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Detailed structure of the H-N-H center in GaAs,N,_,

revealed by vibrational spectroscopy under
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The H-N-H center in GaAs;_,N| that is responsible for the band-gap shift caused by H has been studied by
infrared spectroscopy in conjunction with uniaxial stress and by theory. Rich, microscopic details about its
canted structure are obtained. The splitting of the infrared lines confirms the C;;, symmetry of the defect and
yields a quantitative value for the canting angle of the center. The reorientation barrier of the defect is
estimated from stress-induced reorientation at temperatures near 30 K to be 96 meV.
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The addition of a few percent N causes a large reduction
in the band gap of the dilute III-N-V alloys GaAs,_,N, and
GaP;_,N,.!'> The further introduction of H into these dilute
alloys causes the band gap of the nitrogen-free host to be
recovered.’"® These remarkable effects have stimulated con-
siderable research on the basic physics of these materials and
their application in optoelectronic devices and for the fabri-
cation of nanostructures.->"~

Vibrational spectroscopy of the light elements N and H in
conjunction with theory has provided an excellent strategy
for probing the microscopic structures of the defects respon-
sible for the unusual band-gap shift of the dilute III-N-V
alloys caused by H.!®!! The infrared (IR) absorption spec-
trum of GaAs;_,N,:H shows strong absorption lines at 1447
(1076), 2967 (2217) and 3195 (2376) cm™!. (The deuterium
isotope is, in fact, more convenient for our studies and gives
the vibrational frequencies that are shown in parentheses.)
An IR study of GaAs,_,N, that had been treated with both H
and D revealed that the defect causing the recovery of the
band gap gives rise to two inequivalent, weakly coupled N-H
stretching modes. '’

Several groups performed calculations that initially sug-
gested nitrogen-stabilized H structures with one H atom at a
bond-centered site and a second H at an antibonding site
along the same (111) axis to explain the band-gap shifts
caused by H.'>"'7 However, these H5(N) structures were
found to be inconsistent with the vibrational properties of
GaAs,_,N,:H that were subsequently measured.!®!! Alterna-
tive H-N-H structures with C,, symmetry or with a canted
C, geometry (Fig. 1) have been proposed.'®~?! The observed
vibrational properties are most consistent with the canted
H-N-H structure with C;, symmetry. The 2967 and
3195 cm™! lines have been assigned to two weakly coupled
N-H modes of the H-N-H defect and the 1447 c¢cm™' line has
been assigned to an in-plane wagging mode.'!

While a canted H-N-H defect can explain the observed IR
properties, its structure has been challenging to probe experi-
mentally and has remained controversial. A study of
GaAs;_,N,:H by x-ray absorption near-edge structure spec-
troscopy (XANES) and theory found that defects with C,, or
“asymmetric C,,” symmetry are consistent with the observed
XANES spectra.”!?> And a recent IR study has proposed that
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the two N-H stretching modes are associated with different
defects? (although the critical experiments on defects con-
taining both H and D that revealed the coupling of these N-H
modes were not performed in this study). There is also evi-
dence for related defects that contain three or four
hydrogens.?*-%¢ In the present paper, the perturbation of the
vibrational properties of GaAs;_,N,:D by uniaxial stress
provides an elegant experimental strategy for verifying the
D-N-D structure proposed by theory and for revealing rich,
microscopic detail about its canted structure.

A GaAs,_ N, epitaxial layer was grown by plasma-
assisted, solid-source molecular-beam epitaxy on an undoped
(001) GaAs substrate. A 2-um-thick GaAs,_,N, layer with

=0.15% was grown on a l-um-thick GaAs buffer layer.
The substrate was 2 mm thick so that samples suitable for
uniaxial stress measurements could be prepared. Hydrogena-
tion or deuteration of samples was performed with a Kauf-
man ion source with samples held at 300 °C. The ion energy
was 100 eV and current densities of ~10 wA/cm? were
used. Photoluminescence measurements were performed to
confirm the band-gap shifts caused by H or D. Following
hydrogenation at 300 °C, epitaxial GaAs,_,N, has been
found to have the lattice constant of the GaAs substrate

IR absorption spectra were measured with a Bomem
DA.3 Fourier-transform spectrometer equipped with a KBr

