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The design, growth by metalorganic chemical vapor deposition, and processing of an
In0.07Ga0.93As0.98N0.02 solar cell, with 1.0 eV band gap, lattice matched to GaAs is described. The
hole diffusion length in annealed,n-type InGaAsN is 0.6–0.8mm, and solar cell internal quantum
efficiencies.70% are obtained. Optical studies indicate that defects or impurities, from InGaAsN
doping and nitrogen incorporation, limit solar cell performance. ©1999 American Institute of
Physics.@S0003-6951~99!01805-7#

Multijunction tandem solar cells are being developed as
power sources for satellite systems operating in air mass zero
~AM0! solar radiation. Models indicate that record efficien-
cies~'38%!would be obtained for tandem cells where a 1.0
eV band gap cell is added in series to proven InGaP–GaAs
tandem structures.1 The InxGa12xAs12yNy alloy system ap-
pears ideal for this application. Band gaps of<1.0 eV are
obtained for InxGa12xAs12yNy with minimal N concentra-
tions (y.0.02), and the quaternary is lattice matched to
GaAs for compositions withx'3y.2–4 Even at these low
concentrations, N incorporation has proven problematic, and
it remains a challenge to demonstrate thick~2–3 mm!, high
quality, InxGa12xAs12yNy (y.0.02) epilayers needed for
solar cell development. In this letter, we present a status
report on InxGa12xAs12yNy properties, growth, and solar
cell performance. Under specialized conditions, we demon-
strate internal quantum efficiencies.70% for 1.0 eV band
gap solar cells.

The structures in this work were grown in a vertical
flow, high speed rotating disk, Emcore GS/3200 metalor-
ganic chemical vapor deposition~MOCVD! reactor.
InxGa12xAs12yNy films were grown using trimethylindium
~TMIn!, trimethylgallium ~TMG!, 100% arsine, and dimeth-
ylhydrazine ~DMHy!. Dimethylhydrazine was used as the
nitrogen source since it has a lower disassociation tempera-
ture than ammonia and has a vapor pressure of approxi-
mately 110 Torr at 18 °C. Unintentionally doped InGaAsN
wasp type.n-type material was achieved using silicon tetra-
chloride (SiCl4!. InGaAsN films for Hall and optical mea-
surements were grown on semi-insulating GaAs orientated
2° off ~100! towards ^110&. Lattice matched (Da/a,8
31024) films were grown at 600 °C and 60 Torr using a
V/III ratio of 97, a DMHy/V ratio of 0.97 and a TMIn/V
ratio of 0.12. The growth rate was 10 Å/s. These conditions
resulted in films with an indium mole fraction of 0.07
~60.005! and a nitrogen mole fraction of 0.022~60.003!.
The composition was determined by calibration growths of
GaAsN and InGaAs along with double crystal x-ray diffrac-
tion measurements. The nitrogen composition was also con-
firmed from elastic recoil detection~ERD! measurements.

A significant increase in photoluminescence intensity

was observed from these films following a postgrowth
anneal.5 Ex situ, postgrowth anneals were carried out in a
rapid thermal anneal system under nitrogen using a sacrifi-
cial GaAs wafer in close proximity to the InGaAsN sample.
The photoluminescence intensity was a maximum for
samples annealed for either 700 °C for 2 min or 650 °C for
30 min. Secondary ion mass spectrometry measurements
showed the residual carbon concentration of similar films to
be 6 – 831017cm23. Carbon is incorporated during growth
at sufficiently high levels to possibly cause the background
p-type conductivity and the observedex situannealing be-
havior.

