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ARTICLE INFO ABSTRACT

Keywords: In+ ion implantation was performed into a GaN epi-layer with dose and energy of 5 x 10"® cm ™2 and 25 keV
In+ Ton implantation respectively. After implantation, a thermal annealing process was employed and then the characterization was
GaN carried out by HRXRD, Raman spectroscopy, STEM, SIMS, XPS, and Photoluminescence. The maximum Indium
In,Ga; xN

concentration was measured by SIMS reaching to an atomic concentration of 3%. The HRXRD revealed the

formation of In,Ga; N with a variable distribution of Indium due to the implantation profile. The nucleation of
In,Ga; 4N was confirmed by the observation of interplanar spacings of 0.267 nm. The Photoluminescence ana-
lysis showed a modification of GaN spectra as a function of annealing temperature with an interesting green
emission for samples annealed at 500 °C. The green emission is explained by the formation of In,Ga; 4N with x
value as high as 0.32 within rich Indium regions.

1. Introduction

In,Ga; 4N is one of the most important semiconductors after Si,
GaAs, and GaN due to its special properties such as tunable band gap,
high absorption coefficient, resistance to high temperatures and ra-
diation. The band gap is well established in the range from 0.7 to 3.4 eV
varying the Indium concentration suitable to absorb and emit radiation
[1]. InyGa; 4N based devices such as LEDs, photodetectors, and solar
cells have been proven [2,3]. However, technological challenges persist
in obtaining high-efficiency devices. The important issues are the In-
dium surface segregation and the difficulty to achieve high Indium
concentrations without phase separation during epitaxial growth: these
results in a high surface roughness and a poor crystalline quality of
epitaxial In,Ga; 4N. Furthermore, this deterioration will become more
serious as the thickness of the In,Ga; 4\N layer is increased [4-6]. These
challenges cause complex growth conditions even for epitaxial techni-
ques such as molecular beam epitaxy (MBE) and Metal organic che-
mical vapor deposition (MOCVD). To incorporate more than 20% of
Indium concentration with acceptable crystal and surface quality a
sophisticated MBE growth process has been reported such as modula-
tion of Gallium and Indium shutters using Metal-Modulated Epitaxy
(MME) [7]. Therefore as an alternative to In,Ga; N nucleation, we
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propose a study of high dose and low energy In+ ion implantation into
GaN. The In+ ion implantation into GaN has been performed by our
group to fabricate low resistance ohmic contacts [8]. However, the
effects of implantation on the GaN photoluminescence have not been
reported yet. The existing reports of In+ implantation into GaN are
focused on the radiation damages at different energies and doses
[9,10]. In Addition, GaN and InN nanocrystals have been observed after
implantation and annealing of N+ ions into GaAs or InAs respectively
[11,12]. Nevertheless, to our knowledge, the In,Ga; ,N or InN nano-
crystals have not been observed into GaN by ion implantation.

2. Experimental details

Commercial Mg-doped p-type GaN and not intentionally doped
(nid) GaN templates were used in this study. We use two type of con-
ductivity substrate to demonstrate that the implantation showed the
same effect for “p” and “n” type GaN. Thus only in PL characterization,
we will show the data for both substrates to demonstrate that the Mg
doping does not affect the implantation conclusions. The samples were
grown by metal-organic chemical vapor deposition (MOCVD) on sap-
phire substrates using AIN as a buffer layer.

