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ABSTRACT:  Multijunction solar cells for terrestrial concentrator applications have reached the point at which the 
next set of technology improvements are likely to push cell efficiencies over 40%.  This paper discusses the 
semiconductor device research paths being investigated with the aim of reaching this efficiency milestone.  Lattice-
matched (LM) GaInP/ GaInAs/ Ge 3-junction cells have achieved the highest independently confirmed efficiency for 
a photovoltaic device, at 39.0% at 236 suns, 25°C under the standard AM1.5D, low-AOD terrestrial spectrum.  
Lattice-mismatched, or metamorphic (MM), materials offer still higher potential efficiencies, if the crystal quality 
can be maintained.  Theoretical efficiencies well over 50% are possible for a MM GaInP/ 1.17-eV GaInAs/ Ge 3-
junction cell limited by radiative recombination at 500 suns.  The bandgap – open circuit voltage offset, (Eg/q) – Voc, 
is used as a valuable theoretical and experimental tool to characterize multijunction cells with subcell bandgaps 
ranging from 0.7 to 2.1 eV.  Experimental results are presented for prototype 6-junction AlGaInP/ GaInP/ AlGaInAs/ 
GaInAs/ GaInNAs/ Ge cells employing an active ~1.1-eV dilute nitride GaInNAs subcell, with active-area efficiency 
greater than 23% and over 5.3 V open-circuit voltage under the 1-sun AM0 space spectrum.  Such cell designs have 
theoretical efficiencies under the terrestrial spectrum at 500 suns concentration exceeding 55% efficiency, even for 
lattice-matched designs.  Through a combination of device structure advances under investigation in research groups 
around the world, the goal of a practical 40%-efficient photovoltaic cell is near.   
Keywords:  III-V Semiconductors, Concentrator Cells, High-Efficiency, Multijunction Solar Cell, Lattice-
Mismatched, Metamorphic, 6-Junction Solar Cells 
 

 
1 INTRODUCTION 
 

Concentrator solar cells for terrestrial applications 
have experienced a rapid surge of demonstrated 
efficiency in recent years[1-3], as illustrated in Fig. 1.  
Multijunction cells have reached the point at which the 
next set of technology improvements are likely to push 
efficiencies over 40%.  Very high solar cell efficiencies 
are crucial to the cost-effective commercialization of 
concentrator and flat-plate photovoltaic systems alike [4-
7], because of the highly leveraging effect that efficiency 
has on module packaging and balance-of-system costs.  
This paper discusses the semiconductor device research 
paths being investigated with the aim of reaching the 
40% efficiency milestone and higher.   

A central theme for many of these research thrusts is 
to change the partition of the solar spectrum afforded by 
the subcell bandgaps in multijunction cells, to one more 
advantageous for efficient energy conversion.  To this 
end, lattice-mismatched, or metamorphic, subcell 
materials, unconventional alloys such as GaInNAs, and 
cell structures with more than 3 junctions are being 
investigated with the goal of exceeding 40% solar cell 
efficiencies.   

 
 

2 MULTIJUNCTION CELL DESIGNS AND 
THEORETICAL PERFORMANCE 

 
2.1 Multijunction cell architectures 

The division of the solar spectrum by the 1.8 eV/ 1.4 
eV/ 0.67 eV combination of bandgaps in a lattice-
matched (LM) GaInP/ GaInAs/ Ge 3-junction cell leads 
to excess photogenerated current density in the Ge 
subcell.  Part of this wasted current can be used 
effectively in the middle cell if its bandgap is lowered, as 
in lattice-mismatched, or metamorphic (MM) GaInP/ 
GaInAs/ Ge  3-junction  cells  with  a  1.2-1.3 eV GaInAs  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  Record solar cell efficiencies for multijunction 
concentrator cells and other photovoltaic technologies 
since 1975, as compiled by the National Renewable 
Energy Laboratory (NREL).  Chart courtesy of Robert 
McConnell, NREL.   

 
middle cell [1, 8-14].  The challenge then becomes to 
maintain low Shockley-Read-Hall (SRH) recombination 
due to defects in these mismatched materials.   

