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Abstract — We describe the design and operation of a
spectrally programmable solar simulator capable of being
concentrated to very high irradiance for the testing of multijunction concentrator solar cells. The simulator utilizes a spatially
coherent, super-continuum laser as the light source and a hybrid
pair of prism-based spectrometers with spatial light modulators
to precisely control the spectrum. Spectra are presented which
simulate scaled versions of the AM 1.5 solar reference spectrum,
correct for spectral mismatch, and model attenuation from
increasing air-mass. The simulation of attenuated spectra may be
used to study conditions representative of changes in location,
weather, time of day, and time of year. We used the
programmable simulator to test a multi-junction solar cell at up
to 138 suns. We used a static, non-programmable version of the
simulator to test the same cell at well over 500 suns. Technical
improvements which would achieve substantial increases in
irradiance and/or cell illumination area are described.
Index Terms — concentrator photovoltaic, multijunction solar
cell, quantum efficiency, solar simulation, spatial light modulator,
spectral mismatch, super-continuum laser
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I. INTRODUCTION
Measuring the optical and electrical properties of a
photovoltaic device or material constitutes a fundamental
characterization which is critical to increasing efficiency,
improving reliability, and reducing overall solar-cell cost.
Such measurements must be made with high accuracy under
controlled conditions using an illumination source, or solar
simulator, which can be carefully controlled spectrally,
spatially, and temporally. Traditionally, the laboratory light
sources used for solar-cell testing have included broadband
lamps [1], lasers [2], and LEDs [3]. Significant drawbacks
exist for each of these sources when used in various
measurement scenarios. Arc lamps, for example, can provide a
powerful and broad spectrum, but are difficult to spectrally
alter for the light biasing of multi-junction solar cells [4] and
the modeling of air-mass variations [5]. Lasers are powerful
and easy to concentrate, but have unrealistically narrow
spectra [2]. LEDs are broader spectrally than lasers but must
be configured into interleaved arrays to provide better
coverage of the solar spectrum [3]. Lamps and LEDs both
radiate into large solid angles, making them difficult to
concentrate or alter spectrally with beam optics.
The super-continuum laser is a high-power, broadband light
source with the potential to provide vastly improved optical

excitation for photovoltaic materials and devices. Unlike a
flashed xenon arc lamp, the super-continuum laser is rapidly
pulsed at repetition rates up to 80 MHz, resulting in a quasicontinuous beam of light. This novel source offers spectral
coverage from the short-wavelength blue out to the infrared,
with tens of watts of optical power in a single spatial mode.
Previously, NIST has shown that this source can be spectrally
shaped efficiently, and appears sun-like to a variety of
photovoltaic materials [6]. NIST has also demonstrated that
the novel simulator can be focused to a micrometer-scale spot
and used for spatially selective, full-spectrum, optical beam
induced current [6].
In this work, we report on the full-area illumination of a
multi-junction, concentrator solar cell at irradiance levels up to
and beyond 500 suns. The design and operation of a hybrid,
programmable spectral shaper utilizing two types of spatial
light modulators is described. Efficiency measurements for the
concentrator cell are presented, including those for
illumination conditions which model different atmospheric airmass (AM) representing changes in location, weather, time of
day, and time of year.
II. SIMULATOR DESIGN AND OPERATION
The experimental apparatus used to create the concentrated
solar simulator is illustrated in Fig. 1. A commercial supercontinuum laser having more than 7 watts of emission with a
spectrum which spans from below 450 nm to beyond 2200 nm
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Fig. 1. The programmable concentrator solar simulator apparatus
is shown. M: collimation and steering mirrors; DM: dichroic mirror;
BS: beam splitter; PBS: polarization beam splitter; GLV: grating
light valve; LCOS: liquid crystal on silicon; MJ-CPV: multi-junction
concentrator photovoltaic.

Fig. 2. The simulator spectrum matched to a scaled AM 1.5
reference is shown, resulting in an irradiance of about 138 suns.

spectral shaper. The spectrum above 950 nm was controlled by
an LCOS-SLM having a 512 x 512 array of pixels, and
operated as a polarization diversity switch. As shown, the
incident light passed through a polarization beam splitter
(PBS) before being dispersed by a prism made of Schott SF10
glass [9]. The LCOS-SLM selectively rotates the polarization
state of the reflected spectrum, such that it reflects off the PBS
and out of the long wavelength spectral shaper. Light from the
two shapers was combined with a second dichroic beam
splitter and collected into a multimode fiber with a 200 µm
core.
Accurate spectral shaping was achieved by operating a
closed loop between the voltage patterns driving the SLMs and
a spectrometer measuring the output spectrum of the simulator.
Because of nonlinearities in the response of our optical system,
an iterative approach was used to obtain the optimum voltage
patterns which minimized the difference between the target
and measured spectra.
An off-axis parabolic mirror with a 152 mm focal length was
used to concentrate the light from the simulator, generating a
focused beam of broadband light with a measured diameter of
1.0 mm. The ease with which the output of the simulator was
concentrated was a direct result of the spatial coherence of the
super-continuum laser. Propagation through the step-index
multimode fiber resulted in a focused spot of light with an
approximate square-top intensity profile.
III. CONCENTRATED SIMULATOR PERFORMANCE