In+ ion implantation was carried out at 25 keV and the ion dose
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Fig. 1. SIMS (a,b) and XPS (c) analysis of the implanted sample.

was 5 x 10'® ions/cm®. Moreover, the ion flux was performed normal
to the surface of GaN at room temperature. So according to TRIM, the
implantation was designed to achieve a maximum atomic concentration
of Indium around 6%. After implantation, the In+ implanted wafer was
cut to perform samples annealed at different temperatures. Therefore
we achieved implanted and annealed samples at 400 °C, 500 °C, and
900 °C. In all annealing process, an ammonia atmosphere was em-
ploying during 30 min. To study the structural effect of the implanta-
tion into GaN, high-resolution X-ray diffraction (HRXRD) w-26 scan was
carried out, with a scan range of 32.35°-36.34° centered over (00 2)
plane at 34.5468° employing a high-resolution system Panalytical MRD
X-ray diffractometer. To further support a set of lamellas was fabricated
by a JIB-4500 MULT-IBEAM SEM-FIB using Ga+ ions obtaining a
sample thickness around 50 nm. The analysis of lamellas was carried
out in a 0.08 nm resolution JEM-ARM200F transmission electron mi-
croscope operated at 200 kV. Phase formation and radiation damage
were monitored by Raman spectroscopy with a NTEGRA Spectra in-
strument from NT-MDT with a green laser emitting at 532 nm. The
exposure time was 60 s and the spectra were recorded with a CCD de-
tector cooled at 238 K using a 100 X objective. Elemental depth dis-
tribution and their re-distribution after thermal annealing process were
analyzed using a TOF-SIMS-5 secondary ion mass spectrometer from
ION-TOF GmbH. We used a double beam analysis regime: a focused
cesium ion beam with an energy of 500 eV and ion current of 60 nA was
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raster scanned over 500 x 500 um? area and a pulsed Bi;* ion beam
was used to analyze a 150 X 150 ym? in a central area of the sputtered
crater. Secondary CsM " cluster ions (where M is an element of interest)
were monitored to minimize the SIMS matrix effect at the semi-
conductor interface and experimental crater depth was measured by a
Dektak XT profiler.

X-ray photoelectron spectroscopy (XPS) analysis was carried out
using a SPECS spectrometer with a Phoibos 100 1D DLD using a
monochromatic X-ray radiation Al Ka. The elemental bulk-distribution
was analyzed using the XPS technique combined with Ar+ depth
profile sputtering employing 500 eV to avoid Ar+ implantation and
perform a low etching rate. Finally, the Photoluminescence was carried
out employing a 325 nm HeCd LASER at a low temperature of 12 K.

3. Results and discussions
3.1. Chemical analysis

The experimental depth profile of the Indium implanted GaN ac-
quired by SIMS is observed in Fig. 1a together with TRIM simulation
data. The depth scale was re-calculated after experimental crater
measurement, the concentration of In was re-calculated with a Relative
Sensitivity Factor, obtained by using an implanted standard. The con-
centration of In at the implanted maximum was found as high as ~3
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Fig. 2. HRXRD 26-w analysis around (0 0 2) reflection angle in the range of GaN and
In,Ga; 4N diffraction angles for the GaN template, As-implanted GaN and the Annealed at
400 °C.

atomic%. As it is clear from the data of TRIM simulation there is a
strong sputtering effect accompanying the implantation. The sputter
yield for 25 keV ion irradiation according to the TRIM reaches Y = 9.3,
this suggests a few monolayers sputtering during the implantation with
the fluence of 5 x 10'® ions/cm? used in our experiment. The experi-
mental projected range was found as 3.6 nm, whereas TRIM predicts
almost 10 nm. The sputtering effect results that the implanted dose was
found as ~2.4 X 10'°, or only the half of the estimated one.

Switching to the annealing discussion. SIMS reveals that after an-
nealing, the Indium tends to diffuse to the GaN surface, moreover is
observed that as the annealing temperature increased, the Indium
concentration is reduced. As a result, for an annealing at 900 °C the
Indium escape from GaN, see Fig. 1b.

