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NEXT GENERATION THIN FILMS FOR PHOTOVOLTAICS: InGaAsN
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®)National Energy Renewable Laboratory, Golden CO
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A new semiconductor alloy system, InGaAsN, has been identified as a can-
didate material for multi-junction solar cells having efficiencies greater
than 40%. The introduction of small amounts of nitrogen (~2%) into the
InGaAs alloy system greatly reduces the band gap energy, with reductions
approaching 0.4 eV for 2% nitrogen content! With the appropriate ratio of
indium to nitrogen concentrations, InGaAsN can be lattice matched to
GaAs.

1. INTRODUCTION

The quaternary alloy system, InGaAsN, is a new material system that appears to have
many excmng and important device applications. Because of a large negative bowing
parameter, 12 the addition of small amount of nitrogen to the 1.4 eV bandgap energy GaAs
system lowers the energy! In addition to lowering the bandgap energy, adding indium to
GaAsN strain compensates the effect of nitrogen, resulting in a material system with band-
gap energies ~ leV and lattice matched to GaAs! The InGaAsN, alloy system has been
identified as a key candidate material for long wavelength laser systems > and high-effi-
ciency multi-junction solar cells. 6,7 Before the successful realization of multijunction solar
cells which utilize thin films of InGaAsN as an integral part, questions regarding the role
of the nitrogen isoelectronic atom in GaAs must be addressed. In particular: (1) What is
the physical (or chemical) origin of the large bandgap reduction? (2) Are the nitrogen
induced states extended (band-like) or localized (impurity-like)? (3) Are the observed low
~ conduction-band mobilities intrinsic to InGaAsN? and (4) Are recombination times
between the conduction and valence band states seriously affected?

This paper will address the aforementioned questions by reviewing some of the current
experimental and theoretical information for the InGaAsN material system. Section 2 dis-
- cusses InGaAsN thin film metalorganic chemical vapor deposition (MOCVD) and molec-
ular beam epitaxy (MBE) growth techniques and growth parameters which result in the
highest quality films suitable for incorporating into multijunction solar cells. The topic of
Section 3 is the measurement minority carrier diffusion lengths. Also discussed in Section
3 are measurements of carrier lifetimes and internal quantum efficiencies. Photomodulated
absorption spectroscopy results are discussed in Sec. 4 and an analysis of the data in terms
of a simple two level system with anticrossing behavior is shown to give good agreement.
Results from first principle band structure calculations using the local density approxima-
tion are presented in Sec. 5. Here it is shown that while the calculated value for the band-
gap energy is in poor agreement with experiment, the agreement between the experimental
and theoretical bandgap energy pressure coefficients is excellent. Section 6 outlines some



key issues that need to be solved before InGaAsN can assume its anticipated role as the
next generation thin film material for high efficiency solar cells. Finally, conclusions are
presented.

2. THIN FILM GROWTH

MOCVD Growth

Thin (< 0.5 pm) In,Ga; 4 As_yNy films were grown using trimethylindium (TMlIn),
trimethylgallium (TMG), 100% arsine and dimethylhydrazine (DMHy). Dimethylhydra-
zine was used as the nitrogen source since it has a lower disassociation temperature than
ammonia and has a vapor pressure of approximately 110 torr at 18°C. It was found that
unintentionally doped InGaAsN epilayers are p-type. InGaAsN films for Hall and optical
measurements were grown on semi- 1nsulat1ng GaAs orientated 2° off (100) towards
. <110>. Lattice matched films (8a/a < 8 x10~ )were grown at 600°C and 60 torr using a V/
M1 ratio of 97, a DMHy/V ratio of 0.97 and a TMIn/III ratio of 0.12. The growth rate was
10A/s. These conditions resulted in films with an indium mole fraction of 0.07 + 0.005 and
a nitrogen mole fraction of 0.022 + 0.003. The composition was determined by calibration
growths of GaAsN and InGaAs along with double crystal x-ray diffraction measurements.
The nitrogen composition of bulk films was also confirmed from elastic recoil detection
measurements. A significant increase in photoluminescence intensity was observed from
these films following a post-growth anneal. Ex-situ, post-growth anneals were carried out
in a rapid thermal anneal system under nitrogen using a sacrificial GaAs wafer in close
proximity to the InGaAsN sample.Undoped InGaAsN/GaAs strained quantum wells are
also of great interest to 1.3 mm vertical-cavity surface-emitting lasers. Incorporation of N
in GalnAs, however, is found to quench photolummescence (PL), but rapid thermal
annealing (RTA) can improve the PL intensity. 8 For solar cell applications a 1 - 2 ym thick
layer, lattice-matched to the GaAs substrate, with n- and p-type doping is desired.

