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ABSTRACT

Increasing sunlight conversion efficiency is a key driver for on-going solar electricity cost reduction. For photovoltaic con-
version, the approach most successful in increasing conversion efficiency is to split sunlight into spectral bands and direct
each band to a dedicated solar cell of an appropriate energy bandgap to convert this band efficiently. In this work, we dem-
onstrate conversion of sunlight to electricity in a solar collector with an efficiency value above 40% for the first time, using
a small 287-cm2 aperture area test stand, notably equipped with commercial concentrator solar cells. We use optical band-
pass filtering to capture energy that is normally wasted by commercial GaInP/GaInAs/Ge triple junction cells and convert
this normally wasted energy using a separate Si cell with higher efficiency than physically possible in the original device.
The 287-cm2 aperture area sunlight-concentrating converter demonstrating this independently confirmed efficiency is a pro-
totype for a large photovoltaic power tower system, where sunlight is reflected from a field of sun-tracking heliostats to a
dense photovoltaic array mounted on a central tower. In such systems, improved efficiency not only reduces costs by in-
creasing energy output for a given investment in heliostats and towers but also reduces unwanted heat generation at the
central tower. Copyright © 2015 John Wiley & Sons, Ltd.
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1. SPECTRUM SPLITTING
APPROACHES

Jackson [1,2] first pointed out how splitting sunlight into
spectral bands could improve photovoltaic performance
in 1955. Two different spectrum splitting approaches have
been demonstrated in earlier work [1–7]. As in Figure 1a,
dichroic filters can reflect sunlight of energy above the so-
lar cell response threshold onto a target cell while transmit-
ting the rest to the next filter, where the splitting is repeated
[3–5]. The second more elegant approach in Figure 1b in-
volves stacking cells on top of one another, with the cell
responding to the highest energy photons uppermost
[1,2,6,7]. The gap in electronic states, a defining feature
of the semiconductor constituting the cells, makes each cell
transparent to photons of energy below its bandgap. This
sub-bandgap light passes through to underlying cells,

automatically finding its way to the correct cell for its most
efficient conversion. Moreover, with bandgaps selected to
ensure each cell absorbs approximately the same number
of photons, stacked cells can be connected electrically in
series without any significant loss. In principle, splitting
sunlight into two bands with conversion by two cells can
increase efficiency value by nearly 40% (relative) com-
pared with a single cell [8], while splitting into three, four
or a virtually infinite number of bands gives relative im-
provements of about 55%, 70% or 110% respectively [8].

The elegant cell stacking approach shown conceptually
in Figure 1b has been the most widely used commercially.
Monolithic three-cell multijunction stacks implementing
this approach (Figure 1d) are used on most recent space-
craft [6], displacing earlier silicon cells. Starting with
single-crystal Ge wafers (bandgap of 0.67 eV), higher
bandgap Groups III–V GaInAs (bandgap of 1.41 eV) and
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GaInP (bandgap of 1.88 eV) cells are grown sequentially
and electrically interconnected in the process using tunnel
junctions [6,7]. Because atomic lattice spacing within all
three materials is similar, this combination allows epitaxial
growth of the III–V cells on the Ge substrate [6,7], produc-
ing high-quality crystalline monolithic stacks. The same
multijunction design is also the commercially preferred op-
tion for photovoltaic systems using concentrated sunlight
[7], again displacing earlier Si concentrator cells. Although
cell cost is much higher, this is offset by the appreciably
higher conversion efficiency; reducing costs of other
area-related components, in particular lenses, mirrors or
other concentrating elements; as well as costs associated
with sun tracking, essential once sunlight is appreciably
concentrated.

