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Abstract. GaN nanocrystals (in the wurtzite phase) have been synthesized by thermal annealing in re-
ducing atmosphere of Ga™+NT sequentially implanted alumina. We show that the reduction of Ga local
concentration (by lowering the implantation dose) yields to an overall increase in the intensity of the GaN
photoluminescence signal, to a decrease of the PL bandwidth and to the shift of its onset towards higher
energies, due to quantum confinement effects in GaN nanocrystals with a narrow size distribution. The
interpretation of the optical results is supported by structural analyses. Moreover, by investigating different
forming treatments for GaN synthesis, the key role of hydrogen in the annealing atmosphere is evidenced.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
81.05.Ea III-V semiconductors — 78.67.Hc Quantum dots — 85.40.Ry Impurity doping, diffusion and ion

implantation technology

1 Introduction

Among the semiconductor binary nanostructures [1],
those formed by gallium nitride are most studied, es-
pecially in recent years, for their technological applica-
tion in the realization of blue-green light emitting diodes
and laser, high-speed field-effect transistors, UV photode-
tectors and high-power devices, owing to the wide op-
tical bandgap of wurtzite GaN (E, = 3.45 eV). More-
over, GaN is a promising candidate for high-temperature
electronic devices due to its strong atomic bonding. Not
only the synthesis of quantum dots, but also of het-
erostructures such as GaN nanowires, tubes [2], thin
films [3] and quantum wells attracts much interest. The
importance of nanometer-sized gallium nitride crystals is
based on their photoluminescence properties: they exhibit
quantum-confinement effects that allow tailoring the op-
tical properties of the system. Several different techniques
have been explored and used for the fabrication of GaN
nanocrystals; most of the methods are based on colloidal
chemistry [4], reactive laser ablation [5,6], epitaxy [7] and
chemical vapor deposition [8]; anyway, the difficulty in de-
veloping synthesis methods for the growth of high-quality
GaN nanocrystals, especially for their photoluminescence
response, is not solved yet [9]. About the synthesis of GaN
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nanocrystals in dielectric matrices, sequential ion implan-
tation [10] of Ga™+NT ions was demonstrated to be a very
promising technique if followed by proper thermal anneal-
ing in NHj3 atmosphere (at 7' = 900 °C for 1 h) [11,12].
Furthermore, it was established that the role of N im-
plantation after the Ga™ one is both to prevent Ga out-
diffusion and to initiate GaN synthesis, by inducing the
formation of Ga oxynitrides into the matrix [11]. In ad-
dition, the aggregation of crystalline clusters can be pro-
moted in amorphous or amorphized networks, so ruling
out the mandatory need of a template to induce the co-
herent growth of the precipitates [11]. Nevertheless, there
are still some open questions on the role and nature of
the processes that drive GaN clusters formation; as for
the post-implantation annealing treatments for GaN syn-
thesis, it is not yet clear whether the use of nitrogen-
supplying atmosphere is mandatory for crystalline nitride
formation, or implanted nitrogen atoms can directly ag-
gregate in nanocrystals during thermal annealing in reduc-
ing atmosphere. Detailed investigations are fundamental
to fabricate systems with a narrow and intense photolu-
minescence band, whose range energy could be tuned by
quantum confinement effects. In this article, we report on
the morphological and optical characterization of systems
prepared by sequential ion implantation of Ga and N ions
into a-alumina. The main purpose is to investigate the
role of implantation doses and different reducing anneal-
ing atmospheres in determining the composite structure,
with the aim at improving the optical response of these
systems.
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Table 1. Ion implantation and heat-treatment parameters for
the prepared samples; all the annealing treatments were per-
formed at T'= 900 °C for 1 h.

sample Ga™' implant NT implant annealing

name  dose (Ga™/cm?), dose (N*/cm?), atmosphere
energy (keV) energy (keV)

A5 10 x 106, 120 12 x 106, 30 NH;

A6 6 x 106, 120 4 % 106, 30 NH;3

A7 3 x 106, 190 4 x 106, 40 NH;3
1.1 x10'% 100 - NH;

