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Vibrational mode shifts as a measure of local strain in the dilute nitride semiconductor alloy
GaN,As_,
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The effect of an applied strain on the frequency of the localized vibrational mode associated with substitu-
tional nitrogen in the dilute nitride GaN,As;_, is calculated within first-principles density-functional theory,
using a supercell approach. Calculated values of the deformation potentials of frequency of the localized
nitrogen vibration mode for each irreducible component of the local strain are as follows: (I'; representation)
a=-1907 cm™!, (I'y representation) h=22 cm™', (I, representation) d=-741 cm™.
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I. INTRODUCTION

Dilute nitride alloys have attracted considerable attention
in recent years, both because of their unusual physical prop-
erties and their potential device applications. When a small
fraction of the As atoms in GaAs or InGaAs are replaced by
N, the energy gap of the material decreases rapidly; for ex-
ample by 150 meV when the N concentration is 1%.' This
makes InGaNAs one of the more promising materials for
long wavelength (1.3 and 1.5 um) telecommunications la-
sers based on a GaAs substrate,? and for extending the wave-
length range of GaAs-based solar cells further into the
infrared.’?

Due to the comparatively small mass of N (approximately
1/5 that of As or Ga) and the strength of the Ga-N bond, a
highly localized triply degenerate vibrational mode exists
about the N atom in the GaAs host lattice. Localized vibra-
tional mode (LVM) spectroscopy is a useful technique for
studying local bonding of impurities and impurity complexes
in semiconductors.*-® The LVM associated with substitu-
tional N in GaAs has been the subject of substantial experi-
mental work,”'? using Raman and IR spectroscopy.

Given the low-temperature, nonequilibrium conditions
that make the growth of dilute nitride materials possible,
phase segregation and inhomogeneous or other unwanted
strain are always a concern in relation to the material quality.
With regard to strain, one possibility would be to use the
nitrogen LVM as a local sensor of strain since the triply-
degenerate mode should shift and split under strain. In prin-
ciple, micro-Raman spectroscopy could be used to analyze
inhomogeneous variations in the strain components. How-
ever, such measurements of the mode splitting can only be
quantitatively translated into local strain if one knows the
strain deformation potentials of the nitrogen LVM. In this
Brief Report, we present calculations of these deformation
potentials.

The hydrostatic pressure dependence of the frequency of
the nitrogen LVM has been recently studied in Ref. 13 within
first-principles density-functional theory (DFT), using a su-
percell approach. The same method has been used to study
the effect of the substitution of nearest-neighbor gallium at-
oms with indium on the frequency of the LVM,'* and also to
calculate the phonon spectra of the high-frequency modes
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associated with substitutional nitrogen atoms in the random
alloy for different nitrogen concentrations."

In this Brief Report, we use the same theoretical tech-
nique to study the effect of applied strain on the frequency of
the LVM. When a strain is applied, the dynamical matrix
(DM) of the system changes, with associated changes in the
LVM frequency. Within the linear regime, this change in the
DM can be expressed in terms of three irreducible strain
Components,16 each with a characteristic deformation poten-
tial. The deformation potential links a strain of a given sym-
metry with the change in the same symmetry in the DM. In
the present work we calculate the deformation potentials of
the nitrogen LVM in GaAs for each irreducible component of
the local strain, using a first-principles supercell approach.
This extends the work of Ref. 13 to include the two distinct
types of uniaxial strain. With the calculated values of the
deformation potentials, it is in principle possible to estimate
the local strain in a GaN,As;_, sample by observing the av-
erage shift and splitting of the nitrogen LVM frequency, or
conversely to estimate the change in the LVM frequency
produced when a known strain is applied.

