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ABSTRACT: Evaporated metal back surface reflectors have been shown to yield high values of internal rear
reflectance, and are particularly effective when combined with a thin dielectric layer between the silicon and
the metal. However, evaporated metals are not compatible with low-cost solar cell fabrication processes and
generally do not scatter light well, resulting in inefficient trapping of light. In this work, affordable screen-
printed metal pastes have been employed to fabricate effective low-cost back surface reflectors. The best of
these, fabricated from screen-printed silver paste on a thin silicon nitride dielectric layer, yield back surface
reflectance values similar to those of evaporated metal reflectors. Furthermore, the screen-printed back surface
reflectors in this study are shown to be highly diffuse, thus enhancing light trapping in planar silicon solar cells.
PC1D simulations suggest that a solar cell with a screen-printed metal/dielectric back surface reflector should
outperform one with a high-quality aluminum back surface field.
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1. INTRODUCTION

Metal and metal/dielectric back surface reflectors
(BSRs) can yield internal reflectance values greater than
90% [1]. These reflectors typically consist of a thick ther-
mal oxide and evaporated metal layer, and enhance surface
passivation as well as light trapping. However, evaporated
metals are generally regarded as too costly for application to
commercial terrestrial-grade solar cells. Furthermore, these
reflectors tend to be highly specular, limiting prospects for
light trapping in solar cells with planar surfaces.

It has been shown that a randomizing, or Lambertian,
BSR provides a very high degree of light trapping for so-
lar cells with planar front surfaces by restricting escape re-
flectance via total internal reflection at the front surface [2].
In such a scheme, radiation incident upon the rear interface
is randomly scattered in a direction independent of the angle
of incidence. Light scattered from the back surface and inci-
dent upon the front may only be coupled out of the solar cell
for angles of incidence less than the critical angle, ¢, mea-
sured from normal. The range of angles from 0 to ¢, fills
a conical volume called the loss cone. Light incident upon
the internal front surface at angles greater than ¢ is totally
internally reflected, while the remainder may be coupled out
of the cell. The value of ¢, is equal to sin"(1/n), where n
is the index of refraction of the substrate [3]. Further analy-
sis reveals that for an ideal Lambertian reflector the amount
of reflected light lost through the front surface is equal to
sin? ¢, = 1/n? [2]; for silicon at 1200 nm, n = 3.52 and the
loss through the front surface is 8%. Antireflection coatings
do not affect this result.

It is important to understand the impact of small changes
in back surface reflectance in a Lambertian light trapping
scheme. Assuming insignificant optical absorption in the
bulk, a ray of light will persist via multiple internal re-
flections until it is either absorbed by the BSR or escapes
through the front surface of the solar cell. Given that only
8% of the light will escape through the front surface on each
pass through the cell, a ray may be reflected many times be-
fore escaping. If the back surface reflectance, Ry, is 95%,
about 14% of the light will be absorbed in the reflector after
three passes through the cell (1 - 0.953). If R, is 90%, about
27% of the light will be absorbed after three passes. If R,
is 80%, absorption in the BSR will be about 49% after three

passes. Thus, very small changes in R, can have a very large
effect on the observed escape reflectance.

A similar analysis of internal front surface reflectance
may be carried out for specular BSRs. Considering for sim-
plicity only light normally incident upon the solar cell, the
reflectance R at an interface coated with a single-layer an-
tireflection coating may be expressed as [3]
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where ng, ny, and ng are the indices of refraction for air, the
antireflection coating, and the substrate, respectively; and
the phase difference 6§ = (2z/A)n.t, where A is the wave-
length of the incident light and t is the thickness of the an-
tireflection coating. Note that the values of ng and ng may be
reversed in equation (1) without affecting the result; that is,
the reflectance is the same regardless of the direction of the
wave.

Front surface reflectance at 1200 nm is typically around
20% for a single-layer antireflection coating, suggesting that
80% of the light reflected from a specular BSR will escape
through the front surface. Thus a cell with a perfectly Lam-
bertian BSR will lose just 8% of the light reflected from the
rear surface on each pass, while one with a perfectly specular
BSR will lose ten times as much. Therefore, the advantage
of a Lambertian BSR for light trapping is obvious.

This work demonstrates a commercially viable method
of using screen-printed metal pastes to produce highly Lam-
bertian BSRs with internal reflectance values approach-
ing that of conventional specular evaporated reflectors.
Metal/dielectric reflectors are fabricated using silicon nitride
(SiNy) deposited by plasma-enhanced chemical vapor de-
position (PECVD), which possesses excellent passivation
properties [4] and is resistant to etching by fritless metal
pastes. Experimental evidence of the feasibility and Lamber-
tian character of such reflectors, as well as the specular na-
ture of evaporated reflectors, is supplemented by PC1D mod-
eling of hypothetical devices incorporating these reflectors
as design features. It is shown that, when surface passivation
effects are taken into account, a screen-printed Ag/dielectric
BSR can outperform both a high-quality Al back surface
field (BSF) and an evaporated Ag/dielectric BSR.