A8 3 x 106, 190 4 x 106, 40 H2(4%)/Ar

1.1 x 10'%, 100 -
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Fig. 1. k?-weighted Fourier transform moduli (in the range
k= 2.6—-13.0 A™!) of EXAFS spectra (solid line with markers)
recorded at Ga K-edge from the samples obtained by Ga+N
implantation in alumina at different doses (see Tab. 1), after
annealing in NH3 (samples A5, A6, A7) or in Hy (sample A8);
the peaks of Ga—O/Ga-N and Ga-Ga coordinations are in-
dicated, and the corresponding fits are also shown (solid line
without markers); the spectrum from wurtzite GaN is reported
for comparison.

2 Experimental

The parameters for the Gat+N* sequential ion implan-
tation, performed at room temperature, are reported in
Table 1; for the samples A7 and A8 two Ga' implan-
tations at different energies were performed to obtain a
region (about 50 nm thick) with a homogeneous Ga con-
centration. The Ga and N concentration depth profiles
were preliminary evaluated by means of the SRIM2000
code, that calculates the stopping range of ions into mat-
ter using a quantum mechanical treatment of the ion-atom
collisions [13]: the maximum of the dopant concentration
was estimated at about 90 nm from the surface for the
A5 and A6 samples, and from 80 to 120 nm for the A7
and A8 samples (double Ga implantation). After ion
implantation, the samples were heated in ammonia or
hydrogen (4%) atmosphere for 1 hour at T' = 900 °C. Gal-
lium concentration profiles and actual fluences were mea-
sured by Rutherford backscattering spectrometry (RBS):

a good agreement between the calculated and measured
Ga projected ranges was detected. Transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) analyses were performed with a Philips CM30T,
operating at 300 kV, on cross-sectional samples thinned
with an Art-ion milling system at liquid nitrogen tem-
perature. Extended X-ray absorption fine structure (EX-
AFS) spectroscopy and grazing incidence X-ray diffrac-
tion (GIXRD) analysis were performed at the European
Synchrotron Radiation Facility (Grenoble, France), on the
Italian beam-line GILDA (details on the experiment and
data analysis in Ref. [11]) and on ID09 beam-line (details
in Ref. [14]), respectively. Photoluminescence (PL) spec-
tra of the implanted samples were recorded over the
temperature range 77—300 K. The frequency doubled
emission of a Na-laser pumped dye-laser (500 ps pulse du-
ration) was used as exciting source. The emission spectra
were dispersed by an ORIEL MS257 monochromator (fo-
cal length 0.25 m) equipped with a fast photomultiplier.
The time resolved PL signals were acquired by a TDS 7104
TEKTRONIX Transient Digitizer with maximum digital
storage sampling rate of 10 Gsamples/s and 1 GHz band-
width.

3 Results and discussion

To investigate the effect of the implantation doses on
the composite structure after the NHs-annealing, the Ga
K-edge EXAFS spectra for the samples A5 (high-dose
implantation) and A6 (low-dose), recorded in the fluores-
cence mode at 77 K were analyzed.