Nitrogen 1ncorporat10n on the order of 1% into GaAs has also been accomplished .
using plasma-cracked NH3,° dimethylhydrazine (DMHy)10 and hydrazine as N sources.
By far, the most common nitrogen source currently is dimethylhydrazine due to its easy
incorporation into existing MOCVD systems and high vapor pressure.

Typical MOCVD growth of epitaxial In,Ga; xAs;.,Ny layers on GaAs use trimethyl-
indium (TMIn), trimethylgallium (TMG), arsine and dlmethylhydrazme (DMHy) as
sources. Lattice matched films (6a / a < 8 x10-4) can be grown at 600°C, 60 torr and 10A/
s using a V/III ratio of 97, a DMHy/V ratio of 0.97 and a TMIn/III ratio of 0.12. These
conditions result in films with an indium mole fraction of 0.07 + 0.005 and a nitrogen
mole fraction of 0.022 + 0.003. The composition has been determined by calibration
growths of GaAsN and InGaAs along with double crystal x-ray diffraction measurements.
The nitrogen composition of bulk films has also been confirmed from elastic recoil detec-
tion measurements and secondary ion mass spectroscopy (SIMS). A wide range of other
growth conditions have also resulted in lattice-matched InGaAsN films, but the material
must be grown at low temperatures and high DMH/V ratios'! to incorporate sufficient
nitrolgzen. Nitrogen incorporation also appears to be suppressed with increasing In con-
tent.

Current challenges in the growth of InGaAsN by MOCVD techniques include high
background carrier concentrations, unintentional incorporation of impurities, intentional

doping, and low diffusion lengths. The most important issue for solar cell devices is
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Figurel. X-ray rocking curves of as-grown and annealed Ing ;03Gag ggoAs (Fig. 1(a)) and

Ing 108Gag g92Np 017A80 083 (Fig. 1(b)) samples, respectively. The dashed lines correspond
to simulation results.

minority carrier diffusion lengths. Growth of InGaAsN to date has not yielded any mate-
rial with sufficiently long diffusion lengths for typical high efficiency III-V structures.!?
The reason for these low diffusion lengths remains unclear. Recent understanding of the
band structure of this material explains observed low electron mobilities, but this alone
does not completely explain the poor diffusion lengths. Theoretical calculations based on
the current understanding of the band structure has not yet been able to predict the intrin-
sic limits to carrier lifetimes in this material. Direct, reliable measurements of minority
carrier lifetimes and diffusion lengths also remain elusive. These topics are discussed in
greater detail in Section 3.

Annealing of the material has been shown to improve PL intensities,8 hole mobili-
ties,!3 and cell characteristics.!* Reduced deep-level densities by annealing have also
- been reported.15 Carrier concentration can also be dramatically affected by annealing.13
Annealing conditions (e.g. ambient gas, temperature, time) can dramatically affect the
results of annealing but these effects are not well understood because the actual micro-
scopic effect of annealing the material is not yet known.

InGaAsN grown by MOCVD on GaAs is typically found to be p-type ~ 1 x 10'7 cm™3.
High carbon and hydrogen contamination in MOCVD-grown InGaAsN has been observed
by SIMS. It has been postulated by many that the p-type background is due to the carbon
acceptor partially passivated by hydrogen, but this has not been proven. The role of these
unintentional contaminants in terms of potential deep trap centers that reduce diffusion
lengths has not been deciphered. Demonstration of hydrogen and carbon free material
may help elucidate this question. Intentional p-type doping with C and Zn has proved to
be straightforward, but n-type doping remains problematic. The efficiency of Si doping
efficiency by disilane is greatly reduced in InGaAsN materials in a temperature dependant
manner implying problems with pre-reaction in the gas-phase. Se doping with H,Se on
the other hand is extremely efficient at the low temperature, low arsine pressures typically
employed.
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Figure 2. SIMS profiles of as-grown Figure 3. Free carrier concentrations as
(solid lines) and 700°C-annealed (dashed a function of RTA temperature for as-
lines) for the Gag gg7Ing 108N 017A80.983 grown and annealed InGaAsN samples
samples.
MBE Growth

Highly Be-doped p-type (~1 x 10! cm™), 110-nm-thick Inj ;0sGag g9oNxAs; 4 layers
~ on semi-insulating GaAs substrates have been grown16 by gas-source molecular beam epi-
taxy with cracked arsine and a RF plasma nitrogen radical beam source. The compositions
were determined by X-ray rocking curve (XRC) measurements and simulations based on
the dynamical theory. A 10 second RTA was performed on these samples with halogen
lamps in a flowing N, ambient. During RTA, the samples were put on a GaAs wafer face-
to-face to prevent the loss of arsenic at elevated temperatures.

