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Oxygen doping in ZnTe is applied to a junction diode in the aim of utilizing the associated electron
states 0.5 eV below the bandedge as an intermediate band for photovoltaic solar cells. The ZnTe:O
diodes confirm extended spectral response below the bandedge relative to undoped ZnTe diodes, and
demonstrate a 100% increase in short circuit current, 15% decrease in open circuit voltage, and
overall 50% increase in power conversion efficiency. Subbandgap excitation at 650 and 1550 nm
confirms the response via a two-photon process and illustrates the proposed energy conversion
mechanism for an intermediate band solar cell. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3166863�

The utilization of optical transitions at energies below
the bandgap energy of semiconducting materials has been
proposed for photovoltaic solar cells due to the potential of
increased conversion efficiency in comparison to conven-
tional devices operating on direct valence to conduction
band optical transitions.1–3 This approach, often termed
intermediate- or impurity-band �IB� photovoltaics, provides a
broad response to the solar spectrum via three optical transi-
tions �valence to conduction, valence to intermediate, and
intermediate to conduction band, Fig. 1�a��. The provision of
three optical transitions not only provides an increase in solar
response but also reduces energy losses due to thermal relax-
ation of optically excited carriers. The intermediate band so-
lar cell concept may be compared to the efficiency improve-
ment for multijunction solar cells, where solar cell efficiency
improvements are similarly gained by providing multiple ab-
sorption bands to maximize the response to the solar spec-
trum �maximize short circuit current� and minimize energy
losses �maximize open circuit voltage�. The intermediate-
band approach offers the attractive prospect of achieving
high efficiency in a more simplistic single-junction solar cell
device. The theoretical conversion efficiency limit for inter-
mediate band solar cells is predicted to be 63.2% with black-
body illumination1 and 65.1% with AM1.5 spectrum,4 com-
parable to the theoretical efficiency for optimized triple-
junction solar cells with efficiencies of 63.8% and 67.0%
under blackbody and AM1.5 illumination, respectively.5

Proposed approaches to realize intermediate band solar
cells have included impurity doping,6,7 quantum dots,8–12 and
dilute semiconductor alloys.13–15 Impurity doping approaches
have thus far not been successful due to nonradiative recom-
bination channels associated with the impurities.16 Quantum
dots have demonstrated the intermediate band concept,
where subbandgap response and increased efficiency have
been reported.17–19 The quantum dot systems used for IB
solar cells thus far, however, have relatively shallow energy
states relative to the optimal IB position at approximately 1/3
of the bandgap.1,4 Furthermore, these systems have utilized
GaAs as the host material, where the bandgap energy of 1.42
eV is significantly lower than the optimal bandgap for IB
solar cells of 2.40 eV for 1 sun, and 1.95 eV for solar con-
centration of 10 000 under AM1.5 conditions.4 Alternatively,

dilute semiconductor alloys including InGaAsN �Ref. 13�
and ZnTe:O �Refs. 15 and 20� have been proposed, where the
intermediate band position is tunable with alloy composition.
In these materials, properties may range from localized iso-
electronic defect states at low concentration to the formation
of an energy band at high concentration. These systems have
reported optical properties that may be suitable for IB solar
cells,13,15–21 though reports of associated devices are lacking.
In this work, the optical properties and photovoltaic response
of ZnTe:O are presented.

