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40% efficient metamorphic GalnP/GalnAs/Ge multijunction solar cells
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An efficiency of 40.7% was measured and independently confirmed for a metamorphic
three-junction GalnP/GalnAs/Ge cell under the standard spectrum for terrestrial concentrator solar
cells at 240 suns (24.0 W/cm?, AM1.5D, low aerosol optical depth, 25 °C). This is the initial
demonstration of a solar cell with over 40% efficiency, and is the highest solar conversion efficiency
yet achieved for any type of photovoltaic device. Lattice-matched concentrator cells have now
reached 40.1% efficiency. Electron-hole recombination mechanisms are analyzed in metamorphic
Ga,In;_,As and Ga,In;_ P materials, and fundamental power losses are quantified to identify paths
to still higher efficiencies. © 2007 American Institute of Physics. [DOL: 10.1063/1.2734507]

Light emitted by the sun and falling on Earth is one
of the most plentiful energy resources on the planet. Over
1.5X 102 J (15000 EJ) of solar energy reach Earth every-
day, compared to a daily energy consumption of approxi-
mately 1.3 EJ by human activity.1 However, solar radiation is
a broadly distributed energy resource both in terms of geo-
graphic distance, requiring large, expensive collectors, and in
terms of its wide range of wavelengths. Multijunction III-V
solar cells for terrestrial concentrator applications have at-
tracted increasing attention in recent years for their very high
conversion efficiencies, allowing dramatic reduction in the
balance-of-system cost for photovoltaic electricity genera-
tion. Such multijunction cells use multiple subcell band gaps
to divide the broad solar spectrum into smaller sections, each
of which can be converted to electricity more efficiently,
allowing cell efficiencies beyond the Shockley-Queisser
theoretical limit for single-junction cells® to be achieved in
practice.

Metamorphic, or lattice-mismatched, semiconductors
provide an unprecedented degree of freedom in solar cell
design, by providing flexibility in band gap selection, uncon-
strained by the lattice constant of common substrates such as
Ge, GaAs, Si, InP, etc. Other devices can also benefit from
these materials, such as heterojunction bipolar transistors,
1.3 and 1.55 um photodetectors and lasers, and InP-on-
GaAs and GaAs-on-Si devices in general. Many research
studies have investigated the promise of metamorphic mate-
rials for solar cells,3_11 often citing 40% conversion effi-
ciency as a possible goal. This letter reports on three-junction
metamorphic and lattice-matched cells that have now sur-
passed the 40% efficiency milestone.

Figure 1 plots isoefficiency contours for three-junction
terrestrial solar cells at 240 suns concentration, as a function
of the top (subcell 1) and middle (subcell 2) band gaps.
These are ideal efficiencies, calculated based on the funda-
mental mechanism of radiative recombination, the AM1.5D
terrestrial solar spectrum, and the -V characteristics of each
subcell."’ Band gap combinations of GalnAs and GalnP at
the same lattice constant are plotted, for GalnP with a disor-
dered group-IIT sublattice (high E,;) and for ordered GalnP
(low E,). The record 40.7% efficiency metamorphic and
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40.1% efficiency lattice-matched three-junction cells de-
scribed in this letter are plotted, showing the advantage of
the metamorphic cell design in practice now, as well as in
theory. Decreasing the band gap of the top two subcells, e.g.,
by raising the indium content, brings the three-junction cell
design closer to the peak efficiency. Similar analyses can be
carried out for terrestrial concentrator cells with four and
more junctions with over 58% theoretical efﬁciency.“
Fundamental loss mechanisms in metamorphic (MM)
and lattice-matched (LM) three-junction GaInP/GalnAs/Ge
solar cells are plotted in Fig. 2. Unabsorbed photons
(hv<Eg) cause the same loss in the MM and LM cases.
Carrier thermalization losses for subcells 1 and 2 (hv> E,,
and hv>E,,) are lower for LM cells, due to their higher
band gaps, but subcell 3 thermalization losses (hv>E ;) are
smaller in the MM case, due to lower average photon energy
reaching the Ge subcell. Losses from the band gap-voltage
offset (E,/q)-V,. due to radiative recombination decline
steadily with increasing light intensity as the electron and
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FIG. 1. (Color online) Calculated contours of ideal three-junction solar cell
efficiency as a function of top and middle subcell band gaps, E, and E,,.
Measured efficiencies and Ey, E,, combinations are shown for the record
efficiency 40.7% MM and 40.1% LM cells described in the text. The band
gaps in the metamorphic GalnP/GalnAs system are plotted for disordered

