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The design of a triple junction solar cell’s front contact grid can significantly affect cell conversion efficiency under high
concentration. We consider one aspect of grid design, choosing a linear grid within a distributed resistance cell model to optimize
finger spacings at concentrations between 500 and 2500 suns under uniform and nonuniform illumination. Optimization for
maximum efficiency under Gaussian irradiance profiles is done by SPICE analysis. Relative to the optimized uniform illumination
designs, we find enhancements of 0.5% to 2% in absolute efficiencies for uniform spacing. Efficiency enhancement with nonuniform
spacing under nonuniform illumination is also evaluated. Our model suggests that, at lower concentrations (<1000 suns), the
penalty for using uniformly spaced fingers instead of nonuniformly spaced fingers is <0.1%. However, at a concentration of 2500 suns
the penalty increases to 0.3%. Thus, relative to a uniform irradiance optimization, an absolute efficiency increase of 2.3% can be
attained for an optimized nonuniform spacing given the Gaussian irradiance profile under consideration.

1. Introduction
Multijunction solar cells based on III-V semiconductors
are the most efficient of all photovoltaic technologies, with
a record efficiency of 44.7% under concentration recently
reported [1]. Not only does concentration permit the balance of concentrator photovoltaic system costs to offset the
expensive material costs of multijunction solar cells, but it
also enhances cell efficiency through the logarithmic increase
in open circuit voltage [2]. The effects of concentration
lead to a nonuniform profile that is not effectively flattened
by secondary optic solutions [3]. Concentrator PV system
optics often generate profiles that peak sharply at the center
of the cell (Figure 1(a)) and follow a Gaussian distribution
[4]. Peak-to-average irradiance ratios (PAR) typically range
between 2 and 10 [2], but greater PARs are not unknown
[5]. The nonuniformity in irradiance leads to a nonuniformity in current production that can decrease cell efficiency
[6, 7].

The decrease in cell performance becomes increasingly
evident at higher concentrations, where increasing current
densities drive higher series resistance (𝐼2 𝑅) losses. The
impact of these 𝐼2 𝑅 losses is a reduction in fill factor and
therefore a reduction in conversion efficiency [8]. For uniform irradiance, a linear grid with even finger spacing, as
shown in Figure 1(b), achieves maximum extraction efficiency regardless of such losses. This is not the case for
nonuniform irradiance, where the consequent nonuniform
current production within each subcell also leads to lateral
currents that exacerbate carrier recombination. Continued
reliance on uniform irradiance grid designs is therefore a
cause for concern [6], motivating analyses of more realistic
scenarios.
Simulation tools such as TCAD Sentaurus allow for valuable understanding of how solar cell performance depends
on material properties and device structure [9]. However,
as their complexity drives long computational times, usage
of such tools is limited to simulating a small symmetrical
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Figure 1: (a) A Fresnel-lens based CPV system showing nonuniform illumination on the solar cell. (b) Triple junction solar cell structure
with a linear grid design; the bus-bars are outside the illumination area.

element of the device. Therefore, electrical models designed
in SPICE (simulation program with integrated circuit emphasis) have been used to characterize the spatial dependence of
solar cell performance. Due to their inability to simulate the
effects of distributed resistance with varying irradiance profiles, classical lumped SPICE models do not permit realistic
simulation. Hence, distributed resistance models, capable of
simulating actual cell areas, are required for evaluating the
effects of nonuniform illumination.
In this paper, we use a two-diode equivalent circuit for
each subcell in a two-dimensional (2-D) distributed resistance model to address non-uniform current production
under various Gaussian irradiance profiles. We report on
the efficiency enhancements obtained by grid spacing optimization using realistic irradiance profiles at concentrations
of 500, 1000, 2000, and 2500 suns with both uniform and
nonuniform grid spacing. The results are compared with
those obtained from the corresponding uniform irradiance
analyses.