Figures 1a and 1b show XRCs of as-grown and annealed Ing 193Gag ggpAs and
Ing 108Gag 892N0.017AS0.983 samples, respectively. The dashed lines correspond to simula-
tion results. The Ing 108Gag §92N.017A80.083 Peak shifts closer to the GaAs substrate peak,
demonstrating that adding N into Ing ;03Gag ggrAs layer does reduce the net compressive
strain of the system. For N-containing samples, there are clear Pendelloesung fringes,
indicating high crystalline quality and uniformity of the film, and the smooth interfaces
between GaAs and InGaAsN. After RTA (700°C for 10s), the Inj 19gGag g9oAs peak
broadens, indicating strain relaxation. For Ing 103Gag g9oNg.017A50.983. however, the Pen-
delloesung fringes after RTA at 700°C are sharper than those of the as-grown sample, indi-
cating improved structural quality. After annealing at 850°C, the XRC peaks are still well
resolved, indicating the Ing 193Gag §92Ng.017AS0. 983 layer remains pseudomorphically
strained and has better thermal stability than Ing ;98Gag ggoAs due to reduced lattice-mis-
match (0.37 vs. 0.7%).

Secondary ion emission spectroscopy was performed on the samples to check the Be
diffusion after RTA. It is found that no H is incorporated in Ing 108Gag ggpAs, but H is
incorporated alongside N in as-grown InGaAsN samples, possibly due to the very large
electronegativity of N atoms (N: 3.0, As: 1.57). The higher the N concentration is, the



more the H concentration. The free carrier concentration decreases with N incorporation
mainly due to H passivation, which is also reported in MOCVD-grown InGaAsN samples.
Figure 2 shows the SIMS profiles of as-grown (solid lines) and 700°C-annealed (dashed
lines) for Ing 103G 892N0.017A80.983 samples. By annealing, H atoms dissociate from the
Ing 108G20 892N0.017A80.983 layer, so the H concentration is reduced. With increasing RTA
temperature, the H concentration is further decreased, and the free carrier concentration
increases. There is no detectable Be diffusion at 700°C RTA. At 850°C, some diffusion
could be detected, and the free carrier concentration is also decreased.

Figure 3 shows the free carrier concentrations as a function of RTA temperature for as-
“grown and annealed InGaAsN samples. With the N concentration increasing from O to
0.024, the carrier concentration of the as-grown samples decreases by one order of magni-
tude, and the Hall mobility decreases from 60 to 30-45 cm?/Vs. After RTA at 700°C, the
carrier concentration of N-containing samples is increased to half that of GalnAs and the
Hall mobility also increases to ~ 50 cm?/Vs. Therefore, the product of carrier concentra-
tion and hole mobility is increased to half that of the GalnAs sample.

Several n-type InGaAsN layers were also grown16, and the mobility is rather low, sim-
ilar to MOCVD layers. For a carrier concentration of 10!7 to 10'8 ¢cm™ the room-tempera-
ture mobility is ~200 cm?/Vs, which can be explained by the large electron effective mass
and significant alloy scattering. Performing RTA shows that hydrogen atoms not only pas-
sivate the Si dopants but also act as n-type dopants. In summary, N incorporation in
InGaAsN results in lower strain, better structural quality and thermal properties. Since
here, hydrogen can come from cracked arsine, we now compare to MBE growth results
using a solid As source.!’

For InGaAsN samples grown by MBE using a solid As source, the SIMS measure-
ments detected no H in these samples above the instrumental background of approxi- .
mately 1 X 1018 cm3. Similarly, the concentration of C was below 1 X 1016 cm™. On the
- other hand, B was detected at levels between 5 X 1016 and 3 x 1017 cm'3, depending on the
N plasma source and power level used. This most likely results from sputtering of the
boron nitride plasma chamber in the RF plasma source. In addition, a slight but significant -
increase in the level of O was detected for InGaAsN as compared to GaAs.

Unintentionally doped samples were p-type with room-temperature carrier concentra-
tions of approximately 1 X 10!® cm™3, and mobilities of approximately 200 cm?/Vs. After
annealing at 700°C for 15 minutes, the hole concentration increased slightly, to 2 X 1016
cm™3, while the mobility remained essentially unchanged. N-type samples were also
grown by doping with Si. Electron concentrations in these samples were factors of 10-20
lower than the estimated Si atomic concentrations of 5 X 107 to 2 x 10'8 cm'3, and the
mobilities were 200-300 cm?/Vs. Upon annealing, the electron concentrations increased
by a factor of two, and the mobilities increased slightly.

