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Material Development for
Improved 1 eV „GaIn…„NAs…
Solar Cell Structures
The dilute nitride �GaIn��NAs� material system grown lattice matched to GaAs or Ge
with a 1 eV band gap is an interesting material for the use in four-junction solar cells
with increased efficiencies. As a result of its metastability, several challenges exist for this
material system, which up to now limits the device performance. We performed nano-
structural analysis in combination with photoluminescence characterization to optimize
the metal organic vapor phase growth as well as the annealing conditions for the qua-
ternary solar cell material. The optimum annealing conditions depend strongly on the In
content of the quaternary material. Valence force field calculations of stable N environ-
ments in the alloy support the model that the N moves from a Ga rich environment
realized during growth into an In rich environment upon annealing. Simultaneously, N
induced strain fluctuations, which are detected in the N containing material upon growth,
are dissolved and the device properties are improved. �DOI: 10.1115/1.2734568�
ntroduction
The novel, metastable compound semiconductor system

GaIn��NAs� on GaAs introduced by Kondow et al. �1� is gaining
ncreasing interest in recent years due to its unique electronic
roperties, such as the extreme band-gap bowing and the specific
onduction band formation �2,3�. The excellent high-temperature
haracteristics make this material system very promising for long
avelength �1.3–1.55 �m� laser diodes for optical fiber commu-
ications. Aside from these laser applications, potential applica-
ion of �GaIn��NAs� in high-efficiency multijunction solar cells is
iscussed �4�. Significantly higher efficiencies have been theoreti-
ally calculated for a 1 eV band gap material, introduced as a
hird junction in the established two-junction �GaIn�P/GaAs cells.
he efficiencies of such a solar cell are predicted to increase from
26% �AM0� to above 38% �AM0� and even to about 41%, if Ge
ould be introduced as a fourth junction below this stack. In

errestrial environment, the efficiencies would boost to 47% or
2%, respectively, calculated for AM1.5 and 500 suns �4�.
GaIn��NAs� would be an optimal candidate as 1 eV solar cell
aterial in multijunction solar cell concepts, as it can be grown

attice matched to GaAs or Ge substrates. Up to now, however, the
hort minority carrier diffusion in the devices limits the perfor-
ance of such cells�5–8�. Minority carrier diffusion lengths as

ow as 10–20 nm have been observed. With minority carrier dif-
usion lengths shorter than the depletion widths, the carrier col-
ection in such a device is dominated by field-aided collection
ather than by diffusion collection, which is common for other
II/V materials �9�. This results in low short circuit currents and
ow quantum efficiencies of the devices. It is crucial to determine
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whether these short diffusion lengths are due to extrinsic, growth
related defects, or are an intrinsic property of this material system.
Another important issue in these films is the high p-type back-
ground carrier concentration on the order of 1017/cm3 �5,6�,
which is mainly observed for material grown by metalorganic
vapor phase epitaxy �MOVPE�, influencing the doping character-
istics and carrier concentrations, the carrier mobility, as well as
the performance of the devices. Main differences between mo-
lecular beam epitaxy �MBE� and MOVPE grown material com-
prise this carbon impurity in MOVPE grown material as well as
hydrogen incorporation into MOVPE grown material as a result of
the usage of MO sources. Several structural characteristics, as
outlined in the following, are intrinsic to the dilute N-containing
material systems.

The present paper presents specific intrinsic structural and com-
positional properties of the metastable quaternary material, such
as chain like N ordering in growth direction and an enhanced C
incorporation in the material with increasing N content. In addi-
tion, this study discusses up to which extent optimized growth and
annealing conditions can be found to circumvent these properties
of the material and hence improve device performance.

