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GaInNAs is potentially useful in a wide variety of devices, including next-generation, high
efficiency, multijunction solar cells. Unfortunately, a number of defects exist in this material that
limit the overall device performance. Beam-based positron annihilation spectroscopy was used to
examine vacancies in GaInNAs grown by both metal-organic chemical vapor deposition~MOCVD!
and molecular-beam epitaxy~MBE!. A significant concentration of vacancies exists only when
hydrogen and nitrogen are both present during growth. This finding supports the theoretical
prediction that gallium vacancies occur in complexes with nitrogen and hydrogen. Growing
GaInNAs by solid-source MBE, a hydrogen-free growth method, minimizes the formation of the
vacancy complexes. Because this complex is an acceptor, it may be a cause of the high background
acceptor concentrations in MOCVD-grown GaInNAs. ©2004 American Vacuum Society.
@DOI: 10.1116/1.1752914#

The dilute-nitride semiconductor GaInNAs is potentially
useful in next-generation solar cell applications,1 heterojunc-
tion bipolar transistors,2 and infrared laser diodes.3 Unfortu-
nately, this material has not achieved ideal performance to
date. The role of various defects in GaInNAs is only begin-
ning to be resolved. The signatures of specific defects, in-
cluding arsenic antisites,4,5 nitrogen split interstitials,6–8 and
gallium vacancies (VGa)

7,9 are present in GaInNAs. The spe-
cific growth process may cause some of these defects,
whereas others may be intrinsic to GaInNAs. Defects caused
by the growth process may be avoidable, and understanding
these defects may provide a pathway to improving material
quality. Here, we study vacancies in GaInNAs and how their
presence is affected by the growth process.

Recent theoretical calculations indicate that gallium va-
cancies are far more likely to form in GaInNAs in the pres-
ence of hydrogen.10 Indeed, the formation energy forVGa is
more than 2 eV lower in GaInNAs with significant concen-
trations of hydrogen than in similar GaAs, increasing the
expected concentration of vacancies by a significant
amount.10 Therefore,VGa should be much more common in
GaInNAs grown by metal-organic chemical vapor deposition
~MOCVD! or gas-source molecular-beam epitaxy~MBE!
than in solid-source MBE. We present experimental evidence
that this is the case by comparing positron annihilation spec-
troscopy~PAS! beam measurements of GaInNAs grown by
solid-source MBE, with and without an atomic hydrogen
(a-H) flux, and MOCVD. PAS measurements of the low-
momentum broadening parameter,S, indicate a lack of de-
fects in GaInNAs samples grown without hydrogen present.
We observe an increase in theSparameter when hydrogen is
present in the growth environment, indicating that positrons
are annihilating with low-momentum electrons in an open-

volume defect. We assume that the open-volume defects are
related to gallium vacancies, implying thatVGa are a much
larger problem for MOCVD-grown GaInNAs than for that
grown by MBE. The effect of the gallium vacancies on the
background carrier concentration is also discussed.

GaAs and GaInNAs epilayers were grown by either solid-
source MBE or atmospheric-pressure MOCVD. All samples
were lattice-matched, deposited on Zn-doped GaAs sub-
strates miscut 2° from~100!, and had nominal bandgaps of 1
eV. The thickness of the active layer was 1mm. Double
heterostructures, with passivating layers on the front and
back of the active layer, were employed to minimize the
effects of positron trapping by surface and interface states.
The MOCVD growths used a sample temperature of 550 °C
with a nominal growth rate of 4mm/h. Triethylgallium, tri-
methylindium, nitrogen trifluoride, and arsine were the pre-
cursors used for Ga, In, N, and As.

Elemental sources of Ga and In were used for MBE
growth. Arsenic was thermally cracked to produce As2 . Ni-
trogen incorporation was achieved using an HD25 RF-
plasma source from Oxford Applied Research. Typical
source parameters were;400 W with a nitrogen (N2) flow
of 0.3 sccm. Atomic hydrogen was supplied by a commercial
atomic hydrogen source~EPI-AHS-L! operating at 9.5 A
with a hydrogen beam-equivalent pressure of about 2
31025 Torr. Substrate temperatures during MBE growth
were about 530 °C, with a nominal growth rate of 1.5mm/h.

In the PAS experiments11 a beam of monoenergetic posi-
trons ranging from 0.02–0.63 keV is implanted into the
MBE- and MOCVD-grown samples. The beam energy deter-
mines the mean implantation depth. Photons from the anni-
hilation of electron–positron pairs are detected by a high-
purity Ge detector with an energy resolution of 1.45 keV at
514 keV. The momentum component of the annihilating
electron–positron pair parallel to the direction of the de-a!Electronic mail: aaronIptak@nrel.gov
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tected photon causes measurable Doppler shifts away from
511 keV, the rest mass energy of the particles, which over
many annihilation detections average out to a broadening of
the annihilation line.