In Ref. 17 a Raman-scattering study has been performed
on GaN,As,_, with x=0-5%. A ~3 cm™! splitting of the
frequency of the Ga-N LO phonon between the (xx) and (xy)
configurations (with x|I[ 100] and yll[010]) was observed for
x=0.02-0.05. The authors, using a bond polarization model,
attributed this splitting to a trigonal distortion of the lattice,
and concluded that the GaN,As;_, lattice contains {111}
—(GaN),,(GaAs),, superlattice complexes with m=n=1.
Since the material is grown on the [001] substrate, it is not
immediately clear if uniaxial strain along [001] might also
contribute to the observed splitting. We investigate this pos-
sibility by simulating epitaxial GaN,As;_, with x=0.03125,
lattice matched on a [001] GaAs substrate, allowing the film
dimensions to relax perpendicular to the substrate. We find
that the resulting LVM mode splitting is negligible, due to
the very small value of the associated deformation potential.
This supports the picture in which a substantial [111]
uniaxial strain is present in these films.

The remainder of the Brief Report is organized as follows.
Details of the calculations are presented in Sec. II. In Sec. III
we present and discuss the results of our calculations, and
summarize the main points of our study in Sec. IV.
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II. CALCULATIONS

First-principles, pseudopotential, plane-wave, density-
functional theory methods allow us to calculate electronic
ground-state energies and interatomic forces for a given ar-
rangement of atoms in a periodic structure, without fitting to
experimental data. Although systems treated in this approach
are formally periodic, supercell methods are used to treat
surface and defect structures, such as substitutional N in
GaAs.'*»!13 Large supercells are required to obtain reliable
results within this approach, because the interaction between
impurities in neighboring supercells is weak when the super-
cell is large. However, calculating minimum-energy configu-
rations and interatomic forces in large supercells is compu-
tationally demanding, so that a balance must be sought
between the size of the supercell and the computational cost.
In the present work we use a 64-atom GaAs supercell with
one N atom substituting on an As site. In Ref. 13 it is shown
that calculations performed on such a supercell under isotro-
pic strain are well converged. (Calculations using an eight-
atom supercell yielded LVM frequencies within 5% of those
calculated using a 64-atom supercell.)

We find the ground-state electronic energy and
Hellmann-Feynman'® (HF) forces in DFT using the VASP
electronic structure theory code,?*2! which solves the Kohn-
Sham equations by an iterative diagonalization scheme in
a plane-wave basis set. The local-density approximation
(LDA) is used for the exchange-correlation functional, as
parametrized by Perdew and Zunger.??> The calculations have
been performed using ultrasoft pseudopotentials®>?* and the
3d states have been included as valence states for Ga atoms.
We find that a I'-centered grid for k-point sampling, due to
the underestimated band gap in DFT, introduces a Jahn-
Teller distortion when a strain is applied to the system, be-
cause the state at the bottom of the conduction band at I
spuriously lies lower than the top of the valence band. This
led to unreliable results. We therefore used a k-point grid
shifted off the I' point by (%,é,é) in our calculations using
the eight-atom supercell (with a 4 X4 X4 mesh), and shifted
by (j-l,j-‘,}l) in our calculations using the 64-atom supercell
(with a 2 X2 X2 mesh). The plane-wave cutoff energy was
set at 452 eV, and the structures were optimized until the
residual HF forces were less than or equal to 107 eV/A.

We calculate the equilibrium structure and DM of the 64-
atom supercell containing one substitutional nitrogen, with
and without strain, using the approach described in Ref. 13.
To save computation time, we employ the perturbation-
theory (PT) method!? to find the LVM frequencies. In this PT
method, we first calculate the LVM frequency, assuming that
only the nitrogen atom moves, with the surrounding lattice
forming a rigid cage. This gives a vibration frequency ap-
proximately 3% lower than that obtained with the full DM.
Using the forces on all atoms obtained when the nitrogen
atom is moved (in the x, y, or z direction), this may then be
corrected by second-order perturbation theory to allow for
recoil of the other atoms in the lattice, giving a vibration
frequency very close to that obtained from the full DM.!?
(Alternately, the PT approach presented in Ref. 13 may be
thought of as assuming that the interatomic force constants
between Ga and As atoms are unchanged by the substitution
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of N and only the force constants between the N atom and
other atoms in the system need be recalculated. Diagonaliz-
ing this approximate DM gives a nitrogen LVM frequency
almost identical to that obtained in second-order perturbation
theory.) This gives accurate values of the LVM frequency
shifts and splitting; for a uniaxial strain of 2% along [111],
the eight-atom supercell calculation of the full DM gives a
-22.53 cm™! singlet-doublet splitting of the LVM, the eight-
atom PT calculation'® gives the value as —22.48 cm™!, and
the 64-atom supercell PT calculation gives the value as
-22.78 cm™.

