Characterization of the spatial distribution of
irradiance and spectrum in concentrating photovoltaic
systems and their effect on multi-junction solar cells
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ABSTRACT

The irradiance and spectral distribution cast on the cell by a concentrating photovoltaic system. typically made wp of a pri-
mary Fresnel lens and a secondary stage optical element, is dependent on many factors, and these distributions in tum in-
fluence the electrical performance of the cell. In this paper, the effect of spatial and speciral non-uniform irradiance
diztribution on multi-junction solar cell performance was analyzed using an integrated approach. Imadiance and speciral
distributions were obtained by means of ray-tracing simulation and by direct imaging at a range of cell-to-lens distances.
At the same positions, /~V curves were measured and compared in order to evaluate non-uniformity effects on cell perfor-
mance. The procedure was applied to three different oplical sysiems comprised a Fresnel lens with a secondary optical

element consisting of either a pyramid. a dome, or a bare cell. Copyright © 2011 John Wiley & Sons. Lid.
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1. INTRODUCTION

Mul-junction (MJ) solar cells have the highest conversion
efficiency of any photovoltaic device, with measured values
reaching up to 43-5% [1]. These cells produce maximum effi-
ciency values at a certain wradiance level, a cerlain spectnim
(usually ASTM G173-3 AM1.5D), and uniform illumina-
tion. However, when MJ solar cells are used in a particular
concentrating photovoltaic (CPV) system. the illumination
conditions are different from the reference ones, resulting
in an efficiency decrease.

Most concentrating oplics cause flux distributions that are
spatially non-uniform both in absolute irradiance and spec-
tral content. Some cell areas are illuminated at a higher imra-
diance level than others, translating into an increase in
effeclive series resistance and, therefore, a decrease in fill fac-
tor (FF). At the same time, other cell areas are very poorly il-
luminated, or even dark. Hence, those areas will work as dark
diodes. contributing only with recombinaton current but not
with photogeneration. In addidon. if the peak irradiance gen-
erales a current that exceeds the tunnel junction current limit,
and the lateral resistance is not negligible, the efficiency will

dramalically decrease. Both effects, the loss of FF due to
effective series resistance increase and the possibility of sur-
passing the unnel limit, have been and are being investigated
by different research groups worldwide. Some authors have
created more realistic simulatons of MJ solar cells wsing dis-
tributed models [2-7]. Others have used simulation to predict
the unnel junction current limit and determine whether cur-
rent-spreading phenomena are significant enough to prevent
an efficiency decrease or not [3-13].

Spectral non-uniformities, where the speciral content of
the flux varies across the cell, are inherent to refractive
CPV systems because of the oplical (ransfer function and
chromatic aberration in the optics. This spectral variation
can signilicantly decrease the current generated by one of
the subcells {and consequently the total current passing
through the multiple series-connected subcells). A solar
cell that is middle limited under the reference spectrum
can be top limited inside a particular CPY system under
the same illuminalion or, more likely. can have some areas
top limited whereas others are middle limiled. In this case.
the limiting subcell will be determined by lateral current
flow in the layers connecting he subcells [4].
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Both types of spatial irmadiance non-uniformities, both spectral
and absolute. are highly sensitive to the receiver-to-primary lens
distance and, as will be shown here. an experimental determina-
tion of the optimum cell receiver position is highly recommended
for any new concentrator design.

Different approaches have been followed to study and
quantify the effects of non-uniform irradiance distribution
on MI solar cells. Leutz [14] and James [7] used ray-tracing
simulations to predict the irradiance distribution for different
light colors when using a Fresnel lens with and without a sec-
ondary optical element (SOE). Mifiano [15] has also shown
how imaging systems can cause these non-uniformities and
how they can be smoothed by using non-imaging optics
and Kohler integration. In an earlier work, the authors of this
paper have presented the simulated profiles obtained by add-
ing different refractive and reflective SOEs to a Fresnel lens
[16]. These resulting irradiance profiles can be used to feed
the solar cell-distributed models previously mentioned and
predict cell performance. However, these approaches have
uncertainties due to the fact that ray tracing predicts irradi-
ance peaks higher than the ones taking place in reality if op-
tical surfaces and bulk are considered ideal. To overcome
that. the optical performance of surfaces and bulk material,
which are very dependent on material and manufacturing
process. must be accurately known.

