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The nitrogen and hydrogen vibrational modes of hydrogenated GaAs1−yNy and GaP1−yNy have been studied
by infrared absorption spectroscopy and density functional theory. Data for the stretching modes observed for
samples containing both hydrogen and deuterium show that the dominant defect complex contains two weakly
coupled N-H stretching modes. Theory predicts an H-N-H complex with C1h symmetry whose vibrational
properties are in excellent agreement with experiment. Additional results provide further support for the defect
model that has been proposed. Uniaxial stress results confirm that the symmetry of the H-N-H complex must
be lower than trigonal. The vibrational properties predicted by theory for the H-N-H complex also lead to an
assignment of the wagging modes that are observed. Experimental and theoretical results for GaAs1−yNy and
GaP1−yNy are remarkably similar, showing that the same H-N-H defect complex is responsible for the prop-
erties of H in these fascinating materials.
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I. INTRODUCTION

The addition of a few percent of nitrogen to GaAs or GaP
causes a large reduction in the band gap.1–4 The subsequent
addition of hydrogen eliminates the effect of nitrogen and
causes the band gap to increase to nearly the value of the
nitrogen-free host.5–8 This modification of the band gap
caused by hydrogenation is a surprising and unusual behav-
ior for hydrogen in semiconductors9 and has attracted much
recent attention. Theoretical calculations by several groups
led to the suggestion that hydrogen forms a dimer in the
III-N-V alloys known as H2

* that is stabilized by the pres-
ence of a substitutional nitrogen atom, and that H2

*�N� is the
cause of the unusual behavior of hydrogen in these
materials.10–15 Two possible H2

*�N� configurations were pre-
dicted, each of which has one hydrogen atom at a bond-
center site and a second hydrogen atom at an antibonding
site along a �111� axis. For each of these configurations, one
hydrogen atom is bonded to a nitrogen atom and the second
hydrogen atom is bonded to a gallium atom.

Vibrational spectroscopy16 provides a direct, structure-
sensitive probe of the defects that are formed in the hydro-
genated III-N-V alloys because the vibrational modes asso-
ciated with both the nitrogen and the hydrogen atoms can be
studied. An IR absorption study of GaAs1−yNy found that the
principal defect produced by hydrogenation is inconsistent
with the properties of the H2

*�N� defects predicted by
theory.17 An analysis of the IR spectra observed for samples
that contained both hydrogen and deuterium showed that the
principal defect observed in vibrational spectroscopy con-

tains two weakly coupled N-H stretching modes and no
Ga-H modes. This conclusion is inconsistent with the
H2

*�N� complexes proposed by theory which would contain
only a single N-H stretching mode.10–15

Recent calculations have suggested an alternative con-
figuration for an H-N-H complex that has C1h symmetry
�Fig. 1� and vibrational properties that are consistent with
experiment.18,19 Furthermore, the results of a recent study of
the x-ray absorption near-edge structure �XANES� for
GaAs1−yNy :H that combined experiment and theory found
results consistent with a C2v or “asymmetric C2v” N-H2 de-
fect structure and gave no evidence for the presence of
H2

*�N�.20

The dilute GaP1−yNy alloys show behavior similar to that
of GaAs1−yNy. The band gap of GaP1−yNy is also decreased
by the addition of nitrogen and then is increased by the
subsequent addition of hydrogen.7,8 In the present paper
IR absorption experiments are reported for hydrogenated
GaP1−yNy to determine whether the H-N-H centers that had
been seen by IR spectroscopy for GaAs1−yNy :H are also
common to GaP1−yNy :H. Theoretical calculations are carried
out on this system and the results are used as a framework to
analyze the experimental results. Uniaxial stress experiments
are also reported which confirm that the H-N-H centers in
GaAs1−yNy :H have symmetry lower than trigonal.

The wagginglike modes seen previously in the range
1000–1500 cm−1 for GaAs1−yNy :H have remained relatively
unexplored.17 Not all lines showed both hydrogen and deu-
terium counterparts, making their assignments questionable.
Moreover, the possibility remained that some of the previ-
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ously unassigned lines might be associated with the elusive
H2

*�N� center favored by theory, or other recently proposed
defect structures. Results in the present paper for the
wagging modes observed for both GaAs1−yNy :H and
GaP1−yNy :H and their interpretation shed light on the assign-
ments of the wagging modes of the H-N-H centers seen in
the dilute III-N-V alloys and provide further evidence for an
H-N-H defect structure containing two inequivalent hydro-
gen atoms.