ZnTe:O samples were grown by molecular beam epitaxy
using solid source effusion cells for Zn and Te, and a rf
plasma source for oxygen and nitrogen incorporation.
Samples were grown on n+-GaAs �100� substrates for mate-
rial characterization and solar cell device structures. Nitrogen
was used to achieve p-type ZnTe for the diode structure
shown in Fig. 1�b�. An oxygen flow rate of 1 SCCM �SCCM
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FIG. 1. Schematic of �a� optical transitions for ZnTe:O intermediate
band solar cells and solar cell device structure incorporating ZnTe or
ZnTe:O active regions, and �b� calculated band diagram of the
p+-ZnTe /ZnTe�O� /n+-GaAs diode at thermal equilibrium.
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denotes cubic centimeter per minute at STP� was used,
where a concentration of 1�1019 cm−3 is estimated based
on the assumption of a similar incorporation rate for oxygen
and nitrogen. Photoluminescence measurements were taken
using excitation from a HeCd 325 nm laser, a grating spec-
trometer, lock-in amplification, and a photodiode detector.
Solar cell devices were fabricated using photolithography,
metallization and liftoff, and wet chemical etching. Current-
voltage characteristics were measured using a Keithley 4200
semiconductor parametric test system. Solar cell optical
measurements were taken using a grating spectrometer for
spectral response and a solar simulator for efficiency mea-
surements.

A room-temperature photoluminescence spectrum for
ZnTe:O grown on GaAs is shown in Fig. 2, indicating both a
bandedge response for ZnTe at 2.3 eV and a strong sub-
bandgap response related to oxygen doping in the range of
1.6–2.0 eV. In a majority of the ZnTe:O samples, the spec-
trum is dominated by defect emission, where the spectrum in
Fig. 2 was chosen in order to illustrate both defect and ZnTe
bandedge emission. In comparison, the photoluminescence
spectrum for an undoped ZnTe sample shows a sharper band-
edge transition and a much weaker defect emission. The
presence of defect emission in the undoped ZnTe sample is
believed to be due to residual oxygen present in the growth
chamber. The strong radiative emission due to oxygen in
ZnTe is consistent with previous detailed studies.22 The
strong emission for the oxygen defect in ZnTe denotes a
highly radiative transition and is therefore a highly desirable
characteristic for the IB solar cell. Complementary optical
absorption spectra inferred from transmission measurements
have been reported previously for samples deposited on sap-
phire under varying oxygen partial pressure.23 A sharp band-
edge response is observed for ZnTe without oxygen, while
increasing sub-bandgap optical absorption is observed with
increasing oxygen. The sub-bandgap optical absorption is
consistent with the photoluminescence characteristics, and is
similarly attributed to oxygen defects in ZnTe.

The spectral response for diodes fabricated with ZnTe
and ZnTe:O absorber layers is shown in Fig. 3�a�. For the
case of the ZnTe diode, a sharp bandedge response is ob-
served near 2.25 eV, with a gradual response decrease with
increasing energy. The negligible response below the band-
edge for the ZnTe diode indicates that the GaAs substrate
does not contribute to the photocurrent, where the large band

offsets block carrier transfer from n-GaAs to p-ZnTe. The
response decrease at high energy is attributed to an increas-
ing fraction of optical absorption in the heavily doped p-type
ZnTe cap layer, where carrier collection will be impeded due
to short carrier diffusion lengths in this layer. The ZnTe:O
diode exhibits enhanced spectral response below the band-
edge, where response is observed for energies down to 1.5
eV. It should be noted that the spectral response was obtained
using monochromatic light and does not necessarily repre-
sent the true spectral response of a solar cell where a full
spectrum is incident on the device. The monochromatic inci-
dence does not provide a means of “pumping” carriers from
the valence band to intermediate band in order to enable
absorption from the intermediate to the conduction band.

The current-voltage characteristics for ZnTe and ZnTe:O
solar cells are shown in Fig. 3�b� under AM1.5 illumination.
A clear photovoltaic response is observed for both sets of
devices, where an increased short circuit current density
�JSC� and reduced open circuit voltage �VOC� are observed
for the ZnTe:O, with an overall improvement of 50% in the
power conversion efficiency. The increase in JSC is approxi-
mately double and is consistent with the extended spectral
response below the bandedge and corresponding larger num-
ber of photogenerated carriers. The source for the approxi-
mate 15% reduction in VOC may be due to a number of
factors, including increased nonradiative recombination and
carrier occupation in the IB lowering the Fermi level posi-
tion. The overall conversion efficiency of both devices are
both relatively low ��1%�, where significant development of
materials growth and device structure are required to im-
prove efficiency. Factors degrading conversion efficiency in-
clude high resistance, low shunt resistance of the junction,
and small carrier lifetime associated with the junction tech-

FIG. 2. Room-temperature photoluminescence spectra of ZnTe:O illustrat-
ing emission from both the ZnTe bandedge and oxygen related defect states.

