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Abstract—We present a method to calculate the yearly en
ergy production of multijunctions including spectral variations. 
We use it to find the optimal band gaps yielding maximum 
energy production. The band gaps found are different to those 
previously reported when using the standard efficiency as the 
optimization target. Our calculations predict that novel hybrid 
tandems in combination with bifacial silicon can lead to energy 
yields near 1 MWh m 2 year x at most locations of interest. 
We also discuss the effects of changing parameters such as the 
external radiative efficiency, series resistance, sub-cell thickness, 
temperatures, and location. 

Index Terms—Yearly energy yield, hybrid tandems, multijunc
tions, bifacial. 

I. INTRODUCTION 

Using more efficient solar cells might not only result 
in a higher return on investment, but should also lessen 
the environmental and aesthetic impact of photovoltaic (PV) 
installations. The nominal standard efficiency of modules in 
utility-scale new installations is increasing by 0.6% per year 
[1]. At the current rate we will reach the practical limits of 
single junction photovoltaic technology within a decade. The 
only proven method to significantly increase the efficiency 
beyond the limits of conventional silicon technology is the 
use of multijunction devices, used either with or without 
optical concentration. But there still exists uncertainty about 
how the changes of the solar spectrum as a function of 
time affect the energy production of multijunction solar cells 
[2]. As reviewed by Kurtz et al, there have been many 
previous efforts to optimize solar cell band gaps, but in all 
cases the target of the optimization was aimed at maximizing 
the efficiency under standard conditions, and not the yearly 
energy production [3], [4]. 

In a recently published paper, [5] we show that data sets 
with thousands of solar spectra can be clustered to a few char
acteristic proxy spectra, and use these proxy spectra to find 
the band gaps that maximize the yearly energy production. We 
find that previously reported multijunction band gaps resulting 
in maximum efficiency in standard conditions are generally 
not the ones that maximize the energy production. Here we 
use our methodology to study the effects of changing various 
parameters such as the external radiative efficiency, series 
resistance, sub-cell thickness, temperatures, and location. We 
also evaluate hybrid multijunction systems in combination 
with bifacial silicon. 

II. TANDEM ENERGY PRODUCTION 

We have used a modified detailed balance method with 
a set of proxy spectra obtained from clustering of yearly 
spectral sets as described in Ref. [5]. The yearly spectral set 
used here and in our previous work was obtained from the 
SMARTS 2.9.5 code at a fixed latitude of 40°N [6]. Using as 
a reference the National Solar Radiation Database (NSRDB) 
data for Boulder, Colorado [7], we obtain empirical corrective 
factors for the energy yield to include the effect of clouds and 
other atmospheric phenomena not accounted for by SMARTS 
2.9.5. Full details of the methodology can be found in Ref. 
[5]. 
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Fig. 1. Energy production for triple junction current matched devices with 
two axis tracking but without concentration. Band gaps are randomly chosen. 
Two sets of near optimal band gaps are highlighted to illustrate that points 
with the same efficiency value and the same color (average photocurrent) are 
junctions belonging in the same tandem device. Labels on top correspond 
to the low energy thresholds of each of the atmospheric transmission bands 
using the nomenclature defined by McMahon [4]. All figures below share 
the same color scale. 

We calculate the energy production for randomly generated 
combinations of band gaps to find all local maxima. An ex
ample corresponding to triple junctions without concentration 
is shown in Fig. 1. These plots can be used to find out how 
to adjust the band gaps to minimize the efficiency loss when 
the optimal band gap combination is not attainable, and to 
quantify such efficiency loss. Several local minima can be 
found within 2% of the global maximum. The band gap of the 
bottom junction largely determines the short circuit current 



and the optimal band gaps for the other junctions. Bottom 
junctions placed at the low energy edge of each of the atmo
spheric transmission bands result in different local efficiency 
maxima as a function of the band gaps. A more detailed 
analysis of the effect of atmospheric transmission bands on 
optimal band gaps is offered by McMahon et al. [4]. 

