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Abstract We demonstrate the synthesis of GaN
nanocrystals (NCs) with the sizes of less than the
doubled exciton Bohr radius leading quantum con-
finement effects via a single-step technique. The
generation of colloidal GaN nanoparticles (NPs) in
organic solution through nanosecond (ns) and fem-
tosecond (fs) pulsed laser ablation (PLA) of GaN
powder was carried out. Ns PLA in ethanol and
polymer matrix resulted in amorphous GaN-NPs with
the size distribution of 12.4 + 7.0 and 6.4 4+ 2.3 nm,
respectively, whereas fs PLA in ethanol produced
colloidal GaN-NCs with spherical shape within
4.2 &+ 1.9 nm particle size distribution. XRD and
selected area electron diffraction analysis of the
product via fs PLA revealed that GaN-NCs are in
wurtzite structure. Moreover, X-ray photoelectron
spectroscopy measurements also confirm the presence
of GaN nanomaterials. The colloidal GaN-NCs solu-
tion exhibits strong blue shift in the absorption
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spectrum compared to that of the GaN-NPs via ns
PLA in ethanol. Furthermore, the photoluminescence
emission behavior of fs PLA-generated GaN-NCs in
the 295-400 nm wavelength range is observed with a
peak position located at 305 nm showing a strong blue
shift with respect to the bulk GaN.
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Introduction

For the last two decades, III-N-based semiconductors
with their wide, direct, and tunable band gap from IR
to UV regions (0.7-6.2 eV), their ternary and quater-
nary alloys have attracted much attention for opto-
electronic devices (Akasaki and Amano 1997,
Kazlauskas et al. 2003; Dong et al. 2014). GaN-based
materials having a high strength to high power, high
temperature, high frequency are suitable candidates
for devices in harsh environments (Son et al. 2010).
Development of GaN-based blue light emission
devices (e.g., light-emitting diodes and laser diodes)
(Nakamura et al. 1991, 1996; Denbaars 1997) accel-
erated the research on GaN. By limiting the size of a
material to smaller than the doubled exciton Bohr
radius, the material starts showing novel optical and
structural properties like blue shift in optical
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absorption and PL spectra in comparison with the band
gap emission of bulk material (Ramvall et al. 1998;
Gyger et al. 2014). Crystalline GaN quantum dots
provide enhanced carrier confinement-induced blue
shift (Leppert et al. 1998; Mici¢ et al. 1999; Klimov
et al. 2000; Preschilla et al. 2000; Miyamura et al.
2002) and allow one to design core—shell nanostruc-
tures (Reiss et al. 2009). GaN QDs are demonstrated
high sensitivity in gas sensing, e.g., H, and ethanol and
biocompatible candidate in bio-imaging as lumines-
cence probes (Fan et al. 2014).