Higher lattice mismatches give still greater 
advantages if the crystal quality can be maintained.  
Studies of highly-lattice-mismatched single-junction 
GaInAs cells were conducted with indium compositions 
ranging from 0% to 35% indium content in 0.95-eV 
Ga0.65In0.35As cells with 2.4% lattice mismatch to the Ge 
substrate[1].  Minority-carrier properties of these 
mismatched GaInAs materials and GaInP at the same 
lattice constant were explored.  At a bandgap of 1.1 eV, 
GaInAs cells with 1.6% lattice mismatch have nearly the 
same open-circuit voltage as record efficiency silicon 
solar cells at the same bandgap, indicating the degree to 
which defects have been suppressed by optimization of 
the step-graded buffers in these metamorphic devices.  
The dislocation density in these Ga0.77In0.23As materials 
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is 3-4 × 106 cm-2, as measured by plan-view TEM and 
cathodoluminescence[1]. TEM imaging over a large 
sample area indicates a dislocation density of only 2 × 
106 cm-2 for Ga0.65In0.35As with ~0.95-eV bandgap, 
consistent with the observation that the minority-carrier 
lifetime measured by time-resolved photoluminescence 
(TRPL) is about 10 ns for both the 1.1- and 0.95-eV 
materials[1].  These metamorphic materials enable 
advanced multijunction cell designs incorporating a 0.9-
1.1 eV subcell.   

Work in this area has yielded cell results on 
metamorphic Ga0.44In0.56P/ Ga0.92In0.08As/ Ge 3-junction 
cells, with the upper two cells having a lattice constant 
0.5% larger than the Ge substrate [1,8];  Ga0.35In0.65P/ 
Ga0.83In0.17As cells [6];  2- and 3-junction Ga0.29In0.71P/ 
Ga0.77In0.23As/ Ge cells [13,14];  and on GaInP/ GaAs/ 1-
eV GaInAs 3-junction cells with the upper two subcells 
lattice matched to a GaAs substrate [15,16].  Schematics 
of this latter cell design are shown in Fig. 2.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  Two configurations of 3-junction solar cells 
with a highly-lattice-mismatched, inverted 1-eV GaInAs 
bottom subcell:  (a) growth on two sides of a transparent 
GaAs substrate;  (b) growth on the back of a GaAs or Ge 
substrate that is removed during cell fabrication.   

 
Another way to utilize the excess photogenerated 

current in the Ge subcell in 3-junction cells is to insert a 
~1-eV semiconductor, such as GaInNAs lattice-matched 
to Ge, above the Ge subcell.  5- and 6-junction cell 
designs partition the solar spectrum into narrower 
wavelength ranges than 3-junction cells, allowing all the 
subcells to be current matched to the low-current-
producing GaInNAs subcell.  Additionally, the finer 
division of the incident spectrum reduces thermalization 
losses from electron-hole pairs photogenerated by 
photons with energy far above the bandgap energy, and 
the smaller current density in 5- and 6-junction cells 
lowers resistive I2R losses.  Cross-sectional diagrams of 
5- and 6-junction cells are drawn in Fig. 3.   

At a given lattice mismatch, higher efficiencies can 
be reached in many multijunction cell designs if the 
GaInP top cell bandgap is increased, since less light then 
needs to be leaked through the GaInP to the GaInAs cell 
beneath, and more can be converted at the higher voltage 
of the GaInP top cell.  The effect of disordering Ga and 
In atoms on the group-III sublattice, is known to increase 
the bandgap by ~100 meV for the LM case.  This effect 
has been confirmed to persist in lattice-mismatched, In-
rich compositions of GaInP as well [10,13].  Use of 
AlGaInP to raise the top cell bandgap also increases the 
multijunction cell efficiency [2,10].   

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  Cross-sections of 5- and 6-junction cells.   
 