and ordered group-III sublattices in the GalnP subcell.
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FIG. 2. (Color online) Loss mechanisms in metamorphic Gay4Ings¢P/
Ga oI ogAs/Ge and lattice-matched Gay solng 5P/ Gag golng o As/Ge three-
junction terrestrial solar cells as a function of incident intensity of sunlight.

hole quasi-Fermi levels approach their respective band edges
in each subcell. The high efficiency of the MM design results
largely from lower current match losses, since there is less
excess photogenerated current density in the Ge bottom cell,
due to the lower band gaps of the MM subcells. Metal grid
shadowing and I°R resistive power losses are greater for MM
cells because of their higher currents, but the MM design
retains its overall efficiency advantage.

The central challenge tempering the band gap flexibility
offered by metamorphic materials is that lattice-mismatched
growth typically causes crystal dislocations, introducing en-
ergy levels in the band gap which mediate Shockley-Read-
Hall (SRH) recombination. A composition-graded buffer is
used to accommodate misfit and threading dislocations to the
greatest extent possible. The active metamorphic (meaning
changed form) device layers can then be grown relaxed with
low dislocation density at the new lattice constant. The
single- and three-junction experimental cells here are grown
on 100 mm Ge substrate wafers by metal-organic vapor-
phase epitaxy, in production-scale reactors. The nontextured,
p-type Ge substrate forms the third subcell of the three-
junction cells, by virtue of an n-type diffused emitter formed
during growth of the upper epitaxial layers.

In Fig. 3, the band gap-voltage offset (E,/q)—V,,
=W, at 1 sun is plotted for a wide range of band gaps in
LM and MM (Al)GalnP and (Al)GalnAs subcells. This band
gap-voltage offset W, varies only slowly over a wide range
of band gaps, and it can be helpful simplifying approxima-
tion to treat it as a constant to first order, e.g., at ~0.4 V at 1
sun. For a solar cell limited by radiative recombination in the
base, for example,

kT J E, kT BN N
VOC=—ln(—ph—2>=—&——ln(M>, (1)
q gwBn q q Joh

1
for photogenerated current density J;,, radiative recombina-
tion coefficient B, and solar cell base thickness w, so that the
band gap dependence of the offset W is only a slowly vary-
ing natural log function. Deviation from the radiative limit of
W, is a good indicator of the amount of the nonideal mecha-
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FIG. 3. (Color online) Measured band gap-voltage offset for a range of LM
and MM subcell materials and bandgaps at 1 sun. Comparison to theory
gives a measure of the SRH recombination present. The effective lifetime,
an upper limit on the bulk lifetime, is derived from the cell measurements.

nism of SRH recombination that is present and, thus, of the
semiconductor crystal quality.

In general,

pn= ",2 edVIKT NCNVe—q((Eg/q)—V)/sz NCNVe—qW/kT, 2)
where W=(E,/q)-V. For low-level injection in a p-type
solar cell base with doping Ny, the effective minority-carrier
lifetime 7.¢, an upper limit on the bulk lifetime, is

gwNeNy
Terr= N © AWolkT 3)
ph A

in the long diffusion length (narrow-base) limit.

In Fig. 3, LM 1.4 eV and MM 1.3 eV GalnAs, and LM
1.9 eV and MM 1.8 eV GalnP, have the lowest band gap-
voltage offsets and highest 7., approaching the theoretical
limits from radiative recombination. Band gap-voltage off-
sets of 0.42 and 0.38 V, corresponding to effective minority-
carrier lifetimes of 5 and 100 ns, were measured in p-type
metamorphic Gay44Ings¢P and Gag¢oIng ggAs, respectively,
with doping in the 10'°~10'7 cm™ range. Relatively low W,
and correspondingly long 7.5 are maintained even for high
1.6% lattice mismatch to the Ge growth substrate in meta-
morphic Gag 77Ing,3As, with band gap of 1.1 eV.