2. BAND-PASS FILTERING

Despite the commercial dominance in these applications,
one disadvantage tolerated in the interests of lattice

matching is that the Ge cell absorbs many more sunlight
photons than the III–V cells [7]. Consequences are appar-
ent in Figure 2a where current–voltage output curves for
individual cells are shown, together with their combined
output. Because cells are series-connected, their combined
output is found by selecting a current and adding cell volt-
ages as indicated. The extra Ge cell current is essentially
wasted because even if much lower as in Figure 2b, almost
identical combined output results. The wasted energy is
dissipated as heat within the cell, increasing challenges in
maintaining low operating temperatures where the cells
are most efficient. This shortfall stems from failure to date
to identify lattice-matched semiconductors of bandgap in-
termediate between GaAs and Ge with sufficiently good
material properties [7].

The solution demonstrated in this work is to combine
stacking and filtering in a different way. Rather than di-
chroic reflectors, a band-pass filter is used as in Figure 1c
to divert some photons that would normally reach the Ge
cell to an inexpensive Si cell. The shaded region in Figure
2b shows the extra power gained, without significant loss

Figure 1. Sunlight spectrum splitting schemes: (a) dichroic reflectors reflect the high-energy part of the incident spectrum to dedi-
cated cells while transmitting lower energies, (b) stacked cells provide automatic filtering if stacked in order of decreasing bandgap
with the highest badgap cell uppermost, (c) combined scheme used in the present converter to compensate for the non-optical
bandgap of Ge in commercial monolithic stacked cells, with a band-pass filter used to direct normally wasted energy to a commercial

Si cell, and (d) schematic of a monolithic triple junction cell stack (colours are indicative only).
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in multijunction cell output. This differs from the approach
in related earlier work [3–5], where either high-pass or
low-pass filters are used rather than the present band-pass
filter.

3. PROTOTYPE DESIGN

The converter demonstrating 40% efficiency was built as a
‘proof of concept’ prototype for a large power tower pho-
tovoltaic system [9,10] (Figure 3a). Power towers are well
developed for concentrating solar thermal (CST) systems
where sunlight reflected to the tower is absorbed as heat,
then converted to electricity using conventional steam gen-
erators [11]. Although generally regarded as one of the
lower cost CST approaches, sunlight to electricity conver-
sion efficiency is typically about 22% [11]. An alternative
CST approach, where heat drives a Stirling engine [11],
gives higher efficiency with 31.3% efficiency reported in
2008, the highest for solar conversion to electricity at that
time [12]. A photovoltaic power tower (Figure 3a) has

the potential to exceed Stirling engine efficiencies, with
this efficiency advantage leading to potentially lower costs
than CST power towers.

A schematic of the prototype is shown in Figure 4a,
with receiver details in Figure 4b. Both silicon and
multijunction cells are located near the focal point of a 1-
m focal length parabolic mirror. Reflective secondary con-
centrating mirrors were included in the design to allow bet-
ter uniformity of light distribution on the cells but were not
used in the results reported because no significant advan-
tage was observed. A photograph of the actual system un-
der testing is shown in Figure 5. Irradiance concentration is
nominally 365 suns.

Optical details are given in Figure 6a showing the spec-
tral photon flux in the standard air mass 1.5 solar spectrum,
as well as cell spectral response curves, measured parabolic
mirror reflectance and filter transmittance. The triple junc-
tion cell used in the prototype was a commercial Spectrolab
[13] concentrator cell (C3MJ+ cell [14], nominally 39.2%
efficient at 500 suns concentration, mounted on a ceramic
substrate), while the Si cell was a SunPower back contact

Figure 2. Output current responsivity versus voltage curves for individual cells and combined output for a monolithic three-cell stack
(GaInP/GaInAs/Ge): (a) normal operation [6] with excess Ge current normally wasted, as seen by adding cell voltages at a fixed current;

(b) the same three-cell stack with Ge cell current matched to the other cells by diverting excess photons to a separate Si cell.

Figure 3. Photovoltaic power tower: (a) a heliostat field directs sunlight to a central tower housing a dense photovoltaic array receiver
(artist’s impression); (b) possible design of an advanced receiver implementing the demonstrated improvements at scale.
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cell of circa 1998 vintage [15,16] (nominally 26% efficient
at 200 suns), mounted on a ceramic substrate and encapsu-
lated under glass by ENEA (Agenzia nazionale per le nuove
tecnologie, l’energia e lo sviluppo economico sostenibile)
[15,16] , followed by MgF2 antireflection coating at Uni-
versity of New South Wales (UNSW).

