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1 | INTRODUCTION

Udo Rémer

| Nicholas J. Ekins-Daukes | Alison Lennon

Abstract

Concentrated photovoltaic (CPV) systems can achieve high energy conversion effi-
ciencies due to their use of concentrating optics and highly efficient solar cells; how-
ever, power losses arising from the front surface reflection and metallization shading
typically contribute a significant fraction to the total power loss for these devices. In
flat silicon photovoltaic (PV) modules, the front-metal finger shape is often shaped to
minimize shading losses. Finger shape is even more relevant for CPV cells where the
current density and front metal shading are much higher. This study compares the
optical performance of five light management finger designs in CPV systems with
two different refractive homogenizers. The optical efficiency and loss analysis were
determined using ray-tracing simulations. It is shown that shaped, light diverting
metal fingers can improve the optical efficiency in CPV systems by up to 9.9% abso-
lute compared to rectangular fingers, corresponding to an absolute cell efficiency
increase of 3.0%. Although sharp edged triangular finger structures may be challeng-
ing to fabricate, significant optical gains can still be achieved with trapezoid or

rounded cap finger shapes.

KEYWORDS

concentrated photovoltaic, light management finger design, optical efficiency, secondary
optical element

currents from the CPV solar cell is challenging since the front surface

of the solar cell should remain as transparent as possible to sunlight

Solar energy technology is fast becoming an inexpensive and sustain-
able source of renewable electricity. Concentrated Photovoltaic (CPV)
systems are well suited for MW scale solar power generation where
both heat and electrical power are desirable. Sunlight can be collected
using tracked mirrors or lenses and directed onto on a small receiver
area covered by highly efficient photovoltaic solar cells with practical
concentrations of up to 1,000 Suns being routinely achieved.! Funda-
mentally, operating a solar cell at high concentration increases the
current of the device since the current increases in proportion to the
solar concentration. The increased current also results in an increased

Voe Which increases the cell efficiency.? However, delivering high

yet also have sufficient metal coverage to pass these high currents
(typically 14 A cm~2 at 1,000 Suns for dual-junction solar cells® and
26 A cm~2 for single junction solar cells?) with minimal resistive loss.
A careful optimization of the front metal coverage is necessary and is
usually performed at the cell level.

Optimization of metallization for CPV solar cells has focused on
optimizing grid spacing, grid thickness, and metallization patterns
under concentrated incidence.””” Metal shapes, such as trapezoidal
shapes, have been reported for CPV solar cells.® However, optimizing
the metal grid shapes to enhance light capture under concentrated
flux distribution has received little attention to date. For industrial
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flat-plate terrestrial silicon PV modules, surface structuring is routinely
applied to interconnection ribbons (attached to cell busbars) to
improve the optical performance of modules by either scattering the
light incident on the ribbon to the module glass from where it is re-
directed back into the cell or by re-directing incident light directly into
the cell.”~1* Metal finger shading can also be minimized by tuning the

k15

metal contact shape and/or surface. Kik™> presented a grid structure

with a surface tilt of 15° resulting in a transmittance of 86% with 50%

1.16 reported a micro-scale triangular cross-

metal coverage. Saive et a
section finger structure, which can significantly reduce shading loss by
redirecting incident light directly to the active cell area. These shaped
contact structures are often loosely referred to as “transparent” con-
tacts because reflection losses are reduced to small values (i.e., the
contacts appears as if “transparent”). However, as demonstrated by Li
et al.,** the performance of transparent contacts can deteriorate sig-
nificantly if the incoming light is not directed at 90° to the surface of
the solar cell. Although there is an opportunity to reduce effective
metal shading in CPV systems using metal contact shaping, the
resulting optical efficiency will depend on how the primary and sec-
ondary (if used) optical elements used in these systems impact the dis-
tribution of angles of the incident light on the solar cell surface.
Directly imaging the Sun onto the front surface of the solar cell