A number of nanocrystalline GaN studies were
reported through some grown techniques (Miéi¢ et al.
1999; Borsella et al. 2001; Miyamura et al. 2002;
Zhuang et al. 2013; Gyger et al. 2014). GaN quantum
dots were grown by Miyamura et al. (2002) through
low-pressure metalorganic chemical vapor deposition.
Two blue-shifted PL peaks were observed at 4.18 and
3.59 eV for two different quantum dot structures.
Hexagonal nanocrystalline GaN with the size of
2-3 nm was generated by Borsella et al. (2001) via
sequential Ga and N ions implantation into crystalline
and amorphous dielectrics tracked by annealing of the
samples GaN in flowing ammonia gas at 900 °C.
Recently, quantum-confined cubic GaN nanoparticles
with the size of 3-4 nm have been synthesized by
Gyger et al. (2014) via liquid-ammonia-in-oil-mi-
croemulsions. Laser ablation method is also a promis-
ing technique to generate a wide variety of metal and
semiconductor nanoparticles (Yang 2012; Alkis et al.
2012; Zeng et al. 2012). Unlike GaN nanostructures
obtained by chemical methods (Yang et al. 1999;
Sardar and Rao 2004; Ganesh et al. 2010; Chirico and
Hector 2010), with laser ablation it is possible to
produce chemical-free and clean nanomaterials which
can be used in biomedical applications (Petersen and
Barcikowski 2009; Wu et al. 2011). Laser ablation can
be performed in various environments such as liquid
and diluted gas/vacuum. The laser ablation of solids in
liquid environment compared to dilute gas or vacuum
needs simple setup for the generation of nanoparticles.
Moreover, it allows advanced and functional nanopar-
ticle production (Liu et al. 2010; Zeng et al. 2012;
Barcikowski and Compagnini 2013). The properties of
laser-generated nanoparticles depend on various
experimental considerations such as liquid material
properties, laser parameters, and laser-material inter-
action conditions (Mafuné et al. 2000; Barcikowski
et al. 2007). A shock wave is created by laser-induced
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plasma due to the confinement of liquid. This
increases the temperature, the pressure, and density
of the plasma. A short pulse of laser in nanosecond
time domain induces higher plasma-induced pressure.
The condensation of the plasma plume due to the
cooling down of the confining liquid leads to gener-
ation of dispersed small particles into the liquid during
the plasma quenching (Berthe et al.1997; Yang 2007,
2012). The short quenching times of the plasma plume
can effectively limit the size of the particle grown. In
nanosecond pulse regime, electrons are removed from
the bulk within 10 ps and oscillating electrons transfer
energy to the lattice. Then irradiated surface is heated
up and vaporized (Hashida et al. 2009). The ablation
process in fs time scale is different than the ns one.
Energy deposition via multiphoton absorption to the
target is faster than the electron—phonon thermal
processes. Therefore, expansion of plasma starts after
the fs pulse terminates. Since the nature of the laser
material interaction in ns/fs time domain is funda-
mentally different, it is observed that the properties
(particle size, crystalline structure etc.) of the product
could be different. For example, compared to ns PLA,
laser ablation with femtosecond laser may offer
smaller particle generation with narrow size distribu-
tion (Tsuji et al. 2003; Kabashin and Meunier 2003,
Intartaglia et al. 2011). There are few reports on the
generation of GaN-NCs through laser ablation tech-
nique. Leppert et al. (1998) reported that GaN-NCs
were synthesized through PLA of a Ga metal target in
nitrogen atmosphere with the post-treatment of
annealing at 800 °C in order to obtain crystalline
GaN nanostructures. Size distribution was found with
a mean value of 4.5 £+ 1.6 nm. Due to the quantum
confinement effect, blue shifts were observed in both
absorption and PL spectra. Liu et al. (2008) synthe-
sized GaN-NCs with the size distribution in the range
of 50-150 nm via nanosecond laser ablation in
ethanol. They observed phase transition from hexag-
onal to hexagonal-cubic crystal structures. Due to
large sizes of GaN-NCs quantum confinement, effects
were not observed. To our knowledge, there is no
study on generation of GaN-NCs by femtosecond laser
ablation of solid target in liquid environment.

In this study, firstly sub-25-nm-sized amorphous
GaN-NPs in ethanol were synthesized by ns PLA of
GaN powder. Then, the particle size was reduced to
sub-10 nm remaining amorphous structure by the
implementation of polymeric matrix. Secondly, sub-8-
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nm-sized GaN-NCs with wurtzite crystalline structure
were generated by introducing fs PLA process in
ethanol without using any post-treatment or agent. The
structural and the optical properties of GaN-NPs
generated by ns and fs PLA were studied by TEM and
UV/Vis absorption spectroscopy. The direct genera-
tion of crystalline and chemical bonding feature of
GaN-NCs generated by fs PLA was confirmed using
XRD, TEM with selected area electron diffraction
(SAED) and XPS techniques. A strong blue shift in
photoluminescence (PL) spectra of GaN-NCs was
observed resulting from the quantum confinement
effects based on their particle sizes smaller than the
doubled exciton Bohr radius.