2.2 Theoretical efficiency 
The theoretical efficiency of multijunction solar cells 

limited by the fundamental mechanism of radiative 
recombination was calculated as a function of subcell 
bandgap in 3- and 6-junction cells, at 25°C.  The current 
density in each subcell was found from the photon flux in 
each photon energy range of the standard terrestrial 
AM1.5D, low-AOD spectrum [17], the open-circuit 
voltage from the carrier concentration at which radiative 
recombination is in steady state with this photogenerated 
current density, and the cell efficiency was found by 
combining the current-voltage characteristics of the 
subcells in the multijunction stack.   
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Theoretical efficiency of 3-junction solar 

cells limited only by radiative recombination, as a 
function of the bandgap of the (top) subcell 1 material 
such as AlGaInP, and the (bottom) subcell 3 material, 
such as Ge, GaInNAs, or lattice-mismatched GaInAs.   

 
The calculated efficiencies for 3-junction cells are 

plotted in Fig. 4.  The familiar case of a GaInP/ GaInAs/ 
Ge 3-junction solar cell can be found in the right-hand set 
of curves.  For the lattice-matched case with a 1.41-eV 
GaInAs subcell 2, the optimum top cell bandgap is about 
1.9-eV.  As one goes to lower bandgaps for subcell 2, as 
for MM GaInAs, the optimum top subcell Eg  shifts down 
as well, reaching ~1.74 eV at the optimum subcell 2 
bandgap of 1.17 eV, for a calculated efficiency over 
55%.   

For a 1.4-eV subcell 2, a higher efficiency can be 
achieved with a 1.0-eV bottom subcell than for a Ge 
subcell, as can be seen in the left-hand set of curves in 
Fig. 4.  The theoretical efficiency for this case with a 1.0-
eV subcell 3, corresponding to the cell configurations 
sketched in Fig. 2, is ~53%.  Interestingly, as the middle 
subcell 2 bandgap drops to 1.17 eV, the optimum subcell 
3 becomes 0.69 eV, coinciding very closely with the 
bandgap of Ge, with a calculated efficiency of over 55%.   
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Figure 5 plots the theoretical efficiency of 6-junction 
cells under the concentrated terrestrial spectrum, again at 
25°C.  The bandgaps of subcells 2, 4, and 6 were 
assumed to be 1.8 eV corresponding to ordered GaInP, 
1.41 eV for LM 1%-In GaInAs, and 0.67 for the Ge 
substrate, respectively.  Higher efficiencies are possible 
for full flexibility in bandgap.  For optimum top subcell 
Eg  of 2.3 eV and subcell 5 Eg  of 1.18 eV, efficiencies 
over 56% are possible for a lattice-matched configuration 
using GaInNAs for subcell 5, or for metamorphic 
configurations using MM 1.18-eV GaInAs in subcell 5.  
Subcell 1 bandgaps of 1.9 or 2.1 eV, which are easier to 
achieve, still yield theoretical efficiencies of 53.2% and 
54.7%, respectively.   

 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5:  Theoretical efficiency of 6-junction solar 
cells limited only by radiative recombination, as a 
function of the bandgap of the (top) subcell 1 material 
such as AlGaInP, and the subcell 5 material on top of the 
Ge subcell 6, such as GaInNAs, or lattice-mismatched 
GaInAs.   
 

 
3 RESULTS AND DISCUSSION 

 
3.1 Metamorphic semiconductor materials 

Internal quantum efficiency (QE) data of 
metamorphic GaInAs solar cells grown on Ge substrates, 
with bandgaps ranging from 1.4 to 0.96 eV, are plotted in 
Fig. 6, showing the progression of the absorption edge 
with increasing lattice mismatch. Note that the near-
bandedge QE remains very high out to 1.08-eV GaInAs, 
falling only moderately at 0.96 eV, indicating long 
minority-carrier diffusion lengths given the large lattice-
mismatches of 1.6% for 1.08-eV and 2.4% for 0.96-eV 
GaInAs.  These long diffusion lengths result from the 
long minority-carrier lifetimes measured in these 
materials [1], and translate into the high open-circuit 
voltages discussed above.   