Table 1: Triple junction solar cell parameters as obtained by curvefitting simulated subcell IV curves at 1 sun.
Parameter
𝐼01 (A)
𝐼02 (A)
𝐼𝐿 (mA)
𝑅sh (kΩ)

Top subcell
1.0 × 10−25
1.0 × 10−20
12.9
10

Bottom subcell
1.6 × 10−6
1.3 × 10−5
21.5
3.5

results. Since a two-diode model yields more accurate results
than a one-diode model [12], solar cell parameters have been
determined for each subcell by curve-fitting the subcell 𝐼-𝑉
curves to
(𝑉 + 𝐼𝑅𝑆 )
(1)
,
𝐼 = 𝐼𝐿 − 𝐼𝐷1 − 𝐼𝐷2 −
𝑅sh
where the individual diode equations are
𝐼𝐷1 = 𝐼01 [exp (

2. Numerical Model
2.1. Device Structure and Parameter Extraction. In order to
generate values for equivalent circuit parameters that act as
an input to the SPICE model, 𝐼-𝑉 curves for each subcell are
required. These can be obtained either by using experimental
data from isotypes or by simulating solar cell structures
using TCAD tools [9, 10]. In this work, we have designed
a triple-junction solar cell (TJSC) structure using TCAD
Sentaurus by Synopsys. The simulation has been performed
on a symmetrical element of a lattice-matched TJSC with 5%
shading due to an ohmic contact on a highly doped GaAs
cap layer. The structure consists of three subcells composed of
GaInP, InGaAs, and Ge layers on a Ge substrate [9] connected
in series using low-resistance tunnel junctions [11]. Previous
variants of the model have been validated with experimental

Middle subcell
1.6 × 10−19
6.5 × 10−12
12.9
10

𝐼𝐷2

𝑞 (𝑉 + 𝐼𝑅𝑆 )
) − 1] ,
𝑘𝑇

𝑞 (𝑉 + 𝐼𝑅𝑆 )
= 𝐼02 [exp (
) − 1] .
2𝑘𝑇

(2)

𝐼𝐿 is the light-generated current (which is directly proportional to the solar irradiation), 𝐼01 and 𝐼02 are reverse saturation currents, 𝑞 is the electronic charge, 𝑘 is the Boltzmann
constant, 𝑅𝑆 is the series resistance, 𝑅sh is the shunt resistance,
𝑉 is the output voltage, and 𝐼 is the output current of the solar
cell.
Since the values of 𝐼, 𝑉, and 𝑅𝑆 are known from
the subcell 𝐼-𝑉 curves and from the sheet resistances of
the TJSC structure, the remaining unknowns, 𝐼𝐿 , 𝐼01 , 𝐼02 ,
and 𝑅sh , can be determined by curve-fitting using the
least-squares method [13]. The parameters thus obtained
are shown in Table 1 and have errors of less than 2%.
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Figure 2: Simulated subcell J-V data for the TJSC obtained using
TCAD Sentaurus (at 300 K and 1 sun) along with the least-squares,
curve-fitted data.

2.2. 2-Dimensional Distributed Resistance Model. Equivalent
circuit representation of solar cells is useful for CPV system
analysis [14–17]. In this work, a 2-D distributed resistance
model for a TJSC is used [13]. This model, designed using
LTSPICE, is an improvement over the 2-D model described
by Nishioka et al. [14] as it includes equivalent circuits for
the directly illuminated regions and for the shaded areas
underneath the metal contact. The inclusion of equivalent
circuits for the shaded areas is essential to analyze the effects
of nonuniform illumination on cell efficiency [16].
Figure 3 presents a detailed circuit diagram for the SPICE
model depicting illuminated and shaded equivalent circuits
that comprise the repeated functional block. Since finger
spacing is variable (given constant finger width), the number
of functional blocks 𝑛 varies with spacing for each simulation
and is given by
𝐴𝑡
,
𝑆𝑓 + 𝑊𝑓

(3)

where 𝐴 𝑡 is the total cell area, 𝑆𝑓 is the finger spacing, and
𝑊𝑓 is the finger width. Narrower spacing requires a larger
number of functional blocks to represent the physical extent
of the TJSC being modeled.
The linear grid means a 2-D model will suffice to describe
the TJSC. The model incorporates lateral resistance components connecting the functional blocks across the rows (𝑅lat ),
tunnel junction resistances (𝑅𝑇 ) connecting the subcells
in series, and contact resistances (𝑅se ) for the electrodes.
The number of function blocks for a fixed cell dimension
determines the lateral resistance values [13, 18]. Electrode
resistances are assumed to be negligible, finger widths are
fixed at 5 𝜇m, and the active cell area is equal to 1 cm2 . The
model therefore accounts for shading losses due to the fingers

RL5

C

Illuminated area

Figure 2 shows the fitted subcell current-density versus voltage (𝐽-𝑉) curves along with the simulated (𝐽-𝑉) curves
obtained for this structure using TCAD Sentaurus.