—— p-GaN as implanted
—— p-GaN annealed at 400°C for 30min
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Fig. 3. Raman Shift for as-implanted and annealed at 400 °C. The black spectrum cor-
responds to the as-implanted sample and the red spectrum corresponds to the annealed
one.
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On the other hand, the XPS analysis was performed only for the as-
implanted sample (see Fig. 1c). The Indium 3ds,» binding energy was
monitored, reaching to the estimated maximum atomic concentration
of ~2%. The quantification of Indium atomic concentration was per-
formed using standard sensitivity factors contained in the CasaXPS
software. The XPS In 3ds,, deconvolution analysis revealed three types
of bounds, one of them is the In binding to O located at (445.5 eV) may
due to the formation of In,O5; and also observed by Raman (see next
Section 3.2), the peak around of (443.1 eV) is attributed to atomic In-
dium core level signal and the peak at (443.3 eV) is related to In-N
bond [28]. In addition is worth to notice that at the surface we observed
In-O and In signals, whereas after etching by Ar+ for 600 s at maximal
Indium concentration, the In-O disappears and the signal shift to InN
binding energy. Therefore from XPS InN bound was observed related
with InGaN formation.

3.2. Structural analysis

3.2.1. XRD diffraction

Fig. 2 shows the simulation and experimental data of HXRD w-20
scan analysis over the (0 0 2) GaN crystal plane. In order to predict the
effect of implantation on the structural properties, a simulation was
performed using the X’pert epitaxy software. On the simulation, we
considered a 20 nm of an In,Ga; (N layer with a concave profile dis-
tribution of x, the maximal Indium concentration is set to be x = 0.06
just at the first 10 nm from the surface, then the Indium concentration
tends to decrease reaching to GaN binary compound at the 20 nm form
surface. The x = 0.06 Indium concentration in InGaN was chosen be-
cause it corresponds to a concentration of 2.84 x 10%' cm ™3 or 3%
atomic in GaN as was measured by SIMS. The simulation reveals a
shoulder near the GaN peak corresponding with Ing ¢sGag 94N, and then
the diffraction signal starts to decrease following a concave profile.
From the as-implanted sample, the analysis reveals a broad asymmetry
shifted to the In,Ga; 4N angles reducing its diffraction intensity as the
angle goes to InN diffraction angle. The sample annealed at 400 °C
exhibits a similar behavior as the observed for as-implanted. Then given
that the effect was found in both, for the as-implanted and annealed
samples suggesting that the asymmetric should not be associated with
defects caused by radiation damage. If the asymmetry had been caused
by defects, the profile should be broad for both sides (toward to InN and
toward to AIN), nevertheless the broad was observed only toward to
InN. So, if the broad asymmetry were caused by defects it should be
reduced after annealing but it was not the case. Therefore we inter-
preted the asymmetry as the sum of several contributions of In,Ga; \N
and the weak diffraction contributions are related to In,Ga; N with
high Indium concentration such as x > 0.3.

3.2.2. Raman analysis

Fig. 3 shows the Raman spectra for the as-implanted and the sample
annealed at 400 °C. The characteristic E2 high and LO GaN Raman
peaks were clearly recognized in all cases. For the as-implanted sample,
three signals have been observed, the first is a broad band in the range
of 200-300 cm ™! attributed to the radiation damage, the second is
related to In-O signal and the third is the complex 481 cm™' peak
which is attributed to In-N bond. After annealing the signals related to
radiation damage and In-O bond were suppressed and moreover, the
increase of GaN E2 high and LO signals are indicators of crystal en-
hancement. The complex 481 cm ™! peak related to InN persisted after
annealing. However, the shift of the observed peak is very controversial
in comparison with the well-reported InN at 488 cm ™! [13]. Based on
Raman shift, SIMS, XPS and HRXRD, we suggest that after annealing the
InN shift is due to the formation of In,Ga; 4N with an inhomogeneous
Indium concentration.