 
3.2 Bandgap-voltage offset 

When investigating semiconductors with a wide 
range of bandgaps for use in solar cells, a method to 
gauge the material quality is needed, that can compare 
non-ideal recombination properties in one material to 
those in another.  The difference between the bandgap 
voltage Vg = Eg /q and open-circuit voltage Voc, is a 
useful quick gauge of semiconductor quality for many 
different materials systems [10].  The smaller this offset 
voltage (Eg/q) - Voc , the closer the electron and hole 
quasi-Fermi levels are to the conduction and valence 
band edges, respectively, and the more closely the 
voltage approaches the fundamental limit set by radiative  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6:  Measured internal QE curves for single-
junction GaInAs cells, showing the shift in wavelength 
corresponding to the bandgap, and strong response near 
the bandgap wavelength indicating long diffusion lengths 
in these metamorphic materials.   

 
recombination.  This observation is based on the 
dependence of open-circuit voltage on bandgap in a solar 
cell in which the only recombination mechanism is 
radiative:   
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where Jph is the photogenerated current density, w is the 
thickness of the solar cell base, ni is the intrinsic carrier 
concentration, B is the radiative recombination 
coefficient, and the other symbols have their usual 
meaning.  Note that the logarithmic second term in the 
Eqn. 3 depends only weakly on Eg , resulting in a nearly 
constant offset voltage (Eg /q) - Voc between the bandgap 
and the calculated Voc for solar cells limited by radiative 
recombination, across a wide range of bandgaps.  Thus 
the difference between the measured open-circuit voltage 
and the Voc predicted in the radiative limit can be used to 
determine the non-radiative recombination components, 
primarily Shockley-Read-Hall (SRH) recombination.  
When typical values for NC, NV, B, w, Jph, and their 
dependences on bandgap are plugged into Eqn. 1, the 
difference (Eg /q)-Voc varies only from ~0.31 V to 0.39 V 
in the radiative limit, for bandgaps ranging from 0.95 to 
2.0 eV.   

One way to visualize the approximate constancy of 
(Eg /q) - Voc for different semiconductors is that B varies 
only slowly with Eg , and therefore the pn product in 
steady state, in which the photogenerated current per unit 
volume Jph/qw equals the radiative recombination rate 
Bnp, is roughly similar for a given incident photon flux.  
Because the density of states in the conduction band is 
similar for many semiconductors, and the same is true for 
the valence band, similar p and n among different 
semiconductors in steady state translates to roughly the 
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same energy difference between the conduction band 
edge and the electron quasi-Fermi level, and the same is 
true between the valence band edge and the hole quasi-
Fermi level.  Since the cell voltage is the difference 
between electron and hole quasi-Fermi levels, and these 
quasi-Fermi levels have a constant offset from their 
respective band edges, the cell voltage differs from the 
bandgap voltage by a constant value, to first order.   

Fig. 7 plots the measured open-circuit voltage for 
single-junction cells with a wide range of bandgaps, from 
0.67 to 2.1 eV, against the bandgaps of the solar cell 
bases from quantum efficiency measurements of the 
absorption edge.  Also plotted is the experimental 
bandgap-voltage offset, (Eg /q) - Voc , and the ideal 
bandgap-voltage offset limited by radiative 
recombination.  The experimental Voc values closely 
parallel the measured Eg  over the broad bandgap range, 
confirming that it is a good assumption that Voc and Eg  
are related by an additive constant.  At the 1.4-eV 
bandgap of 1%-In GaInAs, the experimental bandgap-
voltage offset is nearly equal to that calculated in the 
radiative limit at about 370 mV, indicating that almost all 
of the recombination in this lattice-matched material is 
radiative, and only a small component is SRH 
recombination.  Materials with higher lattice mismatch, 
such as 1.1-eV and 0.97-eV GaInAs have offset voltages 
in the 430-490 mV range, remarkably low in light of the 
1.6% and 2.4% lattice mismatches of these materials, 
respectively.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7:  Experimental Voc for a wide range of single- 
junction solar cell bandgaps, from 0.67 to 2.1 eV, 
showing that the bandgap-voltage offset, (Eg /q) - Voc , is 
roughly constant over this range as predicted from 
theory.  The value of this offset approaches the radiative 
limit for some solar cell materials.   