results in a concentrated non-uniform flux distribution,>” which can
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lead to a non-uniform photon-generated current density and a conse-
quent voltage drop arising from series resistance power losses in the
emitter and contact/metal resistance losses of the solar cell.*®1 Con-
sequently, secondary optical elements, such as homogenizers, are
employed to improve the homogeneity of the round focused flux that
results from the primary concentrator.2’ However, although the solar
flux can be effectively “homogenized” with this strategy, it is at the
expense of the angular distribution of the incident light which
increases during this process. Figure 1 schematically depicts PV sys-
tems under concentrated sunlight conditions with and without
homogenizers and shows the flux distribution and angular distribution
of corresponding CPV system on the solar cell surface. Uncon-
centrated sunlight irradiates parallel, but under concentration, the
angular distribution expands with the concentration ratio. Figure 1B,C
shows two different designs of homogenizer, one with straight side-
walls and a second with tapered sidewalls. Both designs can homoge-
nize the light intensity across cell area as shown in Figure 1E,F. With
straight sidewalls, the angular distribution extends to 19.2° owing to
the increased refractive index of the homogenizer and with tapered
sidewalls to 39.5° as shown in Figure 1H,l. This relatively large distri-
bution of incident light angles needs to be considered when designing
practical metal contact schemes. Indoor CPV cell test procedures vary

the distance between the solar cell and illumination lamp in order to
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Schematic showing three CPV systems: (A) a CPV system without a homogenizer; (B) a CPV system including a homogenizer with

straight sidewalls; and (C) a CPV system including a homogenizer with tapered sidewalls. Flux distributions and angular distributions for

corresponding CPV systems are shown in (D)-(F), and (g)-(l), respectively
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change the concentration?! and therefore do not account for the
angular variation of photon flux with increasing cell concentration.
The optimum metallization for a cell designed to achieve the highest
efficiency under indoor testing will therefore not differ from one opti-
mized for power generation in a practical CPV system.

In this study, the optical performance of five shaped finger
designs was investigated in a CPV system comprising primary and sec-
ondary optical elements and a concentration of 1,200 Suns using ray-
tracing simulations. Section 2 details the simulation methodology and
the results of the simulations are evaluated and discussed in Section 3
using optical efficiency comparisons and ray loss analyses. It is con-
cluded that the receiving cell efficiency can be increased by 10.5% rel-
ative by adopting a geometric finger structure that maximizes the light
capture by the solar cell when operating within a CPV system com-
prising a parabolic dish primary concentrator and a homogenizer with

straight/tapered sidewalls.

2 | SIMULATION METHODOLOGY

COMSOL Multiphysics® (Version 55) was used to simulate the optical
transmittance using ray-tracing simulations. The CPV system modeled
is shown schematically in Figure 2. It contains a primary concentrator,
a homogenizer, and a CPV solar cell. The primary concentrator was
assumed to be a paraboloidal dish with a geometric concentration
ratio of 1,200 and a 30° rim angle. Solar radiation enters parallel from
the top and is reflected by the primary concentrator. The rays con-
verge towards a small area in the focal plane where the entrance to
the homogenizer is placed. Refractive homogenizers of length 10 cm
with straight and tapered sidewalls were compared in this study (see
Figure 2B). The material assumed for both homogenizers was n-BK7
glass. The outlet shape of the homogenizer aligned with the shape of
the underlying solar cell, which in this study was a square solar cell
with an area of 1 cm? The inlet shape for the homogenizer with
tapered sidewalls was a square with a dimension of 2 cm,
corresponding to a reduction in area at the homogenizer exit by a fac-
tor of 4. The CPV module was placed at the outlet of homogenizer.

