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TECHNOLOGY ADVANCES

Multi-Bandgap Semiconducting
Materials Boost Solar-Cell
Efficiency

The most impressive improvements in
the efficiency of solar cells have been real-
ized by using the full spectrum of solar pho-
ton energies. The highest power-conversion
efficiencies, up to ~37%, have been
achieved with multijunction, tandem solar
cells with Ge, GaAs, and GalnP junctions
with energies ranging from 0.7 eV to 1.9 eV.
Researchers at Lawrence Berkeley Na-
tional Laboratory have recently used a
novel ion-beam and laser-melting tech-
nique to synthesize a new class of semicon-
ductor alloys—three-band semiconductors
with an intermediate band within the ener-
gy gap. The three absorption edges of
these alloys absorb photons from virtually
the entire solar spectrum. They are poten-
tially suitable for the fabrication of photo-
voltaic devices with power conversion effi-
ciencies above 50%.

The alloys are II-VI semiconductors
(ZnMnTe) in which a small fraction (a
few percent) of the Group VI constituent
(Te) in the host is replaced by O atoms.
Oxygen is much more electronegative
than the Group VI element it replaces.
Such compounds are referred to as high-
ly mismatched alloys (HMAs). HMAs
have become an important class of mate-
rials because their electronic properties
(e.g., their bandgaps) are unusually sensi-
tive to small changes in alloy composi-
tion. For example, the bandgap is
reduced by as much as 180 meV per mole
percent of N (i.e., for x = 0.01) in
GaN,As;_, HMAs. This effect has been
used to make commercial near-infrared,
vertical-cavity surface-emitting lasers
based on this alloy.

The unusual properties of HMAs have
been explained by the band-anticrossing
(BAC) model. According to this model,
the anticrossing interaction between the
localized states of the foreign electronega-
tive element and the extended states of
the host semiconductor matrix splits the
conduction band into higher (E,) and
lower (E_) energy subbands. The BAC
model predicts that a dilute oxide of
binary or ternary ZnMnTe will possess a
three-band structure with a narrow inter-
mediate band.

It is not possible to grow HMAs under
equilibrium conditions because the solu-
bility of O in II-VI compound is too low
(~107%). Instead, nonequilibrium synthesis
conditions are used—oxygen implantation
followed by pulsed laser melting (PLM).
The PLM process involves the melting of
the implanted layer induced by the near
surface absorption of a single pulse of
intense laser radiation and the subsequent
rapid epitaxial regrowth from the liquid

on a time scale between 108 s and 10 s.
Due to the rapid melting and solidification
process, the O atoms are trapped in the
crystal lattice, forming a thin layer (~200
nm) of homogeneous ZnMnOTe.

Using this technique, ~2% of Te atoms in
a ZnMnTe crystal were replaced by O, re-
sulting in a dilute oxide layer. Photoreflec-
tance measurements revealed that this
material exhibits two optical transitions, at
~1.8 eV and 2.6 eV, that are distinctly dif-
ferent from the fundamental bandgap
transition of the matrix ZngggMny ,Te
(Eym =232 eV) (see Figure 1). These transi-
tions are from the valence band (E,) to the
two conduction subbands, E, (~2.6 eV) and
E_(~1.8 eV) formed as a result of the
hybridization of the localized O states and
the extended conduction band states of
ZnMnTe. Three optical transitions are
therefore possible in this material: E, to E_
(~1.8 eV), E, to E, (~26 eV), and E_to E,
(~0.8 eV), as indicated by arrows in the
schematics in Figure 2. These optical transi-
tions cover nearly the entire solar spectrum.

This dilute II-VI oxide is a practical
realization of a semiconductor with a nar-
row intermediate energy band, and
therefore is a promising candidate for the
multi-bandgap semiconductors envi-
sioned for high-efficiency, intermediate-
band solar cells (IBSCs). Theoretical evalu-
ation shows that a single-junction solar
cell fabricated from this material could
achieve an ideal power conversion effi-
ciency of 56%.
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Figure 1. Photoreflectance spectra
obtained from Zn gsVing 1oTe samples
as-grown and as-implanted with 3.3%
O+ followed by pulsed laser melting
(PLM) with energy fluence of 0.15
J/em?2. Two opitical transitions from the
samples implanted with O followed by
PLM at ~1.8 eV and 2.6 eV occur that
are distinctly different from the funda-
mental bandgap transition of the matrix
Zno‘ggMno'joe (EM =232 e\O.
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Figure 2. (a) Calculated energy-band
structure and (b) density of states for 0.15
J/lem? synthesized Zng, ggMng, 150, Te1_x
(with x ~ 0.023). The three possible
optical transitions are shown in (a).

Other HMAs are also potentially suit-
able candidates for IBSCs, provided that
the localized level (O in II-VI or N in III-V)
lies below the conduction band of the
matrix. This is realized in GaAs,_,P, with y
in the range of 0.3-0.5 and Zn;_,Cd,Te
with y below 0.3. For example, a
ZnygCd,0,Te;_, HMA with x ~ 0.05 has
absorption edges at ~1 eV, 1.5 eV, and
2.5 eV. This band structure is expected to
result in an ideal power conversion effi-
ciency of ~60%.

Opportunities

The researchers are seeking collabora-
tors interested in the development of prac-
tical high-efficiency multi-bandgap solar
cells. Lawrence Berkeley National Labora-
tory is seeking industry partners interested
in licensing this technology for developing
such high-efficiency solar cells.

Source: Wladek Walukiewicz, Mate-
rials Science Division, Lawrence
Berkeley National Laboratory, Berkeley,
CA 94720, USA, tel. 510-486-5329, e-mail
w_walukiewicz@lbl.gov; and Kin Man
Yu, tel. 510-486-6656 and e-mail kmyu@
Ibl.gov. For licensing: Pam Seidenman,
Marketing Manager, tel. 510-486-6467
and e-mail TTD@Ibkl.gov.

Technology Advances provides up-
to-date reports of materials develop-
ments that show potential to bridge
the gap between research innovation
and application of advanced materi-
als technologies. If you encounter or
are involved with materials research
that shows potential for commercial-
ization and would like to present
these developments, contact Renée
G. Ford, Renford Communications,
renford@comcast.net.
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