In spite of this progress, the identification of the defects
that are formed in the hydrogenated III-N-V alloys remains
controversial. An H2

*�N� structure is predicted theoretically
to be more stable than the H-N-H structure that explains the
observed vibrational properties.4–8,19 Du et al. suggested19

that the observed H-N-H defect may arise from the neutral-
ization of a stable �H-N-H�2+ defect, but other kinetic sce-
narios also warrant consideration. Recent experiments sug-
gest that more than two hydrogen atoms per nitrogen atom
are required to produce the band gap shifts in the dilute
III-N-V alloys caused by hydrogenation.21 Moreover, theory
suggests that up to four hydrogen atoms can be bound in the
vicinity of a single nitrogen atom.22 Other experimental stud-
ies suggest that additional hydrogen atoms, possibly as H2
molecules, are stabilized by the presence of nitrogen.23 Fi-
nally, a recent optical and structural investigation found that
two H atoms are responsible for the passivation of N in
GaAs1−yNy, and a third, less tightly bound, H atom gives a
compressive lattice strain observed in as-hydrogenated
samples that can be eliminated by annealing for 13 h near
250 °C.24

Studies of the vibrational properties of the hydrogenated
III-N-V alloys provide an excellent strategy for probing the
microscopic properties of the important nitrogen- and
hydrogen-containing defects in these fascinating materials. A
comparison of the vibrational modes of H and D in GaP1−yNy
and GaAs1−yNy and the elucidation of their assignments is
the primary goal of the present paper.

II. EXPERIMENTAL AND THEORETICAL PROCEDURES

A. Experiment

The GaP1−yNy samples used for our experiments were
grown by gas-source molecular beam epitaxy �MBE� on un-
doped �001� GaP substrates. The GaP1−yNy epilayers were
grown on a 300 nm GaP buffer layer and were 800 nm thick.
We examined GaP1−yNy samples with y=0.7%, 1%, 2.3%,
and 3.5%. The GaAs1−yNy samples used for most of the ex-
periments reported here were grown by plasma-assisted,
solid-source MBE on an undoped �001� GaAs substrate. A
350 nm thick GaAs1−yNy layer with y=0.87% was grown on
a 1 �m thick GaAs buffer layer and was capped with a 5 nm
thick layer of GaAs. The substrate for the GaAs1−yNy epitax-
ial layer was 2 mm thick so that samples suitable for uniaxial
stress measurements could be prepared. Hydrogenation or
deuteration of samples was performed with a Kaufman ion
source with the samples held at 300 °C. The ion energy was
100 eV, and current densities of �10 �A /cm2 were used.
Anneals were performed in a tube furnace in a He ambient.

Photoluminescence measurements for GaP1−yNy samples
were performed with a grating monochromator, an Ar+ laser,
and a cooled photomultiplier with a GaAs cathode; for
GaAs1−yNy samples, a frequency-doubled vanadate:Nd laser
and a liquid N2-cooled InGaAs linear array were used. IR
absorption spectra were measured over the range
350–4000 cm−1 with a Bomem DA.3 Fourier transform
spectrometer equipped with a KBr beam splitter and
HgCdTe, InSb, and Si-bolometer detectors. For absorption
measurements made in the absence of stress, samples were
cooled in a variable-temperature, cold-finger cryostat.

Uniaxial stress experiments were performed with a push
rod apparatus that was cooled in an Oxford CF 1204 cryostat
using He contact gas. For spectra measured with polarized
light, a wire grid polarizer was placed in the IR beam path
after the cryostat. GaAs1−yNy samples for uniaxial stress ex-
periments were prepared with dimensions 2�3�10 mm3.
Stresses were applied along the long axes of samples that
had been oriented along either the �100� or �110� directions.
The probing light was incident along the �001� direction.

B. Theory

The computations reported here were carried out with
the CRYSTAL2006 code25 using density functional theory
with a gradient-corrected approximation to the exchange-
correlation functional �Becke exchange26 with 20% Hartree-
Fock, Lee-Yang-Parr correlation,27 90% nonlocal exchange,
81% nonlocal correlation; potential B3LYP�. The calcula-
tions were carried out in a periodic supercell approach with
two hydrogen impurities in face-centered cubic supercells
containing 32 other atoms. Computed lattice constants of
5.77 and 5.65 Å were used for GaAs and GaP, respectively.
A 4�4�4 k-point mesh of Monkhorst-Pack28 type was
used. The self-consistent field energy convergence criterion
was 10−7 hartree.