The material used for glass, encapsulant, and cell was n-BK7 glass,

(A)

pet

Homogenizer ———»

1

Light direction

FIGURE 2
(B) Dimensions of the two homogenizers evaluated in this study

Dow Corning PV-6100, and gallium arsenide (GaAs), respectively. The
glass (above the cell) was assumed to be in intimate contact with the
outlet of the homogenizer and therefore can be considered also as
part of the homogenizer. A TiO,/SiO, dual anti-reflective coating
(ARC) layer was assumed for the light-receiving surface of the solar
cell. Five finger designs as shown in Figure 3 were investigated: rect-
angular finger (RF), trapezoid finger (TF), light scattering finger with V-
groove cap (VCF), light scattering finger with round cap (RCF), and
light diverting finger (LDF). All finger designs used the same finger
spacing of 50 um. This finger spacing was selected in order to reduce
the power loss due to the lateral series resistance in the solar cell to
be <1% at 500 Suns. The efficiency gain will depend strongly on finger
spacing. With the exception of the LDF structure, unless otherwise
stated, all finger structures had a constant cross-sectional area and
constant bottom width of 5 pm, which leads to identical metal resis-
tive losses and contact resistive losses. For the LDF structure, either
the cross-sectional area or bottom width was maintained at a constant
value. All finger surfaces were assumed to be perfect specular reflec-
tive surfaces.

Light rays were assumed to propagate through the homogenizer,
glass, encapsulant, and ARC according to the real part of respective
materials' refractive index. Absorption was not considered in this sim-
ulation. The reflected and refracted rays were traced through a
boundary between media with different refractive indices based on
Snell's law and the Fresnel equations implemented in COMSOL Multi-
physics®. The wavelength used in all the simulations was 680 nm. The
transmitted power was then collected by a detector plane which was
placed under the ARC layer. The optical efficiency was calculated by
comparing the input power to the CPV system with the power
reached at the detected surface inside the solar cell. Losses from inlet
(top loss) and sidewalls (side loss) of the homogenizer were also
analyzed.

3 | RESULTS AND DISCUSSION

Figure 4 compares the optical efficiency and loss analysis for CPV

cells with RFs and TFs for a homogenizer with straight sidewalls

— Solar cell

<«—— Fingers

¥+~ Encapsulant 10 cm

Glass
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Icm Icm

(A) Schematic of the ray tracing model comprising a primary optic (parabolic dish) and a homogenizer and a solar cell receiver.
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Schematic showing the geometry of the five shaped finger designs evaluated. The question marks indicate light that is scattered at

an angle towards the glass, the angle of scattering depending on the angle of the incident light, and the angle of the tilted or rounded surface of

the finger
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FIGURE 4 Optical efficiency and loss for CPV cells with RF and TF structures with different base angles for a homogenizer with (A) straight
and (B) tapered sidewalls. All fingers have a base width 5 pm and finger cross-sectional area 20 um?

(Figure 4A) and tapered sidewalls (Figure 4B) for four different base
angles of fingers ranging from 75° to 90°. The cross-sectional area
and the finger base width were kept the same for all simulations for
constant contact and finger line resistance. The TFs with a base angle
of 75° result in the highest optical efficiency of 95.6% and 94.8% with
the homogenizer with straight and tapered sidewalls, respectively. For
both homogenizers, this represents a maximum increase of ~5.8% in
optical efficiency comparing to the RFs. The tapered finger sidewalls
can redirect rays into the cell resulting in a larger optical efficiency.
The constant cross-sectional area constraint also results in a reduced
finger flat surface from where the light is reflected back into the
homogenizer and ultimately lost.

Figure 5 compares the optical efficiency for CPV cells with VCF
structure with different numbers of V-grooves. The V-groove angle

was correspondingly changed to ensure that the width and the cross-
sectional area of the fingers were unchanged. The results show that
VCEF structures can improve the optical efficiency with a maximum
increase of 2.7% at a V-groove angle of 30° in a CPV system with
straight homogenizer sidewalls. However, for systems with tapered
homogenizer sidewalls, the VCF structures offer no measurable bene-
fit over the RF structure. For both homogenizers, it was found that
the number of V-grooves does not affect the optical efficiency. There-
fore, a two-V-groove cap structure was selected for further loss analy-
sis. The reflected ray angle distribution and loss analysis for this VCF
case are shown in Figures 6 and 7, respectively. For the CPV systems
with straight homogenizer sidewalls, the angle of reflection is mostly
within 20° at a V-groove angle of 5° but extends to almost 90° at a V-