At vacancies, the missing atom and the negative charge
from conduction and valence electrons form an attractive po-
tential well that traps~or localizes!positrons. Negatively-
charged defects have a higher trapping cross section than
neutral defects. Positively charged defects do not trap posi-
trons at all. In a vacancy, the photon momentum distribution
narrows because there are fewer annihilations with high-
momentum core and valence electrons. This manifests itself
as an increase of the low-momentum broadening parameter,
S, defined as the ratio of the central peak region to the total
peak area.12

Positrons thermalize very quickly~typically ,10 ps!,
much faster than the average lifetime of positrons in
vacancy-containing GaAs~;260 ps!,13 so the broadening is
almost exclusively due to the electron momentum. If all im-
planted positrons were to annihilate from vacancy sites, the
S-parameter would increase by about 1.5% over the value for
a defect free environment.11 A larger increase inS could
indicate the presence of di-vacancies or larger open-volume
defects.

Typically, with knowledge of the defect trapping cross
section the concentration of defects can be estimated within
an order of magnitude. Absolute defect concentrations are
much less reliable in thin layer structures or in samples with
internal electric fields. However, the sample-to-sample trends
of more ~or less!defects can be determined.

PAS beam measurements showed no differences in open-
volume defect densities between GaAs samples grown by
MBE and MOCVD. These measurements assumed that
defect-free GaAs has anSvalue of one. The small deviations
from one in these data~shown below!are due to a minor
systematic error in the PAS system. All of the GaAs samples
indicate significant positron diffusion lengths, suggesting
low vacancy concentrations.

The S broadening parameter measured by PAS is shown
in Fig. 1 for MOCVD-grown GaAs and GaInNAs. The ad-
dition of nitrogen introduces a significant concentration of
open-volume defects. Also shown in Fig. 1 is a similar
MOCVD-grown GaInNAs sample that was annealed at
650 °C for 30 min in an arsine ambient. The concentration of
open-volume defects is reduced during the anneal, but the
signal is not completely removed.

Figure 2 shows a similar plot for the MBE-grown
samples. The MOCVD-grown GaAs sample is included for
reference. Importantly, there is no significant difference for
the GaAs and GaInNAs samples grown by MBE. This ob-
servation is consistent with the expectation that GaInNAs
grown in the absence of hydrogen will not form gallium
vacancies. To test whether the addition of hydrogen to the
MBE growth environment would add a measurable concen-
tration of vacancies, a sample was grown under ana-H flux.
This GaInNAs:H sample does show an increase in theS pa-
rameter, and hence defect concentration, in the upper half of

the sample. This indicates that the addition of nitrogen and
an atomic hydrogen flux to the growth atmosphere in the
MBE system generates vacancies, but that these vacancies
may be avoided by growing without hydrogen. Although not
shown in Figs. 1 or 2, it is important to note that the magni-
tude of all of the positron beam measurements are similar in
the bulk substrates. The data from the front passivation layer
of the double heterostructure is hidden in the figures.

The first issue to address is the assignment of the ob-
served open-volume defects to gallium vacancies. The recent

FIG. 1. NormalizedSparameter~indicative of vacancy concentration! versus
depth in MOCVD-grown samples. The as-grown GaInNAs sample~solid
squares!has the highest concentration of vacancies, with a reduction visible
due to annealing~open squares!. The lines are guides to the eye.

FIG. 2. NormalizedSparameter~indicative of vacancy concentration! versus
depth in MBE-grown samples. The hydrogen-free MBE growth technique
avoids the formation of open-volume defects. The MOCVD-grown GaAs
sample is included for reference. The lines are guides to the eye.
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work by Toivonenet al.9 on MOCVD-grown GaNAs makes
this assignment based on a comparison of their PAS data to
the annihilation broadening parameters expected forVGa and
the arsenic vacancy,VAs . The parameters deduced from their
data agree more closely with those expected forVGa. Addi-
tionally, VAs are not expected to trap positrons inp-type ma-
terial due to their positive charge. Toivonenet al. also found
evidence forVGa in a complex.9 They rejected defects in-
volving carbon, hydrogen, and nitrogen interstitials before
settling on a complex ofVGa with either NGa or AsGa, due to
the donor–acceptor nature of this pair.

