected. This suggests that
while subsequent reflections at the rear side of the cell (e.g., Rbn

in Fig. 2) are quite important for the overall light trapping of a
cell, ultimately the first reflection (Rb1) is much more dependent
on the dielectric layer thickness and can, therefore, be controlled
and optimized more readily.

B. OPAL 2 Calculations

Wavelength-dependent calculations of IBR have also been
calculated, both for unencapsulated and encapsulated cells with
six different configurations.

1) No dielectric.
2) SLDC with 30 nm-AlOx .
3) SLDC with 50-nm-AlOx .
4) DLDC with 20-nm AlOx and 75-nm SiNx .
5) DLDC with 20-nm AlOx and 175-nm SiNx .
6) DLDC with 20-nm AlOx and 175-nm SiO2 .
As seen in Fig. 6(a), the results of the unencapsulated case

are rather intuitive. Since the transmitted ray angle in this case
is greater than the critical angle for any of the dielectrics used,
the thicker stacks clearly perform better, due to more separation
between the surface wave and the lossy Al layer. The results
for the encapsulated case, shown in Fig. 6(b), are quite different
though, matching the conclusions that are obtained by the TMM
contour plots of IBR. In this case, the SiNx -capped configura-
tions have a lower IBR than even the no dielectric case. It should
be noted again that the optical properties of pure Al, used here,
vary from that of screen-printed Al. Additionally, screen-printed
Al pastes result in rough interfaces and an intermediate Al–Si
alloy layer [36], as opposed to the more planar interface of an
evaporated Al film. As a reference, reported values for IBR have
been included in both Fig. 6(a) –and (b), which are normally
reported as wavelength-independent parameters [10], [21], [23],
[24].

C. Reflectance Measurements on Unencapsulated Cells

Referring to Basore’s optical model that is shown in Fig. 2(a),
the spectral reflectance measurements represent the sum of the
front surface reflectance Rfe and the escape reflectance Resc .
Resc is of interest in this study, since it is dependent on IBR. Rfe
has been calculated as a function of wavelength using OPAL 2
and is included in the spectral reflectance curves that are pre-
sented in this study. This allows for a more straightforward com-
parison of Resc and, therefore, the IBR. As expected, Rfe dom-
inates the reflectance spectrum up to ≈1000 nm, since wave-
lengths that are lower than this are efficiently absorbed by the
c-Si wafer for the wafer thicknesses used in these experiments
(see Fig. 1).

The reflectance data for the polished, FZ wafers are shown
in Fig. 7. Here, the results of four SLDC configurations are
shown, three with AlOx of increasing thickness and one with
SiO2 . The SiO2 SLDC shows the highest escape reflectance, and

Fig. 6. Wavelength-dependent IBR, calculated using OPAL 2 for six different
configurations for both (a) unencapsulated cells and (b) encapsulated cells.

Fig. 7. Escape reflectance measurements shown for 950–1075 nm for four
different unencapsulated SLDCs, one with SiO2 and three with AlOx of varying
thickness, all with a planar front and rear side.
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Fig. 8. Escape reflectance measurements performed on five different dielectric
coating configurations with unencapsulated substrates with a textured front side
and a planar rear side at (a) 950–1100 nm and (b) a zoomed-in view at 1050–
1080 nm.

for the AlOx layers, the thicker films results in higher escape
reflectance.

The experimental reflectance data for the textured samples
showed good agreement with the conclusions that are made from
the TMM contour plots and OPAL 2 calculations. Fig. 8 shows
the measured escape reflectance for following unencapsulated
test samples: standard Al-BSF; AlOx ; two SiO2 samples; and
an AlOx–SiNx DLDC sample. As expected, these substrates
featured a much lower total reflection than the polished sub-
strates due to the texturing of the frontside. The difference in
the measured reflection data compared with IQE measurements
of PERC cells can be explained by the thicker ARCs that are
used in these experiments, which were used to suppress Rfe in
the NIR region without concern for lower wavelength regions
that are not of interest here (<900 nm). As expected, the SiO2
coated samples have the highest escape reflectance, followed
by the AlOx–SiNx sample, then the AlOx coated sample, and
the Al-BSF showing the lowest IBR. Fig. 9 shows a zoomed-in
look at the IBR of various AlOx–SiNx samples, with a 22-nm
AlOx coated sample shown as a reference. Again, the trend of

Fig. 9. Zoomed-in view (1050–1080 nm) of the measured escape reflectance
of AlOx –SiNx coatings with different thicknesses, all performed on unencap-
sulated substrates with a textured front side and planar rear side.

thicker coatings translates to higher escape reflectance for these
unencapsulated test samples.

D. Modeled Impact on Maximum Achievable JSC

To calculate the impact of Rb1 on the maximum achievable
JSC , OPAL 2 has again been used. Both a specularly reflecting
rear side and the Lambertian reflector on the rear side have been
assumed. A specularly reflecting surface would be expected
with a planar backside with pure Al (e.g., thermally evaporated),
while more of a Lambertian reflection would be expected with
rough rear surface and/or screen-printed Al paste. Two different
wafer thicknesses have been investigated (30 μm, 180 μm).
In all calculations, an unencapsulated, randomly textured front
side (α = 54.74◦) is assumed, with a 75-nm SiNx ARC. Free
carrier absorption in each case has been calculated assuming
a ≈ 60 Ω/sq. emitter [37].