The optical properties of the InGaAsN films were ex-
tremely sensitive to N content,ex situannealing, and doping.
Photoluminescence and optical absorption spectra are shown
in Fig. 1 for InGaAsN films grown under the same condi-
tions and with nominally the same compositions as then-
andp-type regions of the solar cell. Photoluminescence was
measured with a Fourier transform spectrometer equipped
with a cooled, North Coast Ge detector. In addition to the
band gap reduction, there was photoluminescence quenching
in InGaAsN films with increasing N content. A band-edge
photoluminescence peak was not observed in as-grown,
In0.07Ga0.93As0.98N0.02 films at 300 K. After theex situan-
nealing process, described earlier, a band-edge photolumi-
nescence peak, approximately 60 meV linewidth, was ob-
served in ourp-type films @see Fig. 1~a!#. Annealing had
negligible affect on the absorption spectra of thep-type
films. @Absorption spectra are shown in Fig. 1~b!. Baseline
corrections have eliminated free carrier contributions to these
spectra.#Consistent with these observations, deep level tran-
sient spectroscopy~DLTS! results clearly show that anneal-
ing eliminates a midgap defect state present in our as-grown,
p-type material.6 n-type doping with Si appears to introduce
yet another defect or impurity into the InGaAsN. With Si
doping, the band-edge photoluminescence was weak both
before and afterex situannealing@Fig. 1~a!#. Also, the ab-
sorption spectrum for the Si doped material displayed a low
energy tail@Fig. 1~b!#. DLTS measurements to identify the
defect associated with Si doping are in progress.7

The solar cell described in this work consisted of a 1.0
mm thick, n-type (231017cm23, Si doped!
In0.07Ga0.93As0.98N0.02 emitter grown on a 1.0mm thick,a!Electronic mail: skurtz@sandia.gov
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p-type (431016cm23, background doped!base. The base
doping concentration was determined from capacitance–
voltage measurements, and emitter doping was determined
from Hall measurements on similar, annealed material. The
solar cell was grown on ap1 GaAs substrate. A 500 Å
thick, Al0.8Ga0.2As window layer and a 0.15mm thick GaAs
cap/contact layer~both dopedn-type, 531018/cm3) were
grown on top of the solar cell emitter. The Al0.8Ga0.2As
window prevented photogenerated holes from escaping from
the n-type emitter, and the 300–400 meV
In0.07Ga0.93As0.98N0.02/GaAs conduction band offset4 pro-
duced a back-side reflector for electrons generated in the
p-type base. Solar cells were processed with Pd/Ge/Au front
grids and Be/Au back contacts and with an area of 0.25 cm2.
Any ex situ anneals of InGaAsN were performed prior to
metallization. No antireflection coatings were applied.

Solar cell spectral response was determined by the ratio
of the short-circuit cell photocurrent to that of a calibrated
Ge detector. The internal quantum efficiency curves for both
the annealed and as-grown cells are shown in Fig. 2. The
photoresponses extended out to the band edge of the
InGaAsN at 1.2mm. ~Due to irreproducibility in N compo-
sition, the solar cell band gap was shifted to'0.04 mm
longer wavelength than that of the optical samples shown in
Fig. 1.! At wavelengths less than 0.9mm, the solar cell re-
sponse was dominated by the GaAs cap, acting as a filter.
Peak internal quantum efficiencies of.70% were obtained
for the annealed cell. Comparing the annealed and as-grown
cells, annealing improved the quantum efficiency by roughly
a factor of 5. Comparing the performance of our thickn-type
emitter solar cell with thinn-type emitter cells and other
alternative designs, we found that negligible electron diffu-
sion is occurring in the 1.0 eVp-type material~annealed or

as-grown!. To date, high quantum efficiencies have only
been obtained with cell designs utilizing hole diffusion in
n-type material.

Previously, InGaAsN solar cells have displayed short
minority carrier diffusion lengths, and their photocurrents
have been dominated by electron-hole pairs generated in the
depletion region. The highest internal quantum efficiency re-
ported for an InGaAsN solar cell was>60% ~@1.1 mm!,
achieved with a compensation-dopedp- i -n device.8 Con-

FIG. 1. ~a! Photoluminescence spectra forex situ annealed, p-type ~background doped, 431016/cm3) and n-type ~Si doped, 231017/cm3)
In0.07Ga0.93As0.98N0.02 epitaxial films.~b! Absorption spectra for the samples in~a!.