<001>

FIG. 1. (Color online) The relaxed D-N-D defect in GaAsl_) 5
(Ref. 18). The angle, 6, of the N-D bond of the defect that gives rise
to the 2217 cm™' line is measured with respect to the (001) axis
that is perpendicular to the (110) primary symmetry axis of the Cy,
center.
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beam splitter and an InSb detector. The IR frequency range
near 2250 c¢cm™', where the D-stretching modes occur, yields
spectra with a substantially greater signal-to-noise ratio than
the frequency range where the corresponding H modes oc-
cur; therefore, we have chosen to focus primarily on the
D-N-D complex. Uniaxial stress was applied with a push rod
apparatus that was cooled in an Oxford CF 1204 cryostat
using He contact gas. The probing light was polarized with a
wire grid polarizer that was placed in the IR beam path after
the cryostat. GaAsg 935N 0015 sSamples for stress experiments
were prepared with dimensions 2X3.5X 12 mm?®. For
samples with an aspect ratio>3:1 and end surfaces carefully
prepared to be flat and parallel, the stress in the center sec-
tion of the sample where IR measurements are made is
uniaxial throughout its thickness. For an epitaxial layer
grown on a (001) substrate, samples could be prepared for
stresses to be applied along [100] or [110] directions and
with the probing light incident along the [001] direction.

Theoretical calculations were performed as extensions of
those reported in Refs. 11 and 19 and were carried out with
the CRYSTAL2006 code?’ using density-functional theory with
a gradient-corrected approximation to the exchange-
correlation functional (Becke exchange®® with 20% Hartree-
Fock, Lee-Yang-Parr correlation,?? 90% nonlocal exchange,
81% nonlocal correlation; potential B3LYP). The calcula-
tions were carried out in a periodic supercell with two hy-
drogen impurities and 54 host atoms with a computed GaAs
lattice constant of 5.77 A. A 4X4X4 k-point mesh of
Monkhorst-Pack® type was used. The self-consistent-field
energy convergence criterion was 10~/ hartree.

Gaussian  basis  functions®® 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 and arsenic, most of the calculations
utilized Barthelet-Durand®?> pseudopotentials, with corre-
sponding basis functions.

Two different types of stress experiments have been
performed.’®3* In the first set of experiments, stress is ap-
plied to samples at 4.2 K where we have found the D-N-D
center to be static and unable to reorient among its possible
configurations on the time scale of the IR measurements. The
applied stress causes centers along directions that have been
made inequivalent to have different vibrational frequencies.
In the second set of experiments, stress is applied at elevated
temperatures to probe whether the D-N-D center is able to
reorient.

Figure 2 shows spectra of the 2217 cm™' line of the
D-N-D complex for GaAsjgogsNgoo1s:D samples with
stresses applied along the [110] and [100] directions.® The
second derivatives of these spectra are also shown to help
reveal the stress-induced splittings that have been found. For
the [110] stress direction, the 2217 cm™! line is split into two
components (e, and e,) that are seen for both polarizations of
the probing light. For the [100] stress direction, the
2217 cm™! line is again split into two components (a and b)
with the component shifted to lower frequency (a) seen pri-
marily for the polarization parallel to the stress and with the
component shifted to higher frequency (b) seen primarily for
the polarization perpendicular to the stress. To determine the
positions and relative intensities of the stress-split compo-
nents, we have fit the spectra shown in Fig. 2 with Pearson
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FIG. 2. (Color online) Effect of stress applied along the [110]
and [100] directions for the 2217 cm™! line of the D-N-D defect in
GaAs).9935N go15- Spectra (shown by open circles) were measured
near 4 K with a resolution of 1 cm™'. The results of fits to the
individual split components are shown by the solid line superposed
on the measured IR data. The upper trace in each panel shows the
second derivative of the measured spectrum. The incident light was
polarized with the directions of the electric vector that are shown.
The magnitudes of the stresses along the [110] and [100] directions
were 230 MPa and 250 MPa, respectively.

IV line shapes® to account for the observed asymmetry of
the lines. A fit was first made to a spectrum measured at zero
stress to determine the asymmetry parameters of the line
shape. The fits shown in Fig. 2 were then made for spectra
measured under stress using the same asymmetry parameters.
The other N-H(D) lines in the IR spectrum are affected only
weakly by stress and did not show splittings that could be
resolved.