2. EXPERIMENTAL METHOD

2.1. Sample Preparation

Reflectors were fabricated on 100 um-thick silicon sub-
strates grown by the dendritic web technique. The front sur-
face of each sample was coated with a single-layer SiNy an-
tireflection coating 780 A thick, with an index of refraction
of 1.99 at 632.8 nm. Samples with metal/dielectric BSRs
also received the same coating on the rear surface. Met-
allization was applied by screen-printing one of two metal
pastes onto the rear surface and firing in a belt furnace for
2 min at setpoint temperatures of 300-850°C.

The two metal pastes included an Al paste, Ferro FX53-
038, containing glass frit intended to etch residual surface
coatings and the silicon surface itself. Fritted pastes gener-
ally etch SiNy at high processing temperatures. The second
paste was a fritless Ag paste, DuPont PVV167, which does
not etch the SiNy dielectric. In this manner, the samples
were divided into four categories: (1) Ag metal reflector, (2)
Ag metal/dielectric reflector, (3) Al metal reflector, (4) Al
metal/dielectric reflector.

As controls, metal and metal/dielectric reflectors were
also fabricated using evaporated Ag and Al.

2.2. Reflector Characterization

Total hemispherical reflectance for each sample was
measured using an Optronic Laboratories OL 750 spectro-
radiometric measurement system with an integrating sphere.
The integrating sphere captures all light reflected from the
surface of the sample, as well as that escaping from the in-
terior of the sample. In this manner, light scattered by the
BSR may be collected and measured. Specular reflectance
was also measured for the purpose of estimating what frac-
tion of the total reflectance represents scattered light.

3. RESULTS AND DISCUSSION

3.1. Data Analysis
The fraction of light, B, scattered by the BSR can be
estimated by [5]
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where Ry is the measured specular component of the re-
flectance, which includes contributions from both the front
surface and the BSR, and R¢. is the external reflectance of
the front surface. Thus, if Ry ~ Ry then 8 ~ 1 and all light
incident upon the back surface is scattered.

The value of Rg. is estimated by linearly extrapolating
the surface reflectance between 700-910 nm to 1200 nm.
This method tends to overestimate Rge, which can artificially
inflate the value of 8 produced by equation (2). Table | com-
pares the measured specular reflectance values Ry with the
estimated values of Ry for screen-printed samples processed
at 600°C, as well as for evaporated samples. The near-unity
B values suggest that these screen-printed BSRs are nearly
perfect Lambertian reflectors. However, due to overestima-
tion of Ry, the true B values are, in reality, somewhat lower
than those reported in Table I.

To place a lower bound on the value of 3, consider a
solar cell with a perfect antireflection coating (Rfe = 0%).
Equation (2) then becomes 8 = 1 — Ry, Thus, the lower
limit on the values of 8 shown in Table I is roughly 0.80.
The highest values observed for Ry, were ~ 35% for metal-
only reflectors processed at low temperatures (300-400°C);
however, Ry, values for most of the screen-printed reflec-
tors in this study were in the range of 20-25%. Therefore,

p=1- @)

100%

90%
Modeled Specular e

80% 7

70%

0% Measured ;

(] . =
50% \. !

o V4 -

30% ~ ! / - ,\

20% = -
e Modeled Diffuse

Reflectance

10%

0% T T T T
750 850 950 1050 1150 1250

Wavelength (nm)

Figure 1: Measured and modeled total reflectance curves for
screen-printed Al metal/dielectric BSR processed at 600°C.

a lower bound of 0.75-0.80 may be placed on g for the ma-
jority of theses screen-printed reflectors. Furthermore, the
low-temperature screen-printed metal-only reflectors have g
no less than 0.65.

That the true value of 8 is somewhat less than unity is
supported by the measured and modeled reflectance curves
in Figure 1. The solid curve shows the measured total re-
flectance for a screen-printed Al metal/dielectric BSR pro-
cessed at 600°C. The dashed curves show the results of
PC1D modeling. The upper dashed curve assumes a per-
fectly specular BSR with Ry; equal to R¢e at 1200 nm. The
lower dashed curve assumes a perfectly diffuse BSR (Ry; =
92%). The analysis to follow estimates R, at 95% for this
sample, and this value was used in the PC1D simulations.
Since the measured curve lies between the two modeled
curves, the BSR must have some degree of specular char-
acter. Thus, the screen-printed reflectors in this study are
highly diffuse, but not perfectly so.

Note also from Table I that Ry, > Rye for the evapo-
rated reflectors, yielding relatively low values of 8. There-
fore, these reflectors are highly specular.