Fig. 3. The simulator spectrum was shaped to scaled AM 1.5
spectra, resulting in irradiances between 47 suns and 138 suns.

was used. In previous work, a liquid-crystal-on-silicon spatial
light modulator (LCOS-SLM) was used to actively shape the
entire spectrum of the super-continuum laser [7]. In this work,
a micro-electro-mechanical (MEMS) device, known as a
grating light valve spatial light modulator (GLV-SLM), was
added to spectrally shape the short wavelength spectrum.
Utilizing this type of SLM device achieves higher optical
throughput, with higher efficiency, higher damage threshold
(> 10 kW/cm2), lower absorption, and low polarization
dependence. As shown in Fig. 1, the 12 mm diameter
collimated beam of the super-continuum laser was passed
through a dichroic beam splitter, which divided the light
spectrally above and below 950 nm. The spectrum below
950 nm was controlled by the GLV-SLM, which is a linear
array device with 1088 pixels that operates as a steerable
diffraction grating [8]. Spectral components incident on the
GLV from a prism made of Schott F2 glass [9] were
attenuated by steering them out of the beam which reflected
back through the prism and out of the short wavelength

Figure 2 presents results of spectrally shaping our simulator
to match a scaled AM 1.5 (ASTM G-173-03) solar reference
spectrum [10], resulting in a concentrated irradiance of about
138 suns. The programmable simulator was able to accurately
replicate many of the detailed spectral features caused by
atmospheric absorption. The simulation of the deepest spectral
features was limited primarily by the finite wavelength

Fig. 4. The measured efficiency of a multi-junction concentrator
solar cell is shown illuminated by different levels of irradiance.

resolution of the spectral shaper, which varied with
wavelength. The finite amplitude extinction also varied with
wavelength at around 3 % and 5 %, limiting the ability to
simulate complete atmospheric absorption as seen around
1400 nm. The lack of light below 450 nm is apparent and is
the result of the limits of the super-continuum laser spectrum
as well as the present optical configuration of the short
wavelength spectral shaper. By use of a different prism or a
collimation mirror with a shorter focal length, the GLV-SLM
would be able to capture more of the short wavelength
spectrum. The sharp spike at 575 nm is the result of a faulty
pixel in the demonstration-grade, GLV-SLM. Overall, the
spectral match from 450 to 1750 is very good and
unprecedented relative to conventional solar simulators. Fig. 3
shows additional spectra generated by programming lower
levels of irradiance while maintaining the same 1.0 mm beam
spot. Fig. 4 presents measured current-voltage efficiency
curves obtained from a multi-junction concentrator solar cell

Fig. 5. The measured short-circuit current of a multi-junction solar
cell as a function of increasing irradiance.
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Fig. 6. The generation of several spectra designed to compensate
for the spectral mismatch below 450 nm are shown.

Fig. 7. Spectra which model attenuation from increasing air-mass
were simulated.

chip that was fully illuminated by our concentrated simulator
beam. As expected at these relatively low levels of irradiance,
the short circuit current measured at zero applied voltage
increases linearly with irradiance, as shown in Fig. 5. The
measured currents in Fig. 4 are noisy relative to traditional
simulator measurements and this may be caused by optical
instability from spectral shaper light reflecting back toward the
laser or a constant dither modulation from the LCOS-SLM.
The lack of spectral content below 450 nm is of particular
concern for the testing of some multi-junction solar cells. This
spectral mismatch error will result in less short-wavelength
light incident on the top junction of a solar cell, causing an
imbalance and reduction of the total junction current. Fig. 6
presents three different simulator spectra in which narrow
spectral bands have been artificially enhanced to maintain a
total integrated irradiance nearly equal to the AM 1.5
reference spectrum. The spectrum with compensation in the
middle 525 nm to 600 nm band is a little incomplete because
of insufficient super-continuum laser power available in that
band. However, each of the three spectra resulted in nearly the
same proportional increase in short circuit current, to within
6 %.
For the purposes of industry-wide comparison, cell
efficiency is reported in response to the AM 1.5 solar
reference spectrum. However, to better understand and
optimize the overall performance of a solar cell in response to
the variations it will experience in service, it would be of value
to consider air-mass conditions beyond AM 1.5. Increases in
air-mass represent the transmission of the solar irradiance
through a longer atmospheric path, which can be used to
model conditions representing changes in location, weather,
time of day, and time of year.
Our simulator was easily able to realistically mimic
irradiance conditions associated with higher air-mass by
making use of its spectral programmability. While the Simple
Model of the Atmospheric Radiative Transfer of Sunshine
(SMARTS) [5] is a sophisticated and established model for