A capture cross-sectional width ¢, can be defined that
relates the areal density Nyqo. Of line dislocations that typi-
cally form in metamorphic materials to the lifetime 7., such
that To=1/(Ngigoclint,), Where vy, =(3kT/m")"? is the ther-
mal velocity of minority electrons. From cathodolumines-
cence and plan-view transmission electron microscopy, an
average value of Nygo.~8X10% cm™ is measured for
Gag 77Iny »3As on Ge (including both threading dislocation
segments typically in each defect complex). Using
Tr=2.8 ns from measured (E,/q)-V,. of Gajz7Ing,3As
cells, and vy=4.5X10" cm/s, yields an effective cross-
sectional width ¢, of the dislocations of ~1X 10~ cm for
purposes
of calculating recombination. One can also assign an ap-
proximate capture cross section o, to each incompletely
bound atom along the line dislocations, correlating volumet-
ric trap density N, to 7. For two atoms with one dangling
bond each per unit cell with side a, and line dislocations
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FIG. 4. (Color online) External quantum efficiency for GaInP, GalnAs, and
Ge subcells in MM and LM three-junction cells, and the space and terrestrial
solar spectra.

typically running along the energetically preferred (110) di-
rections, N,=(2/a)Ngigoe» and o,=t,a/2=a/(2NgigocVth Ter)
~3X 107 cm?.

In Fig. 4, measured external quantum efficiencies are
shown for the GalnP, GalnAs, and Ge subcells in MM and
LM three-junction cells, superimposed on the air mass zero
and terrestrial solar spectra. The downward shift in band gap
in the upper two MM subcells is evident, allowing the higher
voltage upper subcells to use a larger part of the solar spec-
trum. The long wavelength response of the MM Ga 4In 5¢P
and Ga g,Ing p3As subcells can be seen to be high near the
band edge, reflecting the long lifetimes and diffusion lengths
in these metamorphic materials.

Metamorphic three-junction Gag 44Ing s6P/
Ga 9Ing ogAs/Ge terrestrial concentrator solar cells with a
graded buffer structure and low threading dislocation density
were grown and fabricated under a wide range of experimen-
tal conditions. Figure 5 plots the measured illuminated /-V
curve for a record efficiency 40.7% metamorphic GalnP/
GalnAs/Ge three-junction cell at 240 suns, under the stan-
dard spectrum for terrestrial concentrator solar cells
(AM1.5D, low aerosol optical depth, 24.0 W/cm?, 25 °C).
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FIG. 5. (Color online) Measured illuminated /-V characteristics of record
efficiency 40.7% metamorphic and 40.1% lattice-matched three-junction so-
lar cells under the concentrated terrestrial solar spectrum, and 31.3% MM
and 32.0% LM 1 sun cells. These measurements are independently verified
by the National Renewable Energy Laboratory (NREL).
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This is the initial demonstration of a solar cell with over 40%
efficiency, and is the highest solar conversion efficiency yet
achieved for any type of photovoltaic device. A lattice-
matched three-junction cell has now also achieved over 40%
efficiency, with 40.1% measured at 135 suns (AM1.5D, low-
AOD, 13.5 W/cm?, 25 °C). This record efficiency lattice-
matched cell, and earlier MM and LM record 1 sun cell
efficiencies are also plotted in Fig. 5. The total measurement
uncertainty in efficiency is estimated to be 2.4% absolute.
Both the 40.7% metamorphic and 40.1% lattice-matched
cells sur;l)ass the earlier record efficiencies of 39.3% for a
MM cell'' and 39.0% for a LM cell.” These efficiency mea-
surements have been verified by the independent solar cell
test facility at the National Renewable Energy Laboratory
(NREL).

It is interesting to note in Fig. 5 that the 1 sun cells have
measured efficiency above the Shockley-Queisser limit effi-
ciency of 30% for a single-band gap device at 1 sun,” and the
concentrator cells are above the theoretical limit of 37% for
single-band gap cells at 1000 suns,'” due to the multijunction
structure of these cells. Experimental multijunction cell ar-
chitectures, using features such as metamorphic materials,
four or more junctions, and other design approaches have the
potential to increase practical terrestrial concentrator cell ef-
ficiencies over 45%, or even to 50%.
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