Critical to the present approach is the energy selective
band-pass filter. Because operating under several hundred
times sunlight concentration, a non-absorbing illuminated
surface dielectric interference filter is used. As the
multijunction cell is the primary contributor to high effi-
ciency, it is important not to reduce sunlight intensity

either on the III–V cells or on the Ge cell at energies below
the Si bandgap. Because dielectric filters are more readily
designed for near 100% reflection than for 100% transmis-
sion, an early design decision was to reflect light onto the
multijunction cell, while transmitting the diverted light to
the Si cell. Transmission is non-critical, because more light
is potentially available for diversion to the Si cell than
needed.

The filter was custom designed by Omega Optical, Inc.
[17] for an angle of incidence of 23° and half-cone angle of
6°. Performance for off-angle light is relevant both to ac-
commodate the angular divergence of the incident beam
and to allow fine tuning of the band-pass filter, achieved
by tilting from the 23° design point. Design specifications
were refined in an iterative process based on simulations of
specific designs by Omega Optical. The final design
consisted of 158 alternating layers of Nb2O5 and SiO2

(20 μm total thickness) deposited onto an ultraviolet grade
non-absorbing silica substrate, with measured characteris-
tics of filters supplied (refer to Figures 6a and 6b) closely
matching design values.

Figure 6b shows details of measured filter transmission
at various incident angles for a typical filter. Because filters
are essentially non-absorbing, these curves demonstrate
close to 100% reflectance at all wavelengths for angles
near 23°, except at wavelengths where only Si and Ge cells
can both respond. As previously mentioned, the detailed
filter response at these wavelengths is non-critical because
of many more photons being available in this shared range
than the number able to be diverted to the Si cell without
upsetting the triple junction cell current balance.

The other key optical component is the parabolic mirror
simulating the heliostat field output. An ‘enhanced silver’
coating (Ag plus a two-layer Al2O3/Ta2O5 dielectric
overlayer) was applied by Optical Coating Associates
[18]. Measured reflectance is compared in Figure 6c to
the design value. Because the reported efficiencies are
based on direct sunlight incident on the mirror, this high re-
flectance contributes to the overall performance.

Figure 4. Schematic of prototype design: (a) a parabolic mirror of 1-m focal length directs sunlight to the receiver consisting of a dielectric
band-pass filter, a Si cell and a three-cell tandem junction stack; (b) receiver details. Both cells are mounted on ceramic substrates and wa-

ter-cooled heat sinks. Secondary optical elements were not used for the measurements reported (irradiance concentration of 365).

Figure 5. Photograph of the prototype under testing at UNSW
on 22 October 2014 with an (unconfirmed) efficiency value over

40% measured on that day.
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4. PROTOTYPE TESTING

The prototype was initially tested in Sydney with 40.1
± 1.5% efficiency measured in a four-terminal configura-
tion in outdoor testing on the afternoon of 22 October
2014 under an air mass 2.3 spectrum corresponding to
795–798W/m2 direct irradiance. The largest measurement
uncertainty in this case arose from uncertainty in the

measurement of the direct beam irradiance, estimated as
±2% relative. Uncertainties in cell output power measure-
ments are smaller (estimated as better than ±1.0%). Be-
cause measured in a system that was custom designed for
this purpose, cell temperature could be held close to the de-
sired 25°C value, introducing little additional uncertainty
on this account. The triple junction cell contributed
35.7% to the final efficiency value, with the Si cell contrib-
uting an extra 4.4%, representing a 12% relative perfor-
mance boost. The triple junction performance under the
same test conditions, when placed directly in the beam path
without the use of the filter, was estimated as 36.8%,
slightly higher than with the filter present. This is mainly
because of the increased fill factor in this case because of
the overdriven Ge cell, reducing the boost of the filter con-
figuration to 9% relative.