In Figure 1 the Fourier transforms of the EXAF'S spec-
tra of the implanted samples are compared to the spec-
trum recorded in transmission mode at 77 K on a sample
of crystalline GaN (wurtzite) grown by molecular beam
epitaxy. The main features of GaN spectrum are well re-
produced for all the samples. For quantitative analysis of
the spectra from the samples, the Sg value [15] was esti-
mated from the analysis of the GaN bulk spectrum. The
fit in R-space of the first two coordination shells used the
phases and amplitudes calculated with the FEFFS8 code
for the structure of crystalline GaN [16]. Fitting results
are reported in Table 2 and fit quality is shown in Fig-
ure 1: the comparison with the parameters that charac-
terize the Ga local structure in GaN bulk indicates that
the structures typical of GaN phase are formed in both
samples. Furthermore, part of Ga atoms (not more than
about 50%) remain dispersed in the matrix, bonded with
light atoms (O and/or N, EXAFS not being able to distin-
guish between the two backscatterers); this emerges from
the comparison between the first two shells because the
second one (Ga—Ga and Ga—N coordinations) takes contri-
bution only from GaN clusters, while the first one (Ga—O
and Ga—-N coordinations) accounts for both Ga atoms
dispersed in the matrix and for Ga atoms aggregated in
GaN clusters. The fitting results are very similar for the
two samples, indicating that the average local structure
around Ga atoms does not depend on the implantation
fluences in the two examined conditions. On the other
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Table 2. Fitting results (first two coordination shells) of Ga K-edge EXAFS spectra for the alumina samples implanted with
Ga—+N ions at different doses (see Tab. 1), after annealing in NHg (samples A5, A6, A7) or in H2(4%) (sample A8), compared to
those obtained from the EXAFS spectrum of bulk GaN (in parenthesis); the crystallographic data of wurtzite GaN are reported

for comparison.

sample Ab A6 AT A8 GaN bulk
N 3.94+0.5 4.0+ 0.6 3.4+0.7 3.9+0.8 3,1
I shell R (A) 1.93+0.02 1.94+£0.02 19440.02 1.934+0.02 1.9493, 1.9562
Ga-N (1.97 £ 0.02)
o? (107* A%) 28416 36 + 17 37+ 25 55 + 28 (65 + 26)
N 5.14+1.8 5.8+ 1.1 20+1.1 3.0+£1.3 6, 6
II shell R (A) 3.19£0.02 3.204+0.02 3.2240.02 3.20+£0.02 3.1816, 3.1900
Ga-Ga (3.21 £ 0.02)
o? (107* A%) 60423 59 + 12 16 4 32 52 +29 (24 £7)
N 3.84+1.3 4.3+0.8 4.7+24 22+09 9
II shell R (A) 3.754+£0.02 3.76£0.02 3.78+0.02 3.77+0.02 3.7383
Ga-N (3.78 £ 0.02)
o2 (107* A% 116 +272 14476 1449 13 + 160 (68 & 108)
hand, TEM and SAED analyses show the presence of GaN l ()
nanocrystals (in wurtzite phase) only for the A5 sample —~ 45
(high-dose implantation) [11], while no clusters could be %
observed for the low-dose implanted sample. Actually, the B’_ ]
GaN clusters possibly present have a faint contrast with © 4.0
respect to the matrix [11]; in addition, even if the matrix is g
completely amorphized in the implanted region [11], it is o 1
known that the subsequent NH3 annealing process deter- 8 3.5
mines a partial recrystallization of the matrix according to o
the «y crystalline phase [17]. Thus, the contribution of both é ' "1 ' é ' é ' 1'0
Al50O3 crystalline substrate (present below the implanta- .
tion range) and of the «y crystalline phase (in the implanted cluster radius (nm)
region) in SAED pattern could hide the diffraction signal
from the small GaN clusters possibly present. The results (b)
obtained indicate that large GaN clusters are present only 500+
in the A5 sample (high-dose implantation), while the size ]
of the GaN clusters evidenced by EXAFS spectroscopy in AS
the sample A6 (low-dose), is below the detectable limit 400+
for TEM in this particular sample. As the size of the GaN —~ ]
nanocrystals is comparable to the excitonic Bohr radius > A6
(ap ~ 3 nm for GaN [18]), quantum confinement effects 'CEU 300+
are expected to arise. The variation of the energy gap of = .
GaN nanocrystals as a function of their size, calculated G 200
according to reference [19], is reported in Figure 2a. The 3
PL spectra taken on all the samples upon excitation at £
4.24 eV are shown in Figure 2b. In agreement with the 1004 A7
quantum confinement theory, the onset of the PL emission
for the A5 (high-dose) and A6 (low-dose) samples appears
to be shifted towards higher energy as compared to bulk 04 A8./|GaN bulk
GaN in wurtzite phas.e (bandgap energy E, = 3.45 QV). 28 30 32 34 36 38 40
Moreover, the comparison between the two spectra high-
lights that the implantation dose dramatically affects the energy (eV)

PL spectra. In the high-dose implanted sample A5, the
presence of large clusters as well as the high concentration
of defects lead to a broad spectrum; on the other hand,
the emission spectrum of sample A6 (low-dose implanted
sample) is narrower and shifted towards higher energy,
suggesting a narrower cluster size distribution of small
clusters (according to the structural analyses discussed).