Gaussian basis functions29 were of the type
s�3�s�1�s�1�sp�1� for hydrogen and s�7�sp�3�sp�1�sp�1� for
nitrogen. For gallium, arsenic, and phosphorus, most of the

FIG. 1. �Color online� The relaxed H-N-H defect in GaAs1−yNy

as computed using CRYSTAL 2003 �Ref. 37�.
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calculations utilized Barthelat-Durand30 pseudopotentials,
with corresponding basis functions.

III. EXPERIMENTAL AND THEORETICAL
RESULTS AND ANALYSES

Photoluminescence spectra were measured for our
GaP1−yNy and GaAs1−yNy samples to confirm the shift in the
band gap energy caused by hydrogenation or deuteration.
The effect of hydrogenation on the N modes of GaP1−yNy
and GaAs1−yNy was also examined. The annealing behaviors
of the band gap shifts and of the N modes are used in the
following sections as benchmarks to support the assignments
of the H �and D� vibrational lines observed in hydrogenated
�and deuterated� GaP1−yNy and GaAs1−yNy to the centers that
are responsible for the shifts of the band gap.

Selected photoluminescence spectra are shown in Figs.
2�a� and 2�b�. The band gap energies �0 K� of GaAs and GaP
are 1.519 and 2.350 eV, respectively. Untreated samples
show band gap energies that have been shifted to lower en-
ergy by the presence of N. The spectra shown in Fig. 2
confirm that hydrogenation has caused the band gap energies
to increase in our samples to near the values obtained for
N-free GaP and GaAs, similar to results that have been re-
ported previously.7,31,32 In GaP1−yNy, a number of bound ex-
citon features are revealed by hydrogenation or deuteration.
Annealing at temperatures between 400 and 500 °C has been
shown to completely eliminate the effect of hydrogenation or
deuteration, causing the reduced band gap energies that are
characteristic of the dilute III-N-V alloys to be recovered.7

Previous studies of GaAs1−yNy identified a vibrational line
at 471 cm−1 that was assigned to an isolated 14N atom sub-
stituting on an As site.33,34 A vibrational line at 458 cm−1 due

to 15N was also observed, supporting this assignment.34 A
recent study of GaP1−yNy by Raman spectroscopy revealed a
similar N mode at 496.5 cm−1 �room temperature� that was
assigned to a N atom substituting on a P site.8 Figure 3
shows IR spectra �4.2 K� for GaP1−yNy samples with several
N concentrations. The 496 cm−1 line increases in intensity as
the N concentration is increased, consistent with its assign-
ment to a N mode.

The N mode in GaAs1−yNy was found previously to be
eliminated by hydrogenation or deuteration.17,32 Similarly,
the intensity of the N mode in GaP1−yNy is also reduced by
hydrogenation. Difference spectra are shown in Figs. 4�a�
and 4�b� for deuterated samples of GaP0.993N0.007 and
GaAs0.992N0.008 that were subsequently annealed at the tem-
peratures shown. A sample without H or D was used for
reference, so the N mode, whose intensity is reduced by deu-
teration, is seen as a negative peak in these spectra. Upon
annealing near 400 °C, the reduction in the N-mode intensity
caused by deuteration is eliminated for both the
GaP0.993N0.007 and GaAs0.992N0.008 samples, further support-
ing the assignment of the 496.5 cm−1 line seen in GaP1−yNy
to isolated NP, similar to the 471 cm−1 line assigned to NAs
in GaAs1−yNy. This annealing behavior for the recovery of
the N mode that is common to both GaP1−yNy and
GaAs1−yNy agrees with the recovery of the band gap energies
of GaP1−yNy and GaAs1−yNy that has been studied previously
by photoluminescence measurements for hydrogenated or
deuterated samples.7,31,32

A. Stretching modes: Experiment

The hydrogenation of GaAs1−yNy was found previously to
introduce two N-H stretching modes.17 The hydrogenation of
GaP1−yNy produces a similar N-H mode spectrum �Fig. 5�.
The GaP1−yNy sample with y=0.7% showed the sharpest
N-H �and N-D� lines, so the IR results for this sample have
been the focus of most of our work. The deuteration of
GaP1−yNy produces a spectrum that shows the corresponding

FIG. 2. Photoluminescence spectra measured at 10 K �a� for a
GaP0.993N0.007 sample hydrogenated with a dose of 1.5
�1019 ions /cm2 �laser excitation �=458 nm and power 20 mW�,
and �b� for a GaAs0.9913N0.0087 sample hydrogenated with a dose of
3.0�1018 ions /cm2 �laser excitation �=532 nm and power
10 mW�. The spectra shown with dashed lines are for the as-grown
samples and the spectra shown with solid lines were measured fol-
lowing hydrogenation.

