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The local structure around In atoms in an m-plane Ing0sGago4N film coherently
Edited by R. W. Strange, University of Essex, UK grown on a freestanding m-plane GaN substrate was investigated by
polarization-dependent X-ray absorption fine-structure. A step-by-step fitting
procedure was proposed for the m-plane wurtzite structure. The interatomic
distance for the first nearest neighbour In—N atomic pairs was almost isotropic.
For the second nearest In— Ga pairs, the interatomic distances along the m- and
a-axes were longer and shorter, respectively, than that in strain-free virtual
crystals as expected for the m-plane compressive strain. In contrast, the In—Ga
interatomic distance in the c-direction was elongated in spite of the compressive
strain, which was explained in terms of the anisotropic atomic structure on the
m-plane. The local strain in the m-plane film was more relaxed than that in
coherently grown c-plane single quantum wells. A few In atoms were atomically
localized in all directions, and thus localized excitonic emission is expected as in
the case of c-plane InGaN.
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1. Introduction

In,Ga; ,N is a key material in ultraviolet to green light-
emitting diodes and laser diodes. Commercially available, such
devices have c-plane (0001) InGaN quantum wells (QWs)
as active layers, where localized excitons contribute to high
internal quantum efficiency (Chichibu et al., 1996). The effi-
ciency, however, decreases abruptly due to quantum-confined
Stark effects (Chichibu et al., 1996; Takeuchi et al, 1997,
Chichibu et al., 2001) for emission wavelengths longer than
around 520 nm. The effects are caused by the electrostatic
field perpendicular to the QWs due to the piezoelectric and
spontaneous polarization (Bernardini & Fiorentini, 1998). In
contrast to polar ¢-plane QWs, nonpolar m-plane (1100) and
a-plane (1120) QWs can avoid the quantum-confined Stark
effects (Waltereit et al., 2000; Ng, 2002; Kuokstis et al., 2001;
Craven et al., 2003; Koida et al., 2004; Onuma et al., 2005)
because the polar c-axis is parallel to the QW plane. Thus,
m- and a-plane InGaN epilayers are attracting much attention
to achieve higher internal quantum efficiency.

In order to make the emission mechanism clear in InGaN-

Py based light-emitting devices, it is important to clarify the local
o o0 structure around In atoms in active layers. X-ray absorption
°1. o; .o. - - ﬁne—structl.lre (?(AFS) is a powerful tool for investigating local
sd_zad | i stru(.:tures in thll’} layers composed of two or more eleme.nts. In
K. 2“% ;‘w e ° . particular, polarization-dependent XAFS makes it possible to
- .° 0;0’00 . [1120] selectively investigate local structures along specific directions

o' 1 O o of crystals.
There are many reports on applications of XAFS to InGaN
© 2017 International Union of Crystallography semiconducting films (Blant et al., 1997; Jeffs et al, 1998;
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O’Donnell et al., 1999, 2001; Bayliss et al., 1999; Miyajima et al.,
2001; Katsikini et al., 2003, 2008; Kachkanov et al., 2006; Sasaki
et al., 2007). For c-plane InGaN single quantum wells (SQWs),
a polarization-dependent extended XAFS (EXAFS) study has
been successfully performed and it was suggested that the
aggregation of In atoms along the c-axis is important for high
quantum efficiency in InGaN light-emitting diodes (Miyanaga
et al., 2007). As for nonpolar InGaN films, there is no XAFS
report and the local structure is still unknown.

In this paper, the results of polarization-dependent In K-
edge XAFS analyses are reported for an m-plane Ing osGagosN
film, especially regarding the interatomic distance of the
second nearest neighbour (2NN) In—Ga and In—In atomic
pairs and the localization of In atoms.

2. Experimental

A 1.5 pm-thick GaN buffer layer and a 300 nm-thick m-plane
Ing0sGagosN film were grown by metalorganic vapour phase
epitaxy (MOVPE) on a 325 um-thick m-plane freestanding
GaN substrate prepared by halide vapour phase epitaxy. The
film was confirmed to be coherently grown on the substrate by
an X-ray reciprocal-space mapping method (Chichibu et al.,
2008). X-ray absorption measurements were made at the
NW10A beamline of the Photon Factory Advanced Ring,
KEK. XAFS data were collected with a double-crystal
monochromator of Si(311) crystals. Indium K,-fluorescence
emission was measured using a 19-element Ge solid-state
detector. The incident angle of the X-ray beam to the sample
surface was set to be 85°. The following three configurations
were used: the electric field vector E of the X-ray was parallel
to the c-axis [0001], the m-axis [1100] and the a-axis [1120]
as shown in Fig. 1. XAFS data analyses were performed using
the XANADU code (Sakane et al., 1993) and FEFF8.10 code
(Ankudinov & Rehr, 2000).