Fig. 2. (a) Energy gap of GaN nanocrystals as a function of
cluster radius, calculated according to reference [19]. (b) PL
spectra taken on the samples obtained by Ga+N implantation
in alumina at different doses (see Tab. 1), after annealing in
NH; (samples A5, A6, A7) or in Hy (sample A8), at an exci-
tation energy of 4.24 eV (T = 110 K); the energy gap of GaN
bulk is also indicated.
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Fig. 3. (a) GIXRD pattern of Ga+N implanted alumina, af-
ter annealing in H(4%) (sample A8). Besides the strong re-
flections from the crystalline matrix, the Debye Scherrer rings
from the nanocrystals are clearly visible. (b) Radially inte-
grated scattering profile of the GIXRD pattern (the most in-
tense peaks from the matrix were masked) after background
subtraction. Vertical bars indicate the reflection positions from
the crystalline wurtzite GaN (solid lines) and from the v-Al; O3
(dashed lines).

To investigate the role of thermal annealing in different
atmospheres on the efficiency of GaN nanocrystal fabrica-
tion and on the relative photoluminescence properties, two
more samples, prepared by low-dose Ga+N implantation,
were processed by two different post-implantation ther-
mal annealing in reducing atmosphere, either ammonia
(A7 sample) or Hy(4%):Ar(96%) (A8 sample); for these
samples the local concentration of dopants is lower than
for the A6 sample (see Tab. 1). The EXAFS analysis (see
Tab. 2 and Fig. 1) evidenced the formation of GaN struc-
tures, as well as the presence of Ga dispersed in the matrix.
With respect to the A6 sample, the peak in the Fourier
transform modulus, related to the second shell of atoms
around Ga in the samples A7 and A8, is lower, indicating
that the percentage of Ga atoms dispersed is higher than
in the previous cases. This is confirmed by the Ga—Ga co-
ordination number for the two samples, lower than that
of samples A5 and A6 (see Tab. 2). For the analysis of
the spectrum of the sample A7, the ratio between the
Debye-Waller factors of the two Ga—N coordinations was
fixed to the value for sample A6, and no constraints were
imposed on the coordination numbers; anyway, this did
not alter significantly the fitting results. The crystalline
structure was investigated for the sample A8 by means of
GIXRD: in the diffraction pattern reported in Figure 3a,
besides the strong reflections from the crystalline matrix,