groove angle of 30°. The critical angle for total internal reflection
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FIGURE 5 Optical efficiency of CPV cells with VCF structures having different numbers of V-grooves for a homogenizer with (A) straight and
(B) tapered sidewalls; (C) and (D) show the corresponding change in optical efficiency, Angp (%)
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FIGURE 6 Reflected ray angle distributions for CPV cells with VCF structures with two V-grooves with angles of 5° (A and C) and 30°

(B and D)

between glass/air interface is ~42°. This means that ray angles less
than the complementary angle of 48° will be totally reflected by the
sidewalls of the homogenizer and reach the top surface of the homog-
enizer. At the top surface, light with ray angles less than 42° will par-
tially propagate through the glass resulting in top losses, while rays
with an angle between 42° and 48° will be total internally reflected
back into the homogenizer. For the tapered homogenizer, the
reflected ray angle range is predominantly within 40°. Since the
tapered homogenizer has a shallow sidewall slope of 2.9°, rays with
angles less than 45.1° will be total internally reflected by the side wall
of homogenizer.

With practical fabrication methods, it can be difficult to form the
sharp edges of V-grooves. Consequently, an optical efficiency com-
parison and loss analysis was performed for RCF structures with a

varied arc angle of the cap layer (see Figure 8). For both homogenizer
types, the optical efficiency is proportional to the arc angle with a
maximum increase of 3.10% and 2.43% for homogenizers with
straight and tapered sidewalls, respectively. As observed for the VCF
structures, with the RCF structures having a small arc angle, most rays
can be reflected back with minor ray angle changes. Rays then travel
through the homogenizer and are lost at the entrance of the homoge-
nizer. Fingers with a large arc angle can increase the angular range of
reflection, resulting in increased side losses which partially compen-
sate the reduced losses at the top surface of the homogenizers.

Figure 9 compares the optical efficiency for CPV cells with LDF
structures for varying finger base angles. Light diverting fingers with
same bottom width or same cross-sectional area were considered,

ensuring that either the contact resistance loss or the finger resistance



SEVITE

LIU ET AL

Homogenizer with straight sidewalls

14 96
(A) [_]Top loss
L V7] Side loss
- 94
—
A10 W22 ey zzzzzy ;\?
S —— >
g2 =1 5
- O
= £
86l | 3
= - ©
o - | o
8 £
4 i o
88
2 H
0 H— T T T T T T T —H 86

Angle of V-groove (°)

Optical loss (%)

12 -

® P |
-WRRE2

Homogenizer with tapered sidewalls

Angle of V-groove (°)

92

90

89

88

87

86

optical effciency (%)

FIGURE 7 Optical efficiency and loss for CPV cells with VCF structures with different V-groove angles for a homogenizer with (A) straight

and (B) tapered sidewalls

Homogenizer with straight sidewalls

14 94
(A) . [C_Toploss
12l /] Side loss| 4 93
RCF =
S /./l

10 [ P - —492 =
= X
§ —491 >
g ° s
— 90 o
S 6 ©
a 89 8
S 2
4 [9)

88

2 87

T 86

30 40 50 60 70 80 90 100 110120 130 140 150 160 170

Arc angle (°)

Optical loss (%)

B [ _]Toploss
( ) - v/ Side loss|
=
zza
4" B

Homogenizer with tapered sidewalls

30 40 50 60 70 80 90 100110 120 130 140 150 160 170
Arc angle (°)

92

o o] o 0 0
~ (s (=} o =
optical effciency (%)

[°
>

FIGURE 8 Optical efficiency and loss for CPV cells with RCF structures with different rounded cap angles for a homogenizer with (A) straight

and (B) tapered sidewalls
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FIGURE 10 Reflected ray angle distribution for CPV cells with LDF structures with constant area and a base angle of 40° for a homogenizer

with (A) straight and (B) tapered sidewalls
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loss is kept constant. For both conditions, the optical efficiency
increases with increasing finger base angle, reaching a maximum opti-
cal efficiency of 99.14% and 98.91% for CPV systems with straight
and tapered homogenizer sidewalls, respectively. These are the
highest optical efficiencies of all the investigated finger structures.
Compared to RF structures with identical finger width or finger cross-
sectional area, the optical efficiency increase is 9.37% and 9.88% for
homogenizers with straight and tapered sidewalls, respectively.

