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Vibrational spectroscopy of hydrogenated GaAs1ÀyNy: A structure-sensitive test
of an H2* „N… model
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The N- and H-vibrational modes in hydrogenated GaAs12yNy alloys have been studied by infrared absorp-
tion spectroscopy. Data for samples containing both H and D show that the dominant defect complex seen in
the infrared spectrum of hydrogenated GaAs12yNy contains two weakly coupled N-H stretching modes. This
conclusion is inconsistent with the predictions of theory for an H2* (N) defect that has been proposed recently
to explain the properties of H in GaAs12yNy and InxGa12xAs12yNy alloys.
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The III-N-V alloys, especially GaAs12yNy and
InxGa12xAs12yNy , have been the subject of tremendous
cent interest because of a large reduction of the band
energy that occurs for N concentrations of the order of a
percent.1–3 Quaternary alloys of InxGa12xAs12yNy with
band-gap energieslessthan that of GaAs can be grown la
tice matched to GaAs, making the use of these alloys att
tive for a wide variety of applications that includes lon
wavelength lasers for telecommunications1,4 and
multijunction solar cells.1,5 Hydrogen is a common impurity
in semiconductors that can be introduced intentionally or
is often the case, unintentionally during crystal growth a
processing.6,7 The hydrogenation of GaAs12yNy and
InxGa12xAs12yNy , unlike for most other semiconductor
gives rise to a remarkable increase of the band-gap ene
eliminating the reduction in energy caused by N.8–10 This
effect of H can be reversed by a thermal anneal at a temp
ture near 500 °C. Several groups have performed calculat
that find that a hydrogen dimer known as H2* is stabilized
by N in GaAs and GaP.11–14 Furthermore, the formation o
this defect H2* (N) has been proposed to be the cause of
increase of the band-gap energies of GaAs12yNy and
InxGa12xAs12yNy upon hydrogenation.11–14Until now, there
have been no experimental data that test the microsc
defect models that have been proposed to explain the sur
ing effect that H has on the band-gap energies of dilute
N-V alloys. In the present paper, we report the results of
infrared ~IR! absorption study of N- and H-containing d
fects that are produced in GaAs12yNy by hydrogenation.

A nitrogen impurity on the group-V site is isoelectronic
III-V semiconductors and has been of long interest. For
ample, N introduces a localized potential that binds excit
in GaP:N.15 H has been found to interact with N in GaP a
GaAs and affects the luminescence of N-bou
excitons.9,10,16 H-stretching modes of N-H centers in Ga
and in GaAs have been observed17,18 and a few attempts a
assignments have been made.11,12,17–19Of particular interest
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is an assignment made by Clerjaudet al. who suggested a
trigonal HAB-N-HBC structure, in which both the antibondin
and bond-centered H atoms are bonded to the same N a
to explain their vibrational data.17,18

Several groups have performed theoretical calculati
that show that a trigonal HAB-N-HBC defect with both H
atoms bonded to N is unstable in GaP and GaAs and tha
H2* (N) defect with one H atom bonded to N and a second
atom bonded to Ga would form spontaneously.11–14,19Two
configurations are predicted~Fig. 1!, a2H2* (N) and
b2H2* (N), with the former having been found to b
slightly lower in energy~;0.1 eV/H atom!.11–14 The vibra-
tional properties of both H2* (N) configurations also have
been predicted.11,12,19 For the a2H2* (N) defect in either
GaAs or GaP, theory finds frequencies near 3150 and 2
for N-HAB and Ga-HBC stretching modes, respectively, and
frequency near 1000 cm21 for N-HAB wagging. For the
b2H2* (N) defect in GaP, theory also finds a high frequen
for N-HBC ~3147 cm21!, and frequencies of 1683 and 85
cm21 for the stretching and wagging modes of Ga-HAB . Two
groups argued that the vibrational lines seen by Clerja
et al. are due to N-H centers with a single H atom,12,19while
another suggested that these lines are due to H2* (N).11 The
assignment to a center with a single H atom seems prefer

FIG. 1. The~a! a2H2* (N) and ~b! b2H2* (N) complexes in
GaAsN or GaPN.
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because the N-H centers seen by Clerjaudet al. were found
to be electrically active,17,18 which is inconsistent with
H2* (N) configurations which are predicted to be electrica
inactive.11–14,19

In the present paper, vibrational lines different from tho
studied previously17,18 are reported for hydrogenated an
deuterated GaAs12yNy alloys. The samples used for our e
periments were slightlyp-doped GaAs12yNy epilayers,
300-nm thick and withy50.008, that were grown on un
doped GaAs substrates by solid source molecular beam
taxy. A few additional samples, 670-nm thick and withy
50.002, were also studied. Hydrogenation or deutera
was performed with a Kaufman ion source with the samp
held at 300 °C. The ion energy was 100 eV and current d
sities of;10 mA/cm2 were used. IR absorption spectra we
measured over the range 350 to 4000 cm21 with a Bomem
DA.3 Fourier Transform spectrometer. Photoluminesce
~PL! measurements were performed with the 515-nm l
of an Ar1 laser, a grating monochromator, and a coo
Ge detector.