Materials and experimental methods

The ns PLA of GaN powder was performed using a
commercial nanosecond pulsed ND:YLF laser (Em-
power Q-Switched Laser, Spectra Physics) operated at
527 nm with pulse duration of 100 ns and a pulse
repetition rate of 1 kHz. The laser output power was
16 W with the pulse energy of 16 mJ. A glass vial was
first cleaned by acetone before PLA process. The laser
beam was focused on 1 mg bulk GaN powder
(99.99 % Sigma-Aldrich) target placed in the glass
vial containing 10 ml of ethanol (99.8 % Sigma-
Aldrich) using a plano-convex lens with a focal length
of 50 mm. The laser ablation was carried out for
60 min. The polymer matrix was prepared by mixing
250 mg of Polyvinylpyrrolidone (PVP) with molecu-
lar weight of 15,000 g/mol with 10 ml of ethanol.
Generation of GaN-NCs was performed utilizing a
commercial femtosecond pulsed Ti:Sapphire laser
system operated at 800 nm with pulse duration of
150 fs and average output power of 1.1 W with a pulse
repetition rate of 1 kHz corresponding to a pulse
energy of 1.1 mJ. In order to synthesize pure GaN
nanocrystals with the sizes of less than the doubled
exciton Bohr radius which exhibit quantum confine-
ment effects via single-step technique, we investigated
effects of several parameters such as laser parameters
and liquid environments. We performed ns PLA in
ethanol and in PVP and then fs PLA in ethanol
environment to obtain crystalline GaN nanostructures.
The laser ablation process took place under the

following experimental conditions: the height of
liquids layer over the bulk GaN powder target was
about 5 mm. To obtain colloidal GaN-NCs solution,
the solution was continuously stirred by a magnetic
stirrer at 675 rpm. The pulsed laser ablation process
was carried out for 90 min. For ns and fs experiments,
the fluence densities (J/cm?) at the focal points are
calculated as 40 and 350 J/cm?, respectively.

The morphology, the chemical composition analysis,
and the crystalline structure of initial material based on
bulk GaN powder were performed using a FEI-Quanta
200 FEG SEM instrument equipped with EDAX system
and XRD which were carried outin a PANalytical X Pert
PRO MPD diffractometer using Cu Ka radiation. XRD
patterns were obtained in the range of 20—80° with a step
size of 0.1°. On the other hand, the morphology and the
crystalline structure of GaN-NPs solution were per-
formed by TEM (FEI-Tecnai G2 F30) instrument at an
operating voltage of 300 kV with SAED and XRD
(similar condition as shown in GaN powder study above).
TEM and XRD samples were prepared by drop-casting
solutions onto carbon-coated TEM grids and glass wafer,
respectively. The crystalline structure of the NPs was
evaluated by XRD measurements. Peak positions and
crystallite size values were obtained by fitting the
GIXRD data using PANalytical X Pert HighScore Plus
Software. The crystallite size was determined by line
profile analysis (LPA) using the same software. In order
to obtain surface composition and chemical states of
GaN-NPs solution, XPS study was also performed. The
XPS data were recorded with GaN-NPs samples placed
on quartz substrates. XPS measurements were performed
on a monochromatic K-Alpha instrument (Thermo)
operating at 12 kV and 2.5 mA. XPS spectra were
collected with a photoelectron take-off angle of 90° from
a 200 pm diameter circular spot on the sample surface
plane, energy steps of 0.1 eV, and pass energy of 30 eV.
The control of the flow of the electrons to the surface was
achieved by means of a well-controlled flood gun
technique. The optical absorption of ns and fs PLA-
generated products and PL properties of fs PLA-gener-
ated GaN-NCs were studied using a Varian Cary 5000
UV/Vis/NIR spectrophotometer in the 200-800 nm
wavelength range and a Varian Cary eclipse fluorescence
spectrophotometer in the 295-525 nm spectral range,
respectively. The GaN-NPs samples in ethanol and PVP
were prepared in quartz cuvettes.
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Results and discussion

