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Ion-induced damage and intermixing was evaluated in InGaN/GaN multi-quantum wells
(MQWs) using 35 keV N' implantation at room temperature. In-situ ion channeling
measurements show that damage builds up with a similar trend for In and Ga atoms,
with a high threshold for amorphization. The extended defects induced during the
implantation, basal and prismatic stacking faults, are uniformly distributed across the
quantum well structure. Despite the extremely high fluences used (up to 4x10'® cm?),

the InGaN MQWs exhibit a high stability against ion beam mixing.
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1. Introduction

InGaN/GaN multiple quantum wells (MQWs) are the basis of many modern
optoelectronic devices, including bright light emitting diodes, laser diodes, light
displays, solar cells, etc. However, the strain induced by the lattice mismatch, in
addition to the spontaneous polarization in III-N heterostructures, affects the internal
quantum efficiency through the so-called quantum-confined Stark effect (QCSE), which
induces a spatial separation of electron and hole wavefunctions', in particular for high
InN-content devices, with wide MQW emitting in the green spectral region. One of the
strategies suggested to mitigate QCSE in GaN-based materials is the fabrication of
intermixed or graded quantum structures by ion beam mixing?>*. This approach has been
successfully applied in AlGaAs/GaAs * °, AlGaInP/GalnP ¢ and MgZnO/ZnO 7 multi-
quantum wells (MQWs), but it remains unexplored in InGaN/GaN systems.

Despite the outstanding radiation resistance of GaN (with amorphization thresholds
above 10 displacements per atom), recent experimental results in GaN/AIN MQWs?®
have proved that partial intermixing can be induced at low temperatures (15 K) for
sufficiently high Ar fluences. This intermixing induced by collision cascades was
shown to be more efficient than thermal interdiffusion®, and motivates the present
studies. We consider here conventional InGaN/GaN nanostructures under more
adaptable conditions for industrial scalability, i.e., room temperature implantation with
native ions. Thus, in this work we investigate the damage build-up during ion mixing
processes in InGaN/GaN MQWs with 35 keV N ions, comparing the behavior with

thick InGaN layers.

2. Experimental



The InyGa;xN/GaN MQW sample was grown by metal-organic chemical vapor
deposition on a (0001) GaN/sapphire template’. The active layers consist of 5 InxGa-
xN/GaN periods with thicknesses of 3 nm/20 nm (measured by transmission electron
microscopy) and an average InN molar fraction in the QWs of x=10% (determined by
Rutherford backscattering spectrometry, RBS). A ~20 nm GaN capping layer was
deposited to protect the active layers. Photoluminescence and ionoluminesce
measurements reveal a green QW emission centered at ~530 nm (2.34 eV).

Ion implantation and in-situ RBS in channeling mode (RBS/C) studies were carried out
in the double-beam chamber at the Institut fiir Festkdrperphysik (Jena)'’. The
implantations were performed at room temperature with 35 keV N' ions, being the
energy selected to place the maximum of the damage profile in the central region of the
MQWs. According to Monte Carlo simulations with the TRIM code the mean N range
is 55 nm, with a longitudinal straggling of 25 nm''. The ion fluence was increased
sequentially from 5-10'2 up to 4-10'® cm™ and the sample was tilted by 7° off-axis
during the implantation to avoid channeling effects. After each implantation step, the
damage accumulation was evaluated in-situ by RBS/C spectra of the sample using a 2.2
MeV He" collimated beam (~1 mm?). RBS/C spectra were taken in the <0001> aligned
direction, using a 3-axis goniometer for sample orientation.

The final as-implanted sample, corresponding to a total fluence of 4-10' cm?, was
further studied ex-situ with X-ray diffraction (XRD), transmission electron microscopy
(TEM), and grazing incidence RBS. XRD data were acquired in a D8Discover high
resolution diffractometer (Bruker-AXS) using Cu(Kq1) radiation, an asymmetric two-

bounce Ge(220) monochromator, and a Nal scintillation detector. To reduce the



divergence, the incoming X-ray beam is collimated with a 0.2 mm slit while the
diffracted beam is collimated with a 0.5 mm motorized slit and a 0.1 mm fixed slit,
being the final 26/w reproducibility +£0.0001°. XRD 26/®w curves were simulated using
the dynamical theory of X-ray diffraction'?. The influence of the implantation is taken
into account by including the Debye-Waller parameter on the structure factor of
individual layers, thus attenuating the derived intensity and considering a c-lattice
expansion following the work of Boulle and Debelle!?.

TEM experiments were carried out using a JEOL 2010F microscope operated at 200
kV. Structural and compositional features were studied from micrographs collected by
HR-TEM and high angle annular dark field (HAADF) imaging in scanning-TEM
(STEM) mode, while nanoprobe analyses of local proportions of atomic elements were
based upon energy dispersive X-ray spectroscopy done in the same mode (EDX-
STEM). Grazing incidence RBS experiments were carried out with a 2 MeV He" beam

using the Van de Graaff accelerator at CTN/IST (Portugal).