Experiment
All �GaIn��NAs� bulk structures or multiquantum well samples

used for this study have been grown on �100� GaAs substrates in
a commercially available horizontal reactor system �AIX200� by
MOVPE using hydrogen carrier gas at a low reactor pressure of
50 mbar. Due to the large difference in covalent radius between
nitrogen and arsenic, the material system under investigation is
metastable, and low substrate temperatures have to be chosen in
order to achieve significant N incorporation. Substrate tempera-
tures are usually fixed at 525°C for quantum well samples and to
slightly higher temperatures �550°C� in the case where bulk ma-

terial for solar cell application is grown in order to compensate for
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he reduced diffusion at the higher growth rate �1 �m/hr� in this
ase. The substrate temperatures are calibrated to the Al/Si eutec-
ic formation occurring at 577°C. As a consequence of the low
rowth temperatures, MO sources efficiently decomposing at
ower temperatures like the group V sources tertiarybutylarsine
TBAs� and the unsymmetric dimethylhydrazine �UDMHy� have
o be used. As group III sources, trimethylgallium �TMGa� as well
s triethylgallium �TEGa� and trimethylindium �TMIn� are ap-
lied. For solar cell device structures Te �from diethyltellurium
DETe��was used as an n-type dopant and Mg �from dicyclopen-
adienylmagnesium �Cp2Mg�� as a p-dopant, respectively. For van
er Pauw–Hall measurements 1–2-�m-thick test films have been
rown and measured as grown and after annealing at 77 K and
00 K. Secondary ion mass spectrometry �SIMS� analysis has
een performed on selected samples in order to examine the actual
ncorporation of the dopants in comparison to the activated
mount, measured by Hall effect measurements.

To anneal defects from the quaternary, metastable material, it
eeds to be thermally treated at elevated temperatures after
rowth. These annealing procedures have been varied in this
tudy. We have applied annealing steps consisting of a 5–120 min
BAs stabilized anneal at 700–800°C and a subsequent unstabi-

ized annealing step at 625°C for 25 min in the MOVPE reactor.
The lattice matching has been verified performing high-

esolution x-ray diffraction �HRXRD� either for the bulk films or
or multiquantum well reference samples, grown under identical
onditions as the bulk structures. Transmission electron micros-
opy �TEM� at an acceleration voltage of 300 kV with a special
ark field technique �10� was used to image the distribution of the
lements as well as of the strain in �GaIn��NAs�. To explain the
bserved strain contrast in the samples, we calculated the strain
nergy of the crystal for different N–III–N as well as N–In ar-
angements in the framework of the valence force field �VFF�
odel �11,12�. The input supercell contained 6346 atoms.
Photoluminescence measurements have been performed at

oom temperature, exciting the sample using a cw Ar ion laser,
perating at 514 nm.

Deep level transient spectroscopy �DLTS� measurements were
erformed in a home made system. The test structures can be set
o temperatures within the range of 78–450 K. The samples were
lways reversed biased to −1.0 V. Traps were filled when the
amples were biased to a less reverse bias of −0.15 V.

Solar cells with an area of 0.25 cm2 and 1 cm2 were processed.
hotolithography was used to define the front grid structure of the
olar cells. Ti/Pd/Ag �30 nm/30 nm/100 nm� contacts were
vaporated sequentially and annealed at 360°C for 2 min. The
ackside contact is made of Ni/AuGe/Ni �12% Ge�
10 nm/130 nm/10 nm�. The contacts are reinforced by electro-
lated Au. The GaAs cap layer is removed on the active cell area
y means of selective etching �citric acid+H2O �1:1 wt� /H2O2
3:1�. An anti-reflection coating �ARC� of MgF2/TiOx was ap-
lied to reduce the reflection losses. However, the thickness of the
RC used for GaAs-based solar cells is not optimized to this new
aterial system and the correpsonding wavelength range.

esults and Discussion
Our standard solar cell material shows both lattice matching to

aAs and a 1 eV band gap at a composition of 8% In and
.8% N �13�. To adjust the N content in the quaternary alloy,
here are several different possibilities, which are detailed in a
eparate paper �14�. Before growth of the quaternary material,
ernary �GaIn�As reference structures are grown, aiming for an In
ontent of 8%, which can be accurately determined by XRD. With
he known In incorporation coefficient, which is assumed to not
lter upon the addition of N, N is added to the crystal until the
attice matching condition is fulfilled. To increase the N fraction,

ne can decrease the TBAs partial pressure in the reactor or in-
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crease the UDMHy partial pressure, the former one of which is
done, as changing the UDMHy pressure also results in changing
the growth rate. An issue when p-type doping parts of the final
solar cell structure is the increased N incorporation under other-
wise unchanged conditions as the undoped or n-doped samples
�13�. This can be compensated for by using a different TBAs
partial pressure for the p-type region rather than for the rest of the
solar cell. The known blueshift of the band gap for �GaIn��NAs�
material �15� upon annealing at high temperatures around
700°Cin the range of 16 meV at these low In concentrations has
been taken into account.