𝑛=

RL3

Shaded area

Figure 3: 2-D distributed resistance model developed in SPICE
showing the two-diode equivalent circuits for each of the subcells
where (A) top subcell, (B) middle subcell, and (C) bottom subcell
are connected in series using tunnel junctions. An illuminated and
a shaded unit form a complete functional block that is repeated 𝑛
times.

and ohmic losses due to series resistances. Bus bars are
assumed to be outside the active cell area and are not included
in the model. Shading losses and series resistances due to bus
bars are neglected for our simulations.

3. Optimization
In order to optimize finger spacing, the solar cell conversion
efficiency is assumed to be a unimodal objective function
with one maximum. A derivative-free optimization approach
is adopted to maximize cell efficiency. In order to reduce the
number of iterations and for a faster convergence, a Goldensection search algorithm is used. Finger spacings range from
50 𝜇m to 300 𝜇m, for a shading range of ∼2% to 10%, which is
typical for solar cell designs. Convergence of the optimization
process is ensured by requiring the absolute change in
efficiency to be less than 0.01%; spacing increments are 3 𝜇m.
Eight to ten iterations are sufficient to achieve convergence.
Section 3.1 below describes the optimization process for an
ideal uniform irradiance distribution; Section 3.2 describes
the process for a nonuniform irradiance distribution.
3.1. Under Uniform Illumination. Figure 4 shows efficiency as
a function of finger spacing at concentrations of 500, 1000,
2000, and 2500 suns under a uniform illumination profile
(1 sun = 900 W/m2 ). The relationship between the shortcircuit current and the concentration is assumed to be linear
[2]. This implies that the short-circuit current for this cell at
1000 suns is 1000 times that of the short-circuit current under
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Figure 4: Efficiency as a function of spacing at 500, 1000, 2000, and
2500 suns under uniform illumination. An optimal finger spacing is
obtained using a Golden section search algorithm after 8–10 iterations.

one sun operation. The figure reveals that the efficiency of
the cell reaches a maximum value at each concentration for
a specific finger spacing.
The optimal finger spacing at 500 suns is found to be
120 𝜇m. However, at 1000 suns the optimal finger spacing
is reduced to 95 𝜇m. It is evident that this cell can perform
almost optimally, without much loss in efficiency (<0.2%), at
both 500 and 1000 suns if the fingers are spaced from 95 to
120 𝜇m. At 2000 and 2500 suns, however, the cell needs to be
designed with more closely spaced fingers (optimal spacing
is 75 𝜇m and 72 𝜇m resp.) in order to get the best possible
efficiency. A similar trend is reported in an NREL technical
report [19]. The highest efficiencies obtained with this cell
under uniform illumination are 37.9% at 500 suns, 38.1% at
1000 suns, 38.0% at 2000 suns, and 37.9% at 2500 suns.
An increase in the slope of the efficiency versus spacing
curve with concentration indicates that the penalty for using
a nonoptimal spacing is greater at higher concentrations
(2000 and 2500 suns) than at lower concentrations (500 and
1000 suns). If the cell is designed with a 120 𝜇m spacing and
operated under uniform illumination at a concentration of
2500 suns, a 1.3% absolute loss in efficiency is observed as
compared to that obtained with the optimal spacing.
3.2. Uniform Spacing under Nonuniform Illumination. To
model nonuniform illumination, three Gaussian profiles with
different peak to average ratios (PARs) are used to represent
various types of concentrating optics. Efficiency optimization
is performed for PARs of 1.6, 2.6, and 5.3 at concentrations
of 500, 1000, 2000, and 2500 suns across the range of finger
spacings. A PAR of 1.6 approximates an ideal concentrating
system, while a PAR of 5.3 may represent a system with only a
primary Fresnel lens element and no secondary homogenizer.
Note that, while the total intensity of each irradiance profile
is kept constant, chromatic aberration effects are ignored in
the optimization. This implies that current mismatch between