III. PARAMETER SENSITIVITY ANALYSIS 

Because we generate random combinations of band gaps, 
most combinations are sub-optimal due to spectral and current 
mismatch. For further analysis we have discarded most band 
gap combinations in Fig. 1 and retained only those within 
0.1% of the maximum efficiency at each current level. The 
remaining data is represented in Fig. 2 as a function of 
the short circuit current of each device. The current serves 
as a single parameter to characterize the average band gap 
energy. The band gaps corresponding to each data point can 
be obtained by comparison with Fig. 1 as the color scale is 
the same. 
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Fig. 2. Energy yield as a function of the yearly averaged short circuit current 
for a random set of near optimal triple junctions. The color scale is that in 
Fig. 1 

Using the same band gap combinations and the same 
horizontal axis as in Fig. 2, we present in Fig. 3 the energy 
yield change resulting from changing the latitude from 40° 
to 60°. Atmospheric conditions remain unchanged. The band 
gaps can be identified by correspondence with the color scale 
in Fig. 1. The yield reduction is almost the same for all 
devices and is mostly given by the reduced average irradiance. 
Similar results (not shown) are found when changing the 
latitude from 0 to 40°. The spikes at 120, 140, and 160 
Am~2 are due to the bottom junction band gap crossing an 
absorption band threshold. As devices at such thresholds are 
not optimal, the relevant trend is that shown by devices away 
from the spikes. The data in Fig. 3 suggests that tandems built 
with high band gap materials are slightly more sensitive to a 
change in location latitude. 

We have also studied the effect of changing a number 
of device and material properties. The most obviously pre
dictable effect is that of the series resistance in Fig. 4, with 
resistance losses increasing monotonically with the current as 
the resistance is doubled from 0.4 Cl cm2 to 0.8 Cl cm2. 
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Fig. 3. Energy yield change resulting from increasing the latitude from 40° 
to 60°. The yearly averaged efficiency of the best device goes up very slightly 
from 35.56% to 35.58% 
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Fig. 4. Energy yield change resulting from doubling the series resistance. 
The yearly averaged efficiency of the best device goes down from 35.56% 
to 35.48% 

The quality of the back-side mirror affects the probability 
of photon recycling, and consequently the open circuit volt
age, resulting in a slight increase of the energy yield (Fig. 5). 
This energy yield increase is slightly larger for tandems based 
on low band gap materials with high short circuit currents. 
This follows from the Schockley-Queisser detailed balance 
theory, because electroluminescence losses affect the voltage 
independently of the band gap. 

As seen in Fig. 6, the larger effect observed is that of 
the external radiative efficiency, highlighting the difficulty of 
obtaining high energy yields with materials other than III-
V semiconductors. Although radiative efficiencies as high 
as 20% are attainable with a few binary compounds such 
as GaAs, the values chosen for the ERE, 0.1% and 1%, 
are representative of most high quality III-V ternary alloys, 
with and without threading dislocations due to metamorphic 
epitaxy, respectively. Our results therefore suggest that if 
the use of metamorphic, or otherwise defective, materials is 
required, it is preferable to use high band gap materials. 

We also find (not shown) that when increasing the spec
trally integrated transmission of the top and middle sub-
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Fig. 5. Energy yield change resulting from replacing the backside semi
conductor/air interface with a semiconductor/metal interface with perfect 
reflectivity. The yearly averaged efficiency of the best device goes up from 
35.56% to 35.83% 
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Fig. 6. Energy yield change resulting from decreasing the external radiative 
efficiency from 1% to 0.1%. The yearly averaged efficiency of the best device 
goes down from 35.56% to 32.79% 

cells from 2% to 10% (by decreasing the thickness), it is 
possible to readjust the band gaps so that the efficiency drop 
is 1% (3% drop in energy yield). Without readjusting the 
band gaps, the drop is from 35.56% to 33.86%. This is 
relevant in those cases where sub-cell thickness is limited 
by the carrier diffusion lengths, accumulated lattice mismatch 
stress, cost and sustainability considerations, or other material 
constraints. 