3. MINORITY CARRIER EFFECTS ,

To date, 1.0 eV bandgap InGaAsN has displayed promising minority carrier diffusion,
required for solar cell operation, under very limited conditions. Under specialized growth
and post —processing procedures, hole diffusion lengths as large as 0.6 to 0.8 pm have
been observed in n-type, 1.0 eV InGaAsN, lattice matched to GaAs’. Negligible electron

_diffusion has been observed in p-type material. Further research is required to understand
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Figure 4. Photoluminescence spectra of n Figure 5. Time-resolved transmission of
and p-type Ingg7Gagg3AspogNogo, after annealed p-type Ingo7Gag 93Asg9gNg o2 at
annealing. 3.4 ym, after pulsed excitation of electron-
hole pairs.

those properties of InGaAsN which limit minority carrier diffusion and to identify mate-
rial growth and processing conditions which produce viable material for solar cells.

Optical7 and DLTS! studies show that InGaAsN (In=7%, N=2%) grown by MOCVD
has several defects associated with doping and N incorporation. Photoluminescence spec-
tra are shown in Fig. 4 for InGaAsN films grown under the same conditions and with nom-
inally the same compositions as the n- and p-type regions of the solar cell. A band-edge
photoluminescence peak was not observed in as-grown Ing 47Gag 93Asg 9gNg o2 films at
300K. After an ex-situ annealing process, a band-edge photoluminescence peak, approxi-
mately 60 meV linewidth, was observed in the p-type films. N-tsype 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 after ex-situ annealing (Fig. 4). ‘

Consistent with photoluminescence results, initial studies indicate that carrier lifetime
is longest for annealed, p-type Ing (7Gag 93A5( 98N, o2 films. N-type or as-grown films had.
significantly shorter free carrier lifetimes. The carrier lifetime in annealed p-type material
is controlled by a fast (< 10 nsec) process and a slower, temperature dependent, defect-
moderated process (50 nsec @ 300K)and is shown in Fig. 5. This short lifetime (= 5 nsec)
and typical Hall mobilities observed in our samples (= 200 cm?/Vs) predict carrier diffu-
sion lengths of = 1 um. Alloy scattering rates for electrons should be greater for XAsN or
XSbN systems than other III-V alloys, and for InGaAsN, electron mobility is limited by

_alloy scattering. Alloy scattering is dependent upon spatial fluctuations in the chemical
potential for the electrons or holes. These energy fluctuations are very large for GaAsN,
and the fluctuations are proportional to the differences in electronegativity between the
binary constituents (GaAs vs. GaN for example) or alternatively, the variation of conduc-
tion band energy with composition
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Figure 6. Internal quéntum efficiencies of annealed and as-grown, 1.0 eV InGaAsN
solar cells (Fig. 6 (a)) and short-circuit current (I.) and open-circuit voltage (V) at
different broadband light intensities for the cells in (Fig. 6 (a)) is shown in Fig. 6 (b)

Based on these annealing studies, a solar cell was constructed with a 1.0 um thick, n-
type (2 X 1017 cm , Si doped) Ing o7Gay, 93As9 98Np.o2 emitter grown on a 1.0 um thick, p-
type (4 X 106 cm™3, background doped) base.’ Internal quantum efficiency curves for both
the annealed and as-grown cells are shown in Figure 6. The photoresponses extended out

to the band-edge of the InGaAsN at 1.2 um. Peak internal quantum efficiencies of > 70%
were obtained for the annealed cell. Comparing the annealed and as-grown cells, anneal-
ing improved the quantum efficiency by roughly a factor of 5. Comparing the performance-
of a thick n-type emitter solar cell with thin n-type emitter cells and other alternative
designs, it is found that negligible electron diffusion is occurring in the 1.0 eV p-type

material (annealed or as-grown). To date, high quantum efﬁ01en01es have only been
obtained with cell designs utilizing hole diffusion in n-type material.”

To estimate the minority carrier diffusion length in our cells, the photocurrent response
versus bias was studied. Estimates show that the hole diffusion lengths are in the range of
0.6 to 0.8 pm (annealed) and 0.2 to 0.3 um (as-grown). Despite the poor quality of the n-
type material as indicated by optical studies, the improved efﬁmency of the annealed
InGaAsN cell was due to diffusion of holes in the n-type emitter.” Electron diffusion

lengths remain negligible (= 0.1 pm), leaving open the possibility that intrinsic, isovalent
N sites produce electron localization in InGaAsN.