The GaN powder as starting material was tested before
the laser ablation by SEM, EDAX, and XRD. The
morphology of the crystalline powder was the plate-
like form, with micron size and in wurtzite structure.
During the laser ablation process, the formation of
plasma was observed and the organic solution became
light yellow in color for all products. Firstly, we focus
on the generation of the GaN-NPs in ethanol under the
ns pulsed laser. Figure 1 shows TEM image of GaN-
NPs generated by nanosecond pulsed laser ablation in
ethanol. The GaN-NPs are in spherical shape, mostly
less than 20 nm in size and have amorphous structure.
The nanosecond pulses produced large-size distribu-
tion of 124 £ 7.0 nm as displayed in the inset
histogram. The size distribution is obtained from
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Nanoparticle diameter (nm)

%

TEM images by considering 150 nanoparticles. The
power density in the order of 10® W/cm? in our
experiment corresponds to the lower limit of the vapor
and plasma generation range (Zeng et al. 2012). The
resultant NPs are smaller in size compared to the ones
in Liu et al. (2008) work in which two orders of
magnitude with higher power density applied.
Secondly, we change the liquid environment in ns
PLA technique. Similarly, GaN-NPs are produced in
polymer matrix via ns PLA. All parameters are kept
the same except the liquid environment and the GaN-
NPs are again in amorphous structure as shown in the
SAED pattern in the inset in Fig. 2. However, ns PLA
in PVP resulted in amorphous GaN-NPs with size
distribution of 6.4 &+ 2.3 nm. As seen in the his-
togram, the nanoparticles are about the doubled
exciton Bohr radius in size. Both the mean value and

1
. S .
AR
S ~

e s
e

Fig. 1 Representative TEM image of amorphous GaN-NPs generated by nanosecond pulsed laser ablation in ethanol. The inset shows

the histogram of size distribution calculated from TEM images

@ Springer



J Nanopart Res (2016) 18:128

Page 5 of 10 128

2 4 6 8 10
Nanoparticle diameter (nm)

Fig. 2 TEM image of amorphous GaN-NPs generated by nanosecond pulsed laser ablation in PVP. The inset shows the corresponding
SAED patterns and the histogram of size distribution calculated from TEM images

standard deviation of the size distribution are dimin-
ished when compared with the previous experiment.
This smaller and narrower size distribution may be due
to the liquid confinement effect. PVP might play a role
as surfactant (Mafuné et al. 2002; Kabashin et al.
2003) and provides better control in particle size
distribution compared to ethanol only.

Our main motivation is to generate crystalline GaN
nanostructures showing quantum confinement effect.
Although the above-mentioned trials via ns PLA in
ethanol and PVP, the products are in amorphous rather
than crystalline structure. Then GaN-NPs are synthe-
sized via fs PLA in ethanol. Figure 3 displays the
elemental compositions of the educt and the product
obtained by EDAX analysis. The presence of Gaand N
peaks in the EDAX spectrum of educt confirms that
the initial material is based on GaN powder with no
significant impurities. However, oxygen and carbon

impurities appeared in the EDAX spectrum of the
product. These oxygen and carbon impurities may be
due to fs PLA process of target GaN powder along
with ethanol containing oxygen and carbon atoms.
Figure 4 demonstrates XRD patterns of these GaN-
NPs dispersed on a substrate and the initial GaN
powder. The diffraction lines are consistent with the
peaks of the hexagonal wurtzite GaN phase (JCPDS
card: no. 50-0792) and few Ga,Oj3 peaks in beta phase
(ICSD collection code: 34243). Cubic phase GaN is
not observed not only in the final product but also in
earlier stages. Similar structural changes depending on
laser pulse width have been also observed for GaAs
nanoclusters (Trelenberg et al. 2004). When laser
pulse width decreases from hundreds of picoseconds
to femtosecond regime, the structure of the product
alters from near amorphous to crystalline nature.
Moreover, GaN-NPs in fs PLA are only in wurtzite
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Fig. 3 EDAX analysis of the educt (a) and the product (b) after
fs pulsed laser ablation on Si substrate
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Fig. 4 XRD patterns of the GaN-NPs (product) synthesized by
femtosecond pulsed laser ablation (PLA) in ethanol and initial
GaN powder (educt). Squares represent GaN wurtzite XRD data
(JCPDS card: no. 50-0792) and triangles represent few Ga,0O3
peaks (ICSD collection code: 34243)