3. Results and discussion

Fig. 2 shows atomic structure and crystal axes of the wurtzite
structure. The numbers 1, 2 and 3 show three types of atomic
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Figure 1
Schematic view of the three configurations used in this study. E is the
electric field vector of the incident X-rays.
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Figure 2

Atomic structure and crystal axes for the model of the m-plane
Ing06GagosN film. Black circles represent Ga or In atoms and grey ones
N atoms. The atom labelled X is the X-ray absorbing In atom and the
numbers 1, 2 and 3 show three types of atomic positions.

positions. Note that the m-plane InGaN film is anisotropically
strained and that the type 2 atoms and the type 3 atoms are no
longer equivalent. Strictly speaking, all the six atoms labelled 1
are not equivalent for the strained wurtzite structure.
However, it is quite difficult to analyze them separately owing
to too many fitting parameters. Thus, XAFS spectra were
analyzed by assuming that the six type 1 Ga/ln atoms were
equivalent.

Fig. 3 shows X-ray absorption near-edge fine structures of
the m-plane IngosGago4N film measured in the three config-
urations. As can be seen from Fig. 3, the structure for E || ¢ is
clearly different from those for E || m and E || a. This differ-
ence is due to the anisotropy of the wurtzite structure and
indicates that the dipole-allowed transition probability is
smaller for E || ¢ than for E || m and E | a. Fig. 4 shows the
EXAFS kx(k) spectra of the m-plane Ing osGagosN film for the
three configurations. The data quality is fairly good in the
range k < 12.0 AL Fig. 5 shows the Fourier transforms of the
EXAFS data shown in Fig. 4 in the k-range 2.0-12.5 AL A
clear difference is also found between the E || ¢ data and the
others.

To obtain the structural parameters (interatomic distance r,
coordination number N and Debye-Waller factor o),
nonlinear least-square fitting was applied to the EXAFS data.
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Figure 3
X-ray absorption near-edge structures of the m-plane IngsGagosN film.
The red dot-dashed line is for E || ¢, the blue dashed line for E || m and
the black solid line for E || a.
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kx(k) spectra of the m-plane IngsGago4N film. The red dot-dashed line is
for E || ¢, the blue dashed line for E || m and the black solid line for E || a.

r(A)

Figure 5
Fourier transforms of the m-plane Ing6sGag 4N film. The red dot-dashed
line is for E || ¢, the blue dashed line for E || m and the black solid line
for E || a.

Details of the fitting procedure are given elsewhere (Miyanaga
et al., 2007). In the present XAFS fitting, the reduction factor
was SZ = 0.9, and the edge shift from the edge jump was 6.5 eV.
The effective coordination number N* defined as

N*=3) cos’0, 1)

was effectively incorporated into the curve-fitting process.
Here, 6; is the angle between the electric field of the incident
X-ray and the direction of the ith photoelectron-scattering
atom in the shell from the X-ray absorbing atom. The k-space
three-shell fitting in the range 4.0-12.0 A™! was applied to
Fourier-filtered spectra in the r-range from 1.0 to 4.0 A, in
which the contribution from the first nearest neighbour In—N
and 2NN In—Ga and In—In atomic pairs are included.

For In—N atomic pairs, r = 2.10 &+ 0.01 Aand N=40+03
for each direction, indicating that the In—N interatomic
distance is almost isotropic. The film is coherently grown on
the substrate and is compressively strained. Thus, it is found
that the strain-induced change of r for the 2NN In—Ga and
In—In atomic pairs is caused by the change of the N—In—N
bond angle.

For the analyses of the local structure for 2NN In—Ga and
In—1In, the following step-by-step procedure was used. First,
the E || ¢ data were analyzed. In this configuration, only the

Table 1

Structural parameters obtained from EXAFS curve-fitting analyses
for three types of In—Ga and In—In atomic pairs in the m-plane
Ing 0sGago4N film.

In—Ga In—In
Atomic type r (A) N o (A) r (A) N o (A) Xiocal
No. 1 3.26 5.1 0.09 3.30 0.9 0.10 0.15
No.2 328 31 0.07 3.29 0.9 0.06 0.23
No. 3 325 1.4 0.07 3.29 0.6 0.07 0.30

type 1 atoms are detected by XAFS. Their effective coordi-
nation number N;* was set to be 12. The type 2 and 3 atoms are
not detected because the plane including these types of atoms
and the X-ray absorbing In atom (labelled X in Fig. 2) is
perpendicular to E. Thus, N * for these types of atoms are N, =
N3 = 0. At this first step, r, o and the ratio Ny,_g,/Njh_y, for
the type 1 atoms were determined.

Second, the E || m data, to which only the type 1 and 2
atoms contribute, were analyzed. Although o may depend on
the polarization direction of the incident X-rays, it was
assumed to be isotropic in this study. For r, o and
N _Ga/Nrin_m of the type 1 atoms, the values obtained at the
first step were used. N;* and N, were fixed to be 3 and 9,
respectively. At this step, r, o and Ny}_g,/Nji_;, for the type 2
atoms were determined.