4. PHOTOMODULATION SPECTROSCOPY
Photomodulation spectroscopy has been used to measure the band gap energy of the
In,Ga;_(NyAs;_, samples under hydrostatic pressure. The measurements were carried out



Figure 7. Change of the optical transition energies
(E. and E, ) in Ing osGag 95Ng.012A50 983 s a func-
tion of applied pressure. The open triangles are
experimental data. The solid lines are theoretical
calculation results for the band anticrossing
model. The dashed, dotted, and dot-dashed lines
are the pressure dependence of the I" and X con-
duction-band edges of the Ing5Gag gsAs matrix
and the N level relative to the top of the valence
band, respectively. The inset shows a photoreflec-
) A , tance (PR) spectrum taken at 4.5 GPa. The narrow
b b PR spectral feature at energy below E, is from the

D 1 2 3 4 5 8 7 8 0 40 # GaAs substrate.
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in either transmission or reflection geometry at room temperature. Photomodulation spec-
troscopy is a differential method probing the variation of the absorptivity of the samples
caused bgr the modulation of physical parameters such as the built-in surface field in the
system. "~ The resulting spectra are characterized by features arising from direct interband
transitions at high symmetry points in the band structure. Quasi-monochromatic light from
a halogen tungsten lamp dispersed by a 0.5-m monochromator was focused on the samples
as a probe beam. A chopped HeCd laser beam (4420A) provided the photomodulation.
The photo-modulated transmission signals were detected by either Ge or Si photodiode
using a phase-sensitive lock-in amplification system. Application of pressure was accom-
plished by mounting small sample chips with sizes of ~200 X200 mm? into gasketed dia-
mond anvil cells.

It is found that in N containing material the fundamental gap or E, transition splits into
two transitions E_ that represents the lowest energy gap and a higher energy E, transition.
The splitting of the conduction band given by the energy difference AE = E_-E_ increases
with increasing N content. Also, as is shown in Fig. 7, the energles of the E, and E- transi-
tions show characteristic dependence on the hydrostatic pressure.!? The observed effects
find a simple and straightforward interpretation in terms of an anticrossing of a narrow
. band of localized N states and the extended states of the conduction band. The hydrostatic
pressure changes the location of the N-level relative to the conduction band leading to an
exemplary case of a level anticrossing behavior. The band anticrossing model explains
very well the pressure dependence of the E, and E. transitions. It also accounts for the
pressure-induced change in the relative intensities of the photomodulation spectra for
these transitions.!®

The interaction between localized N-states and the conduction band leads also to a
massive modification of the conduction band structure. Figure 8 shows the calculated dis-
persion relations for a parabolic conduction band interacting with dispersionless N-band.
The conduction band splits into two highly non-parabolic subbands. The curvatures, and
thus also the density of states effective masses strongly depend on the energy and the rela-
tive location of the nitrogen energy level Ey and the conduction band edge of the nitrogen-
free host semiconductor matrix Ey. The predicted increase of the effective mass for the



Figure 8. Calculated band structure showing anti-
crossing in the vicinity of the I point in the
Brillouin zone for GaAsN. The dashed line repre-
sents the unperturbed curvature of the I conduc-
tion band of GaAs (Eyy) and the dot-dashed line is
the energy location of the highly localized N-state
(En). The anticrossing interaction between the
extended conduction-band states and a narrow

m band of the N resonant states results in a splitting
g . of the conduction band into two nonparabolic sub-
= |, N bands (E. and E,). The downward shift of the E.
s h subband edge is responsible for the reduction of

} so the fundamental band-gap energy commonly

9

observed in ITI-N-V alloys.

Wavevector (1 0o° cm'1)

lower subband is consistent with recent magnetoluminescence measurements on InGaAsN
quantum wells. 2

The modifications of the conduction band structure have also profound effect on the
transport properties of the conduction band electrons. It has been reported that the room
" temperature electron mobilities in InGaAsN alloys do not exceed 500 cm 2/Vs which'is at
least one order of magnitude lower than electron mobilities observed in N-free GalnAs
alloys. This dramatic reduction of the electron mobilities can be explained by N-related
alloy disorder scattering. In a simple approximation the strength of the alloy scattering can
be related to the N-induced conduction band shift. In InGaAsN alloys this shift can be as
large as 0.2 eV per atomic percent of N. This is at least an order of magnitude larger than
typical band shifts observed in standard alloys. N-induced enhancement of the conduction
band effective mass is another factor leading to the electron mobility reduction. Model cal-
culations show that for GaNAs with 2% of N and electron concentration of 1 x10'7 cm™3
the mobility is reduced to 400 cm?/Vs. Th1s value is about 14 times smaller than the room
temperature electron mobility in GaAs.?