FIG. 3. Absorbance spectra measured near 4.2 K with a reso-
lution of 2 cm−1 for GaP1−yNy epitaxial layers with different N
concentrations grown on GaP substrates. For these spectra, the
empty sample holder was used for the reference. The base line
corrected spectra are displaced vertically for clarity.
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N-D mode �Fig. 6�a�� that is remarkably similar to that seen
for deuterated GaAs1−yNy �Fig. 6�b��. Upon annealing, the
N-D stretching modes disappear together near 400 °C �Fig.
7� and at the same annealing temperature where the N mode
and band gap energy of GaP1−yNy are recovered. These an-
nealing results support the assignment of the N-H �and N-D�
vibrational lines to the defect responsible for the shift of the
band gap energy caused by hydrogenation. Frequencies of
the N-H and N-D stretching modes of hydrogenated and deu-
terated GaP1−yNy and GaAs1−yNy are given in Tables I and II.

Typical stretching frequencies for N-H and Ga-H modes
in semiconductors are approximately 3000 and 1800 cm−1,
respectively. The frequencies of the IR lines seen near 3200
and 2970 cm−1 for both GaP1−yNy :H and GaAs1−yNy :H are
consistent with H bonded to a light atom such as N. There is

no evidence for any vibrational lines that might be due to a
Ga-H stretching mode. The frequency ratio r=�H /�D is also
sensitive to the atom to which the H �or D� atom is attached.
For H or D attached to an infinitely massive atom, a value of
r= �mD /mH�1/2=1.414 would be expected. For H bonded to a
light atom such as O or N, a typical value for r is 1.34, and
for H bonded to a heavier atom such as Ga, a typical value
for r is 1.39. For all of the vibrational lines observed for

FIG. 4. Absorbance spectra measured near 4.2 K with a reso-
lution of 2 cm−1 for �a� a deuterated GaP0.993N0.007 sample �with
dose 1�1019 ions /cm2� and �b� a deuterated GaAs0.992N0.008

sample �with dose 2�1018 ions /cm2� that were subsequently an-
nealed �30 min� at the temperatures shown. Samples that did not
contain D were used for reference, so the N mode whose intensity is
reduced by deuteration is seen as a downward peak in the spectrum.

FIG. 5. Absorbance spectrum measured near 4.2 K with a reso-
lution of 1 cm−1 showing the H-stretching modes for a
GaP0.993N0.007 sample that had been hydrogenated with a dose of
1.5�1019 ions /cm2.

FIG. 6. Absorbance spectra measured near 4.2 K with a reso-
lution of 1 cm−1 showing the D-stretching modes for �a�
GaP0.993N0.007 and �b� GaAs0.9913N0.0087 samples. In panel �a� the
lower spectrum was measured for a sample that had been deuterated
with a dose 1�1019 ions /cm2 and the upper spectrum was mea-
sured for a sample treated with both H and D with a dose 2.4
�1019 ions /cm2. In panel �b� the lower spectrum was measured for
a sample that had been deuterated with a dose 3�1018 ions /cm2

and the upper spectrum was measured for a sample treated with
both H and D with a dose 3�1018 ions /cm2.

FIG. 7. Absorbance spectra measured near 4.2 K with a reso-
lution of 1 cm−1 showing the D-stretching modes for a deuterated
GaP0.993N0.007 sample �with dose 1�1019 ions /cm2� that was sub-
sequently annealed �30 min� at the temperatures shown.
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hydrogenated GaP1−yNy and GaAs1−yNy, a typical value for r
is 1.345, consistent with their assignments to N-H vibrational
modes.

Two possible H2
*�N� configurations were predicted by

theory,10–15 raising the question of whether the two N-H
modes that have been observed are due to just one defect that
contains two inequivalent N-H oscillators or to two different
defects, each of which contains a single N-H oscillator. This
question is answered by IR spectra that are measured for
III-N-V samples that contain both H and D. We focus on the
D-stretching spectra observed for GaAs1−yNy that are shown
in Fig. 6�b�. For a deuterated sample, there are two
D-stretching lines observed at 2376 and 2217 cm−1. For a
sample that contained H and D, two additional D-stretching
lines appear at a reduced separation compared to the lines in
the sample containing only D. One line is fully resolved and
appears at a frequency of 2366 cm−1. A second line appears
as a poorly resolved shoulder that broadens the 2217 cm−1

line. A subtraction of the D spectrum from the H+D spec-
trum yields a value of 2224 cm−1 for the frequency of the
line giving rise to the shoulder. The appearance of two new
lines with reduced separation upon the introduction of H and
D establishes that the D-stretching lines at 2376 and
2217 cm−1 are due to a single defect that contains two
coupled D atoms. For the corresponding defects that contain
both H and D �that is, the H-N-D and D-N-H complexes�, the
stretching modes are dynamically decoupled to produce the
pair of new D-stretching lines shown in Fig. 6�b�.35