Finally, the E || a data were analyzed. In this configuration,
all types of atoms contribute to the XAFS signal. The values of
r, o and Ny _s,/Nyi_;, for the type 1 and 2 atoms, which were
obtained from the above two steps, were used. N;*, N, and N5
were set to be 3, 3 and 6, respectively. All the structural
parameters obtained by these fitting methods are summarized
in Table 1. Here, x,,,, is the fraction of In atoms around an In
atom, which was evaluated using the coordination numbers
shown in Table 1.

For the type 1, 2 and 3 atoms, x,,, is 0.15, 0.23 and 0.30,
respectively. All the values are larger than the InN mole
fraction of the film (x = 0.06), indicating that a few In atoms
are atomically localized in all directions in the m-plane InGaN
film. Thus, high internal quantum efficiency due to localized
excitons is expected for m-plane InGaN films as is the case of
c-plane films.

The Monte Carlo simulation on atomic arrangement in
MOVPE-grown InGaN thin films by Kangawa et al. shows that
In fluctuation in c-plane InGaN films is larger than that in
random alloy where In-rich clusters may exist (Kangawa et al.,
2007) but that In atoms are scattered on the c-plane (Kangawa
et al., 2009). These results suggest that In atoms aggregate
along the c-axis, which is consistent with the previous EXAFS
results for c-plane InGaN SQWs (Miyanaga et al., 2007). Their
simulation also suggests that the distribution of In atoms in a-
plane films is almost the same as that in random alloy due to
the more sparse distribution of tetrahedral In, Ga,_,N clusters
(n=0,1, 2, 3,4) on the a-plane surface than on the c-plane
surface. The present In-aggregation in the m-plane InGaN film
can be explained by the same mechanism, since tetrahedral
clusters are sparsely distributed on the m-plane surface.

n—In
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The 2NN In— Ga distances in strain-free InGaN crystals are
estimated to be 3.23, 3.27 and 3.29 A for the type 1,2 and 3
atoms, respectively. These values were calculated using the
Xi,ca Parameters in Table 1 and the lattice constants of GaN
(a=3.1890 A and ¢ = 5.1864 A) (Leszczynski et al., 1996) and
InN (a=3.5378 A and ¢ = 5.7033 A) (Paszkowicz, 1999) under
the virtual-crystal approximation (Mikkelsen Jr & Boyce,
1983). As is expected from the macroscopic compressive
strain, the In—Ga distance of the type 2 atoms in the m-plane
film is elongated and that of the type 3 atoms is shortened,
compared with that in strain-free crystals. In contrast, the
In—Ga distance of the type 1 atoms is longer than the strain-
free value in spite of the compressive strain along the c-axis.

This behaviour can be explained by the anisotropy of the
atomic structure on the m-plane. The m-plane film is
compressively strained along the a- and c-axes. By the effect of
the compressive strain in the a-direction, the In—Ga distances
of the type 1 and 2 atoms are elongated and that of the type 3
atoms is shortened, because the first nearest neighbour In—N
distance is almost isotropic as mentioned above. On the other
hand, compressive strain along the c-axis shortens the In—Ga
distance of the type 1 atoms and elongates those of the type 2
and 3 atoms. As a result, the two strain effects are partly
cancelled for the type 1 and 3 atoms, and it is possible that
their atomic distance is longer than the strain-free values even
under the compressive strain, depending on the relative
magnitude of the two effects. From the present XAFS results,
it is found that the effect of the a-direction strain is larger than
that of the c-direction strain. This difference in magnitude
between the two effects is considered to be caused by the
atomic structure on the m-plane, that is, the type 3 atoms and
the X atom are on the same plane, whereas the type 1 atoms
are not on the plane.

It is expected that the local strain around In atoms in
coherently grown m-plane InGaN films is more relaxed than
that in similar c-plane films, since the strain effects in m-plane
films are partly cancelled due to the anisotropic atomic
structure as mentioned above. In fact, the atomic distances of
in-plane In—Ga and In—In pairs in the m-plane film are
longer than those in c-plane SQWs (~3.22 A) (Miyanaga et al.,
2007), as seen from Table 1.

4. Conclusion

Polarization-dependent XAFS analyses were carried out for
the coherently grown m-plane IngsGagosN film using the
step-by-step fitting procedure. From the coordination
numbers, a few In atoms were shown to be atomically localized
in all directions. The In—Ga distance in the c-direction was
found to be longer than that in strain-free virtual crystals in
spite of the compressive strain along the a- and c-axes, which
can be explained by the partial strain-cancellation mechanism
due to the anisotropic atomic structure on the m-plane. It was
also found that the local strain in coherently grown m-plane
InGaN is more relaxed than that in coherently grown c-plane
InGaN.
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