FIG. 2. Internal quantum efficiency curves for as-grown~0 V bias, 0.15mm
depletion width!andex situannealed~0 V bias, 0.26mm depletion width!
In0.07Ga0.93As0.98N0.02 solar cells with 1.0mm thick, n-type emitters.
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ventional p-n InGaAsN solar cells have displayed internal
quantum efficiencies typically,25% ~@1.1 mm!.8 To esti-
mate the minority carrier diffusion length in our cells, we
measured the photocurrent response versus bias. Depletion
widths were determined from capacitance–voltage measure-
ments. As shown in Fig. 3~a!, the photocurrents of the an-
nealed and as-grown cells displayed roughly the same depen-
dence on depletion width, although the photocurrent was
much larger for the annealed cell. Based on several diagnos-
tic devices, we developed a model which included carrier
collection from then-type emitter and the depletion region.
From the model, one findsaL'1.1 and 0.35 for the an-
nealed and as-grown samples, respectively, wherea is the
absorption coefficient andL is the minority carrier diffusion
length. From absorption data, we estimate that the hole dif-
fusion lengths are 0.6–0.8mm ~annealed!and 0.2–0.3mm
~as-grown!. Despite the poor quality of then-type material as
indicated by optical studies, the improved efficiency of our
annealed InGaAsN cell was due to diffusion of holes in the
n-type emitter.

Solar cell current–voltage characteristics were measured
under high flux, broadband illumination conditions. For vari-
ous light intensities, open-circuit voltage (VOC) and short-
circuit current (I SC) values for the annealed and as-grown
cells are shown in Fig. 3~b!. Annealing decreased the satu-
ration current (I 0) from 1.131026 A/cm2 ~as-grown!to 8.3
31027 A/cm2 ~annealed!. Similarly, the diode ideality factor
~n! approached unity with annealing (n51.21 annealed ver-
susn51.33 as-grown!. For the solar cell shown, the open-
circuit voltage was low~<0.3 V!. As band gap energy in-
creases, we found that the open-circuit voltage rapidly
increased. For example, the open-circuit voltage of a high
efficiency, 1.2 eV band gap InGaAsN solar cell was 0.6 V
for I SC50.03 A/cm2 (I 051.1310211A/cm2!. Hopefully, we
will be able to demonstrate future improvements in minority
carrier diffusion length and lifetime to approach the open-
circuit voltages~0.6–0.7 V! which are theoretically predicted
for 1.0 eV band gap InGaAsN solar cells.

In summary, we have described the design, MOCVD
growth, and processing of an InGaAsN solar cell with im-
proved performance. Unlike previous cells, we have demon-

strated viable minority carrier diffusion, and in our present
devices, we realized.70% internal quantum efficiency. The
hole diffusion length in annealed,n-type 1.0 eV band gap
InGaAsN was 0.6–0.8mm, and we found thatex situanneal-
ing was required to turn on the hole diffusion. Even with
future realization of near-unity quantum efficiency, material-
related improvements in minority carrier lifetime and diffu-
sion length will be required to increase 1.0 eV band gap
InGaAsN cell open-circuit voltages from'0.3 V. Optical
studies indicated that there are defects present in the
InGaAsN associated with both N incorporation andn-type,
Si doping. Elimination of such defects should further im-
prove the performance of InGaAsN solar cells.
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FIG. 3. ~a! Internal quantum effi-
ciency vs depletion width for the as-
grown and annealed solar cells. Model
~solid lines!assumes that the ratio of
the n- and p-type doping concentra-
tions is unchanged by annealing.~b!
Measured solar cell open-circuit volt-
age (VOC) and short-circuit current
(I SC) for various light intensities.
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