top, middle, and bottom subcells is neglected. Figure 5 shows
how the efficiency variation with finger spacing depends
on the illumination profile; uniform illumination has also
been included, for comparison. The three Gaussian irradiance
distributions are shown in the inset. The optimal finger spacing is seen to decrease with both increasing nonuniformity
and increasing concentration, and the efficiency is likewise
reduced. Figure 5(a), at 500 suns, shows that, for the highest
PAR, the efficiency at the optimal uniform spacing of 120 𝜇m
is about 0.5% absolute lower than it would be at its optimal
90 𝜇m spacing; for Figure 5(b), at 1000 suns, the efficiency at
the optimal uniform spacing of 98 𝜇m is about 0.9% absolute
lower than it would be at its optimal 69 𝜇m spacing; and
for Figure 5(c), at 2000 suns, the efficiency at the optimal
uniform spacing of 75 𝜇m is about 1.5% absolute lower than
it would be at its optimal 50 𝜇m. The results clearly illustrate
that an increase in concentration and in nonuniformity has
an increasingly significant effect on the conversion efficiency
of the solar cell.
3.3. Nonuniform Finger Spacing under Nonuniform Illumination. In order to further improve the efficiency of the cell
exposed to a nonuniform irradiance profile, a nonuniform
grid spacing is investigated to ascertain if unevenly spaced
fingers enhance cell efficiency. To reduce computational complexity, the cell is virtually divided into a number of segments
of equal area. Spacing is uniform within a segment but differs between segments. For example, consider a solar cell
virtually divided into ten segments (say 𝑆1 to 𝑆10 ). Since the
segments closest to the center of the cell will receive higher
illumination, the fingers should be more narrowly spaced at
the center of the cell than at the edges. Also, since Gaussian
irradiance profiles have been used to represent nonuniform
illumination, a symmetric spacing distribution can be used.
For example, the spacing for the two outermost segments, 𝑆1
and 𝑆10 , is the same.
Simulations show a negligible change in efficiency
(<0.01%) when the number of segments is increased beyond
ten. Therefore, ten segments are used for our model. Each
segment consists of a number of functional blocks given by
𝑌 = 𝑚 ∗ Seg𝑁 + 𝐶,

(4)

where Seg𝑁 is the segment number for the symmetric left
half of the cell, 𝑚 is the slope of the linear profile, and 𝐶 is
a constant.
By varying the values of 𝑚 and 𝐶, the number of functional blocks, and hence the finger spacing, is varied. Changing 𝑚 varies the spacing between segments more drastically
than changing 𝐶. In order to implement this in SPICE,
recalculation of resistance values for each segment, and for
intermediate areas between segment transitions, is required.
Maximum slope (Max 𝑀) and constant (Max 𝐶) values are
set to 10 and maximum efficiencies are obtained as the values
of 𝑚 and 𝐶 are varied between 1 and 10, yielding optimal
configurations for all irradiance profiles and concentrations.
Figure 6 shows results for a Gaussian irradiance profile of
PAR = 5.3 at 1000 suns and 2500 suns. At 1000 suns, a
maximum efficiency (𝜂max ) of 36.9% is obtained at 𝑚 = 2 and
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Figure 5: Efficiency as a function of finger spacing at a concentration of (a) 500 suns, (b) 1000 suns, and (c) 2000 suns; inset: Gaussian
irradiance distributions with different peak to average ratios (PARs).
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Figure 6: Efficiency as a function of slope 𝑚 and constant 𝐶 under a Gaussian irradiance distribution (PAR = 5.3) at (a) 1000 and (b) 2500 suns.
The color bar indicates the efficiency values (%) obtained with each combination.
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Table 2: Maximum efficiency (𝜂max ) comparison with uniform and nonuniform spacing under PAR = 5.3 and PAR = 2.6 at various
concentrations (𝑋).
PAR = 5.3
𝑋

𝜂max
Uniform spacing [%]
36.9
36.8
36.4
36.1

500
1000
2000
2500

PAR = 2.6

𝜂max
Nonuniform spacing [%]
37.0
36.9
36.6
36.4

300
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Figure 7: Optimal nonuniform spacing profile at (a) 500 suns and
(b) 2000 suns under a Gaussian irradiance profile (PAR = 5.3) with
the solar cell divided into ten equal segments.

Our results indicate that, under uniform illumination, the
finger spacing needs to be optimized for the system concentration. Under nonuniform illumination, the effect of
finger spacing on solar cell efficiency can be pronounced. For
uniform spacing at 2500 suns, an efficiency enhancement of
2% absolute is obtained when optimizing using a Gaussian
profile of PAR = 5.3 rather than a flat profile. For nonuniform
spacing an additional enhancement in absolute efficiency of
0.3% was found. At lower concentrations, the penalty for
using evenly spaced fingers becomes negligible. The need
to optimize grid designs based on nonuniform illumination
is thus clearly demonstrated by our optimization of front
contact finger spacing on multijunction solar cells using more
realistic irradiance profiles across a range of concentrations.
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