A more experimental approach was followed by Katz [17]
using a fiber glass to create an extremely high-illuminated
area on a solar cell. Although the solar cell performance
declines for peak irradiances higher than 10000 suns. it is
not clear that real CPV systems will produce such irradiance
distribution (small-area sharp peaks).

We recently introduced another approach based on us-
ing simulated irradiance profiles to generate high resolu-
tion masks for imposing a certain uniformity map and
comparing the /-V curve of the cell covered with the mask,
with the /-V curve under uniform illumination to calculate
the FF decrease [18]. The main drawback of this method is
that masks only reproduce spatial non-uniformity, neglect-
ing the spectral one. Finally, Cotal [19] and Kurtz [20]
measured the cell under the optical system (point-focus flat
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Fresnel and linear dome Fresnel, respectively) and
obtained the efficiency losses for different cell positions.

In this paper, an integral approach was followed, com-
paring results from ray-tracing simulations. charge-coupled
device (CCD)-based camera measurements, and directly
measured /~V curves. Three CPV systems. all with the
same geometrical concentration of 625X, were studied.
The systems comprised a Fresnel lens and either a bare cell.
a dielectric truncated pyramid SOE. or a refracting dome
SOE (Figure 1). An MJ solar cell of the same size (1 cm?)
and technology. which had been previously calibrated un-
der homogeneous concentrated flash light, was used in each
case. The SOE exit is slightly smaller than the cell active
area to avoid spilled light beyond the cell perimeter. First.
the optical systems were simulated using Monte-Carlo ray
tracing. using a source which spectral and angular charac-
teristics were that of the sun. From this simunlation, consid-
ering spectral flux distribution across the cell and the
spectral response of each subcell, the distributed photogen-
erated current for each subcell was calculated. Then. irradi-
ance distributions were measured using a CCD camera and
adequate filters. CCD measurements for different receiver-
to-primary lens distances were correlated with simulated
results. Finally. the /-V curves of the systems for different
receiver positions were measured. and the variation of the
electrical parameters is analyzed and compared with the ir-
radiance distribution that caused this variation.

2. SIMULATIONS AND
MEASUREMENTS DESCRIPTION

2.1. Ray-tracing simulations

Ray-tracing simulations can be very useful to predict opti-
cal performance and, in particular. the irradiance profiles
produced by different CPV systems. In order for the simu-
lations to be as realistic as possible, one must consider the
sun angular size and the transmittance of all the materials
comprising the system.

M1 solar cell

Figure 1. Optical systams studied in this paper comprised a Fresnel lens and three different receivers: pyramid secondary optical element
(SOE) {center), dome SOE {right, and bare cell (left). MJ, multiunction.



Instead of using the reference spectrum, B(A). for the
emitting source, an artificial spectrum S(4) was used in the
simulations. S(4) results from multiplying the MJ solar cells
spectral response SR(A) times the reference spectrum B(A4).

S(1) = B(A)SR(A) (1)

Therefore, instead of predicting nradiance distribution
over the cell, the simulation output represents the photogen-
erated current distribution for each subcell. making it possi-
ble to determine which subcell is limiting in any part of the
cell . The true cell-limiting mode is strongly influenced by
the sheet resistance of the layers connecting subcells. For
each connection. the middle layer resistance comprised the
top subcell base sheet resistance, the tunnel junction sheet re-
sistance, and the bottom subcell emitter sheet resistance. A
detailed analysis can be found in Kurtz and O'Neill [4]. but
the important conclusion is that those parameters can make
the effect of chromatic aberration on cell performance vary
from significant to negligible.

Certain optical non-idealities were neglected in the
simulations. The most important is scattering, because op-
tical surface roughness is very dependent on the optical
material and manufacturing process and difficult to simu-
late. Defects, misalignment errors, and dust can also con-
tribute to scaftering in a real system. The addition of
scattering would significantly smooth irradiance peaks pre-
dicted by simulations. so the results presented here can be
considered as worst case.