3.2.3. STEM analysis
The STEM analysis was performed for the as-implanted sample and
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Fig. 4. As-implanted sample a) General STEM analysis and b) High-resolution STEM analysis.

the annealed at 500 °C. Fig. 4) shows the STEM analysis for the as-
implanted sample while the Fig. 5) shows the analysis for the annealed
at 500 °C. From the as-implanted sample, the In+ implanted zone is
well recognized by the Z-contrast, the implanted zone is around 20 nm
which correlates with the SIMS depth profile. The Fast Fourier Trans-
form (FFT) was applied to the as-implanted sample and is attached to
Fig. 4). The FFT reveals a remnant crystalline layer after implantation
instead of the complete amorphous layer as is suggested by SRIM si-
mulation (not shown here). To explain this discrepancy we suggest that
the thermal spike regime with the formation of quenching of melting
pools during 25 keV In+ ion irradiation of GaN could be considered
[19-26]. On the other hand in contrast to the Lorenz et al. [27] results,
they have shown that when the dose is the order of 2 x 10'° ions/cm?
nano-crystals are formed in the GaN surface. Nevertheless to the best of
our knowledge, Lorenz did not explain the formation mechanism and in
addition, their employed implantation acceleration voltage was

300 keV more than 10 times greater than our employed acceleration
voltage.

From the high-resolution STEM analysis of the as-implanted sample
(Fig. 4b), an inhomogeneous Indium distribution within the implanted
zone was observed. Then we observed that the implanted Indium tends
to cluster, forming rich Indium regions which its planar spacing is
around 0.266 nm. We correlated these planar spacing with the forma-
tion of (0 0 2) In,Ga; 41N planes.

Switching to the STEM analysis for the annealed sample at 500 °C
(Fig. 5). The implanted zone presented in Fig. 5b) shows that after
annealing the implanted Indium persisted instead of escaping com-
pletely from the material. High-resolution analysis within the Indium-
rich regions reveals that the Indium clustering to nucleate In,Ga; xN
with an interplanar spacing of 0.2675 nm. Similar observations for In-
dium clustering have been reported for InGaN/GaN quantum wells
[14,15]. According to Vegard’s law, 0.2675nm planar spacing

Fig. 5. Annealed sample at 500 °C, a) STEM analysis of implanted region and b) high-resolution STEM analysis. The circles are added for visual guide within rich-Indium regions.
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Fig. 6. 1016000107315 PL spectra of In+ implanted samples as a function of annealing
temperature for GaN: Mg in comparison with not implanted or as-grown template. The
arrow in the sample annealed at 500 °C indicates to the formation of InyGa; N with a
x ~ 0.32. Moreover, the PL emissions were shifted to each other in a stack for better
visibility.

corresponds to an Ing 35,Gag 673N ternary alloy. Therefore based on our
experimental results we suggest that within rich Indium regions, un-
stressed In,Ga,,N with an Indium concentration x > 0.3 can be
formed due to phase separation. Similar observations have been re-
ported for In,Ga; 4N layers grown with a low Indium concentration in
the range of (9-20%) [6,16].

3.3. Photoluminescence

To study the effect of Indium implantation into GaN, low-tem-
perature photoluminescence was performed. Fig. 6 shows the PL
spectra of the as-implanted, annealed at 500 °C, annealed at 900 °C and
for comparison proposes as-grown GaN template is also included.
Moreover is worth to mention that in Fig. 6 only the Mg-doped GaN
samples were studied.

From Fig. 6 the p-GaN template shows its characteristic peak at
around 3 eV due to the Mg deep level. The as-implanted sample pre-
sents an interesting asymmetric broad red-shift. The red shift can be
explained by the formation of In,Ga; \N with variable concentration as
was observed by HRXRD. Then the sample annealed at 500 °C presents
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Table 1
Summary of the interplanar spacing measured by STEM, Indium concentration estimated
by the Vegard’s law, and its corresponding band gap calculated employing the Eq. (1).

x Indium concentration
using Vegard’s law (%)

Interplanar spacing
measured by STEM

Related band gap
applying the Eq. (1)

analysis (nm) (eV)
0.266 29 2.32
0.2675 325 2.2

two broad peaks centered at 2.7 eV and 2.3 eV. Based on our STEM
results we suggest that the green emission corresponds to In,Ga; N
regions with Indium concentration around 32%. In addition according
to the literature, 500 °C is a suitable temperature to achieve In,Ga; (N
because several reports for MOCVD and MBE have shown the growth of
In,Ga; 4N in the range of 450-600 °C [7,17]. Finally, from sample an-
nealed at 900 °C, no emission below the band gap was observed which
is due to the Indium escape out from the material as was shown in
Fig. 1b). Moreover, a blue shift was observed, we suggest that it can
come from donor impurity incorporation such as Carbon during the
thermal annealing. However further work should be realized in future
to explain the nature of the blue shift.

