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The local structure around the indium atoms in uncapped and capped
In,Ga; _,N quantum dots has been studied by In K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy. The samples were grown by
metal organic vapour phase epitaxy. The EXAFS was successfully applied to
study the structural properties of buried quantum dots which are not optically
active. The analysis revealed that capping the quantum dots with GaN does not
affect the bond distances of the In—N and In—Ga, but makes the In—In
distance shorter by 0.04 A.
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1. Introduction

With increasing In concentration, the emission wavelength of
light-emitting InGaN quantum wells can be shifted from violet
to amber (380-600 nm). Owing to problems with achieving
homogeneous InGaN quantum wells at higher In concentra-
tions, no long-wavelength laser diodes have been realised so
far, and stimulated emission is limited to wavelengths below
about 485 nm. Therefore, InGaN quantum dots (QDs) have
become a promising approach to obtaining stimulated emis-
sion in the green spectral region. The Stranski-Krastanov
(SK) growth mode has been successfully applied to realise
free-standing InGaN QDs. Unfortunately, the free-standing
QD islands are not stable under high-temperature overgrowth
by GaN (Pretorius et al., 2008). This is mainly caused by
significantly different bond strengths between the In—In and
Ga—N pairs. For that reason the optimized growth tempera-
tures for InGaN and GaN differ by about 300 K. Therefore,
the deposition of a GaN capping layer can lead to dissolution
of InGaN dots, resulting in the formation of a more or less
homogeneous layer with typical properties of a quantum well
(Pretorius et al., 2006). Although a novel two-step approach
has been developed to grow InGaN nanostructures that are
stable during GaN overgrowth, the estimated QD density of
about 10° cm™2 is rather low in that case (Yamaguchi et al.,
2006), and further research is needed to find a mechanism for
realising dots of higher density that are stable during over-
growth.

In this paper we present extended X-ray absorption fine
structure (EXAFS) measurements of interatomic distances in
InGaN QDs grown by a different approach. Comparing
uncapped (as-grown) InGaN QDs with those capped with
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GaN, the interdiffusion between the InGaN dots and the GaN
capping layer as well as stress-induced structural properties
are studied.

The EXAFS technique is well established for investigating
random solutions of III-V semiconductors (Mikkelsen &
Boyce, 1983). InGaN alloys and quantum wells have been
studied using EXAFS as well (Miyajima et al., 2001; O’Don-
nell et al., 1999, 2002; Kachankov et al., 2006). Respective bond
lengths have also been predicted theoretically (Saito &
Arakawa, 1999; Takayama et al., 2000). In the present paper,
EXAFS has been applied to study In—N, In—Ga and In—In
distances to resolve local structural distortions in self-orga-
nized In,Ga; _,N QDs. The EXAFS signal provides average
information from the volume of the sample under examina-
tion. Therefore the local structure around In atoms present in
the QD volume as well as in the wetting layer is probed.
Indium K-edge EXAFS analysis was performed to determine
the local structural distortion in uncapped and capped
In,Ga; _,N structures. EXAFS can be considered as an
alternative method, e.g. to transmission electron microscopy,
as it provides valuable structural information about QDs on an
atomic level in a non-destructive manner.

2. Experimental

The InGaN QDs were grown by metal organic vapour phase
epitaxy on (0001) sapphire substrates. Prior to the growth of
the QDs, a 2 pm GaN buffer layer was deposited. The thick-
ness of the InGaN layer was about 3.9 nm at an intended In
concentration of about 30%. One sample was left uncapped
whereas the another one was capped in a two-step process:
first, a thin (2-8 nm) GaN layer was grown at the same
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temperature as the InGaN QDs in order to prevent indium
segregation and desorption; next, GaN was deposited at a
slightly higher temperature to improve the structural quality
of the cap layer, the total thickness of which was chosen as
25 nm. Details of the growth conditions can be found else-
where (Yamaguchi et al., 2006).

In the following, the uncapped and capped structures will be
referred to as A and B, respectively. Atomic force microscopy
(AFM) measurements for sample A, presented in Fig. 1, show
QDs with a density of 10'* cm 2, at an average height and
diameter of 3.8 and 7.8 nm, respectively. The existence of QDs
in the uncapped structure was also identified by grazing-inci-
dence X-ray diffraction (Piskorska et al., 2007).

The In K-edge EXAFS spectra were measured in fluores-
cence mode at the Advanced Photon Source, beamline 20 BM,
using a Si(111) double-crystal monochromator and a multi-
element Ge fluorescence detector.