The system was then transported to the US National Re-
newable Energy Laboratory (NREL) in Golden, Colorado,
where it was re-assembled and independently tested at
NREL’s outdoor test facility, again in a four terminal con-
figuration. An efficiency value of 40.4 ± 2.8% was certified
for measurements made on the morning of 6 November
2014 under pressure-corrected air mass of 2.5 (direct nor-
mal irradiance of 883.7W/m2), referenced to 25°C cell
temperature. The multijunction cell efficiency value was
35.7%, while that of the Si cell was 4.7% (Figure 7), based
on direct sunlight incident on the system aperture (the effi-
ciency of the Si cell was calculated as a much higher value
of 43.1% based on the energy actually striking it, because
only a small fraction of the incident light is directed to
the Si cell as in Figure 6a). Overall efficiency varied only
slightly with irradiance and air mass, decreasing slightly
as the latter decreased, with a 39.9% efficiency value mea-
sured later in the day under pressure-corrected air mass of
1.5 (direct normal irradiance of 1003W/m2), again refer-
enced to 25°C cell temperature.

The higher uncertainty in the case of the NREL mea-
surements, despite much lower uncertainty in the measure-
ment of direct irradiance (0.4%) and of cell current–voltage
curves (0.25%), is partly because of increased uncertainty
assigned to the cell temperature correction (1–2% relative)
and tracking error effects (1% relative). The major contrib-
utor to the reported measurement uncertainty, however, re-
lates to uncertainties introduced in referencing the
measured data to Concentrator Standard Testing Condi-
tions (direct normal AM1.5 spectral irradiance consistent
with IEC 60904-3, referenced to 1000W/m2 irradiance
and a cell temperature of 25°C). This was not attempted
for the UNSW measurements. An additional 1% uncer-
tainty is assigned in referencing to the higher irradiance,
with 2–3% uncertainty introduced in the spectral correction
factor because of uncertainties in the measured spectral ir-
radiance, quantum efficiency and filter functions. An addi-
tional 1% uncertainty is estimated in the fill factor because
the photocurrent ratios were not what they would be under
the standard direct beam spectrum. A similar level of un-
certainty applies to all recent multijunction cell measure-
ments when referencing to a standard spectrum [19].

Figure 6. Optical performance of prototype elements: (a) nor-
malised spectral photon flux, external quantum efficiency
(EQE) for all cells and filter transmission (dashed line); (b) filter
transmission for various angles of incidence around the design
value of 23°, showing variation relative to GaInAs and Ge EQE
curves; and (c) reflectance of the parabolic mirror (inset), mea-
sured on a planar witness sample, compared with design value.

Sunlight to electricity conversion efficiency above 40%M. A. Green et al.

Prog. Photovolt: Res. Appl. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



5. SIGNIFICANCE AND
CONCLUSIONS

The significance of this result lies not only in the landmark
efficiency reported but also in its achievement using com-
mercial cells, making the demonstrated efficiency im-
provements readily accessible. Power towers are
particularly suited to implementation because of the small
number of large receivers, the correspondingly large heat
quantum to be dissipated, the better tolerance to spectral
variation of sunlight offered by this four-terminal approach
and the opportunity to improve on this advantage by vary-
ing the relative tilt of the arrays in Figure 3b during the
course of the day. The large numbers of cells in each dense
array also provide flexibility in voltage-matching Si and
multijunction cell outputs at the tower by different
series/parallel wiring of each of these arrays.

Although detailed costings of this approach have yet to
be undertaken, initial estimates are encouraging. In photo-
voltaic power towers, the costs of receivers based on stan-
dard triple junction cells represent only a small fraction of
total system costs (estimated as 15–20% of the latter).
Hence, a 10% efficiency gain in system output from im-
proved receiver performance would justify a much larger
increase in the receiver costs of 50–70% (discounting sav-
ings from reduced heat loads). The additional costs of the
silicon array obviously fall well within this budget, because
far below those of triple junction cells (US$5/cm2 is a com-
mon estimate for the latter in volume). Estimates for filter

costs in moderate volume (70m2) are around US$1/cm2,
also considerably less than those of triple junction cells.