Very similar vibrational spectra are observed for
GaP1−yNy into which H and D had been introduced �Fig.
6�a��. For a deuterated sample, D-stretching lines are ob-

served at 2381 and 2211 cm−1. For a sample treated with
both H and D, dynamically decoupled lines are observed at
2371 and 2218 cm−1. These results show that the vibrational
properties seen previously for GaAs1−yNy �Ref. 17� are also
common to GaP1−yNy. The observation that the dominant
defect in hydrogenated GaP1−yNy and GaAs1−yNy contains
two inequivalent, weakly coupled, N-H oscillators and no
Ga-H bonds rules out H2

*�N� structures for both of these
dilute III-N-V alloys.

It is ironic that the vibrational properties that have been
observed for H in the dilute III-N-V alloys are remarkably
similar to what had been seen previously for H2

* in Si �Ref.
36�, a defect that consists of HBC and HAB atoms lying along
the same trigonal axis, and that these same vibrational prop-
erties rule out the presence of H2

*�N� in III-N-V materials.
In the Si case, there are two coupled Si-H stretch modes. The
coimplantation of H and D into Si was shown to produce an
HD* complex that gives rise to dynamically decoupled Si-H
and Si-D modes. H2

* in Si and the H-N-H centers seen in the
III-N-V alloys show similar spectroscopic characteristics be-
cause the H2

* structure in Si contains two Si-H oscillators
and the H-N-H structure in III-N-V materials contains two
weakly coupled N-H oscillators. However, the H-N-H struc-
ture does not contain a Ga-H bond that would be character-
istic of H2

*�N�.

B. Stretching modes: Theory

A defect structure �Fig. 1� that is consistent with the vi-
brational properties of the H-N-H complex seen in both
GaAs1−yNy :H and GaP1−yNy :H has been predicted by
theory.18,19 This defect consists of two inequivalent H atoms
bonded to the same N atom. A related structure with both H
atoms near bond centers was proposed by Bonapasta et al.15

However, the apparent C2v symmetry of their structure is
inconsistent with the requirement imposed by experiment
that the two H atoms be inequivalent. Fowler et al.18 and Du
et al.19 independently proposed the canted structure with C1h
symmetry for the H-N-H defect in GaAs1−yNy :H shown in
Fig. 1 and have calculated vibrational properties that are in
very good agreement with experiment. Ciatto et al.20 found
that such a structure is also consistent with the results of
XANES experiments. Du et al. also investigated the elec-
tronic structure of the H-N-H defect shown in Fig. 1 and
determined that the termination of the two nitrogen bonds
with hydrogen atoms and the formation of the Ga-Ga bond
clear the GaAs1−yNy band gap of states.19

In Ref. 18 we had used37 CRYSTAL2003 to carry out de-
tailed calculations on H-N-H in GaAs1−yNy. By minimizing
the energy and then carrying out point-by-point calculations,
we obtained anharmonic vibrational frequencies for both
stretch and bend modes. Details of these calculations are
given in Ref. 18. The use of CRYSTAL2006 for H-N-H in both
GaAs1−yNy and GaP1−yNy in the present case allows both
energy minimization and “automatic” calculation of har-
monic frequencies.

We find that the H-N-H defect in GaP1−yNy is predicted to
have harmonic vibrational properties so similar to those in

TABLE I. Experimental vibrational frequencies �in units cm−1�
for the H and D modes seen in hydrogenated and deuterated
GaP0.993N0.007. The frequency ratio r=�H /�D is also given. Weak
lines are indicated by a �w�.

Assignments �H �D r

Stretch 3202 2381 1.345

Stretch 2955 2211 1.336

Second harmonic 2891�w� 2150�w� 1.345

In-plane wag 1458 1082 1.348

Out-of-plane wag 1069

TABLE II. Experimental vibrational frequencies �in units cm−1�
for the H and D modes seen in hydrogenated and deuterated
GaAs0.9913N0.0087. The frequency ratio r=�H /�D is also given.
Weak lines are indicated by a �w�.