The EXAFS (k) oscillations were obtained by subtracting
the pre-edge background, normalizing to the experimental
edge step, and subtracting a smooth atomic background from
normalized absorption data using the Athena program (http:/
cars.uchicago.edu/ifeffit). The theoretical scattering ampli-
tudes for In—N, In—In and In—Ga pairs were generated
using the FEFFS8 code (Zabinsky et al., 1995). To obtain the
In—Ga scattering amplitude, In atoms in the second coordi-
nation shell were replaced by Ga. The FEFFS calculation was
based on the binary InN structure with lattice constants a =
354 A and ¢ =570 A (Paszkowicz et al., 2003). The Artemis
program (Ravel & Newville, 2005) was used to analyze the
data using a suitable structural model, as outlined in the
following. InGaN crystallizes in the wurtzite structure. Two
kinds of nearest-neighbour bonds can be distinguished: a
longer one along the ¢ axis and three shorter ones in the ¢
plane. In order to probe these two different distances sepa-
rately, polarization-dependent X-ray absorption spectroscopy
can be applied (Lawniczak-Jablonska et al., 1997; Miyamaga et
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Figure 1

AFM image of uncapped In,Ga, _,N QDs. The density of the dots is
about 10> cm™2. Their average height and diameter are 3.8 nm and
7.8 nm, respectively.

al., 2007). However, in the present paper, standard X-ray
absorption measurements have been performed. The deter-
mination of the bond anisotropy by polarization-dependent
X-ray absorption spectroscopy is the aim of future investiga-
tions. Hence, the average In—N bond length is reported here.
The second coordination shell consists of two contributions,
one from the In—Ga pair and another from the In—In pair
with different distances. The most reasonable fit assumes a
model with four nitrogen neighbours of the absorbing In atom
in the first coordination shell, and 12 mixed Ga and In atoms in
the second shell. In order to combine their contributions, a
mixing parameter x was used.

As reference distances, the theoretical In—N, In—Ga and
In—In average distances in wurtzite In,Ga,_,N alloys for
various compositions were used (Mattila & Zunger, 1999).
Mattila & Zunger calculated the bond lengths in a wurtzite
In,Ga, _,N random alloy using a valence force field model
(Martin, 1970). In this model the total strain is a function of
the atomic position (R;) accounting for the effects of bond
stretching and bond bending. The valence force field method
predicts a small deviation of the lattice parameter from
Vegard’s law for In,Ga; _,N random alloys.

3. Results and discussion

The analysis was performed with k ranging from 3 Al to
11 A" using a Kaiser-Bessel window, and k-weighted with &°.
The EXAFS oscillation &> x(k) for samples A and B are shown
in Fig. 2. Figs. 3(a) and 3(b) present the best fit results for the
modulus of the Fourier transform (FT) and the real part of the
EXAFS oscillation structure for the uncapped and the capped
InGaN QDs. Two peaks, centred at 1.6 A and 2.8 A, were
fitted. At the second peak, a characteristic shoulder is
observed. The presence of this shoulder is attributed to the
contribution of two different distances in the second coordi-
nation shell. Owing to the large difference between the Ga—N
and In—N bond lengths, the atomic positions are considered
to fluctuate from their perfect lattice sites, leading to bond-
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Figure 2

EXAFS k*x(k) oscillations for uncapped (solid line) and capped (dots)
In,Ga, _,N QDs.
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length distortions and causing a high Table 1
degree of atomic disorder. In this ternary

system, a non-Gaussian distribution is

Debye-Waller factor (%) and third (C;) and fourth (C,) cumulants for the second coordination
shell for uncapped and capped structure.

expected owing to the presence of two . o G x 107 Cy x 107"
: o N R (A) o~ (A9) (A7) (A% R-factor
types of atoms in the second coordination
shell. In order to interpret the second- Uncapped sample
shell EXAFS data, the third and fourth ~ In—N 4 209 £001  0.009 £ 0001 - - 0.030
. . . . In—Ga 8§+1 3.28 £ 0.01 0.025 £ 0.001 9+2 441
cumulants, which describe the distortion In—In 4+1 3.38 4 0.01 0.031 + 0.002 —-19+2 6+1
of the radial distribution of atoms in the
second shell, were introduced (Bunker, IC apllj\?d Samale 2.09 £ 0.01 0.008 £ 0.001 0.033
. n— R . . . - — R
1983). The third-order cumulant C;  [,_G, 841 3284001 0022+ 0001 1m+1 341
describes the deviation from the Gaussian In—In 441 3.34 4+ 0.02 0.022 £ 0.002 343 441

shape and the degree of asymmetry of the
distribution. Its positive value indicates the presence of a tail
on the high-distance r-side of the distribution (Dalba et al.,
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lxR) | (A

Re [y (R)] (A%
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Re [3, (R)] (A%

Figure 3

Moduli (top) and real parts (bottom) of the Fourier transforms of the k-
weighted EXAFS oscillation collected at the In K-edge. Shown are data
(solid line) and the best fit (circles) to the first and second coordination
shells in (a) uncapped and (b) capped In,Ga; N QDs. The fitting
analysis was carried out in the range R = 1-3.5 A using a Kaiser—Bessel
window.