The previously highest reported result for sunlight con-
version by a solar system was 38.5 ± 1.9% for a small 0.2-
cm2 aperture area converter [4], over 1000 times smaller
than the present prototype. This converter used a dichroic
reflector-based spectrum splitting approach in combination
with specialised research cells. Efficiency values up to
46.0 ± 2.2% have been recently reported for small area
(0.05 cm2) quadruple junction, wafer-bonded cells [19], al-
though these results are measured under uniform light from
a flash simulator and do not include optical and electrical
losses associated with their use in an actual system. An
830-cm2 module using 52 cells of a similar design, about
three times larger than the present prototype, has recently
demonstrated 36.7 ± 2.6% efficiency values [20], the
highest ever for a module of this size.

ACKNOWLEDGEMENTS

This work has been supported by the Australian govern-
ment through the Australian Renewable Energy Agency
(ARENA) and by ARENA and NREL through the
Australian–US Institute for Advanced Photovoltaics (re-
sponsibility for the views, information or advice expressed
herein is not accepted by the Australian government). The
work by K. Emery was supported by the US Department of
Energy under contract no. DE-AC36-08-GO28308 with

Figure 7. Independent confirmation of prototype performance at NREL: (a) output current–voltage curve of triple junction cell corre-
sponding to 35.7% efficiency referenced to 25°C; (b) output current–voltage curve of Si cell, contributing an additional 4.7% to com-

bined efficiency.

Sunlight to electricity conversion efficiency above 40% M. A. Green et al.

Prog. Photovolt: Res. Appl. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

Jacob




the NREL. We thank the many people who have contrib-
uted to this work, particularly Cho Fai Jonathan Lau, Anita
Ho-Baillie, Subash Puthanveetil, Alan Yee, Nathan Tam,
Jessica Yajie Jiang, Hamid Mehrvarz, Bernhard Vogl,
Nick Shaw and Richard Corkish (UNSW); Nasser Karam
(Spectrolab); Giorgio Graditi (ENEA), Mauro Pravetonni
(SUPSI), Pierre Verlinden (Trina Solar, formerly
SunPower); Larry Ottoson and Greg Wilson (NREL).

REFERENCES

1. Jackson ED. Areas for improvement of the semicon-
ductor solar energy converter. Trans. Conference On
the Use of Solar Energy, Tucson, Arizona, 1955, Uni-
versity of Arizona Press, Tucson, 1958; 5: 122–126.

2. Jackson. ED. Solar energy converter. U.S. Patent
2949498, Aug. 16 (1960).

3. Mitchell B, Peharz G, Siefer G, Peters M, Gandy T,
Goldschmidt JC, Benick J, Glunz SW, Bett AW,
Dimroth F. Four-junction spectral beam-splitting pho-
tovoltaic receiver with high optical efficiency. Prog-
ress in Photovoltaics: Research and Applications
2011; 19: 61–72.

4. McCambridge JD, Steiner MA, Unger BL, Emery KA,
Christensen EL, Wanlass MW, Gray AL, Takacs L,
Buelow R, McCollum TA, Ashmead JW, Schmidt
GR, Haas AW, Wilcox JR, Van Meter J, Gray JL,
Moore DT, Barnett AM, Schwartz RJ. Compact spec-
trum splitting photovoltaic module with high effi-
ciency. Progress in Photovoltaics: Research and
Applications 2011; 19: 352–360.

5. Antonini A, Butturi MA, Di Benedetto P, Milan E,
Uderzo D, Zurru P, Sartore D, Parretta A. Mirror based
spectral splitting CPV system, Proc. 5th World Con-
ference on Photovoltaic Energy Conversion, 6-10 Sep-
tember 2010, Valencia, Spain; 172–175.