The hydrogenation~or deuteration! of GaAs12yNy gives
rise to new H-~or D-! vibrational lines. Figure 2 shows spe
tra for several D vibrational lines that were seen for a d
terated GaAs0.992N0.008 sample. Similar H-vibrational spec
tra, shifted to higher frequency by a factor approximat
equal to (mD /mH)1/2, were seen for hydrogenated samp
with y50.008 andy50.002. The frequencies of these a

FIG. 2. Vibrational spectra showing the D modes f
GaAs0.992N0.008 samples measured at 4.2 K with a resolution o
cm21. The lower spectra are for a sample deuterated with a dos
231018 D1/cm2. The upper spectra are for a sample treated w
both H (231018 H1/cm2) and D (231018 D1/cm2).
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sorption lines are listed in Table I. The intensity of the pri
cipal D modes shown in Fig. 2 is consistent with a conce
tration of deuterated defects equal to the N concentratio
the sample and an absorption strength that is typical of lo
vibrational modes.20,21 ~A line at 2015 cm21 in hydrogenated
samples and lines at 2233 and 798 cm21 in deuterated
samples were consistently seen. We found no correspon
lines in samples containing the alternative hydrogen isoto!

The high frequencies of the absorption lines at 3195 a
2967 cm21 are characteristic of the stretching modes of
strongly bonded to a light element such as N~or O! and are
at much higher frequencies than might be expected for G
stretching which has a typical frequency near 1800 cm21.22

The line at 1447 cm21 has a frequency somewhat small
than is characteristic of an N-H bending mode in an amm
nia molecule~1627 cm21!, suggesting an assignment to a
N-H wagging mode.23 Similarly, the vibrational lines at 2376
and 2216 cm21 shown in Fig. 2 for a deuterated sample ha
frequencies characteristic of N-D stretching, and the 10
cm21 line has a frequency near that of N-D bending in a
monia. Furthermore, the frequency ratior 5vH /vD is sensi-
tive to the atom to which the H is attached and, for all of t
modes in Table I for which both H and D lines have be

of
h FIG. 3. Vibrational spectra showing the N mode f
GaAs0.992N0.008 samples measured at 4.2 K with a resolution of
cm21. Spectra for an as-grown sample and a sample hydrogen
with a dose of 231018 H1/cm2 are shown in~a!. Difference spectra
for hydrogenated and deuterated~with dose 231018 D1/cm2)
samples are compared in~b!.
nd
g

TABLE I. Vibrational frequencies~in units cm21! for the H and D modes seen in hydrogenated a
deuterated GaAs0.992N0.008. The frequency ratior 5vH /vD is given for those modes for which correspondin
H and D lines were found. Weak lines are indicated by a~w!.

vH 3195 2967 2868(w) 2015 1447
vD 2376 2233(w) 2216 2137(w) 1076 798
r 1.345 1.339 1.342 1.345
9-2
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identified, is close to 1.34. This value forr is very similar to
what has been observed previously for N-H modes
semiconductors24 and is smaller than has been observed p
viously for Ga-H stretching modes withr 51.39.22,25

The nature of the high frequency H and D modes is
vealed further by spectra measured for samples that
tained both H and D. We focus on the D-vibrational lines
2376 and 2216 cm21 ~Fig. 2!. For a sample containing H an
D, two additional D-stretching lines appear at a reduc
separation compared to the lines in the sample contain
only D. One line is clearly resolved and appears at 23
cm21. A second line appears as a shoulder at 2221 cm21.
~Spectra for the H-stretching region for the sample that c
tained H and D show a new H-stretching line at 3192 cm21

that is the isotopically shifted partner of the 2366 cm21 line.
A line isotopically shifted from the shoulder at 2221 cm21

was not clearly seen in the H-stretching spectrum becaus
the poor signal to noise ratio at the expected frequency
sition due to absorption arising from the small concentrat
of oil vapor and organic contamination that is present in
spectrometer.! The appearance of two new lines with reduc
separation upon the introduction of H and D strongly su
gests that the D-stretching lines at 2376 and 2216 cm21 are
due to a single defect complex and that this complex c
tains two coupled D atoms. In this case, for the correspo
ing defects that contain both H and D, the stretching mo
are dynamically decoupled to produce the new lines shi
toward the average position of the coupled modes. Sim
considerations are presumed to apply to the correspon
H-stretching modes at 3195 and 2967 cm21.