because the junction currents are more balanced. The
compensated spectra are shown in Fig. 9, where the required
amount of compensation was determined by matching to the
total integrated irradiance of the modeled air-mass profiles. In
the spectral shaper, the amount of compensation was varied by
controlling the spectral bandwidth of the compensation light,
requiring a wide bandwidth for AM 1.5 and narrower ones for
higher air mass.
IV. TOWARD HIGHER CONCENTRATION

Fig. 9. Spectra which model attenuation from increasing air-mass
with additional compensation for spectral mismatch below 450 nm.

While the spectral programmability provided by the SLMs
is a key feature, their optical loss dramatically reduces the
output power of the novel simulator. In the case of the LCOSSLM, half of the light is lost polarizing the source before the
spectral shaper. However, by using a non-programmable
simulator with a static amplitude mask [6], we efficiently
generated a spectral match to a highly-scaled AM 1.5
reference spectrum, as shown in Fig. 10. Concentrating the
static simulator output beam with a parabolic mirror resulted
in an irradiance of approximately 570 suns. Fig. 11 shows the
measured efficiency curve for a multi-junction solar cell with a
short-circuit current (Isc) of 10.57 mA, an open circuit voltage
(Voc) of 3.22 V, and a fill factor of 0.87. The concentrated
irradiance in this measurement was more than 4 times higher
than the highest irradiance presented in Fig. 3 and Fig. 4, yet
the measured short circuit current was only twice as large for
the same multi-junction solar cell. This large non-linearity
clearly requires further study at intermediary levels of
irradiance as well as further consideration of the effects of
spectral mismatch below 450 nm. The temperature of the cell,
which was not controlled in this work, as well as the pulsed
nature of the simulator light at high concentration should also
be considered.
Achieving higher irradiance and/or a larger illumination
area with our programmable simulator is technically feasible.

irradiance, for the purposes of demonstration we used a simple
attenuation model to create progressive air-mass spectra. Our
generated spectra presented in Fig. 7 show the effect of an
increasing atmospheric path resulting in greater attenuation at
shorter wavelengths. Air-mass values have been assigned for
identification purposes and should not be compared to
reference spectra or SMARTS. The red curve of Fig. 8 is the
measured short circuit current of a multi-junction solar cell in
response to the progressively attenuated spectra shown in
Fig. 7. The irradiance for the AM 1.5 spectrum was about 42
suns. The modeled air-mass axis of Fig. 8 is not necessarily
linear with integrated irradiance; however, as is to be
expected, an increase in attenuation results in a decrease in the
short-circuit current. The blue curve is the measured current
from attenuated spectra which also included the mismatch
compensation method that was presented in Fig. 6. Increasing
attenuation again reduces the current; however, the measured
currents were consistently higher than without compensation

Fig. 10. A concentrated irradiance of approximately 570 suns was
achieved with a high efficiency, non-programmable simulator.

Fig. 8. Increasing air-mass reduces the current of a multi-junction,
shown with and without mismatch compensation.

Fig. 11. Measured multi-junction cell efficiency at approximately
570 suns is shown.

For the programmable spectral shaper, a significant increase of
more than a factor of two could be realized by replacing the
high-loss, polarization selective LCOS-SLM with a longwavelength optimized GLV-SLM. In addition, supercontinuum lasers having significantly more optical power and
spectra which extend down to 400 nm and below are now
commercially available. Lasers with ten times as much optical
power have been demonstrated in development laboratories
and are anticipated to be commercialized in the near future.
We estimate that collectively these improvements would allow
the programmable simulator to operate at 1000 suns or more
over a spot 1 mm in diameter.
V. CONCLUSION
A super-continuum solar simulator was developed which is
capable of creating a high-concentration irradiance appropriate
for the characterization of small-area, multi-junction
concentrator solar cells. With spectral programmability, the
simulator can generate a varying amount of total irradiance as
well as realistic spectral variations such as increases in airmass. Using such spectra, variations in multi-junction cell
efficiency caused by the imbalance of the individual junction
currents can be studied realistically in detail. Future efforts
will involve more detailed and quantitative measurements of
multi-junction performance based on spectra generated with
the SMARTS atmospheric model.
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