 
3.3 3-junction cell results 

Lattice-matched GaInP/ GaInAs/ Ge 3-junction cells 
have achieved the highest independently confirmed 
efficiency for a photovoltaic device, at 39.0% at 236 suns 
under the AM1.5D, low-AOD spectrum, the standard 
reporting spectrum used by the National Renewable 
Energy Laboratory[17].  Metamorphic GaInP/ GaInAs/ 
Ge 3-junction devices, with 8%-In in the middle cell 
base, at a 0.5% lattice mismatch with respect to the Ge 
substrate, have achieved 38.8% efficiency under the 
same AM1.5D, low-AOD spectrum at NREL, reaching 
parity with the lattice-matched case in spite of the 
threading dislocations that can result from lattice 

mismatch[1].  Figure 8 shows the measured current-
voltage characteristics of these record efficiency 
metamorphic and lattice-matched concentrator cells 
under the AM1.5D low-AOD spectrum, as well as of 
record efficiency MM and LM one-sun cells under the 
AM1.5G spectrum[11,18,19], all independently verified 
at NREL.  Figure 9 shows the NREL measured 
parameters of the lattice-matched 39.0%-efficient cell.   

Even these high-performing cells are still far from the 
theoretically possible efficiencies discussed earlier, 
allowing ample room to realize 40% efficiency at 
concentration.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8:  Record efficiency metamorphic and lattice 
matched cells, under concentration and at one sun, 
independently confirmed at NREL.    
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9:  Measurement of I-V characteristic of record 
39.0%-efficient cell, independently verified at NREL.   
 
 
3.4 6-junction cell results 

Prototype 6-junction AlGaInP/ GaInP/ AlGaInAs/ 
GaInAs/ GaInNAs/ Ge cells with an active ~1.1-eV 
GaInNAs subcell 5 have been built and tested.  Measured 
quantum efficiencies of all six of the individual subcells 
for the 6-junction (6J) cell grown separately are plotted 
in Fig. 10.  The bandgaps of each subcell can be noted 
from the photon energy axis.  The top subcell 1 is 
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intentionally grown thin and transparent to light over 
much of its response range, in order to current match to 
the other subcells.  The QE of the GaInNAs subcell 5, 
remains the most challenging.  This cell is highly 
sensitive to annealing, including the thermal budget that 
the nitride cell experiences when the upper four subcells 
of the 6-junction cell are grown on top of it.  This 
sensitivity is depicted in the GaInNAs cell QE 
measurements in Fig. 11.  With a suitably low thermal 
budget, 8.5 mA/cm2 current density can be achieved 
under the AM0 space spectrum, enough to current match 
the nitride cell to the other 6J subcells.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10:  Quantum efficiency measurements of the six 
component subcells of a 6-junction solar cell, plotted vs. 
photon energy.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11:  Measured quantum efficiency of 1.05-eV 
GaInNAs solar cells near the Ge lattice constant, 
showing the effect of thermal budget.   

 
The measured I-V characteristics of fully-integrated 

6-junction cells are shown in Fig. 12.  Open-circuit 
voltage of 5.33 V, and preliminary efficiencies of 23.6% 
active-area, and 20.9% total area were measured, 
representing a substantial increase over the 5.11 V and 
13.47% efficiency for the first 6-junction cells tested  [1].  
These improvements bode well for the development of 
MJ cells with more than 3 junctions to increase the 
efficiency of terrestrial concentrator cells.  The spectral 
sensitivity of a 6-junction cell under the terrestrial 
spectrum, which changes with time of day, year, and 
weather conditions, and how this impacts energy 
production of the 6-junction cell, is an important 
consideration.   

 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

Figure 12:  Illuminated current-voltage characteristics 
for 6-junction AlGaInP/ GaInP/ AlGaInAs/ GaInAs/ 
GaInNAs/ Ge solar cells, with an active ~1.1-eV 
GaInNAs subcell 5, with Voc over 5.3V.   

 
 

4 SUMMARY 
 
The device elements for a variety of solar cell 

architectures capable of reaching 40% efficiency have 
been demonstrated.  These include the use of 
metamorphic materials for greater freedom of bandgap 
selection, wider-bandgap top cell materials such as 
AlGaInP and alloys with a disordered group-III 
sublattice, and cell architectures with 3 to 6 junctions that 
make use of the excess current density in the Ge subcell 
of conventional 3-junction cells.  By combining these 
device structure advances under investigation in research 
groups around the world, the goal of a practical 40%-
efficient photovoltaic cell is near.   
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