IV. SPECTRAL AND TEMPERATURE VARIABILITY 

To study the effect of atmospheric conditions we have used 
global horizontal spectral irradiance data from the National 
Solar Resource DataBase at two locations (Reno and Philadel
phia) with the same latitude (40°) but very different atmo
spheric conditions [7]. The result (Fig. 7) is given mostly by 
the reduced irradiance at the cloudiest location, and depends 
only very slightly on the band gaps. This result suggests that, 
except perhaps in extreme cases [8], multij unctions should 
not be much more sensitive to the deployment location than 
conventional single junction technology, and in both cases the 

uncertainties on the predicted yearly energy yield are mostly 
given by the large uncertainties in the spectrally integrated 
irradiance. 
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Fig. 7. Energy yield change as the location changes from Reno to Philadel
phia. 

We have studied the effect of the yearly variability of 
the temperature and the solar spectrum; separately, and their 
combined effect. The yearly effect of spectral variations on 
the optimal 1-sun triple junction is an absolute drop of 
0.78% for the average efficiency. As seen in Fig. 8, devices 
with high band gap energies are most sensitive to spectral 
variations. On the contrary, these are the least sensitive to the 
effects of temperature variations (Fig. 9). The yearly effect of 
temperature variations on the optimal 1-sun triple junction is 
an absolute drop of 0.96% for the average efficiency, slightly 
larger than the effect of spectral variations. 
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Fig. 8. Energy yield change resulting from yearly spectral variability in 
comparison with the energy yield obtained from the ASTM G173-03 standard 
spectrum. The yearly averaged efficiency of the best device goes down from 
36.34% to 35.56% 

Even though both the effects of temperature and spectral 
variations are markedly different depending on the short 
circuit current, surprisingly the trends in each of these two 
effects compensate so that the combined effect of spectral and 
temperature variations is nearly the same for all near optimal 
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Fig. 9. Energy yield change resulting from yearly temperature variability in 
comparison with the energy yield obtained at a fixed temperature of 300K. 
The yearly averaged efficiency of the best device goes down from 36.52% 
to 35.56% 
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Fig. 10. Energy yield change resulting from the combined effects of yearly 
spectral and temperature variability in comparison with the energy yield 
obtained in standard conditions. The yearly averaged efficiency of the best 
device goes down from 37.53% to 35.56%. 

band gap combinations, as illustrated in Fig. 10. This coinci
dental cancellation of both trends is unlikely to be complete 
in all locations. The optimal 3 junction flat plate device has 
an average performance degradation of 1.97% in terms of 
absolute efficiency, revealing that the effects of temperature 
and spectral variability are not linearly additive. Near optimal 
two terminal, 6 junction concentrator devices (not shown) 
follow very similar trends, with a 3.16% efficiency drop from 
50.19% to 47.03%. 

V. HYBRID MODULES 

Stacking a multijunction device on top of bifacial silicon 
leads to high energy production [5], [9]. In this section we 
use the methodology we developed in Ref. [5] to evaluate 
three types of hybrid modules combining multijunctions and 
bifacial silicon. We only consider here the case where the 
bifacial silicon is electrically independent of the other compo
nents, because two terminal monolithic integration still faces 

a number of challenges, and the energy yield of 3 and 4 
terminal tandems is slightly higher [5]. 

A. Flat Plate Hybrids 

Mechanically stacked tandems built on top of bifacial 
silicon operating without optical concentration will be here 
called flat hybrids to distinguish them from hybrids based on 
concentrator technology. III-V semiconductors have demon
strated excellent 1-sun performance on top of silicon [9], 
but using III-V materials without optical concentration faces 
complex challenges in terms of sustainability and cost [10]. 
Perovskites have demonstrated silicon based double junctions 
with efficiency beyond the limits of silicon technology [11], 
but these devices, so far, are unstable and unreliable compared 
with silicon or III-V devices. 