Annealing Effects on the N Ordering in „GaIn…„NAs…. As a
metastable material is grown, phase separation effects, elemental
clustering, or local atomic ordering might be an issue and
nanoanalytical characterization is necessary to characterize the
structures. In TEM, the �002� reflection of cubic zinc blend mate-
rials is sensitive for the chemical composition �10�. It has been
shown that deviations from a homogeneous In depth profile would
be detectable if they are larger than ±10% of the amount of In
present in the structure, hence in the range of ±0.8% for an 8% In
containing solar cell. The sensitivity of this reflection to small
variations in the N depth profile is low, as a result of which im-
aging with the �202� reflection has also been performed in order to
be able to detect possible inhomogeneities of the N depth distri-
bution by the strain fluctuation they would introduce rather than
by their chemical constrast. A �002� dark field �DF� micrograph of
a complete p on n solar cell structure after growth is shown in Fig.
1�a�. The base, emitter, and intrinsic regions of the structure are
referenced in the image. With respect to the GaAs substrate, the
�GaIn��NAs� bulk film can be seen darker under the imaging con-
ditions chosen. As there are no contrast fluctuations detectable
throughout the �GaIn��NAs� one can conclude that the In is dis-
tributed homogenously within the structure. The corresponding
TEM �202� dark field micrograph is shown in Fig. 1�b�. Large
columnar strain fields are clearly observed in the TEM DF micro-
graph. The strain fields have a distance of 10–20 nm from each
other and are elongated in growth direction to about 50 nm. The
strain undulations are found in the complete quaternary structure,
independent from the carrier type and concentration. As the In is
dispersed homogeneously in this sample, the only source for the
strong strain undulations in the material can be the nitrogen,
which is capable of introducing large strains in the material due to
the shortGa–N bond length.

After annealing the sample for 5 min under As stabilization at
700°C and subsequently for 25 min at 625°C in H2 atmosphere,
the strain structure of the solar cell material does not change, as
can be seen from the �202� DF micrograph of the annealed
sample, which is shown in Fig. 1�c�. The distance of the strain
fields can be seen a lot clearer when looking from the top through
the structure instead of using cross-sectional geometry. A plan
view micrograph, using �202� dark field imaging conditions, is
shown in Fig. 1�d�. Here the dark dots correspond to the tube like
strain fields. From this image, we can conclude that the strain
fields are randomly distributed throughout the crystal. It is also
confirmed that the distance of the strain undulations is 10–20 nm,
which is similar to what has been reported to be the surprisingly
short minority carrier diffusion lengths of electrons in the p region
of �GaIn��NAs� solar cells �6�. Besides the structural characteris-
tics, the N chain might also act as an electronic defect in the
as-grown, dilute nitride material system, limiting the minority car-
rier diffusion length. It is, thus, definitely worthwhile to clarify the
formation mechanisms as well as find growth and/or annealing
conditions, under which the N chains can be removed.

For �GaIn��NAs� material, having an In content of 30% and a N
content of 1–2%, one knows that the optical and lasing properties
can be significantly improved, if the sample is annealed for 5 min
at 700°C under As stabilization subsequent to the growth. Cross-

sectional TEM dark field micrographs of such a quantum well
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Fig. 1 Cross-sectional TEM dark field images of a „Ga0.92In0.08…„N0.03As0.97… solar cell struc-
ture „a… as grown, using the „002… reflection; „b… as grown, using the „202… reflection; „c…
annealed, using the „202… reflection; and „d… plan view TEM dark field micrograph of
„GaIn…„NAs… using g= „202…
68 / Vol. 129, AUGUST 2007 Transactions of the ASME

aded 21 Jul 2007 to 129.132.208.24. Redistribution subject to ASME license or copyright, see http://www.asme.org/terms/Terms_Use.cfm