To demonstrate that the interesting effect of implantation into GaN
is independent of the substrate conductivity. We first pointed out that
the atomic Mg concentration in GaN is ~7 X 10'® cm ™2 and typically
the Mg deep level is ~200 meV above of valence band. In addition, the
well-known yellow band is typically not observed in GaN: Mg. By an-
other hand, the yellow band is typically observed on “n” or nid-GaN. So
to demonstrate that the green emissions are not related to Mg or yellow
band emission, a comparative PL study of two types of conductivity was
performed. Fig. 7 illustrates the PL analysis for the samples annealed at
500 °C for both Mg-doped GaN and nid-GaN. Deconvolution analysis
reveals a set of multi-peaks contributions due to the formation of sev-
eral In,Ga; 4N ternary alloys with a no homogeneous distribution as
was mentioned above. From nid-GaN spectra, the 3.4 eV excitonic GaN
peak was not observed as a result of the formation of In,Ga;  N. It
means that the In+ implanted and annealed GaN has a strong ab-
sorption coefficient and the light interaction acts only in this implanted
region. So if the green emission were caused by ion implantation da-
mage, it should be reduced by the annealing process. However, the
green emission only appears after annealing. Therefore the green
emission observed for both nid-GaN and GaN: Mg is not due to the
yellow band or Mg deep levels.

Finally to further support of our discussions we consistently in-
tegrate the STEM planar spacing and PL emission energies by the

Wavelength [nm]
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b) = In+ nid-GaN annealed at 500°C
=
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Fig. 7. PL spectra of a) GaN: Mg and b) nid-GaN implanted and annealed at 500 °C. Is worth to pointed that the green emission is observed in both substrates and in the inset of the a)

demonstrates the visible green emission.
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calculation of the energy gap as a function of indium content employing
the bowing parameter reported in reference [18]. So the indium con-
centration was calculated applying the Vegard’s law to the measured
STEM interplanar spacing. This approach is in good correlation with
our results and explains the interesting emissions. Table 1 is a summary
of the interplanar spacing, related Indium concentration, and its cor-
responding band gap, calculated using the Eq. (1).

Eg = 0.7x + 3.4(1—x)—1.43x (1—x) 6h)

4. Conclusions

In+ ion implantation was carried out at 25keV with a dose of
5 x 10'° ions/cm? at room temperature into Mg-doped and nid-GaN
templates, as a result, we demonstrated that the implantation effect is
independent of the substrate conductivity. The crystalline structure for
the as-implanted and after thermal annealing confirmed by Raman,
HRXRD, and STEM, let us suggest that the thermal spike regime with
the formation of quenching of melting pools during 25keV In+ ion
irradiation of GaN should be considered. After implantation and an-
nealing at 500 °C, an interesting green emission was observed. The
structural characterization by HRXRD revealed the formation of In,Ga;.
«N with a variable Indium concentrations and STEM confirmed an
Indium inhomogeneity forming In,Ga; N with a high In concentration
as high as 32% within rich indium regions corresponding with inter-
planar spacings of ~0.2675 nm. Therefore the green emission was ex-
plained consistently by the nucleation of the Ing 32,Gage73N ternary
alloy according to XPS, HRXRD, Raman, and STEM. Finally is important
to highlight that the green emission by In+ implantation has been
observed for the first time in this work and can be used to absorb or
emit green radiation in future applications.
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