The work of Janottiet al., however, indicates that the
(VGa–N–xH)x23 complex, withx51, 2, 3, or 4, can be a
stable defect.10 This complex is more likely to form withx
51 or 2 for entropic reasons,10 and these forms of the com-
plex are more likely to be observed by positrons due to their
overall negative charge. Additionally, they found that nitro-
gen in GaAs lowers the formation energy ofVGa by a small
amount, but that hydrogen in GaNAs lowers the formation
energy ofVGa by more than 2 eV. This increases the concen-
tration of vacancies well above what is expected in GaAs. As
a result, there should be a noteworthy difference in the con-
centration ofVGa observed in GaInNAs grown by MOCVD
or gas-source MBE versus solid-source MBE. This trend is
certainly present in our data and also explains the presence of
VGa in the works of Toivonenet al.9 and Li et al.7 Li et al.
used gas-source MBE to grow GaInNAs, where the neces-
sary hydrogen is supplied by arsine. Given that the formation
of the (VGa–N–xH) complex is energetically favorable, it is
possible that this complex~with x51 or 2! is the one ob-
served in the PAS measurements.

From Fig. 1, it is clear that thermal annealing reduces the
concentration of vacancies. Similarly, Liet al. indicated that
most of theirVGa were removed upon anneal.7 In our case,
the vacancy signal for the annealed MOCVD-grown sample
is intermediate between the as-grown sample and the GaAs
reference. The difference in the vacancy reduction between
the work of Li et al. and the present work could stem from
the different annealing conditions. Liet al.performed a rapid
thermal anneal at 750 °C for 30 seconds in a flowing N2

ambient, whereas our anneal was under arsine for 30 min at
650 °C. It is unclear whether removing the vacancies is more
dependent on the anneal temperature used, or the anneal am-
bient.

The MBE-grown GaInNAs sample with added hydrogen
does not show a measurable concentration ofVGa until after
about 300 nm of growth. TheS parameter then becomes
distinguishable from the baseline and increases toward the
surface of the sample. A likely cause of the ramp-up of de-
fects during the growth of the layer is that the hydrogen
concentration increases throughout the growth. Figure 3
compares the normalizedS parameter from the MBE-grown
GaInNAs:H sample with the hydrogen concentration mea-
sured by secondary-ion mass spectrometry~SIMS!. The data
in this figure have been numerically smoothed using a bino-
mial algorithm to make the trends more apparent. The mea-
surement background limits the hydrogen data on the right

hand side of the plot. Although the data sets are still noisy,
the fact that both theS parameter and the hydrogen concen-
tration begin to rise at the same depth is suggestive that there
is a ramp-up of the hydrogen during growth. This trend of
rising hydrogen incorporation has been observed in other
GaInNAs samples grown under hydrogen that were not part
of this study. If present, a gradual ramp-up of hydrogen to-
ward the surface of the layer will manifest itself as a higher
defect density at the surface, as seen in our data.

The magnitude of the change in hydrogen for the MBE-
and MOCVD-grown samples qualitatively matches the trend
observed in the PAS beam measurements. The MBE-grown
GaInNAs:H sample shows a maximum hydrogen concentra-
tion in the 1016cm23 range, while the hydrogen concentra-
tion for the MOCVD-grown GaInNAs~not shown!is in the
1019cm23 range. This difference correlates with the larger
percent change observed in the PAS measurements for the
MOCVD-grown samples. These data lend further support to
the role of hydrogen in the formation of theVGa complex,
and the ability of solid-source MBE to avoid them.

A final question deals with the effect of this vacancy com-
plex on the background acceptor concentration of the GaIn-
NAs samples. Our MOCVD-grown GaInNAs samples often
have a background acceptor concentration approaching
1017cm23, whereas the MBE-grown material is typically at
1015cm23 or lower. The incorporation of carbon from the
MOCVD precursors may account for much of this differ-
ence, but GaInNAs samples grown under similar MOCVD
conditions have been reported to have carbon concentrations
of about 1016cm23, despite the higher acceptor
concentrations.14,15 As (VGa–N–xH)x23 complexes act as
acceptors~with x51 or 2!, they could play a significant role
in the background acceptor concentration.

We have identified a defect complex involving a gallium

FIG. 3. A comparison of the hydrogen concentration measured by SIMS and
the normalizedS parameter~indicative of vacancy concentration! versus
depth for the MBE-grown GaInNAs sample with intentional hydrogen dop-
ing. The data sets have been numerically smoothed to bring out the trends.
The horizontal line is a guide to the eye.
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vacancy that is consistent with the (VGa–N–xH)x23 com-
plex, in agreement with theory. Significant concentrations of
these vacancies have been observed in GaInNAs grown by
MOCVD. The (VGa–N–xH) complex, an acceptor, likely
plays a role in the background acceptor concentration of
GaInNAs samples grown in the presence of hydrogen. Im-
portantly, however, these defects do not appear to form in
large concentrations in solid-source, MBE-grown GaInNAs.
This provides a way to avoid these defects during growth,
and any deleterious effects that they may have.

The authors thank C. Kramer for the sample preparation.
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