The symmetry of the center and the direction of its tran-
sition moment can be determined from the number of stress-
split components and their relative intensities. The stress-
splitting patterns for centers with different point groups are
given in the classic work of Kaplyanskii.’” Results for de-
fects with the C;, point group are of particular interest here
and are given by Davies et al.3® For the spectra shown in Fig.
2, the number of components and their relative intensities are
characteristic of the C;;, point group. A center with the C;,
point group has a primary axis along the (110) direction that
is normal to the reflection plane of the center (for the defect
being studied here in the direction normal to the plane of the
D-N-D center shown in Fig. 1). A transition moment for an
electric dipole transition can be oriented along the main sym-
metry axis or can lie in the reflection plane that is normal to
this axis (i.e., in the plane of the D-N-D center) without any
further restriction on angle imposed by symmetry. The rela-
tive intensities of the stress-split components have been de-
termined by Davies ef al.?® as a function of the angle  of the
transition moment in the reflection plane. The angle 6 is
measured with respect to the (001) direction that is perpen-
dicular to the (110) primary axis of the defect.

The shift rates of the components of a C;, center that can
be studied with the sample orientations available to us are
shown in Table I. The line splittings for a C;, center
can be characterized by four shift rates, A}, A,, A3, and Ay.
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TABLE 1. Uniaxial stress perturbations for a Cy;, center for the
[100] and [110] stress directions and a [001] viewing axis. The
columns on the right give the theoretical results for the intensities of
the stress-split absorption lines for specific angles of the transition
moment direction that lies in the plane that is normal to the main
(110) symmetry axis of a C;;, center. Results are given for 6=0°
(left column) and 6#=7° (right column), where 6 is the angle be-
tween the transition moment direction and the (001) axis perpen-
dicular to the (110) symmetry axis of the center. See Ref. 38.

Stress Component Shift rate El100:E[010
[100] a Ay 4:0 3.9:0.03
A, 0:4 0.06:4.0
Ell110:El110
[110] € (A1+A2)/2—A4 2:2 2.3:1.6
€ (A1+A2)/2+A4 2:2 1.6:2.3
f Ay—As 0:0 0.03:0.03
g Ay+A;z 0:0 0.03:0.03

From our data, we find A;=—6.4+2 cm™!/GPa, A,
=9.6*+2 cm~!/GPa, and A,=6.9+2 cm~'/GPa. A5 cannot
be determined from our data because the components g and f
have intensities too small to be seen for the sample orienta-
tions used in our experiments (see Table I). The sign of A,
can be positive or negative.

The angle of the transition moment can be determined
from the relative intensities of the stress-split components
and the results reported by Davies et al.’® We find that the
relative intensities of the components shown in Fig. 2 are
consistent with a transition moment lying in the D-N-D plane
and oriented with an angle 6 of only a few degrees (see Table
I). The two components, €, and e,, seen for the [110] stress
direction have relative intensities of 1.45:1 for EIl110 and of

1:1.36 for Ell110. These relative intensities yield a transition
moment with angle 6=7° =4°. (The calculated intensity ra-
tio, 2.3/1.6, shown in Table I for the e; and e, components of
a C,, center®® with #=7° is equal to 1.4/1, consistent with
our experimental data. The error in the angle 6 was deter-
mined from an estimate of the error in the intensity ratios
determined from the fits to the line shapes seen for [110]
stress.) For @ small, the intensities of the components f and g
are predicted to be negligibly small, consistent with our re-
sults. For the [100] stress direction, we have used the pre-
dicted relative intensities of the a and b components for 6
=7° (Table I) to produce a satisfactory fit to the spectra
shown in Figs. 2(c) and 2(d).

Previous IR results for the D-N-D center where one of the
D atoms was replaced by H showed that the frequencies of
the dynamically decoupled modes of the D-N-H and H-N-D
centers were shifted by only a few inverse centimeters. This
experimental result is characteristic of two inequivalent N-D
modes that are only weakly coupled, a conclusion that is
consistent with model calculations of the D-N-D center’s vi-
brational properties.!®!! In this case, an independent oscilla-
tor model is appropriate and the angle of the transition mo-
ment reveals the angle 6 of the N-D bond of the D-N-D
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FIG. 3. Effect of [110] stress (230 MPa) on the relative intensi-
ties of the components of the 2217 cm™! line of the D-N-D center
in GaAs( g9g5Ng 0015- Stress was applied initially at 4 K. The sample
was then annealed for 30 min with the stress maintained at the
successively higher temperatures that are shown. The infrared spec-
tra shown were measured at 4 K with polarized light following each
anneal.

center shown in Fig. 1. The angle 6=7° *£4° found from
experiment may be compared with a value of 18° = 6° pre-
dicted from CRYSTALO6 calculations.