The up-to-date research has demonstrated that group III-N-V alloys exhibit novel and
quite extraordinary properties. However, future applications of these materials hinge on
solving several outstanding issues associated with low electron mobilities and minority
carrier lifetimes. Further research will be necessary to understand if the inferior material
characteristics are intrinsic or extrinsic in nature. To these end systematic studies of factors
affecting incorporation of lifetime limiting defects will be necessary. This will require a
comprehensive approach that consists of a combination of materials synthesis and charac-

. terization techniques. Also more accurate calculations of the energy band structure and the
effects of the modified conduction band on the electron mobility should be persuade to
" resolve the issue of intrinsic limitations of these materials. An important fundamental
issue is the question whether ITI-N-V alloys is a unique system in which small change in



alloy composition produces such a large change in properties or if there exist other system
that exhibit similar behavior.

. 5. BANDSTRUCTURE CALCULATIONS

Both ﬁrst-principleszz‘24 and e:rnpiri<321125'28 theoretical treatments for this material
system have concentrated on understanding the dependence of the bandgap energy on
nitrogen composition. Recently, Jones et. al. have reported29 the results of a first-princi-
ples electronic structure calculations based on the Kohn-Sham density functional theory
with plane wave basis sets, ultrasoft pseudopotentials, and the local density approximation
for the exchange-correlation functional. In construction of the pseudopotentials, the Ga 3d
electrons were treated as valence electrons in order to accurately represent any effects of a
near resonance with the nitrogen 2s level that has been observed in GaN 30 The InGaAsN
system in the experimentally relevant concentration range was modeled using a series of
supercells of the zincblende GaAs structure each with a single arsenic replaced by a nitro-
gen. The lattice constants of the supercells were varied to simulate the effects of pressure,
and for each cell, the ionic positions were relaxed using first-principles forces until the -
residual forces were less than 20 meV/A. In all cases, it was found?” that the nitrogen
. atom remained in the symmetric position during relaxation. In order to compare to experi-
mental data, which is taken as a function of pressure, an ab initio calculation of the system
pressure was performed. Several supercells were investigated with the following stoichi-
ometries: Ga32As31N, Ga64As63N, G3108A5107N, and Galngs127N. These cells corre-
spond to nitrogen concentrations of 3.13, 1.56, 0.93 and 0.78%, with the nitrogen atoms
ordered in simple cubic, fcc, bee, and simple cubic lattices respectively. The calculated
band structures of the various supercells were qualitatively similar despite their differing
symmetries, indicating that the nitrogen atoms interact weakly with each other at these
low concentrations leading to the conclusion that the artificially ordered supercells provide
an adequate model of the near-band-gap electronic structure of the disordered experimen-
tal system.

Figure 9 shows a representative band structure for the 3.13% system. It should be
noted that the band structure is plotted with respect to the Brillouin zone of a 64-atom cell.
Since the nitrogen substitution breaks the symmetry of the underlying zincblende struc-
ture, there is no uniquely defined way to “unfold” the band structure into the Brillouin
zone of the primitive 2-atom zincblende unit cell. The high symmetry points of the primi-
tive GaAs cell fold into the T'-point of the 64-atom cell, and therefore in the presence of a
real symmetry breaking term (such as produced by nitrogen substitution), one expects
interactions between the resulting levels. The valence band and the conduction band are

“indicated by the heavy solid line. The conduction band is well separated from the other
bands throughout most of the Brillouin zone, and it is quite dispersive with a bandwidth
more than 1 eV. Likewise, the bands above the conduction band show a substantial amount
of dispersion, and there is no evidence of a flat impurity-like band near the conduction
band energies shown in Fig. 9. The absence of a nitrogen derived impurity-like state is
supported by a decomposition of the wave-functions in terms of atomic-like orbitals,
which shows that the conduction band has about 5% of its weight on the nitrogen atom,
which is by far the highest fraction of any of the bands above the gap.22 The calculated
bandgap is only 0.12 eV, while the experimental bandgap is of order 1 eV for this concen-
tration of nitrogen. This large error in the bandgap is a well known problem of the LDA. A
central result of this calculation is that despite this large error in the absolute magnitude of
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Figure 9. First principles local
density approximation calculation
for 3.3% nitrogen InGaAsN alloy.
The solid lines, top and bottom, are
respectively the conduction and
valence bands.