We have rendered a ray-tracing simulation using the
Monte-Carlo method with 1 million rays for every optical
system and for every receiver-to-primary lens distance. The
estimated error for each of the 40 x 4() nodes in the receiver
that simulate the solar cell entrance was less than 5%.

2.2. Irradiance profile characterization

An experimental method to measure the irradiance profiles
using a CCD camera has been developed and presented

elsewhere [21]. The CPV system under study was illuminated
by the Helios 3198 solar simulator (Soldaduras Avanzadas,
Puertollano, Spain) [22], which provides highly collimated
light that is spectrally matched to AM1.5D. The solar cell
was substituted by a translucent Lambertian diffusing sur-
face, and the irradiance distribution at that plane was imaged
with a CCD camera. By using adequate low-pass or high-
pass filters. the irradiance profile of the spectral band seen
by each subcell could be separately recorded. SR differences
between the camera and the subcells (Figure 2) may intro-
duce some errors mainly due to the difference in the SR
limits for each case (differences in the absolute SR values
can be neglected as the camera is not used as an absolute ir-
radiance level sensor). As in the simulations. the actual irra-
diance was weighted by the spectral response of the CCD
camera sensor (plus the filters), and therefore represents an
estimation of the photogeneration rather than irradiance. Al-
though it is difficult to obtain an absolute irradiance value us-
ing the CCD camera as its sensitivity depends on the
exposure time and lens aperture. the relative irradiances at
different pixels for the same image are valid. Peak-to-average
ratios (PAR) for top and middle subcells at each cell position
were compared with the simulated values. In general. PAR
measured values are lower than the simulated ones due to
the scattering mentioned above.

The irradiance profile seen by the bottom subcell can-
not be measured because the silicon sensor in the CCD
camera cannot detect light at the wavelengths this subcell
is sensitive to. However. for the majority of optical mate-
rials, dispersion is far more significant at lower wave-
lengths than at higher ones, and so the bottom cell
irradiance profile is far more similar to middle cell irradi-
ance profile than middle is to top. In addition, for the semi-
conductors currently used to manufacture MJ solar cells,
the bottom subcell has an excess of photogenerated
current, meaning that MJ solar cells are usually either
top or middle limited. For these reasons, and for the sake of
clarity, the influence of the bottom subcell is neglected for the
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Figure 2. Spectral response of the charge-coupled device (CCD) camera silicon sensor filtered by cold mirror and heat glass ({solid
Iines) to simulate spectral response of middle and top subcells (dots). PAR, peak-to-average ratio,



rest of this paper, as we turn to the question of how these irradi-
ance profiles affect the solar cell performance.

2.3. Electrical measurements

To come full circle and analyze cell performance under
spectral and spatial non-uniform distributions. the electri-
cal performance at different receiver-to-primary lens dis-
tance was measured in the solar simulator. At every
position, an /-V curve was recorded under different irradi-
ance levels (direct normal irradiance (DNI) from 600 to
1000 W/m?) and different spectral distributions. The elec-
trical parameters of short-circuit current (..}, fill factor
(FF), and efficiency () were then calculated from the -V
curve.

Throughout the paper, a figure of merit is used for de-
scribing the spectrum: the Spectral Matching Ratio
(SMR). which is defined as the ratio between the top and
middle subcell photogenerated currents under the spectrum
in study, divided by that ratio under the reference spec-

trum, defined as
T (Esimufaror}/
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where I (E) represents the photocurrent of a subcell (top or
middle} when illuminated with a particular spectral irradi-
ance distribution £ under the simulator (which in turn
depends on the irradiance level). I; (AM1.5D) stands for
the photoresponse of a subcell under the reference spec-
trum. SMR is an indicator of how blue-shifted (SMR > 1)
or red-shifted (SMR < 1) the light is with respect to the ref-
erence spectrum, The values of SMR for the measurements
presented in this article, between (0-86 and 0-96 are repre-
sentative of values that may be obtained outdoors yearlong
in, for example, Madrid (continental climate. latitude 40°7),
whereas higher values of 1-0 and beyond are only obtained
in the summer months.
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An important point about the experimental method used
is that the SMR and the irradiance are varied simulta-
neously, because of intrinsic properties of the light source:
the spectrum shifts from blue to red during the flash pulse
decay. This must be kept in mind when interpreting results,
as the electrical behavior is affected by both irradiance and
spectrum. However, it should be noted that this is also rep-
resentative of the change in solar irradiance and spectrum
throughout the day in most locations: bluer spectrums cor-
respond with a higher DNI and vice-versa. For example. in
Figure 3 we can see the variation of SMR both on a day
near the spring equinox in Madrid and in the simulator.