Reflectance and scattering at the back surface are rele-
vant only for the long-wavelength light that will reach the
back of the solar cell. Furthermore, because these wave-
lengths are weakly absorbed in silicon [1], rays that do not
escape through the front surface of the cell will undergo mul-
tiple internal reflections. If a large fraction of the light reach-
ing the BSR is scattered, the distribution of photons within

Table|: Comparison of measured specular reflectance (Ry;)
to estimated surface reflectance (Ryse) at 1200 nm and the
corresponding value of the g parameter. Values shown for
screen-printed (SP) reflectors are from samples processed at
600°C.

Reflector Ruir Rre B

SP Al metal 23.0% 21.0% 0.97
SP Al metal/dielectric 24.0% 23.7% 0.99
SP Ag metal 19.1% 17.5% 0.98
SP Ag metal/dielectric 224% 21.0% 0.98
Evap. Al metal 72.7% 23.9% 0.30
Evap. Al metal/dielectric ~ 77.5% 24.2% 0.24
Evap. Ag metal 76.5% 26.8% 0.26

Evap. Ag metal/dielectric  84.8% 25.1% 0.16
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Figure 2: Back surface reflectance for screen-printed Ag
reflectors. M denotes metal reflectors and [0 denotes
metal/dielectric reflectors.

the cell should be indistinguishable from that of a solar cell
with perfectly Lambertian surfaces (i.e., both transmitted
and reflected photons scattered randomly upon encountering
a surface). This condition has been investigated previously
by Gee [6]. Since the screen-printed reflectors exhibit a high
level of scattering, we have used Gee’s analysis to determine
the upper bound of the internal back surface reflectance, Ry.

According to [6], for long-wavelength light and a
highly-diffuse BSR, total hemispherical reflectance Ry may
be expressed as

(1-Rie)(1 - Ri)T?R,
1-T?RyRyi

RT = Rfe + ’ (3)
where Rye and Ry; are the external and internal values of the
front surface reflectance, respectively, R, is the internal back
surface reflectance, and T is the transmittance through the
bulk. At long wavelengths, silicon absorbs weakly enough
that T may be assumed equal to unity. Solving equation (3)
for R, yields

_ I:QT - Rfe
(1 -Rte)1 - Rfi) + (Rr — Ree)Rsi |

Recall that when the BSR is Lambertian, Ry, = 92%. Ry
is known from hemispherical reflectance measurement, and
Rye is estimated as detailed previously. For the screen-
printed reflectors considered in this work, Ry > Ry, so that
equation (4) is relatively insensitive to errors in the value of
Rs¢e. Thus, equation (4) may be used to estimate Ry.

For specular (3 ~ 0) BSRs, such those produced from
the evaporated metals, equation (1) shows that R¢e = Ry.
Since Ry, is low for a surface bearing an antireflection coat-
ing, it follows that light reflected from a specular BSR is
likely to escape from the solar cell or be absorbed in the re-
flector with few internal reflections. Therefore, R, ~ Ry at
1200 nm provides a reasonable approximation for the specu-
lar BSRs in this study [7]. The results are shown in Table II.

Ro (4)

3.2. Evaluation of Screen-Printed Reflectors

Values of R, obtained from equation (4) for the screen-
printed Ag reflectors are shown in Figure 2. The screen-
printed Ag metal reflector has R, values in excess of 95%
at low processing temperatures, but suffers slightly at tem-
peratures of 600°C and above. This is presumably an ef-
fect of the Ag paste reacting with silicon at high temper-
ature. The screen-printed Ag metal/dielectric reflector im-
proves with increasing temperature, yielding an R, value in
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Figure 3: Back surface reflectance for screen-printed Al
reflectors. M denotes metal reflectors and [0 denotes
metal/dielectric reflectors.

excess of 98% at 850°C. This value is similar to that of the
evaporated Ag reflectors.

Figure 3 shows the variation of R, with processing tem-
perature for the Al screen-printed reflector. At low tempera-
tures the metal reflector is similar to the metal/dielectric re-
flector, with R, values approaching 95%. However, at tem-
peratures of 600°C and higher the Al begins to alloy with
the silicon and reduce R,. At a processing temperature of
850°C, the metal reflector has an R, of just 82%. Note that
this case corresponds to a typical screen-printed Al BSF.

The Al metal/dielectric reflector, while giving better re-
sults than the metal-only reflector, also shows degradation in
R, at high processing temperatures. This is thought to result
from the glass frit present in the paste etching the SiNy di-
electric layer. However, R, values for the Al metal/dielectric
reflector remain higher than for the metal-only reflector, par-
ticularly at 850°C. This may indicate that the SiNy layer
etches slowly and prevents the Al paste from reaching the
silicon at the back surface.