ENERGY (eV)

the bandgap, the change in bandgap with lattice constant is in excellent agreement with
experiment (see Fig.10).

A remarkable feature of Fig. 10 is the strongly non-linear dependence of the gap on the
pressure. This is in marked contrast to the parent GaAs material and provides additional
evidence, beyond the large reduction in the bandgap, that a few percent of nitrogen is pro-
ducing remarkable changes in the material. In order to understand this nonlinearity, it is
necessary to study additional bands above the conduction band. Figure 11 shows the theo-
retical pressure dependence of the I'-point energies of several additional bands treated
with the same analysis that was used for the conduction band in Fig. 10. Eight energy
bands of the system are shown, but these fall into five degenerate groups. The figure shows
three singlet states (filled circles), a doublet (open squares), and a triplet state (open trian-
gles). Similar conclusions have also been recently reported by Mattila et. al 3!

A common origin of nonlinear behavior of energy levels as a function of a parameter
(such as pressure) is band repulsion. Band repulsion results from the mixing (hybridiza-
tion) of bands in the same representation of the crystal symmetry group in such a way that

- level crossings are replaced with non-intersecting horizontal curves separated by a gap-
like region. In Fig. 11, the highest singlet on the left and the triplet on the upper right bend-
downward due to repulsion from higher energy bands that have been omitted from the fig-
ure in order to improve its clarity.

With one exception, all of the bands within a few eV of the gap are observed to regain
the degeneracies of pure GaAs to within of a few hundredths of an eV by the time the larg-
est cell (0.78% N concentration) is reached. The exception is the L-derived singlet, which
remains split off from the triplet by about 0.1 eV. This suggests that this singlet may
evolve into the impurity state observed at very low nitrogen concentrations.3>33 However,
as mentioned above, this state does not act like an impurity state at the technologically
interesting concentrations around 2%. Furthermore, the L-derived singlet rises faster than
the conduction band throughout the studied pressure range, and we do not see the upward
curvature that would be expected if it was repelled by the conduction band. Therefore, the
conclusion is that repulsion between the L-derived singlet and the conduction band con-
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tributes at most a small amount to the nonlinearity of the conduction band. In contrast, Fig.

" 11 demonstrates almost textbook repulsion between the X-derived singlet and the conduc--
tion band at pressures over 100 kbar, and it is likely that this repulsion continues to lower
pressures, even though the effect is obscured by the additional repulsion between the X-
derived singlet and a higher state. Based on these observations, the authors proposed29 that
repulsion from the X-derived singlet is the chief cause of the experimentally observed -
nonlinear dependence of the bandgap on pressure. Based on the above, these calculations
lead to the conclusion that the nonlinear dependence of the bandgap on pressure does not
result from localized nitrogen states.

6. ISSUES

InGaAsN Growth ,u
The growth of InGaAsN alloys by MOCVD is difficult due to the unusual sensitivity
of the alloy to growth conditions and the possible interaction between Group III and
Group V sources. The growth rate depends on the total group III flux when the group V
transport is fixed as is typical of III-V compound semiconductors. However, the growth
rate has also been found to depend on the N/V ratio. Lower N/V ratios result in higher
growth rates regardless of whether the AsHj flow is increased or the DMHy flux is
decreased. Alloy composition in also very sensitive to growth temperature and the N/V gas
phase ratio. The purity and chemical interaction of the nitrogen source (DMHy) now com-
" monly used adds another uncertainty. Systematic investigation of how growth conditions
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influence material properties such as background impurity incorporation, carrier trap den-
_sity and energies and minority carrier properties should be pursued.

Localized vs. Delocalized States »

Continued basic research on InGaAsN is required to address problems concerning the
true picture going from localized electron states to a delocalized concept. Detailed trans-
port studies in compensated InGaAsN are required to determine if electron localization is
intrinsic to InGaAsN. More defect studies (optical spectroscopy, DLTS, resonant Raman,
etc.) are needed understand the atomic nature of the N site and clusters. Defect studies will
also be critical to improving electron and hole diffusion and guiding material growth.

However, future applications of these materials hinge on solving several outstanding
issues associated with low electron mobilities and minority carrier lifetimes. Further
research will be necessary to understand if the material characteristics are intrinsic or
extrinsic in nature. To these end systematic studies of factors affecting incorporation of
lifetime limiting defects will be necessary. This will require a comprehensive approach
that consists of a combination of materials synthesis and characterization techniques. Also
more accurate calculations of the energy band structure and the effects of the modified
conduction band on the electron mobility should be persuade to resolve the issue of intrin-
sic limitations of these materials. An important fundamental issue is the question whether
III-N-V alloys is a unique system in which small change in alloy composition produces
“such a large change in properties or if there exist other system that exhibit similar behav-
ior.