An analysis of the reflected ray angle distribution and losses for
LDFs with constant area are shown in Figures 10 and 11, respectively.
Most rays reflected by fingers have an angle range between 55° and
90° leading to side losses for LDF with a base angle of 40°. When the
base angle is larger than 75° in CPV systems with straight homoge-
nizers, all rays incident on the fingers can be reflected directly into the
cell. Losses comprise of front glass losses and ARC losses which con-
tributed to a total of 0.86% and 1.03% for homogenizers with straight
and tapered sidewalls, respectively. For tapered homogenizers, when
the base angle is 40°, the small angle fraction of reflected light
increases leading to reduced side losses and increased top losses com-
pared to a homogenizer with straight sidewalls. When the base angle
is larger than 80°, no reflected rays were detected which means light

can be totally redirected to the cell for both homogenizers.

Homogenizer with tapered sidewalls
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Optical efficiency and loss for CPV cells with LDF structures with different base angles and constant finger area for a

TABLE 1 Electrical parameters of a reference GaAs single-
junction solar cell

Value Comment

Jse (A/cm?) 2.9

Parameter

Unshaded short circuit current
density under 100 Suns

Jo1 (A/em?) 4.0 x 1072°  Saturation current density associated
with diffusion process
Jo2, scr 2.0 x 107 Saturation current density in space
(A/cm?) charge regions
Joz, 1.0 x 107'2  Saturation current density at the
(A/cm?) perimeter
pe (Q/00) 110 Sheet resistance of emitter
pe (Q cm?) 645 x 107°  Contact resistivity (of metal-
semiconductor-contact)
pm (Q cm) 3.5 x%x 107° Resistivity of metal fingers

The potential solar cell efficiency enhancement that could be
achieved by using these shaped finger structures in a CPV system was
estimated based on a reference GaAs single-junction solar cell

|22

reported by Steiner et al.“ The electrical parameters of this reference

cell are shown in Table 1. For this analysis, the short circuit current
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Homogenizer with straight sidewalls

Homogenizer with tapered sidewalls

TABLE 2 Cell performance of a CPV
cell with RF and LDF structures

Parameter RF LDF with constant area RF

Optical gain (%) 89.8 99.1 89.0
Joc (A/em?) 2.6 2.9 2.6
Vo (V) 1.2 1.2 1.2
FF (%) 87.4 87.3 87.5
1 (%) 26.8 29.6 26.6

density (Js.) was assumed to increase linearly with decreased shading
losses, and the open circuit voltage (V) was calculated from the
diode equation using the recombination current density (Joq) listed in
Table 1 and the estimated J... The fill factor (FF) was then estimated
by simulating an I-V curve modeled using the two-diode equation to
extract maximum power point. The potential solar cell efficiency
enhancement was then computed using the obtained values for J,
Vo, and FF for the LDF structure as this was found in the analysis
above to result in the highest optical efficiency of all the structures
investigated. A finger grid comprising of LDF structures (base width
3.7 um; base angle 85°) was compared to a similar grid of RF struc-
tures (width 5 um; height 4 pm). The same finger spacing (50 pm) and
finger cross-sectional area (20 pm?) were used for both cases, thereby
ensuring the same lateral emitter and finger resistance losses. The
estimated efficiency results highly depend on the assumption made
for the finger spacing and finger cross-sectional area. It was assumed
that the cell series resistance was limited by the lateral emitter resis-
tance or finger resistive loss, and consequently, any small differences
in contact resistance arising from the different base area would have
been negligible. The series resistance was calculated to be
7.6 x 1072 Q cm?, which is comparable to the value calculated from
Steiner et al.'s paper.?2 The J,. for the base RF case was derated from
the value reported in Table 1 to account for the finger shading (100%
of the area of the RF structures across the cell surface) since the
reported J.. from Steiner et al.?? was for an unshaded device.