3. Results and discussion

Fig. 1a shows RBS/C spectra of the sample after the implantation to different total N
fluences. Remarkably, the In signal does not show any shift to higher energies even for
the highest fluence, what confirms that there is neither appreciable diffusion of In
towards the surface, nor significant sputtering of the GaN capping layer. Two energy
windows were defined for In(w1) and Ga(wz) at equivalent depths corresponding to the
central region of the damage profile in the MQWs and avoiding the surface peak zone.
The minimum yield (Ymin), determined as the ratio of the aligned and the random

backscattering yield, was obtained for both windows. The increase of ymin With fluence



determines the damage accumulation. The damage level is then described as the
difference in the minimum yield of the implanted and virgin sample, Aymin =
ymin(implanted)-ymin(virgin). As a reference, the initial ymin values for the as-grown
sample were 4.4(1)% and 2.2(1)% for In and Ga, respectively. For the maximum
fluence of 4-10'® cm™ the aligned level almost overlaps with the random level
(xmin=100%), indicating a level of damage that is maximal for measurement by RBS/C.

Fig. 1b shows the damage level obtained for In(wi) and Ga(w>) for the entire range of
fluences. Both curves have a similar behavior in two main regions of interest. For low
fluences (<10'° cm™), damage builds up continuously but the damaged fraction remains
below 4%. The slowing down of damage accumulation, here occurring for fluences

between 10'* cm? and 10 cm™

, 1s typical of materials with strong dynamic
annealing'*. In GaN films implantation damage in this low fluence regime is
characterized by the formation of small point defect clusters and low concentrations of
stacking faults, while for higher fluences larger defect clusters form, including extended
defects such as stacking faults'®. Fig. 1b shows a strong increase of damage level for
fluences above 10> cm? which we attribute to the formation of stable defect clusters
and extended defects.

In general, the damage build-up curve for the InGaN MQW is qualitatively similar to
those reported by Kucheyev et al. and Wendler et al. for gold implantation at low'® and
room'* temperature, included in Fig. 1 as references. Both In and Ga show the same
trend, but the damage accumulation for Ga appears to be systematically lower. This
agrees with previous experiments in thin InGaN films, which have also shown similar

levels of damage build-up for the In- and Ga-sublattice, but where a significant higher

resistance was found for GaN than for InGaN, even for very small amounts of InN 416,



Solid lines in Fig. 1b represent the fits from Hecking’s model, which takes into account
the production (P,s), recombination (R,q), and clustering (Cps) of point defects in
semiconductors, as well as the production of amorphous regions (P,) and their growth
(G,) ' 8. The results obtained from these fits are summarized in Table 1. The

variations observed with the values obtained from Wendler et al.'®

, in particular the low
values of P, obtained here, are ascribed to the different temperature and not to the
thickness or the structure of the InGaN layers. This is supported by the fact that the
damage build-up curve does agree well with the data from Kucheyev et al.'* at room
temperature, pointing out the relevant role of dynamic annealing processes.

Fig. 2a shows the XRD 260/w scans for the 0002 reflection of the sample before and after
the implantation (corresponding to a total fluence of 4-10'® cm™ and named as-
implanted) as well as the fits to these curves. The spectrum of the as-grown sample is
well described considering the nominal structure without any roughness or deformation
(Debye-Waller factor of ~1) but allowing a slight variation of individual layer
thicknesses below 0.5 nm. The as-grown sample shows up to 13 superlattice peaks, in
good agreement with the simulated structure, reflecting excellent crystal and interface
quality. After the implantation, a clear broadening of the main peaks is observed and
several superlattice peaks are missing as a result of the damage build-up. The fit
assumed the same SL structure as the as-grown sample but allowing slightly higher
variation of layer thicknesses (up to 0.7 nm deviation from the nominal structure) and a
decreased Debye-Waller factor (~0.5 for the first three periods increasing until reaching
again unity for the deeper layers). Furthermore, a deformation of the implanted layers
was taken into account yielding a perpendicular strain of maximum ~1% for the three

first periods and decreasing to zero for the deeper unimplanted layers.



The in-plane (Qx) and out-of-plane (Q,) reciprocal lattice points were obtained from the
corresponding (1015) reciprocal space maps of both samples, shown in Fig. 2b-c. In

addition to the broadening, the maps confirm the strong suppression of the SL peaks
(the remaining peak above GaN being due to the Ky contribution from the
monochromator). The elongated peak below GaN is associated to the expansion of the
c-lattice parameter in the heterostructure, an effect well-documented for implantation in
thin nitride films' °. It should be noted that the dynamical theory may not be well
suited to describe XRD of the highly damaged sample after high fluence implantation.
Nevertheless, the results are in good agreement with the RBS and TEM results
presented in this paper suggesting a deterioration of the crystal quality, in particular of
the first three periods, while intermixing remains below the detection limits of the
employed techniques.