FIG. 3. Solar cell �a� spectral response and �b� current-voltage characteris-
tics under AM1.5 conditions for ZnTe and ZnTe:O diodes.
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nology and defects corresponding to the large lattice mis-
match of the active region and GaAs substrate. Equivalent
circuit modeling of the I-V characteristics provide values for
the shunt resistance and series resistance of the devices,
which were determined to be on the order of Rshunt
=3000 � cm2 and Rseries=300 � cm2. The value of series
resistance is clearly a major limitation, where reduction to a
more typical Rseries=1 � cm2 is estimated to provide a
power conversion efficiency value of approximately 5% for
the ZnTe:O device in Fig. 3. Further significant efficiency
improvements are expected with the development of suitable
buffer layers and ZnTe or II-VI based junction technologies
to reduce defect density and associated nonradiative recom-
bination.

The multiphoton process associated with intermediate-
band transitions was further investigated using illumination
by 650 nm �1.91 eV� and 1550 nm �0.8 eV� laser sources
corresponding to energies below the ZnTe bandedge. The
650 nm laser provides energy necessary to excite an optical
transition between the valence band and IB, while the 1550
nm laser provides the energy necessary to excite a transition
from IB to conduction band. The ZnTe diodes did not exhibit
any detectable response at these wavelengths. The ZnTe:O
diodes do not show any detectable response for sole illumi-
nation at 1550 nm but do demonstrate significant response
for illumination at 650 nm, consistent with the response ob-
served at 1.91 eV in Fig. 3. The observed response for mono-
chromatic 650 nm illumination suggests that carriers are ex-
cited into the IB and are subsequently promoted to the
conduction band by further 650 nm photons, thermionic
emission, or tunneling. Alternatively, it would be possible to
extract carriers directly from the IB for the case where trans-
port via IB states is significant. However, IB transport is
unlikely in these experiments due to the low density of oxy-

gen states and corresponding large spacing between neigh-
boring oxygen atoms. The addition of 1550 to 650 nm illu-
mination �simultaneous excitation� results in an increase in
photocurrent and open circuit voltage. The photovoltaic re-
sponse increases monotonically with increasing 1550 nm
power density �Fig. 4�, providing supporting evidence that
the intended two-photon process for IB solar cells may be
occurring in the ZnTe:O device. The nonlinear increase in
the short circuit current with increasing 1550 nm illumina-
tion suggests that IB solar cell efficiency may be improved
under higher excitation levels, indicating that these devices
may further benefit from solar concentration.

In conclusion, ZnTe:O has been applied to diode struc-
tures exhibiting enhanced response to the solar spectrum in
comparison to ZnTe due to photoexcitation below the band-
gap energy. The increase in response for the ZnTe:O diodes
translates to an approximate doubling of the short circuit
current, while suffering an approximate 15% decrease in
open circuit voltage. Subbandgap excitation experiments un-
der 650 and 1550 nm excitation demonstrate the two-photon
response characteristic desired for intermediate band solar
cells and serve as a basis for further efforts to develop Zn-
Te:O and other dilute alloys or impurity materials for en-
hanced solar cell conversion efficiency.
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FIG. 4. Subbandgap response of a ZnTe:O solar cell with 0.09 cm2 device
area shown by �a� current-voltage characteristics under 1550, 650, and
650 nm+1550 nm excitation, and �b� ISC and VOC for variable 1550 nm
laser excitation and constant 650 nm excitation.
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