b
t
q
s
c
n
�
d
n
t
t
d
h
s

p
c
p
T
V
l
fi
l
o
o
f
�
s
n
w
�
p
m
T
e
s
t
�
m
fi
l
g
e

b
t
s

F
Ã

t

J

Downlo
efore �a� and after annealing �b� are depicted in Fig. 2. Due to
he lower overall thickness of the quaternary material and conse-
uently to the higher magnification used to acquire this image, the
train fields can be seen a lot clearer in this sample. There exist
olumnar strain fields, which again can be identified by the alter-
ating bright/dark contrast perpendicular to the �GaIn�
�NAs� /GaAs interface. In this sample the In distribution also

oes not show any fluctuations and hence those strain fields origi-
ate from the nitrogen. Annealing this quantum well sample has a
remendous influence on the strain distribution in the sample. Af-
er the chosen annealing procedure the columnar strain fields have
isappeared completely in the high In content material studied
ere, which has a significantly larger In content than the solar cell
tructures depicted in Fig. 1.

As we identified the N to be the source of those strain fields, we
erformed VFF calculations of different next nearest neighbor
onfigurations of N in GaAs and �GaIn�As. For Ga�NAs� first
rinciple calculations have been reported in the literature �16,17�.
he values for the strain of the different N configurations of our
FF calculations �18� fit very well the values reported in the

iterature so that we conclude that our VFF model agrees with the
rst principle calculations and, thus, can also be applied to calcu-

ating further configurations in In containing material. Strain fields
f the extent observed cannot be explained by the lattice distortion
f a single N atom in GaAs. Therefore, we concentrated on dif-
erent N–N next nearest neighbor configurations and find that
011� oriented N pairs have an even higher strain energy than two
eparated N atoms in GaAs. Therefore this configuration should
ot be adopted from the crystal upon growth. In contrast to that,
e find—in accordance with Refs. �16,17�–that N ordering in

001� reduces the strain energy of the crystal by 0.19 eV as com-
ared to putting two isolated N atoms in GaAs. A ball and stick
odel of this �001� oriented nitrogen pair is shown in Fig. 3�c�.
he strain energy is even further reduced, when longer �001� ori-
nted N chains in GaAs are formed. We attribute the columnar
train fields, which have the tendency to extend in growth direc-
ions and which we find in as grown Ga�NAs� as well as �GaIn�

�NAs�samples of different composition, to this chain-like align-
ent of N upon growth into the thermodynamically stable con-
guration on the surface. It is important to note that these chain-

ike strain fields are observed for both MOVPE as well as MBE
rown �GaIn��NAs� �18� and, thus, seem to be an intrinsic prop-
rty of the as-grown material.

Upon annealing, strain with respect to the GaAs substrate in the
ulk layer plays a more important role and what we experimen-
ally observe is that—under the annealing conditions used—the

ig. 2 Cross-section TEM dark field images of a „Ga0.7In0.3…

„N0.015As0.985… quantum well using g= „202… before „a… and af-
er „b… annealing
train fields are dissolved for the high In containing laser material
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�Fig. 2�b��. This can also be theoretically explained by VFF cal-
culations if we look for the influence of In on the strain in the
crystal �19�. The strain of one single N atom is reduced by a factor
of almost four if it goes from a 4 Ga to a 4 In next nearest neigh-
bor configuration. By taking the bonding energy into account,
which is—due to the weakness of the In–N bond—reduced for In
containing material, if N is put into an In rich environment, we
still calculate a significant decrease in total energy when N moves
to a more In rich environment. The dissolution of the N chains,
which are the stable configurations on the growth surface toward
the favored In–N bonds in the bulk upon annealing are also ob-
served experimentally. This energy difference is also the driving
force for the annealing induced blueshift of the emission wave-
length that is observed in the quaternary material �15�. This blue-
shift can be explained by a change in the N nearest neighbor
configuration upon annealing, resulting in a crystal with a differ-
ent band gap than the as grown one �15�. Investigations with local
mode spectroscopy �20� also support this model. Upon annealing
an increase of In–N bonds at the expense of Ga–N bonds is
observed in these studies.