Thus, the deformation potentials of the nitrogen LVM are
calculated by first considering the effect of strain on the re-
duced 3X3 DM D;;, involving the nitrogen motion only,
assuming the other atoms in the lattice remain stationary. The
deformation potentials so obtained are then corrected by the
small PT shift, which allows for lattice recoil.

We introduce an applied strain by changing the supercell
dimensions accordingly (see below) and relaxing the atomic
positions to minimize the total energy, keeping the supercell
shape and volume constant. We then calculate the required
elements of the DM, vibrational mode frequencies and eigen-
vectors. Adopting the notation used in Ref. 16, we write the
strain tensor e;; as

€jj= [eij(rl)] + [eij(r3)] + [eij(r4)],

and define the deformation potentials, a, b, and d, by writing
the change AD;; in the DM as

AD;;=4mwyale(I') ]+ dmwoble;(I3)] + 4mawydle;;(I'y)],

where wy=2my, is the angular frequency of the triply-
degenerate nitrogen LVM in the unstrained system. We ex-
press AD;; in this form so that the deformation potentials link
the change in frequency v (in cycles per unit time), rather
than the change in the dynamical matrix, with the irreducible
representations of the strain. The coefficients @ and b are
found by calculating the LVM frequencies for a system
strained along the cubic z axis by € (with no change in x and
y dimensions). This gives rise to a splitting of the triply-
degenerate LVM into a singlet and a doublet of frequencies
vy(e) and v,(e), respectively. The coefficients a and b are
then calculated as
de de de de

The coefficient d is found by applying a volume-conserving
uniaxial strain along the [111] axis with the strain tensor,
€, =€, =€,=€/2 and €,=€,,=€,.=0. As in the case of the
[001] strain, this gives rise to a splitting of the triply-
degenerate LVM into a singlet and a doublet of frequencies
v,(€) and v (e€), respectively. The coefficient associated with
I';-type strain is then

g 2|4 _dva
3l de de |’
For each type of strain, in order to reduce the effects of

numerical noise, we calculate the frequencies for several val-
ues of the strain between e=—0.02 and e=+0.02, fit the re-
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TABLE 1. Values of the deformation potentials of frequency of
the nitrogen LVM in GaN,As;_,. Each deformation potential corre-
sponds to a different irreducible representation of the strain (see
text).

Deformation Potential Representation Value (cm™")
a F 1 - 1907
b s 22
d r, =741

sulting functions v, and v, with third-order polynomials in €
and find the derivatives at e=0.

III. RESULTS

We present our results for the values of the deformation
potentials of frequency of the nitrogen LVM in GaN,As;_, in
Table I. The value of the I'; deformation potential b is 2
orders of magnitude smaller than a or d, which implies that a
uniaxial strain along the [001] direction will cause very little
splitting of the LVM multiplet. The value of the isotropic
strain coefficient a is in excellent agreement with the calcu-
lations reported in Ref. 13 for the pressure dependence of the
LVM frequency, which give a value, a=—1940 cm~'. The
2% difference is due to a small difference in the bulk modu-
lus because we have here fitted the range of strains between
+0.02, whereas only positive pressures (negative strain)
were included in the calculations of Ref. 13.

We have calculated the relaxation of a thin layer of
GaN,As,_, (with x=3.125%), grown on a GaAs [001] sub-
strate, by constraining the GaN,As,_, 64-atom supercell lat-
tice constant parallel to the surface to match the GaAs lattice
constant and minimizing the energy with respect to the per-
pendicular lattice constant. We find the relaxation of the per-
pendicular dimensions of the film to corresponds to a Pois-
son ratio for the material of 0=0.33, which is in excellent
agreement with previous calculations® of the elastic con-
stants of the alloy. This gives only I';- and I's-type strains.
We find the splitting of the mode to be 0.5 cm™, signifi-
cantly smaller than the ~3 c¢m™! splitting observed by Mint-
airov et al.,'” thus supporting the conclusion of Mintairov et
al. that some trigonal [111] I',-type distortion of the lattice is
present in the material as grown on the GaAs [001] substrate.
A splitting of 3 cm™ corresponds to a uniaxial strain along
the [111] axis of 0.4 %.