Minority Carrier Lifetimes and Diffusion Lengths

Continued basic research on InGaAsN is required to address problems identified in
these initial studies. Detailed transport studies in compensated InGaAsN are required to
determine if electron localization is intrinsic to InGaAsN. More defect studies (optical
spectroscopy, DLTS, resonant Raman, etc.) are needed understand the atomic nature of the
N site and clusters. Defect studies will also be critical to improving electron and hole dif-
fusion and guiding material growth. Concurrent studies of prototype solar cells will be
critical optimize solar cell design to accommodate deficiencies of the InGaAsN material.

Solar Cell Design
The requirement that solar cells have good minority-carrier properties (i.e. long diffu-

sion lengths / lifetimes) to achieve high efficiencies sets constraints on the materials sys-’
tems that can be used for epitaxial growth of multilayer cell structures. A key constraint
for the various epilayers in the structure regards their lattice constants compared to that of
the substrate: since interface strain due to lattice mismatch generally lead to extended
structural defects which adversely affect the minority-carrier properties of the layer. While
- schemes have been devised to control the propagation of such defects, a lattice-matched
system is significantly easier to work with, and is the approach discussed here. Note that
the structural properties of an epilayer affect the structure of all layers grown upon it;
therefore, lattice-matching of the third junction in a three- or four-junction stack will
affect the minority-carrier properties not only of the third junction itself, but also of the
other two junctions grown on top of the third junction. Thus the condition or property that
Gay 4In,NyAs,_y is lattice-matched to GaAs at x=3y is a key advantage of this alloy sys-
tem. It should be noted, however, that lattice matching is not the only determinant of
minority-carrier properties; as discussed below, the minority-carrier properties of (lattice-
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matched) InGaAsN are the key challenges in making a useful solar cell from this alloy
system.

For a cell serving as the third junction under InGaP and GaAs junctions, the efficiency
of the device depends sensitively on the band gap of the third junction. Assuming an ideal
device, as the band gap is raised above its optimal value of 1 eV, the amount of light avail-
able between its band gap and the band gap of the GaAs cell above it decreases, decreas-
ing the photocurrent which the third junction is capable of producing. In the series-
connected two-terminal configuration discussed here, once the photocurrent of the third
junction is reduced below that of the InGaP/GaAs two-junction stack with which it is in
series, the third junction will limit the photocurrent of the entire device, and will decrease
rather than increase the overall device efficiency. On the other hand, as the band gap of the
third junction is decreased below its 1 eV optimum (the 1 eV number assumes ideal device
performance, in sharp contrast to the performance actually achieved for InGaAsN devices

- to date), the voltage of the third junction will decrease, reducing the efficiency boost pro-
vided by the third junction. Reducing the band gap of the third junction will also increase
the photocurrent which the third junction is capable of producing; this may provide an
approach to help meet the multijunction current-matching requirement for third junctions
whose quantum efficiencies less than ideal. However, if a fourth junction is introduced
below the three-junction InGaP/GaAs/InGaAsN structure for an additional efficiency
boost, reducing the band gap of the third junction too far starts to steal too much light from
the Ge fourth junction, once again reducing the overall multijunction device efficiency.
The ability to control precisely the band gap of the third cell is therefore a requirement for

the material used to fabricate it.

It should be emphasized that correctly measuring the IV curves for devices such as
these, which are designed for operation under the spectral range of 1.0 to 1.4 €V, is not
trivial. There are at least three causes for this difficulty: (1) the spectral range of 1-1.4 eV
is very narrow, (2) the spectrum of the simulator's xenon lamp has multiple spikes in this
spectral region, and (3) for terrestrial spectra, there are two large atmospheric-absorption
notches in the 1.0-1.4 eV spectral range. Attempts to measure the current-voltage charac-
teristics for these devices by using the conventional expedient of a reference cell are likely
to result in significant errors if a xenon arc lamp is the light source.

Finally, concurrent studies of prototype solar cells will be critical optimize solar cell
design to accommodate deficiencies of the InGaAsN material. ‘

7. CONCLUSIONS
There has been considerable activity and progress during the 1998 to 1999 time period
in obtaining new experimental data and thus allowing realistic theoretical modeling of the
physical properties of the InGaAsN system. When all of the intrinsic properties are under-
stood and extrinsic effects are identified, the real role or importance of InGaAsN as a can-
didate next generation thin film for photovoltaics material can be made.
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