It will be seen that the relative maximum of 7, versus
focal distance is obtained at the location where top and
middle subcells are current matched. FF is influenced si-
multaneously by the changing irradiance. spectrum. and
spatial non-uniformities. When a cell is uniformly illumi-
nated. FF is strongly influenced by current matching in
the cell. If the short-circuit current is kept constant, the
minimum FF is obtained when both subcells are
matched [23.24]. The measured values of 1. determined
from /. and FF. are shown in the same figures. As the
main objective of this paper is to analyze how the concen-
trator performance depends on the primary-receiver posi-
tion and the spectral distribution, 1 and [, are presented
normalized by their maximum in each system. FF is a rel-
ative value by definition and so is not normalized.

3. EXPERIMENTAL
3.1. Fresnel lens with bare cell

The irradiance profile produced by a classic point-focus
Fresnel lens is well known. so this system can be useful
to validate the entire procedure. As is expected, blue light
(used by the top subcell) has a PAR maximum when the
cell is nearer the lens than its design position. On the other
hand. the PAR is maximized for red light (used by middle
subcell) at focal distances higher than design (Figure 4).
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Figure 3. Comparison of spectrum dependence on direct normal irradiance for indoor and outdoor measurements.
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Ray-tracing simulations with ideal optical surfaces pre-
dicted a maximum PAR of 15 CCD measurements
showed similar overall tendencies but predicted lower irra-
diance peaks. with a maximum of 10.

In Figure 5 the results from the ray-tracing simulations
are shown. For each cell-to-lens distance. the spatial

distribution of the current photogenerated by the top sub-
cell is shown in the top row and that of the current photo-
generated by the middle subcell is shown on the second
row, The third row represents the ratio between the two
of them (i.e., current matching}. In this last row, the zones
where the ratio is lower than 1 (blue) will be top limited,

cell-to-lens distance increases
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Figure 5. Fresnel lens plus bare-cell systerm. Top subcell photogenerated currant density (first row) and middle subcell photogener-
ated current density {second row). Ratio between both is represented in the third row. All the results are for a situation where SMA=
0-96. SMR, spectral matching ratio; FF, fill factor; SOE, secondary optical element.



whereas those others where the ratio is higher than 1 (red)
will be middle limited: zones painted in green are very
close to current matching. Using this type of representa-
tion, the situations where spectral non-uniformity is signif-
icant can be clearly observed.

The representative electrical parameters of a system
comprised a bare MJ solar cell and a Fresnel lens, for the
same receiver-to-primary lens distances that are simulated
by ray tracing, are shown in Figure 6. The evolution of
the /.. for different positions can be easily understood by
comparing Figures 5 and 6. When the cell was near the
lens, there was an excess of blue light that caused the mid-
dle subcell to be limiting. then as the cell-to-lens distance
was increased and the red-light spot became focused. the
top and middle cells became better matched. maximizing
... As the cell was moved even farther it became top lim-
ited, and /I, decreased again.

The other variable that strongly influences the system
performance is the incident irradiance spectral distribution.
As described previously, the irradiance and spectrum were
varied simultaneously, and each spectrum is characterized
by an SMR value [22]. Figure 6 also shows how, as redder
(lower SMR) spectrums are used. the /. falls off faster as
the receiver-to-primary distance is increased past the opti-
mum, because. with less blue light, the top subcell
becomes current limited earlier.