Assignments �H �D r

Stretch 3195 2376 1.345

Stretch 2967 2217 1.338

Second harmonic 2868�w� 2137�w� 1.342

In-plane wag 1447 1076 1.345

Out-of-plane wag 1068 798 1.338

Out-of-plane wag 1057
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GaAs1−yNy �Table III� that we have not repeated the exten-
sive anharmonic analyses reported for GaAs1−yNy in Ref. 18.
Again, a defect with C1h symmetry is predicted, looking re-
markably identical to that found in Ref. 18: the H-N-H angle
differs from that of GaAs1−yNy by less than 0.2° and the
“canting” angle differs by 1°. �In this context it should be
noted that in Ref. 18, the bond-centered and interstitial hy-
drogens in GaAs1−yNy, HB and HI, were inadvertently misla-
beled in the discussion in Sec. II D. In particular, the N-HB

stretching force constant is predicted to be smaller than that
for N-HI. A similar result is found for the H-N-H defect in
GaP1−yNy.� As seen in Table III, the harmonic frequencies for
H-N-H in GaP1−yNy are predicted to equal those in
GaAs1−yNy with an average difference of less than 5%.
While these frequencies by themselves should not be com-
pared in detail with experiment, the similarity of results in
the two systems means that for the purposes of detailed ex-
perimental analysis, it is appropriate to utilize the results of
the anharmonic analyses of Ref. 18.

C. Wagging modes: Theory

The assignments of the wagging modes seen previously
for hydrogenated GaAs1−yNy have been incomplete.17

Theory for the H-N-H center shown in Fig. 1 predicted four
wagging modes, two in-plane wags and two out-of-plane
wags. Of these, the highest and lowest frequencies arise from
the in-plane wags.18 This result helps us to clarify the assign-
ments of the wagging modes seen in GaAs1−yNy and
GaP1−yNy treated with H or D.

Calculations18 including anharmonic corrections predicted
the presence of two in-plane wagging modes with frequen-
cies in GaAs1−yNy :H at 1333 and 606 cm−1 and two out-of-
plane wagging modes at 1086 and 1046 cm−1. The corre-
sponding harmonic frequencies for these modes are given in
Table III. Because the calculated harmonic frequencies for
these modes in both GaAs1−yNy :H and GaP1−yNy :H are so
similar, it should be fruitful to use comparative results from
both systems to deduce assignments of experimental fre-
quencies.

D. Wagging modes: Experiment

An H vibrational line at 1447 cm−1 and its D counterpart
at 1076 cm−1 were previously assigned to N-H and N-D
wagging. An additional line was seen at 798 cm−1 in deuter-
ated samples, but no H counterpart was found, making the
assignment of this line to a D-wagging mode uncertain.
Spectra of the 1076 and 798 cm−1 lines that were observed
for a deuterated GaAs0.9913N0.0087 sample are shown in
Fig. 8.

Spectra for GaP0.993N0.007 samples that had been treated
with H or D are shown in Fig. 9. For the hydrogenated
GaP0.993N0.007 sample, there are two lines at 1458 and

TABLE III. Harmonic vibrational frequencies �in units cm−1�
calculated for the hydrogen and deuterium vibrational modes of the
H-N-H, H-N-D, D-N-H, and D-N-D centers in GaAs1−yNy and
GaP1−yNy. Because of the absence of anharmonic corrections, these
results should not be compared directly to experiment. Rather, their
value is in comparison within and between the two systems.

System Type GaP GaAs

H-N-H Stretch 3171 3298

3003 3084

In-plane wag 1718 1674

682 765

Out of plane 1217 1271

1142 1156

H-N-D Stretch 3021 3085

2300 2403

In-plane wag 1521 1485

573 649

Out of plane 1217 1269

828 845

D-N-H Stretch 3158 3297

2201 2247

In-plane wag 1501 1477

580 643

Out of plane 1142 1163

874 923

D-N-D Stretch 2311 2409

2184 2241

In-plane wag 1242 1221

518 581

Out of plane 878 942

823 828

FIG. 8. Absorbance spectra measured near 4.2 K with a reso-
lution of 1 cm−1 showing the D-wagging modes for a
GaAs0.9913N0.0087 sample. The lower spectrum was measured for a
sample that had been deuterated with a dose 3�1018 ions /cm2 and
the upper spectrum was measured for a sample treated with both H
and D with a dose 3�1018 ions /cm2.
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1069 cm−1. For the deuterated sample, there is a line at
1082 cm−1 that is the D counterpart of the 1458 cm−1 line.
These IR lines are eliminated by an anneal at 400 °C, similar
to the behavior of both the N mode at 496 cm−1 �Fig. 4� and
the H-stretching lines �Fig. 7�, providing support for their
assignment to the same H-N-H defect that is responsible for
the shift in band gap energy for GaP1−yNy. The frequencies
of the lines seen for GaP0.993N0.007 are given in Table I.
A comparison with the predictions of theory suggests the
assignment of the 1458 cm−1 line seen for hydrogenated
GaP0.993N0.007 to the high-frequency, in-plane, N-H wagging
mode, and a similar assignment for the 1447 cm−1 line seen
for GaAs1−yNy. The D counterparts of both of these lines are
assigned to the corresponding in-plane, N-D wagging modes.