the Debye-Scherrer rings of crystalline, randomly oriented
GaN nanoparticles are clearly visible. After radial inte-
gration and background subtraction, the analysis of the
diffraction signal from the nanocrystals (Fig. 3b) indicates
that the measured lattice constants (¢ = 0.3180(10) nm,
¢ = 0.5163(15) nm) agree well with those of bulk wurtzite
GaN (a = 0.3186 nm, ¢ = 0.5178 nm). The photolumi-
nescence analyses on samples A7 and A8 show that the
intensity of the PL band is enhanced with respect to the
A5 and A6 samples and that its onset is shifted toward
higher energies (see Fig. 2b). The EXAFS and PL findings
suggest that the population of small GaN clusters is in-
creased with respect to the A5 and A6 samples, because of
the lower local Ga concentration in the implanted region.
Moreover, some indication can be drawn on the effective-
ness of annealing atmosphere for GaN clusters synthesis,
and consequently on the photoluminescence properties of
the obtained systems. As far as the annealing in Hy/Ar
is concerned, the results from PL, GIXRD and EXAFS
analyses on the sample A8 indicate that this heating treat-
ment properly induces GaN cluster synthesis: hydrogen
diffusing into the sample acts as a reducing agent for the
Ga oxide-oxinitrides formed by double Ga*+N7 implan-
tation. This process is effective for a thermal treatment at
900 °C: the fact that the same annealing at higher tem-
perature (1200 °C) did not result in GaN clusters [11]
is likely ascribable to the onset, at high temperature, of
the thermal decomposition of the GaN clusters possibly
formed. The effectiveness of H2(4%) annealing for GaN
synthesis sheds some light also on the processes involved in
GaN aggregation upon annealing in ammonia atmosphere
(sample AT): since at 900 °C the dissociation of ammonia
in Ny and Hy molecules is fairly complete [20], it can be
claimed that also in this case the diffusion of hydrogen
from the atmosphere into the sample is the main respon-
sible of the GaN nanocluster formation. Thus, it turns
out that, in alumina matrix doped with both Ga and N,
the use of nitrogen-supplying atmosphere is not needed
for crystalline gallium nitride formation. Moreover, even
if the Hy concentration at T' = 900 °C is expected to be
higher in totally or partially dissociated ammonia than in
the Hy/Ar atmosphere, this did not determine strong dif-
ferences between the PL spectra of the A7 (NHs-annealed)
and A8 (Hs-annealed) samples, thus indicating a satura-
tion effect in the hydrogen reaction with Ga-oxides and
oxynitrides at low Ga concentrations. Concerning the life-
time of the GalN nanocrystal excitons measured in our
systems, the PL time decay curves at 77 K for the 325 nm
emission showed an exponential decay with a time con-
stant around 10 ns. Excitons lifetime for GaN at low tem-
perature is usually given in literature between 0.1 and
1 ns [21-24]. Several reasons could account for the differ-
ence with the experimental results obtained here. It is well
established that in nanocrystals, quantum confinement ef-
fects increase the binding energy of the excitons [7,25] and
recently it was pointed out that for GaN, higher binding
energy yields to an increase in the exciton lifetime [26].
Thus, a larger time constant is expected for nanocrystals
than for bulk GaN. However, considering the size of the
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nanocrystals as measured by TEM (~2 nm), the binding
energy of the excitons could increase of about 20 meV [25],
yielding to an increase in the lifetime of about 0.5 ns,
that can only account partially for the longer measured
lifetime. GaN excitons lifetime is mainly determined by
the non-radiative transitions which are favoured by the
presence of impurities. In particular, a doping level below
10%6 em~2 increases the lifetime over 1 ns [27]. In the case
of low impurity concentration, the lifetime increases with
the temperature and reaches about 10 ns at 7' = 100 K.
Hence, the larger exciton lifetime reported here suggests
that the synthesized nanocrystals have a low degree of
impurities. This is particularly important for the case of
hydrogen impurities (involved in the synthesis process) as
they are known to reduce PL intensity, limiting potential
applications of the material [21].

4 Conclusions

In conclusion, we have shown that in the process of GaN
synthesis upon annealing in NH3 of Ga™+N7 sequentially
implanted alumina matrix, the use of low-dose Ga®+NT
implantation (with respect to Ref. [11]) greatly improves
the photoluminescence signal from the GaN clusters. The
GaN photoluminescence band exhibits quantum confine-
ment effects and results narrower than in the case of high-
dose implantation, suggesting the presence of a narrower
size distribution of smaller clusters, according to EXAFS
and TEM results. Further reduction of the Ga local con-
centration increases the GaN photoluminescence signal
and shifts the onset of the PL signal toward higher en-
ergies. Moreover, it was demonstrated that a thermal an-
nealing in Hy(4%) at 900 °C for 1 h is effective for GaN
clusters synthesis, by chemical reduction of the Ga oxide-
oxinitrides formed after implantation: this strongly sug-
gests that also during the annealing in ammonia at the
same temperature the key role for GaN synthesis is played
by the hydrogen molecules present in the atmosphere due
to the almost complete NH3 thermal decomposition.
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University Research Project and by Italian CNR National
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