At SMR =0-96 and DNI = 1000W/m?, FF is minimized by
two effects that occur at the same receiver-to-primary distance:
the system is focused. increasing spatial non-uniformity. and
the top and middle subcells are current matched. As redder
spectrums are used, not only does the FF minimum shift to
the left. but the shape of the curve changes. For instance, at
SMR=0-88 and 700 W/m", the FF evolution with position
shows a W-shape with two local minima similar to that
reported by Cotal [19]. An important conclusion from this re-
sult is that at low iradiance values (and low SMR) the FF
remains high and is not very sensitive to cell position as non-
uniformities are smoothed by low effective series resistance
and top cell is always limiting. However, as irradiance and
SMR are increased, FF becomes very sensitive to cell position
as significant series resistance make non-uniformities notice-
able and limiting subcell strongly depends on cell-to-receiver
distance. The optimum focal distance (maximum 7) is found
at 2483 mm. which is not coincident with the design position
(250 mm). Therefore. it is highly recommendable to experi-
mentally determine the optimal cell position for any new con-
centrator design. In this example. assuming the design
position, which has a 0-7% difference with true optimum,
would lead to an efficiency decrease of 6-6%.

3.2. Fresnel lens plus pyramid secondary
optical element system

A dielectric SOE in the form of a truncated pyramid has
been proposed as the simplest solution to homogenize irra-
diance profiles over the cell [2,25]. This is seen to be the
case: the maximum PAR predicted by simulation is 3,
whereas the maximum PAR measured via imaging is 2

(Figure 7). In addition. the irradiance profile is far less sen-
sitive to cell position than without using an SOE. The im-
portant question is then whether uniformity advantages
justify the additional cost of adding a pyramid or not.
The homogenizing effect of the pyramid can be clearly
observed in Figure 8: the spatial irradiance distribution is
very uniform for all the positions studied and for both sub-
cells. This is coherent with the fact that measured FF is in
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Figure 6. Electrical measurements for the Fresnel concentration
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general higher than for the Fresnel alone, Furthermore, the
ratio between top and middle currents remains close to 1
across the surface of the cell for almost every position. In
other words. the optic spatially homogenizes the irradiance
distribution spectrally.

Electrical measurements of the system with the pyramid
(Figure 9) show a more gradual curve of [, with respect to
cell-to-lens distance than was seen for the bare-cell mea-
surements. As the spectrum becomes redder, the maximum
I.. shifts to shorter receiver-to-primary lens distances,

similar to the previous system. The optimum current
matching (i.e.. maximum /. ) varies slightly with the
spectrum, from focal distances of 293 mm for lower
values of SMR to 296 mm for higher values of SMR. Be-
cause the spatial irradiance distribution on the cell does
not change significantly with position, because of the ho-
mogenization. the change in FF depends mainly on cur-
rent matching between top and middle subcells, without
any noticeable difference in behavior for different spec-
tra. Only at the closest position measured. 293 mm, can
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a decrease in photogenerated current uniformity be seen.
causing a decrease in FF mainly for low SMR values,
with little change in /.

3.3. Fresnel lens plus dome secondary
optical element system

Using a dome SOE to homogenize light distribution created
by a Fresnel lens was also proposed many years ago
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Figure 9. Electrical measurements for the Fresnel+ pyramid
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each measuremeant position at 1000 \W/m? (MR =0-96). Ratios
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[7.26.27]. In this proposal, the dome is designed using the
Fermat principle under the condition that it images the pri-
mary lens on the cell. Hence. as the primary lens is uniformly
irradiated by the sun, the cell will be uniformly irradiated by
the primary. However. this condition is only true for the de-
sign wavelength, whereas at other wavelengths, non-uniform
irradiance profiles are obtained. For this effort, we have
fabricated a custom dome using optical-grade silicone.

Peak-to-average ratio values obtained when simulating
and measuring (Figure 10) are slightly higher than for the
system using a pyramid SOE, but much lower than using
no SOE at all. For the optimum position, the measured
and simulated PAR value is around 3. When the cell
approaches the primary lens, irradiance non-uniformity in
the red light increases as the dome is no longer imaging
the primary lens on the cell, but has begun to act as a con-
verging lens. as can be clearly observed in Figure 11.

Both ray-tracing simulations and [, measurements
agree that top subcell is limiting in all the positions. It is
possible that this limitation is caused by the transmissivity
of silicone. For the longest cell-to-lens distance measured.
268 mm, part of the blue light from the primary does not
reach the dome entrance at all, reducing considerably top
photogenerated current and, as a consequence, /.