structures, both in single and polycrystalline structures
but metastable cubic structures (Schaumberg et al.
2015). It shows that along with the ablation, fragmen-
tation (Lau and Barcikowski 2015) might be the main
generation mechanism of GaN nanoparticles from
GaN powder in liquid.
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TEM study is then performed to further investigate
the structure of GaN-NCs. TEM images of the GalN-
NCs produced by fs PLA are displayed in Fig. 5. TEM
image of the product clearly shows that spherical
ultrasmall GaN-NCs are successfully synthesized in a
single-step process. TEM studies also indicate that no
aggregate well-dispersed nanoparticles are present.
The histogram of GaN-NCs obtained from TEM

aR2a

Number of particles
3
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0

Fig. 5 aRepresentative TEM image of the GaN-NCs. The inset
shows the histogram of size distribution calculated from TEM
images. b HRTEM image of a single synthesized GaN-NC
showing lattice fringe planes. The inset shows the corresponding
SAED pattern
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images (see the inset of Fig. Sa) predicts that the
average particle size is 4.2 £ 1.9 nm which is smaller
than the doubled exciton Bohr radius (Ramvall et al.
1998). It is found that a large portion of the NCs have
the diameter below 8 nm. Figure 5b presents the high-
resolution TEM (HRTEM) image of a GaN-NC.
HRTEM image of the single isolated GaN-NC
presents the crystalline lattice fringes which also
confirm GaN-NCs generation by fs PLA technique in
ethanol. The inset of Fig. 5b displays SAED analysis
of the GaN-NCs product. The calculated d-spacing
values (2.763, 2.599, 2.442, 1.892, 1.598, 1.467,
1.384, 1.360, and 1.334 1&) from the SAED pattern
are matching with hexagonal wurtzite structure
(JCPDS card: no. 50-0792).

The elemental composition and the chemical state
of the GaN-NCs were studied by XPS technique.
Figure 6 shows the XPS spectra of the Ga 2p;/,, Ga
2p12, and N 1 s spectral core region of a representative
GaN-NCs sample. From XPS data, Ga 2ps/,, Ga 2py,,,
and N 1 s core level peak positions were obtained at
1118.2, 1144.8, and 399.4 eV, respectively. These
results well agree with the literature (Wolter et al.
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Fig. 6 XPS spectra of a Ga 2p3, and Ga 2pj, b N 1s of
representative GaN-NCs sample

1997; Pal et al. 2003) confirming the presence of GaN
nanomaterials.

The optical properties of ns/fs PLA-generated GaN
have been characterized by UV/Vis absorption and PL
spectroscopy techniques. Figure 7 demonstrates the
normalized, room temperature optical absorption
spectra of GaN-NPs via fs and ns PLA in ethanol.
GaN-NPs via ns PLA exhibits typical absorption
spectra of amorphous GaN-NPs with the band gap
range of 2.8-3.95 eV (Stumm and Drabold 1997;
Bittar et al. 2001; Grigorescu et al. 2003). On the other
hand, the optical absorption spectrum of GaN-NPs via
fs PLA shows strong absorption behavior starting from
285 nm (4.35 eV) to shorter wavelengths (i.e., higher
energies). This large blue shift of ~1 eV in the optical
absorption spectrum compared to bulk GaN material
indicates a reduction in nano-sized range occurring
due to quantum size effects of the carrier confinement
(Leppert et al. 1998; Mici¢ et al. 1999; Bagga et al.
2003; Li and Wang 2005).