Table 2 shows the electrical parameters estimated for CPV cells
with the RF and LDF structures. With the increased optical gain, the
value of Js for the LDF case increases by 10.3% and 11.2% relative
compared to the base RF case for homogenizers with straight and
tapered sidewalls, respectively. Since J; only changes slightly and Jo
does not change, V.. would not change significantly. The base RF cell
has a solar cell efficiency of 26.8% and 26.6% for straight homoge-
nizers and tapered homogenizers, respectively. By changing to LDF
structures, the solar cell efficiency can be increased to 29.6% and
29.5% for the investigated CPV systems with straight homogenizers
and tapered homogenizers, respectively. This represents an absolute
cell efficiency improvement of 2.8% and 3.0%, respectively.

Light diverting finger structures can redirect incoming light effi-
ciently to the active area of the solar cell, therefore mitigating shading
losses for CPV systems. However, their fabrication is challenging
using typically used patterning and metal deposition methods such as
photolithography and e-beam deposition. Precisely shaped, sharp

edged structures are difficult to practically achieve. Saive et al.®

LDF with constant area

98.9

estimated for homogenizers with straight
and tapered sidewalls

29
1.2

87.2
29.5

reported the use of gravure printing using conductive inks to produce
triangular-shaped fingers on silicon solar cells. Although the described
finger fabrication approach may be difficult to scale to the larger area
industrial silicon cells, it could conceivably be applied to smaller,
higher-value CPV cells and therefore demonstrates the feasibility of
using shaped fingers to increase efficiency of CPV systems. Further-
more, even if the sharp edges of light diverting structures cannot be
easily achieved, this study shows that TFs with a rounded cap, which
can be achieved using metal plating processes, can still provide benefi-

cial efficiency improvements.

4 | CONCLUSION

The optical efficiency and loss analysis for five light management fin-
ger designs for CPV systems with two refractive homogenizers was
investigated in this study. Trapezoid finger structures were shown to
result in higher optical efficiency than RFs with a maximum increase
of 5.8% absolute due to the tilted surface increasing the redirected
ray fraction and decreasing finger top surface reflection. Light scatter-
ing fingers with a V-groove cap and RCFs can both improve the opti-
cal efficiency by 2.7% for CPV systems with straight homogenizer
sidewalls. However, VCF structures present no benefit in systems
with tapered homogenizer sidewalls, while RCFs can slightly improve
the performance with a maximum increase of 1.6%. Most reflected
rays scatter outside the CPV system at the sidewalls or at the top sur-
face, with the fraction depending on the finger structure. Light divert-
ing fingers can improve the optical efficiency in CPV systems by up to
9.4% and 9.9% absolute, respectively, for homogenizers with straight
and tapered sidewalls as the rays can be redirected to the cell directly.
We show that application of LDF structures with constant finger
number/spacing and finger cross-sectional area can increase the elec-
trical cell efficiency by up to 3.0% absolute compared to a similar sys-
tem with RFs. Efficiency improvements could be even greater when
the entire module is optimized.

In conclusion, we have demonstrated how the profile of the front
metal fingers can be used to effectively reduce the front metal shad-
ing loss in CPV systems resulting higher energy conversion efficien-
cies. Determination of the optimal shape of these fingers requires an
optimization of light management in the entire CPV system, including
the design of homogenizers which are routinely used to homogenize
the flux across the receiving solar cell's surface. The additional

processing does not add significant complexity since CPV cells
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typically require high resolution patterning steps using higher cost
processes such as photolithography. The addition of finger shaping
processes would not therefore represent a large step change in

processing complexity.
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