The vibrational spectrum seen for GaP1−yNy :H comple-
ments the results seen for GaAs1−yNy :H. The 1069 cm−1 line
seen for hydrogenated GaP1−yNy is a candidate for an addi-
tional N-H wagging mode. The D-wagging counterpart of
the 1069 cm−1 line has not been observed in deuterated
GaP1−yNy because of interference with phonon-related ab-
sorption. However, the unassigned line at 798 cm−1 seen for
GaAs1−yNy :D is near the frequency that would be expected
for the N-D wagging counterpart of the 1069 cm−1 N-H wag-
ging line. Therefore, it seems reasonable to assign the
1069 cm−1 line seen in GaP1−yNy :H to one of the out-of-
plane, N-H wagging modes predicted by theory for the
H-N-H complex and the 798 cm−1 line seen in GaAs1−yNy :D
to an out-of-plane N-D wagging mode for the D-N-D com-
plex.

The appearance of an N-H wagging line at 1069 cm−1 in
GaP1−yNy :H with no corresponding feature in GaAs1−yNy :H
prompted a closer examination of the vibrational spectrum of
GaAs1−yNy :H because the IR spectra of these materials are,
otherwise, so similar. Spectra measured for the N-H wagging
region of GaAs0.9913N0.0087:H are shown in Fig. 10. A strong
N-H wagging line is seen at 1447 cm−1 and is eliminated by

annealing near 400 °C, similar to other lines of the H-N-H
centers seen in GaP1−yNy :H and GaAs1−yNy :H. Two addi-
tional lines are seen at 1068 and 1057 cm−1. Their correspon-
dence to the 1069 cm−1 line in GaP1−yNy :H and to predic-
tions of theory18 suggests their assignment to the two out-of-
plane wag modes. These lines are approximately seven times
weaker than the 1447 cm−1 line, explaining why they had not
been seen in previous experiments. They are also eliminated
by an anneal at 400 °C, supporting their assignment to the
same H-N-H complex.

Why are not the same wagging lines seen in both
GaP1−yNy :H and GaAs1−yNy :H? One possibility is that in
GaP1−yNy, one of the out-of-plane wag modes is consider-
ably more intense than the second which, therefore, has not
been observed. If the two out-of-plane wagging modes were
to be accidentally close in frequency, they could be coupled
by anharmonic interactions and share their intensity. Such an
accidental coupling of the out-of-plane wagging modes
would explain why two lines are seen only in GaAs1−yNy :H
and also why each of these individual lines is weaker than
the other lines assigned to wagging-mode vibrations in both
GaP1−yNy and GaAs1−yNy.

We have also attempted to observe the wagging-mode
spectrum for the GaAs0.9913N0.0087 sample treated with H and
D. Only the in-plane D-wagging mode at 1076 cm−1 gave
rise to a new, dynamically decoupled line at 1062 cm−1 �Fig.
8�. This result shows that the wagging modes are also vibra-
tionally coupled. There is no additional line seen in the same
sample associated with the out-of-plane wagging mode at
798 cm−1, suggesting that the 1076 cm−1 D-wagging mode is
coupled to the other in-plane wagging mode that is predicted
to lie at much lower frequency.

A Fermi resonance interaction38 of the second harmonic
of the in-plane wagging mode and an N-H stretching mode
confirms that both modes are associated with the same
H-N-H defect. For example, Fig. 5 shows a weak line at
2891 cm−1 for a hydrogenated GaP1−yNy sample �with Fig.
6�a� showing its counterpart at 2150 cm−1 for a deuterated
sample�. This weak line is assigned to the second harmonic
of the 1458 cm−1 line whose intensity is strengthened by

FIG. 9. Absorbance spectra measured near 4.2 K with a reso-
lution of 1 cm−1 showing �a� the D wagging mode for a deuterated
GaP0.993N0.007 sample �with dose 1�1019 ions /cm2� and �b� the
H-wagging modes for a hydrogenated GaP0.993N0.007 sample �with
dose 1.5�1019 ions /cm2�.