From this model, it is also possible to explain why the dissolu-
tion of the strain fields in high In containing material is easier
compared to low In containing solar cell material. The probability
for different In-rich environments of the N as a function of the In
content is shown in Fig. 4. For structures having an In content of
30%, the probability for N having one In nearest neighbor is
�40%, for two In nearest neighbors 27%, three In nearest neigh-
bors 7%, and four In nearest neighbors �1%, respectively. Con-
cerning material with an In content of only 8%, the probability for
N to have one In nearest neighbor is 25%, for two In nearest
neighbors 3%, but the probability for more In in the neighborhood
is negligible in this case. Hence, upon annealing of high In con-
tent material, the N needs only to hop 0.5 nm to find an environ-
ment of two In atoms or more. In contrast to that, the N needs to
cover a longer distance �1.2 nm�, to reach an environment of two
In atoms in the low In content material. Consequently, this diffu-
sion process takes either longer time or only occurs at higher
temperatures in low In containing material. Therefore, the anneal-
ing conditions have to be adjusted for the solar cell material to
allow for a longer diffusion of the N.

Influence of Annealing Conditions on Photoluminescence
Properties. We varied the annealing time between 5 min and

Fig. 3 Ball and stick models of different N configurations in
Ga„NAs… and „GaIn…„NAs…: „a… N nearest neighbor in †110‡ di-
rection; „b… N in a 3Ga 1 In configuration; and „c… N chain,
oriented in †001‡ direction
120 min, but the annealing temperature has been varied between
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00°C and 850°C, always using the same TBAs partial pressure.
his results in a lower As stabilization for the samples annealed at
igher temperatures and hence in a more pronounced indiffusion
f As vacancies, which are mediating the nearest neighbor jump
f N on the group V sublattice. Increasing the anneal temperature
rom 700°C to 800°C while keeping the anneal time at 5 min
esults in an increase of Photoluminescence �PL� intensity of over
wo orders of magnitude �Fig. 5�. Choosing even higher tempera-
ures results in a drop of PL intensity again. This increase in PL
ntensity can be attributed to the anneal of defects, as e.g.
-chains, and reduction of minority carrier traps. A PL intensity
ain due to altered carrier concentration can be excluded from
lectrical measurements. To check whether the same intensity gain
an also be reached at lower temperature, but annealing for longer

ig. 4 Probability for different In nearest neighbor environ-
ents of nitrogen depending on the In content in the quater-

ary material

ig. 5 Room temperature photoluminescence spectra of a
Ga0.92In0.08…„N0.03As0.97… solar cell structure annealed under dif-

erent conditions

70 / Vol. 129, AUGUST 2007

aded 21 Jul 2007 to 129.132.208.24. Redistribution subject to ASME
times, the time has been varied. In conclusion, the optimum an-
nealing conditions, which have been for high In content material
5 min at 700°C, are for low In content material 60 min at 700°C.
Annealing at the same temperature for an even longer time results
in a strong drop of the PL signal again, indicating that the struc-
tural and electronic properties of the sample start to deteriorate.
As a result, one can conclude that the optimum annealingcondi-
tions for the �GaIn��NAs� material system clearly depend on the
In content. This is due to the fact that the N needs to hop for
longer distances before it reaches a stable, In-rich local environ-
ment leading to a homogeneous distribution in the crystal and
corresponding dissolution of N chain like strain fields.

Influence of the Ga Metal organic (MO) source on the De-
fect Characteristics by DLTS. To decide whether the Ga MO
source used �TEGa or TMGa� has an influence on the defect char-
acteristics of the solar cell material, specific DLTS structures have
been grown, which consist of a 1-�m-thick �GaIn��NAs� bulk
film on a doped substrate having the same carrier type as the
epitaxial layer. The nominally undoped �GaIn��NAs� films, grown
using TEGa or TMGa, respectively, show different majority car-
rier properties: Van der Pauw–Hall measurements yield p-type
carrier concentrations in the range of 5–10*1015/cm3 for samples
grown using TEGa. Using TMGa as source, the carrier type is n
type with a concentration of 5–10*1016/cm3. Upon annealing for
5 min at 700°C, carrier concentration does not change for the
n-type sample, whereas carrier concentration increases by one or-
der of magnitude for the p-type, TEGa grown sample. This is
presumably due to hydrogen incorporation, which passivates the
acceptor upon growth, but diffuses out upon annealing.