Fig. 3 shows TEM images of the defects formed in the as-implanted maximum-fluence
sample. Dark field images, recorded using 0002, 1-120 and 1-100 reflection g vectors,
respectively (Fig. 3a-c), reveal a heavily damaged surface region. Fig. 3a, taken under
the g=0002 condition, indicates the presence of a large number of point defect clusters,
interstitials or vacancies, also confirmed in Fig. 3b. Fig. 3c, exciting the g=1-100
reflection, shows that, in addition to the defect clusters, a complex network of basal
stacking faults (BSFs), both intrinsic (I and > type) and extrinsic (E), and prismatic
stacking faults (PSFs)*"* 2> has been generated during the implantation. A high
resolution example of one I BSF inside the implanted region is exhibited in Fig. 3d.
The formation of these extended defects agrees well with previous reports on both
GaN'>!? and InGaN??, where the clusters and planar defects have been pointed out for

relatively high implantation fluences. A similar defect structure of the ternary and



binary compounds can explain the homogenous distribution of defects observed in the
present case, where the presence of the QWs does not seem to affect the defect
distribution and the migration/annihilation properties.

Fig. 4 shows HAADF micrographs of (a) the as-grown and (b) the as-implanted
samples. After the implantation, the top first QWs are not clearly distinguishable due to
the high damage levels, which are known to distort the unit cell either by accumulation
of point defects or strain fields associated with extended defects, both cases disimprove
on the contrast of HAADF-STEM images >* %°, and can render the direct interpretation
of contrasts in terms of chemical compositions ineffective. However, local EDX spectra
reveal that most of the In remains close to the original QW structure (not shown). This
fact was confirmed by grazing incidence (60° tilt between the surface normal and the
incoming beam) RBS measurements, which clearly resolve the first two InGaN QWs
which are completely separated in the spectrum. Fig 4c directly compares the RBS
spectra of the as-grown and as-implanted sample; no major difference can be discerned.
Both spectra are compatible with the targeted original depth profile. Nevertheless, some
degree of intermixing cannot be completely excluded due to the limited depth resolution
of the technique. This result differs from those obtained for AIN/GaN MQWs where a
partial intermixing can be induced by 100 keV Ar" implantation®. This fact might be
related to the different efficiency of the ballistic intermixing in both cases (which is
expected to be 3 times lower in the current study due to the lower energy and ion mass)
but other factors such as the electronic energy-loss contribution, the stress state of the
material, and the solubility limits of the elements cannot be ruled out and could also

play a role in this regard.



4. Conclusions

We have demonstrated that InGaN/GaN MQWs exhibit a high resistance to ion beam
induced mixing at room temperature. Damage builds up with a similar trend for In and
Ga atoms, leading to the formation of defect clusters and extended planar defects. Such
defects are homogeneously distributed throughout the MQWs, but despite the high
damage level attained both EDX-STEM and grazing incidence RBS confirmed that

compositional intermixing in the QWs remains low.
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TABLES

Table 1 — Main parameters obtained from the Hecking model.

Parameter In (w1) Ga(w2)
Ppa (10716 cm?) 4.5(5) 2.9(5)
Rpa (10 cm?) 1.5(2) 1.2(2)
Cpa (10716 cm?) 1.2(2) 0.4(2)
Pa (10718 cm?) 1(1) 1(1)
Ga (107 cm?) 4(1) 8(1)

12



FIGURE CAPTIONS

Figure 1.

(Color online) (a) RBS/C spectra for different N fluences (note the semi-
log scale). The surface energy positions for In and Ga are marked for better
identification of the elements. Energy windows used for the individual
analysis of damage are marked as wi (In) and w> (Ga). Fluence values are
given in cm™. (b) Damage level for window wi (In) and w2 (Ga) as a
function of the fluence. The corresponding fits using Hecking’s model are
also shown (lines). Results for thin InGaN films implanted with Au at room

and low temperature are also shown as a reference (adapted from refs. '+ 16).

Figure 2. (Color online) (a) HR-XRD (0002) 26/®w scans and simulations for as-grown

Figure 3.

Figure 4.

and as-implanted (4-10'® cm?) MQWs. (b,c) Reciprocal space mappings for

both samples. The color bar represents intensity in a log scale.

(Color online) Dark field TEM images of the as-implanted sample (4-10'¢
cm?) acquired with g=0002 (a), g=1-120 (b), and g=1-100 (c) orientations,
marked in red. (d) HR-TEM image corresponding to the implanted region,

where an I intrinsic BSF is visible.

(Color online) HAADF micrographs showing the as-grown (a) and the as-
implanted (b) sample. (¢) Grazing incidence (60°) RBS spectra of as-grown
and as-implanted sample. The simulation for the nominal structure is also
show for comparison. Markers for the surface energies of In and Ga are

displayed.
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