Analyzing electrical measurements (Figure 12), we first
observe that the /.. maximum occurs at 257 mm, and that
this therefore most likely represents the focal distance at
which current matching occurs, even though the simulation
predicted this match at 268 mm. This discrepancy may be
because the dome material spectral transmissivity was not
well known. It is observed that FF is at a minimum at the
experimentally determined matching position, which also
corresponds to the position with the most illumination
non-uniformity. At higher focal distances. the F'F increases
due to both current mismatch in the subcells and decreasing
non-uniformity. The latter seems to be the primary cause
for the change in FF for cell positions for focal distances
between 257 and 265 mm, as the /. is almost constant
throughout this range.

4. IRRADIANCE LEVEL AND
SPECTRAL DISTRIBUTION
SENSITIVITY

Figure 13 shows FF evolution for different irradiance
levels. with correspondingly different spectral distribu-
tions, for the three systems at their optimum positions.
The three of them show similar tendency: FF' decreases
as irradiance level increases (and so does effective con-
centration). and SMR is closer to 1 (so top and middle
are closer to match because the system is at its opti-
mum position). However, relative FF variation is far
more significant in the bare-cell system than in the
system using an SOE, because of the absence of
homogenization,

The irradiance levels and SMR values used in these
measurements represent real working conditions for a
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dle subcell photogenerated current density {second row). Ratio between both Is represented in the third row, All the results are for a

situation where SMA = 0-96. PAR, peak-to-average ratio; CCD, charge-coupled device.



Fresnel + dome SOE

—&— 1000 W/m2 (SMR=0.96)
BOOW/m2 (SMR=0.91)
2 600 W/m2 (SMR=0.86}

1 B F :
095 \E\—‘\

0.85

—— 900W/m2 (SMR=0.94)
700W/m2 (SMR=0.88)

normalized Isc

normalized Eff
o
(-]
w

0.875 4
0.85 1
0.825 4

0.8 4
0.775 4
0.75 4
0.725 4

07 T v T T T ]
256 258 260 262 264 266 268

.0 .€ &

Figure 12, Electrical measurements for the Fresnel+dorme
secondary optical element concentration system at different cell
position. Design position is 265mm. Plots at the bottom repre-
sent ratio between top and middle photogenerated current for
each measuremeant position at 1000 W/m? {SMR=0-96). Ratios
higher than 1 (red) indicate middle-limited zones whila ratios
lower than 1 {(blue) indicate top-limited zones. In green areas,
top and middle photogenerated current is matched.
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CPV module in the sun: latitude. time of the day.
seasonal variation, and/or atmospheric conditions can
easily produce SMR values similar to the ones seen
here. This means that a system with an SOE will be
less sensitive to the ever-changing incident spectrum
in operation, resulting in an increase in the annual
energy yield.
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Figure 13. Fill factor (FA for different irradiance levels (W/m?)

and spectral matching ratio (SMR) when the call is at its opti-

mum position in the three optical systems. SOE, secondary op-
tical element.

4. CONCLUSIONS

For M1 solar cell performance under a particular CPV system
to be accurately predicted, the absolute and spectral spatial
non-uniform irradiance profiles created by the system must
be studied. In this paper, this has been carried out by both
ray-tracing simulations as well as direct measurements.
Comparing three systems, it is shown that adding an SOE to a
Fresnel lens significantly reduces those non-uniformities and
improves performance. CCD-based measurements show a maxi-
mum peak-to-average value of 10 for a Fresnel lens alone, 2 for a
Fresnel lens plus pyramid SOE, and 4 for a Fresnel lens plus
dome SOE. Ray-tracing simulations predict similar fendencies.
but the simulated PAR are higher than those measured by an im-
aging method due to the absence of scattering in the simulations.
The uniformity enhancement provided by an SOE trans-
lates into an efficiency increase. Furthermore. adding an
SOE increases tolerance to changes in the incident spectrum.
The tolerance improvement will result in an increase in energy
yield. The question for designers is whether the extra energy
collected compensates for the extra cost of including a second-
ary element in the optical system. Regardless, for any concen-
trator system, we have shown that experimental measurements
of electrical efficiency versus focal position are fundamental to
the selection of the optimum distance to be used for system
design, because an incorrect choice will result in lost energy.
and simulation is not sufficient to capture real optical behavior.
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