B. Concentrator Soldered Hybrids 

At present, multijunctions based on III-V materials are the 
only ones that have demonstrated both long term stability 
and high efficiency [12]. Even though the cost of these 
materials per unit area seems to be an order of magnitude too 
high to compete with silicon in 1-sun flat plate applications, 
the required solar cell area can be reduced by 3 orders 
of magnitude by using optical concentrators and two axis 
tracking (concentrator photovoltaics, CPV). One of the short
comings of conventional CPV is that diffuse light is wasted. 
To address this issue, several authors have proposed covering 
the whole back plate of the concentrator module with silicon 
solar cells. This idea dates back at least to a 1993 patent 
application [13]. More recently Benitez et al. have proposed 
multijunction concentrator modules with bifacial silicon solar 
cells to harvest not only the diffuse light, but also the albedo 
irradiance. Due to the high thermal conductivity of silicon, 
these bifacial cells serve the dual purpose of acting as thermal 
spreaders for the III-V solar cells mounted on top [14], [15]. 
Additionally, some of the direct irradiance is scattered by 
imperfections in the concentrator optics and is collected by 
the silicon on the back of the module. These hybrid modules 
with small concentrator solar cells stacked on top of silicon 
solar cells are already being tested experimentally by several 
research groups [15]—[18]. The silicon substrate can also be 
used as a printed circuit board for III-V cell interconnection, 
thus this type of module will here be called soldered hybrids. 

C. Concentrator Optically Coupled Hybrids 

The added value resulting from including bifacial silicon 
in a concentrator module can be increased if silicon harvests 
not only the diffuse and albedo irradiance, but also part of the 
direct irradiance in the appropriate spectral band. Mohedano 
et al. proposed a variant of this idea where a dichroic mirror is 
used for spectral splitting [19]. Here we propose an alternative 
that does not need a dichroic mirror, but requires III-V solar 
cells that are transparent to infrared light. To this end, the 
epitaxy needs to be lifted off the substrate, a process that 
in any case is required for sustainability and economical 
reasons [10]. In our proposal, the silicon solar cells are 



TABLE I 

BAND GAPS FOR OPTIMAL YEARLY ENERGY PRODUCTION 
Module Type kWh m l Gaps (eV) 

Silicon 617.7 1.12 
Bifacial Si 772.2 1.12 
2 junctions 758.0 1.13, 1.69 
3 junctions 849.3 0.95, 1.38, 1.86 

Flat hybrid (bifacial Si + 1 junction) 942.7 1.12+1.69 
Flat hybrid (bifacial Si + 2 junction) 1007.9 1.12 + 1.58, 2.02 

Optically coupled hybrid (bifacial Si + 2 junction CPV) 945.4 1.12 + 1.49, 1.93 
Optically coupled hybrid (bifacial Si + 3 junction CPV) 979.5 1.12 + 1.46, 1.73, 2.11 

Soldered hybrid (bifacial Si + 4 junction CPV) 1051.3 1.12 + 0.74, 1.14, 1.48, 1.91 

Two axis tracking in Boulder (Colorado) is assumed in all cases. Silicon cells are independently connected. 
The usable (air mass < 4) yearly global normal irradiation is 2387.9 kWh m~2 . 
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Fig. 11. Schematic description of different types of hybrid modules inte
grating bifacial silicon with multijunctions. In all cases the silicon solar cells 
are electrically independent. 
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Fig. 12. Energy yield components for bifacial silicon, a 1-sun flat plate dual 
junction based on bifacial silicon, an optically coupled hybrid (Bifacial Si + 
2 junctions), and a soldered hybrid (Bifacial Si + 4 junctions). 