The DLTS spectra of the TEGa grown sample before and after
nonoptimzed annealing �5 min at 700°C� are shown in Fig. 6�a�.
One clearly observes a very broad defect signal at temperatures
below 200 K after growth, pointing to the presence of an electron
trap in these samples. The defect density is drastically reduced
upon annealing, which can be seen from the disappearance of the
peak for the annealed sample. The DLTS spectra of the TMGa
grown samples indicate a better crystal quality using this source.
After growth we find a very sharp signal slightly below 250 K
corresponding to a hole trap. Upon annealing, the concentration of
this defect is drastically reduced so that the DLTS spectra do not
show any signal in the temperature interval measured. It has been
reported very recently �21� that a N correlated defect results in a
deep electron trap 0.2–0.25 eV below the band gap of the mate-
rial, resulting in high dark currents and low open circuit voltages
of the solar cell devices grown. It would be interesting to correlate
the signal of this defect to the structural properties of the material,
e.g., to the presence of N induced strain fluctuations and their
removal.

Solar Cell Performance. n-on-p as well as p-on-n solar cell
layer stacks have been deposited, processed, and characterized. A
significant improvement of the solar cell performance upon an-
nealing for 5 min at 700°C is observed, in accordance with the
improved DLTS as well as PL-characteristics reported here.

For nonoptimal annealing conditions �700°C 5 min As stabi-
lized, 625°C 25 min unstabilized� an open circuit voltage of
410 mV and a short circuit current of 26 mA/cm2 under the
AM1.5 global spectrum have been achieved with a p-i-n structure
resulting in maximum efficiencies of 6%. Figure 7 shows the in-
ternal quantum efficiency �IQE� of this device. Values of up to
55% in the wavelength region of interest are promising results
being in the range of the values necessary for a beneficial imple-
mentation into a four-junction solar cell. However, these results
were obtained for a solar cell structure with an overall thickness
of only 600 nm. This low thickness was chosen because of the
poor diffusion lengths observed in the �GaIn��NAs� material sys-

tem, thereby allowing for an improved carrier collection. How-
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ver, the low thickness in turn resulted in an incomplete absorp-
ion of the long wavelength part of the spectrum that can be seen
n Fig. 7 as the IQE drops for higher wavelengths.

In a four-junction device the incident spectrum on the �GaIn�
�NAs� subcell would be filtered by the layers grown above.

aking the IQE data from Fig. 7 and a filtered AM0 spectrum one

ig. 6 DLTS measurements: „a… TEGa as grown and annealed
nd „b… TMGa as grown and annealed

Fig. 7 IQE of a „GaIn…„NAs… pin solar cell structure
ournal of Solar Energy Engineering
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calculates about 10 mA/cm2, whereas at least 16 mA/cm2 would
be required for an advantageous introduction into the four-
junction cell. Improved electrical properties of the �GaIn��NAs�
solar cells would allow for growing solar cells of higher thick-
nesses while maintaining or even outperforming the high IQE
values shown above. It is expected that further device improve-
ments will result from the application of the above described op-
timized annealing sequence as verified in the PL investigations.
These improvements will also allow for an optimized layer design
improving in particular the absorption in the interested wave-
length range of 900–1240 nm.

Summary
In summary, we have grown the metastable, dilute nitride alloy

�GaIn��NAs� by metalorganic vapor phase epitaxy using all liquid
metalorganic precursors. The material system exhibits lattice
matching to GaAs substrates, and hence to Ge, together with an
energy gap of 1 eV at a composition of 8% In and 2.8% N. From
the structural point of view, we find—despite a homogeneous In
distribution—strong N induced strain fluctuations in the as grown
material, which are an intrinsic property of dilute N containing
material systems upon growth and possibly influence transport
and optical properties of the material. The inhomogeneous strain
fields can also be dissolved in the low In containing solar cell
material using appropriate annealing conditions, which drive the
N from a Ga rich environment upon growth and a stable chain-
like configuration in an In rich environment, also resulting in the
dissolution of the N chains. The improvements of the crystal qual-
ity upon annealing are also reflected in better photoluminescence
efficiencies as well as a lower defect density in DLTS spectra in
combination with improved solar cell device performance.
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