3.3.  Modeling the Effect on Device Efficiency

The effect of R, on device efficiency was modeled in
PC1D. The simulated devices were planar and assumed to
be 100 um thick, with bulk resistivity of 1 Q- cm, bulk life-
time of 20 us, and sheet resistivity of 40 Q/J. Series re-
sistance was set 1 Q-cm?, shunt resistance to 500 Q, and a
shunt diode with a saturation current density of 10 nA/cm?
and ideality factor of 2 was also added. Front surface re-
combination velocity was set to 220,000 cm/s. A measured
reflectance curve was used for external front reflectance, and
internal front reflectance was set to 92%, consistent with the
result from [2] cited in the introduction.

Back surface recombination velocity (Sy) was set differ-
ently for the two reflector types. For metal-only reflectors,
an ohmic contact was assumed and Sy, was set to 10% cm/s.

Table I l: Back surface reflectance for evaporated reflectors.

Reflector Ry

Al metal 86.3%
Al/dielectric 92.2%
Ag metal 95.8%
Agydielectric 97.0%
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For metal/dielectric reflectors, S, was set to 1250 cm/s [4].
Internal rear reflectance was modeled as perfectly diffuse,
with R, ranging in value from 0% to 100%. The results are
shown in Figure 4.

Model calculations indicate that an efficiency improve-
ment of 1.5% absolute is possible from the improved surface
passivation of the metal/dielectric reflector over the metal
reflector. For the metal reflector, efficiency swings 0.8% ab-
solute over the full range of Ry; for the metal/dielectric re-
flector, it swings 1.5% absolute. The difference in the per-
formance improvement at fixed Ry, is attributed to the differ-
ence in surface passivation (S, = 10° vs. 1250 cm/s). Notice
that efficiency enhancement due to better back surface pas-
sivation increases with Ry, suggesting that improved surface
coatings with lower Sy, values, such as the oxide/nitride stack
from [4], may enhance the effects of high R, values.

Consider a cell with an ohmic contact and R, = 90%,
corresponding to an Al contact fired at 700°C and an effi-
ciency of 13.5%. Replacing this with an Ag metal/dielectric
contact fired at the same temperature yields an R, of ~ 98%
and an efficiency of 15.7%. According to Figure 4, roughly
a tenth (0.2%) of the improvement results from the improved
BSR, with the remaining improvement (2.0%) resulting from
enhanced surface passivation.

The Al paste, when fired at high temperature, can alloy
with silicon and form a back surface field (BSF). Very low
effective values of Sy have been reported from high-quality
BSFs on single-crystal silicon [8]. The aforementioned
PC1D model, using the Sy value of 1000 cm/s reported for
1 Q-cmsilicon and, from Figure 3, R, = 82% for the alloyed
Al BSF, yields an efficiency of 15.5%. This is similar to
the efficiency of 15.7% obtained using the screen-printed Ag
metal/dielectric reflector. In contrast, a model corresponding
to an evaporated Ag metal/dielectric BSR (R, = 97%, Ryi =
20%, specular back surface) yields an efficiency of 14.9%.
Thus, the screen-printed Ag metal/dielectric BSR developed
in this study displays similar performance to a high-quality
screen-printed Al BSF, and a distinct performance advantage
over the evaporated Ag metal/dielectric BSR.

In addition to the 0.2% increase in cell performance, the
metal/dielectric BSR has three other distinct advantages over
the screen-printed Al BSF:

1. High-quality BSFs have been reported only by labo-

ratory researchers; Sy, values obtained by PV manu-
facturers for cofired full metal back commercial cells
are typically higher than that used in the example
above.

2. PV manufacturers have demonstrated that SiNy layers
can be used for large scale production and provide
good surface passivation.

3. Full-back BSFs are known to create warping prob-
lems in thin substrates, which are the very substrates
that would benefit most from a high-quality passivat-
ing back surface reflector.

Thus, the high-quality screen-printed metal/dielectric BSRs
developed in this study are industrially-viable with current
PV production technology.

4. CONCLUSIONS

Several screen-printed BSRs have been demonstrated.
The back surface reflectance of screen-printed Ag reflectors
on thin SiNy dielectric layers has been shown to be similar to
that of reflectors fabricated with evaporated metals. Further-
more, the effectiveness of these screen-printed reflectors is
improved by high-temperature processing. Effective reflec-
tors were also produced using an Al paste. However, they
showed significant degradation at high processing temper-
atures. All of the screen-printed BSRs investigated in this
study were highly diffuse, thereby enhancing the light trap-
ping efficiency in planar silicon solar cells over that available
from evaporated metal reflectors. Simulations using PC1D
show that the performance of an Ag metal/dielectric reflec-
tor can exceed that of a high-quality Al BSF; furthermore, it
can do so using processes that are well-established in the PV
industry.
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