The relatively small value of the b deformation potential
requires some explanation. Figure 1 shows the variation in
the Ga-N bond length as a function of the applied strain
when strains of different symmetry are applied. For uniaxial
I', tensile strain along [111] the Ga-N bond along the [111]
axis is stretched and the other three Ga-N bonds (along the

[1117, [111] and [111] directions) are compressed. We note
that the Ga-N bond length hardly changes at all for I'; strain
along [001]. In fact, the first-order change in the bond length
is zero by symmetry for I'5 strains. It would appear then that
the change in bond lengths (rather than bond angles) is the
primary factor causing any changes in the LVM frequencies.
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FIG. 1. (Color online) Variation in the Ga-N bond length as a
function of the applied strain for the three irreducible components
of the strain. For isotropic (I';) strain (black boxes) the abscissa is
the fractional change in volume, divided by three. For uniaxial
strain along [001] (I';) (red circles) and uniaxial strain along [111]
(T'y) (green upward-pointing and blue downward-pointing triangles)
the abscissa is the fractional change in length along the strain axis
(the lines are a guide for the eyes).

In Fig. 2 we have plotted the variation of the bond angles as
a function of the applied strain for uniaxial strains along the
[001] and [111] directions (the bond angles do not vary in the
case of a purely isotropic strain). For [001] tensile strain, the
bond angle between [111] and [111] bonds (or equivalent
bond angles) decreases and the bond angle between [111]
and [111] bonds (or equivalent bond angles) increases. For
[111] tensile strain, the bond angle between [111] and [111]
bonds (or equivalent bond angles) increases and the bond
angle between [111] and [111] bonds (or equivalent bond
angles) decreases.
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FIG. 2. (Color online) Variation in the Ga-N bond angles for
[111] and [001] uniaxial strains. The symbols correspond to bond

angles and strains as follows: [111]-[111] bond angle (black boxes)
and [111]-[111] bond angle (red circles) for [111] (T',) strain;
[111]-[111] bond angle (green upward-pointing triangles) and
[111]-[111] bond angle (blue downward-pointing triangles) for
[001] (T'3) strain. The strain is defined as in Fig. 1. The lines are
guides to the eyes.
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In a previous study'® we calculated the effect of N-N in-
teractions on the high-frequency phonon spectra associated
with substitutional N in GaAs. Our calculated splitting of the
mode associated with single substitutional N due to nearest-
neighbor N-N pair interactions was of the order of 80 cm™!,
substantially larger than those that would be expected from
anistropic strain, given our calculated values of the b and d
deformation potentials. For second-nearest-neighbor N-N
pairs and higher orders the calculated splittings were of simi-
lar magnitude as those expected from anistropic strain, but
the intensities of these modes were much lower than the
intensity of the mode associated with isolated N atoms in the
host matrix, and so would be easily distinguishable from that
mode. We conclude that the effects on the N localized vibra-
tional mode associated with N-N interactions can be well
separated from the effects associated with anistropic strain in
the alloy.

IV. CONCLUSION

We have calculated the deformation potentials of fre-
quency of the localized nitrogen vibration mode for each
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irreducible component of the local strain. We find the I'}, T'5,
and T’y deformation potentials to be a=-1907 cm™, b
=22 cm™!, and d=-741 cm™, respectively. We have deter-
mined that epitaxial strain along the growth axis [001] is
insufficient to explain the splitting of the LVM observed by
Mintairov ef al. for GaAsN thin films grown on GaAs [001]
substrates, supporting the conclusion that a trigonal distor-
tion of the lattice is present in these films. We have presented
a qualitative argument for the difference between b and d,
based on the different bond stretching for uniaxial strain
along [001] and along [111].
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