The maximum achievable JSC has been determined by cal-
culating the optical path length enhancement (Z) [38], [39] for
varying values of Rb1 , and is given in Fig. 10. Referencing Fig. 2,
θ1 is assumed to be 41.4◦ in both the specular and Lambertian
cases. However, θ2 is assumed to be 41.4◦ again for the specu-
larly reflecting rear side, but 60◦ for the Lambertian reflector, a
commonly used value to approximate a randomized distribution
of rays [23]. Ray angles for all subsequent reflections, both at
the front and rear sides, are assumed to be 60◦, again using the
randomization approximation.

The critical difference in modeling Z for the specular case
versus the Lambertian case is that Rf1 is much lower for the
specularly reflecting rear side. This is due to the difference in
θ2 . A large fraction of rays (more than half) are coupled out of
the front side of the cell when the reflected ray angles are tightly
distributed around 41.4◦, as with the specular reflection. This
leads to a lower Z parameter for the specularly reflecting rear
side, and therefore a lower maximum JSC , when compared with
the Lambertian case.
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Fig. 10. Modeling results for maximum achievable JSC as a function of Rb1 .

For the 30-μm wafer, the maximum achievable JSC is in-
creased by 0.77 mA/cm2 when going from Rb1 of 60%abs
to 97.5%abs for the specularly reflecting rear side and
0.70 mA/cm2 for the Lambertian case. The impact of Rb1 on JSC
is lower for the thicker 180-μm wafer. When going from Rb1 of
60%abs to 97.5%abs for the 180-μm wafer, JSC is increased by
0.49 and 0.42 mA/cm2 , for the specular and Lambertian cases,
respectively. The following relationships give ∂JS C

∂Rb 1
for all four

cases:(
∂JSC

∂Rb1

)
specular, 30 μm = + 0.021mA/cm2/%abs

(
∂JSC

∂Rb1

)
Lambertian, 30 μm = + 0.019mA/cm2/%abs

(
∂JSC

∂Rb1

)
specular, 180 μm = + 0.013mA/cm2/%abs

(
∂JSC

∂Rb1

)
Lambertian, 180 μm = + 0.011mA/cm2/%abs .

A critical difference between these relationships and that
of previously published values relating IBR to JSC are that
these values are given with respect to Rb1 rather than a lumped
IBR parameter (Rb in the case of [24]) that is an aggregate of
Rb1 , Rb2 , . . . , Rbn . The impact of a lumped IBR value on JSC
is expected to be higher than only Rb1 , since the overall light
trapping capability of a cell (Z) is a function of the reflectance
for each bounce and not just Rb1 . The value in decoupling Rb1
from the other IBR parameters is related to the aforementioned
observation that reflectance at the rear interface is much more
dependent on dielectric thickness at relatively low angles of in-
cidence (e.g., <40◦) when compared with higher angles (e.g.,
≈60◦, which is a commonly assumed value for θ2 , . . . , θn ).

V. CONCLUSION

In conclusion, the IBR has been modeled as a function of
dielectric-layer thickness and the backside angle of incidence

at the Si–dielectric interface. Single- and double-layer dielec-
tric backside coatings have been considered, using AlOx , SiNx ,
TiO2 , and SiO2 . The reflectance contour plots, which are calcu-
lated using the transfer matrix method, clearly show three critical
regions with respect to the backside angle of incidence; for these
configurations, θ1 < θc ; θ1 near θc ; and θ1 > θc , where θc is
the critical angle of the Si–dielectric interface. Experimental re-
flectance data have also been collected for optically smooth and
textured (frontside) substrates, to compare the escape reflectance
for the various dielectric coating configurations. The results of
the measured escape reflectance data support the conclusions
that are derived from the modeling. For the double-layer coat-
ings with a thicker second layer, the lossy second region of the
reflectance contour plots (θ1 near θc ) is shifted to either higher
angles of incidence (for SiNx and TiO2) or lower angles (for
SiO2). This affect could play an important role in the IBR of
encapsulated cells with backside dielectric configurations.

Future work will be oriented toward gathering experimental
data on encapsulated test samples and actual PERC cells, as
well as looking at the impact of an intermediate, low index di-
electric layer between the passivation layer (i.e., AlOx ) and the
capping layer (i.e., SiNx , TiO2) to increase the internal back
reflectance. Future work will also look to further investigate
the correlation between IBR and the overall light trapping abil-
ity and short-circuit current enhancements of PERC cells by
modeling escape reflection and taking into account the effects
of surface roughness, frontside texture, free carrier absorption,
and the actual complex refractive index of screen-printed Al
pastes. The motivation for this study is to better understand the
effect of these various parameters on the overall performance of
PERC cells.
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