There is also a weak line present in the D spectrum
2137 cm21. This frequency is 15 cm21 less than twice the
frequency of the 1076 cm21 line. These frequency position
suggest that the presence of the weak line at 2137 cm21 is
due to a Fermi resonance interaction20 between the secon
harmonic of the 1076 cm21 line and the 2216 cm21 line from
which it derives its intensity. The Fermi resonance inter
tion requires that the modes be weakly coupled and, th
fore, that the 1076 and 2216 cm21 lines belong to the sam
defect complex. Similar considerations apply to t
H-stretching spectra where strong lines at 1447 and 2
cm21 are seen along with a weak line at 2868 cm21. The
frequency of the 2868 cm21 line is at 26 cm21 less than
twice the frequency of the 1447 cm21 line, suggesting tha
the weak 2868 cm21 line is due to a Fermi resonance inte
action between the second harmonic of the 1447 cm21 line
and the strong 2967 cm21 line of the complex.

The behavior of the H and D lines reported here is
markably similar to what was seen previously for the vib
tional modes of the H2* defect in Si~which consists of HAB
and HBC atoms, lying along a trigonal axis, bonded to near
neighbor Si atoms!.26 For H2* in Si, the stretching vibra-
tional modes of HBC and HAB are coupled and additiona
dynamically decoupled modes are produced in samples
contain both H and D. Furthermore, the second harmoni
the wagging mode of HAB shows a Fermi resonance intera
tion with the stretching mode. Therefore, it might be tem
ing to assign the lines seen in GaAs12yNy to an H2* (N)
complex. However, in contrast to our experimental findin
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both a2H2* (N) andb2H2* (N) are expected to have on
N-H mode near 3150 cm21 and a second Ga-H mode be
tween 1650–2100 cm21.11,12,19The presence of two high fre
quency N-H modes is inconsistent with the vibrational pro
erties predicted for either configuration of H2* (N). We
have considered the possibility that botha2H2* (N) and
b2H2* (N) configurations might be produced in ou
samples to explain the observation of two high frequen
modes. The vibrational spectra measured for samples
contained H and D and their interpretation, however, sugg
that the principal D modes at 2376, 2216, and 1076 cm21 all
belong to a single defect and similarly for the correspond
H modes at 3195, 2967, and 1447 cm21. Furthermore, the
corresponding H and D modes all have frequency ratios
are consistent with N-H vibrational modes.

A vibrational band at 471 cm21 that can be seen by IR o
Raman spectroscopies for GaAs12yNy was assigned previ
ously to N on the As site.27–29 Figure 3~a! shows that the
nitrogen band at 471 cm21, initially present in as-grown
GaAs12yNy without H, disappeared when the sample w
hydrogenated. The 471 cm21 band is seen as a negative a
sorption peak in difference spectra@Fig. 3~b!#, where the
spectrum for the sample without H~or D! is subtracted from
the spectrum of the sample with H~or D!. When the 471
cm21 band is removed by deuteration, a weak new abso
tion band at 505 cm21 appears, seen as an upward-goi
feature in the spectrum. There also might possibly be a lo
frequency mode in the hydrogenated sample at 495 cm21.
This band, if present, is weak, making its unambiguous id
tification difficult.

The intensities of the N-related modes near 500 cm21 and
the H or D modes at higher frequency were studied fo
series of isochronal~30 min.! anneals. For a deuteratere
GaAs0.992N0.008 sample, the absorption of the 471 cm21 N
band was restored by a 30 min anneal at 500 °C with
concomitant disappearance of the weak IR line at 505 cm21

along with the D-vibrational lines listed in Table I. The ban
gap of GaAs0.992N0.008, as monitored by PL for the sam
sample, recovered in steps as the annealing temperature
increased up to a temperature of 500 °C where the band
energy of GaAs0.992N0.008without D was fully recovered. We
have also examined the introduction of the D-vibration
lines as a function of increasing D dose. For successive d
of 131017, 131018, and 231018 D1/cm2, all of the D lines
increased in intensity together while the 471 cm21 N band
became successively weaker. All of these results show
the presence of the H and D lines reported here is correl
with the changes in the band-gap energy and intensity of
N mode.

In summary, the formation of an H2* (N) defect has been
proposed by several theoretical groups to explain the ef
of hydrogenation on the band-gap energy of GaAs12yNy and
InxGa12xAs12yNy alloys.11–14 The conclusion that the prin
cipal defect seen by IR spectroscopy for hydrogena
GaAs12yNy contains two N-H stretching modes follow
naturally from an interpretation of vibrational spectra me
sured for GaAs12yNy containing both H and D and is diffi
cult to reconcile with the predictions of theory11,12,19for the
9-3
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vibrational properties of H2* (N). The trigonal HAB-N-HBC

configuration proposed by Clerjaudet al.17,18 would provide
a simple explanation for the vibrational data, although t
configuration is inconsistent with theory.11–14,19Additional,
alternative models are possible if defects with more than
N atom or symmetries lower than trigonal are consider
The results of our IR absorption study of the vibration
modes found in hydrogenated GaAs12yNy suggest that the
-V
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fascinating behavior of H in the III-N-V alloys is not ye
fully explained.
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