placed behind the III-V solar cells, preferably away from 
the focal point of the concentrator optics, as silicon solar 
cells cannot be used under high concentration, mostly because 
Auger recombination degrades the voltage. In case of spectral 
mismatch there is also radiative coupling between the III-V 
bottom junction and the silicon cell, as the later collects the 
electroluminescence from the former. This type of module is 
here called optically coupled hybrid. A schematic description 
of the different types of hybrid modules here considered is 
shown in Fig. 11. Optically coupled hybrids might require 
III-V solar cells limited in size to a fraction of a Watt due 

to the low thermal conductivity of the glass used as support 
if no heat sink or other thermal dissipation strategy is used. 
Small lenses, and consequently small III-V cell sizes might 
also be required for the soldered hybrid to avoid damaging the 
silicon solar cells in case of tracker misalignment. With the 
optically coupled hybrid there is no such risk, as the silicon 
solar cells are out of the focal plane of the concentrator. In 
either case, hot-spots or thermal conductivity issues seem 
to limit the maximum power that can be handled by each 
multijunction solar cell in these concentrator-bifacial hybrids. 
This would require recently developed self assembly, micro-
printing, or massively parallel pick and place techniques to 
integrate thousands of solar cells per module at low cost [20]-
[25]. Perimeter recombination slightly limits the performance 
of III-V solar cells smaller than 1 mm2, although this can be 
countered to some extent with surface passivation [26]. The 
main advantage of the optically coupled hybrid is that very 
high energy yields are attainable with dual and triple junctions 
that should be readily available, as triple junctions have been 
in commercial production for the past two decades. 

Band gaps optimized for maximum yearly energy produc
tion are listed in Table I for the hybrid modules in Fig. 
11 as well as for conventional flat plate and concentrator 
multijunctions. As we are interested in determining practical 
upper limits for photovoltaic performance, here we opti
mistically assume a spectrally flat 90% optical efficiency for 
the concentrator, 80% transmission of the diffuse irradiance 
and 5% of the direct irradiance being scattered by optical 
imperfections and then collected by the silicon solar cells. 
The energy yield increase due to back-side albedo irradiance 
in bifacial cells can reach 50%, but depends on a number of 
factors [27]. For two axis tracking, low ground cover ratios, 
panel height larger than the panel dimensions, and a 0.8 
albedo, the energy yield increase due to bifacial operation 
is 25% [28]. This factor has been multiplied by the energy 
yield of monofacial flat plate silicon to obtain an optimistic 
upper limit to the energy yield of bifacial silicon. Other details 
of our methodology can be found in ref. [5]. The various 
components contributing to the energy output for each of the 
hybrid technologies here discussed is presented in Fig. 12 

As shown in Table I and Fig. 12, the combination of bifacial 
and concentrator technology leads to the highest photovoltaic 



energy yields practically attainable due to the harvesting of 
all components of the irradiance, including the diffuse and 
back-side albedo contributions. Yearly energy yields near 1 
MWh m~2 year -1 are attainable in a wide range of locations 
with any of the three types of hybrid modules here discussed. 
The soldered hybrid presents the highest yearly energy yields, 
but optically coupled hybrids might be the ones with the 
least uncertain path to mass scale production, as the required 
multijunction cells are less costly, with only marginally lower 
yearly energy yields. 

VI. CONCLUSION 

We have determined the yearly energy yield as a function 
of multijunction band gaps and other environmental and 
device parameters. The here described tools should reduce 
the uncertainties regarding the yearly energy production of 
multijunctions. These tools can also be used to identify op
portunities for cost reduction by tuning those parameters that 
impact cost but have a relatively small effect on the energy 
yield. There is a need for solar cell testing standards that better 
reflect the yearly averaged efficiency, as solar cells designed 
for record efficiency under the ASTM G173 standard spectra 
are not optimal for maximum yearly energy yield. We have 
also considered various types of hybrid modules combining 
bifacial silicon with multijunctions. We show that energy 
yields near 1 MWh m~2 year -1 are attainable in a wide 
range of locations with concentrator (Al)GaInP/(Al)GaAs 
double junctions in combination with bifacial silicon. Further 
increasing the number of junctions, the energy yield can be 
increased at most by about 10%. 
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