FIG. 10. Absorbance spectra measured near 4.2 K with a reso-
lution of 1 cm−1 showing the H-wagging modes for a hydrogenated
GaAs0.9913N0.0087 sample �with a dose 3�1018 ions /cm2� that was
subsequently annealed �30 min� at the temperatures shown.
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Fermi resonance,38 i.e., by an anharmonic interaction with
the 2955 cm−1 N-H stretching mode. The situation is similar
to GaAs1−yNy where the line at 2868 cm−1 �Table II� was
assigned to the second harmonic of the wagging mode at
1447 cm−1 whose intensity is strengthened by Fermi reso-
nance with the 2967 cm−1 stretching mode.17

E. Uniaxial stress

The vibrational lines of the D-N-D center were measured
as a function of applied uniaxial stress for stresses up to
�200 MPa for the �100� and �110� stress directions for ori-
ented GaAs0.993N0.007 samples that were grown on a 2 mm
thick GaAs substrate. Only the 2217 cm−1 line showed ap-
preciable shifts under stress compared to the IR linewidths of
roughly 3–9 cm−1. Spectra for the 2217 cm−1 line measured
as a function of stress are shown in Fig. 11. The 2217 cm−1

line is split into two components with different polarization
dependences for both the �100� and �110� stress directions.
These results are inconsistent with a trigonal defect such as
H2

* which would not show a splitting of the spectral line for
a nondegenerate vibrational mode for a �100� applied stress.
The data in Fig. 11 reveal a symmetry for the D-N-D com-
plex that must be C2v or lower.39 Unfortunately, the widths of
the lines do not permit the resolution of the additional split-
tings that would be characteristic of a defect with C1h sym-
metry required by our analysis of the vibrational spectra.

IV. CONCLUSION

In conclusion, both the experimental and theoretical re-
sults for hydrogenated GaP1−yNy are remarkably similar to

previous results17,18 for GaAs1−yNy. The vibrational spectrum
observed for hydrogenated GaP1−yNy shows two N-H
stretching lines at 3202 and 2955 cm−1. Spectra measured for
samples that contain both H and D show that these N-H lines
are due to a defect with two weakly coupled N-H modes.
Density functional theory predicts a canted H-N-H defect
structure with C1h symmetry and vibrational properties that
are in good agreement with experiment. Corresponding N-D
lines are also observed and are explained similarly.

The wagging-mode spectra seen for GaP1−yNy comple-
ment previous results17 for GaAs1−yNy. In addition to a
hydrogen-wagging mode at 1458 cm−1, there is a second
wagging mode at 1069 cm−1 in hydrogenated GaP1−yNy that
had not been seen previously for GaAs1−yNy. Theory sug-
gests the assignment of the 1458 and 1069 cm−1 lines to
in-plane and out-of-plane wagging modes, respectively.

A closer examination of hydrogenated GaAs1−yNy
revealed two weak lines at 1068 and 1057 cm−1 in addition
to the in-plane wagging mode at 1447 cm−1 reported
previously.17 The 1068 and 1057 cm−1 lines are assigned to
out-of-plane N-H wagging modes. The assignment of the
wagging modes for both GaP1−yNy and GaAs1−yNy provides
further support for an H-N-H center with C1h symmetry. The
formation of an H-N-H center and the absence of H2

*�N� in
both GaP1−yNy and GaAs1−yNy show that the experimental
results found previously17 for GaAs1−yNy by vibrational
spectroscopy are not anomalous but, instead, are general to
hydrogenated III-N-V materials.

In spite of the progress that has been made toward under-
standing the dominant nitrogen- and hydrogen-containing
defects in the hydrogenated III-N-V alloys, open questions
remain. Defect structures containing more than two hydro-
gen atoms per nitrogen atom have been predicted22 and re-
cent experimental results21,23,24 also suggest that additional
hydrogen can be added to the basic H-N-H structure that is
required to explain the band gap shift caused by hydrogen.
The experimental results reported here for samples hydro-
genated at 300 °C can be explained by an H-N-H complex.
If additional H atoms are present, their vibrational coupling
to the H-N-H core must be weak. Experiments are planned to
investigate whether these additional H atoms will be present
when hydrogenation treatments are carried out at lower tem-
peratures. Moreover, calculations of possible structures and
their vibrational properties are in progress. We anticipate that
complementary studies by vibrational spectroscopy and
theory will continue to play an important role in answering
these questions.
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FIG. 11. Effect of stress applied along the �a� �100� and �b�
�110� directions for the 2217 cm−1 line of the D-N-D defect in
GaAs0.9913N0.0087. Spectra were measured with polarized light �for a
viewing direction along �001�� near 5 K with a resolution of
1 cm−1. The magnitude of the applied stress is given in units MPa
and the polarization directions are shown.
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