When [110] stress is applied at elevated temperature, we
have discovered that the relative intensities of the e; and e,
components are changed due to a stress-induced alignment
of the differently oriented components of the C;;, D-N-D
center (Fig. 3). The alignment produced by [110] stress oc-
curs because the e, and e orientations have different ground-
state energies under stress, a result that is also consistent
with the C;;, symmetry of the defect. These e; and e, com-
ponents are then populated according to their Boltzmann fac-
tors if sufficient time is allowed for equilibrium to be estab-
lished. Similar experiments performed for [100] stress did
not produced a change in the relative intensities of the a and
b components shown in Figs. 2(c) and 2(d), even for stresses
applied at temperatures as high as room temperature.

The discovery of a defect alignment produced by [110]
stress creates an opportunity to probe experimentally the en-
ergy lowering that results from the canting distortion of the
D-N-D center. To study the kinetics of the formation of this
alignment, a sample was cooled to 4 K prior to the applica-
tion of [110] stress at low temperature. This sample was then
annealed at successively higher temperatures with the stress
maintained. After each 30 min anneal, the sample was cooled
to 4 K for the measurement of an IR spectrum. The results of
these experiments are shown in Fig. 3 where it is seen that a
30 min anneal at 30 K produces a pronounced alignment of
the D-N-D center. The alignment is complete after the anneal
at 35 K and no further alignment was produced for anneals
performed with the stress maintained at higher temperatures.
An analysis of the data shown in Fig. 3 yields an alignment
of [I(ey)—1(e;)]/[1(e;)+1(e;)]=0.4 for a [110] stress of 230
MPa applied for 30 min at 40 K. I(e;) and I(e,) are the
intensities of the absorption lines for the e; and e, compo-
nents, summed over the parallel and perpendicular polariza-
tions, determined from fits to the line shapes.

For the C;;, model of the D-N-D center shown in Fig. 1,
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there are 12 possible center orientations.3”3® For the [110]
stress direction, four of these orientations give rise to the f
and g components that are not seen in our experiments. The
remaining eight orientations are broken into two groups, €,
and e,. For the e; and e, components, the (110) primary axes
of these defect orientations make the same angle (60°) with
respect to the [110] stress axis. For the model shown in Fig.
1, the e; and e, components differ in the sign of the cant
angle 6. The barrier between these inequivalent orientations
is determined by the energy of the relaxed symmetric con-
figuration, for which @ is predicted to be half of 96.9°, or
48.45°.

The rate, k, for the production of an alignment by [110]
stress is determined by the energy barrier between the in-
equivalent orientations and has been found to be 0.77
X 107 s7! (30 K) from the data shown in Fig. 3. This rate is
assumed to be due to thermally activated hopping over the
barrier between orientations and is given by the relationship,

k=V0 exp(—EA/kBT). (1)

The attempt frequency is taken to be v,=10"* s7!, a value
that is typical of a phonon frequency in GaAs. The barrier
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height E, is estimated to be 96 meV from Eq. (1) and the
reorientation rate found at 30 K. This may be compared with
a predicted value from CRYSTALO6 of 120 meV as the differ-
ence between the relaxed C,, defect configuration and the
zero-point energy of the relaxed canted state.*’

In conclusion, IR spectroscopy in conjunction with
uniaxial stress provides an experimental probe of the D-N-D
center in GaAs;_,N, that reveals quantitative microscopic
detail about its structure. The D-N-D center is canted to pro-
duce a structure with C;, symmetry. The discovery of stress-
induced alignment and the study of its formation kinetics
show that the canting distortion of the D-N-D center pro-
duces an energy lowering of 96 meV. These results provide
an experimental confirmation of the predictions of density-
functional theory for the microscopic properties of the
D-N-D center in GaAs,;_,N,:D that is responsible for the
remarkable shift of the band gap.
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