1993). If the distribution is reversed, the odd cumulants
change their signs (Bunker, 1983).

Since the nearest-neighbour N atoms do not change the
positions in the crystal structure, there was no motivation to
use the higher-order cumulants for fitting the first shell.

The differences between the FT of the EXAFS oscillations
of uncapped and capped QDs, as presented in Figs. 3(a) and
3(b), are rather small. This indicates that there are no signif-
icant changes of the local structures in these two samples. The
first peak of the FT corresponds to the average In—N
distance. This distance was found to be Ry,_n = 2.09 £ 0.01 A
for both samples. The In—Ga and In—In distances, which
contribute to the second-shell EXAFS, were found to be
Rin Ga = 328 £ 001 A, Ry, 1, = 338 £ 0.01 A for the
uncapped QDs, and, for comparison, Ry, _g, = 3.28 £ 0.01 A
and Ry, = 3.34 £ 0.02 A for the capped QDs. However, the
examination of the FTs presented in Figs. 3(a) and 3(b) shows
that the second shell was not split into two subshells. The
reason for this is that the difference corresponding to the two
distances is too small to be distinguished in separate peaks.
Nevertheless, splitting the second shell by assuming two
different distances for In—Ga and In—In yielded a signifi-
cantly improved fit in the numerical analysis.

For sample A, the value of the mixing parameter x was
found to be ~33 % 4% corresponding to eight Ga and four In
atoms. For sample B, the mixing parameter was found to be
slightly lower, 30 & 8%. The relations between bond lengths
and In concentrations obtained from the EXAFS are in good
agreement with those predicted by Mattila & Zunger (1999).
Therefore, we conclude that the uncapped and capped struc-
tures are associated with an In,Ga; _,N random alloy, with
x ~0.3.

The bond length of the first coordination shell was found
to be the same in both samples, and is in the vicinity of the
value of 2.15 A in bulk InN (Miyajima et al., 2001). This
result indicates that the In—N bond is similar to that in binary
InN. For both samples, the In—Ga bond length in the second
coordination shell was found to be the same, 3.28 & 0.01 A.
However, the second-shell In—In distance was found to be
0.04 A smaller after capping. We understand this difference
as a consequence of the strain introduced by the GaN cap
layer, and assume that the Ga atoms remain at their crystal
positions, while the In—1In distance, owing to stress, is shorter
than in the uncapped structure. The strain is caused by the
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large mismatch (~11%) between the lattice constants of GaN
and InN.

The EXAFS Debye-Waller factors (o) for the first coor-
dination shell were determined to be 0.009 A% and 0.008 A2
for samples A and B, respectively, suggesting that there are no
changes owing to overgrowth. The values of o~ for the second
coordination shell are presented in Table 1. For the In—Ga
distance, o” differs only by about 0.003 A? between the two
samples, whereas the difference between this parameter for
the In—In path is 0.009 A% As already deduced from the
changes of the second-shell distances, the results for the
Debye—Waller factor again support the conclusion that only
the In—In correlation is affected during overgrowth. It should
be noted that the uncapped sample has a large negative value
for C; of the In—In pair (see Table 1), indicating that the peak
distance is fairly longer than 3.38 A. There is a significant
difference in the In—In atomic distance between the capped
and uncapped samples, although the average atomic distance
shortening is as small as 0.04 A.

4. Conclusions

EXAFS analysis allows the bond lengths and structural
distortions in InGaN QDs to be determined. The cumulants
characterizing a deviation from a Gaussian pair distribution
applied for the analysis of the second coordination shell
significantly improved fitting results. The cumulants used for
the analysis of the second coordination shell significantly
improved the fitting results being characterized by a deviation
from a Gaussian pair distribution. The structural information
provided by the EXAFS analysis shows that the GaN capped
layer introduces the stress to the studied In,Ga;_,N nano-
structure and this effect is pronounced in In—In distances.
Remarkably, the mixing parameter x is almost unaffected by
cap layer growth. These results indicate that, under the over-
growth conditions chosen here, the structure and composition
of the QDs can almost be preserved. It should be pointed out,
however, that in the case of sample B no photoluminescence
from the InGaN QDs could be observed (K. Sebald, private
communication). The reason for this might be a still insuffi-
cient structural quality of the GaN capping layer, as found by
transmission electron microscopy (A. Pretorius, private
communication). Therefore, the cap layer growth, which is
hampered by the drastically different bond strength of InN as
compared with GaN, still needs to be optimized. As shown

here, EXAFS provides a non-destructive possibility to study
the local structure of such samples and, therefore, might be
very helpful to further optimize the capping process.
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