6. Yoon H, Granata JE, Hebert P, King RR, Fetzer CM,
Colter PC, Edmondson KM, Law D, Kinsey GS, Krut
DD, Ermer JH, Gillanders MS, Karam NH. Recent ad-
vances in high-efficiency III–V multi-junction solar
cells for space applications: ultra triple junction quali-
fication. Progress in Photovoltaics: Research and Ap-
plications 2005; 13: 133–139.

7. King RR, Bhusari D, Larrabee D, Liu XQ, Rehder E,
Edmondson K, Cotal H, Jones RK, Ermer JH, Fetzer
CM, Law DC, Karam NH. Solar cell generations over
40% efficiency, Progress in Photovoltaics: Research
and Applications 2012; 20: 801–815.

8. Marti A, Araujo GL. Limiting efficiencies for photo-
voltaic energy conversion in multigap systems. Solar
Energy Materials and Solar Cells 1996; 43: 203–222.

9. Lasich JB, Verlinden PJ, Lewandowski A, Edwards D,
Kendall H, Carter S, Thomas I, Wakeman P, Wright
M, Hertaeg W, Metzke R, Daly M, Santin M,
Neumann A, Wilson A, Caprihan A, Stedwell M.
World’s first demonstration of a 140 kWp Heliostat
Concentrator PV (HCPV) system. 34th IEEE Photo-
voltaic Specialists Conference (PVSC), Philadelphia,
PA, 2009; 2275–2280. DOI:10.1109/PVSC.2009.
5411354

10. Lasich JB, Thomas I, Verlinden PJ, Lewandowski A,
Heartag W, Wright M. Comparative performance as-
sessment for central receiver CPV systems. 7th Inter-
national Conference on Concentrating Photovoltaic
Systems, AIP Conference Proceedings 2011; 1407(1):
374–377. DOI: 10.1063/1.3658365

11. Baharoon DA, Rahman HA, Omar WZW, Fadhl SO.
Historical development of concentrating solar power
technologies to generate clean electricity efficiently –
A review. Renewable and Sustainable Energy Reviews
2015; 41: 996–1027.

12. Taggart S. Hot stuff: CSP and the power tower, Re-
newable Energy Focus. May/June Issue, 2008; 51–54.

13. http://www.spectrolab.com (accessed 27 November
2014).

14. http://www.spectrolab.com/dataSheets.htm (accessed
27 November 2014).

15. Pravettoni M, Galleano R, Fucci R, Kenny RP,
Romano A, Pellegrino M, Aitasalo T, Flaminio G,
Privato C, Zaaiman W, Dunlop ED. Characterization
of high-efficiency c-Si CPV cells. Progress in Photovol-
taics: Research and Applications 2011; 19: 898–907.

16. Pravettoni M, Galleano R, Fucci R, Romano A,
Pellegrino M, Aitasalo T, Flaminio G, Privato C,
Zaaiman W, Kenny RP, Dunlop ED. Characterization
of high-efficiency c-Si CPV cells. 25th European Pho-
tovoltaic Solar Energy Conference and Exhibition, 6-
10 September 2010, Valencia, 958–963.

17. http://www.omegafilters.com (accessed 27 November
2014).

18. http://www.opticalcoating.com.au (accessed 27November
2014).

19. Green MA, Emery K, Hishikawa Y, Warta W, Dunlop
ED. Solar cell efficiency tables (version 45). Progress
in Photovoltaics: Research and Applications 2015;
23: 1–9.

20. Steiner M, Bösch A, Dilger A, Dimroth F, Dörsam T,
Muller M, Hornung T, Siefer G, Wiesenfarth M, Bett
AW. FLATCON® CPV module with 36.7% efficiency
equipped with four-junction solar cells. Progress in
Photovoltaics: Research and Applications 2014
(accepted). DOI:10.1002/pip.2568

Sunlight to electricity conversion efficiency above 40%M. A. Green et al.

Prog. Photovolt: Res. Appl. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

http://www.opticalcoating.com.au