In order to obtain PL spectra, the colloidal GaN-
NCs solution was excited by 280 and 300 nm
wavelength light. The PL spectra of GaN-NCs in
ethanol are shown in Fig. 8. Firstly, by 280 nm
excitation, PL emission in the 295-400 nm wave-
length range was observed with the peak position
located at 305 nm (4.06 eV). The peak located at
4.06 eV in PL spectrum indicates a large blue shift
(0.66 eV) of band gap emission compared to the
bandgap of the bulk GaN crystal (i.e., 3.40 eV). The
large blue shift on the PL emission implies strong
quantum confinement effects in GaN-NCs due to
ultrasmall NCs generation (i.e., smaller than the
doubled exciton Bohr radius for GaN (Ramvall et al.

1.0
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- o (-]

Normalized Absorption
°
N

0.0 L \ \ | |
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Wavelength (nm)

Fig. 7 UV-Vis normalized absorption spectra of GaN-NPs
generated by fs (solid line) and ns (dashed line) PLA in ethanol
solution
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Fig. 8 Photoluminescence spectra of GaN-NCs excited at 280
and 300 nm

1998) using fs PLA (Miyamura et al. 2002;
Mazumder and Hector 2008). Gyger et al. (2014)
observed blue shift of 1.1 eV in PL spectra of 3—4 nm
size GaN-NCs compared to band gap energy of bulk
GaN. When GaN crystals become clusters, there are
several effects which may change the band gap
according to some theoretical studies and calcula-
tions (Brus 1986; Kayanuma 1988; Yoffe 2002;
Dimos et al. 2012). In the literature, there are several
theoretical methods for nanocrystal studies such as

I?.ﬁ method (Bagga et al. 2003), tight-binding method
(Echeverria-Arrondo et al. 2008), empirical pseu-
dopotential method, and DFT method (Li and Wang
2005). In order to understand our observation, we
compared size dependence of exciton energies of GaN
quantum dots (see Fig. 22 in ref. Li and Wang 2005)
with our particle size and observed blue shift of
0.66 eV. This blue shift is close to the value of 0.5 eV
in ref. Li and Wang 2005 calculations by ab initio DFT
method. Moreover, according to the effective mass
approximation (EMA) (Brus 1986) but excluding

Coulomb term and polarization term, AE = %, the
blue shift in our case is calculated as 0.558 eV (The
effective mass values are taken from the ref. Echev-
erria-Arrondo et al. 2008). However, we observed the
blue shift of 0.66 eV. When we calculate the radius of
the nanoparticle from this shift, it corresponds to the
radius of 2.0 nm which is very close to the half of the
mean size (diameter) of 4.4 nm from the histogram of
the our nanoparticle size distribution. Furthermore, in
our PL spectra, we have not observed defect-related
blue band emission as seen in some references (Kumar
et al. 2010; Reshchikov and Morkog 2005). Second, by
300 nm excitation, the PL emission peak moves to
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329 nm (3.769 eV). This peak may be attributed to
band to band transition for 6.5 nm size GaN-NCs
(Bagga et al. 2003; Echeverria-Arrondo et al. 2008).
This wavelength excitation-dependent photolumines-
cence may be due to the size distribution of GaN-NCs
(Cao et al. 2000). Photons at 300 nm cannot excite the
GaN-NCs with band gap energy of larger than
4.13 eV. Therefore, the emission wavelength shift is
expected with excitation wavelength (Xi-Feng et al.
2008). These results display that quantum confinement
effect plays a key role on the optical properties
(absorption and PL) of these GaN-NC quantum dots.

Conclusion

In conclusion, we demonstrated the generation of
ultrasmall GaN-NCs through a one-step femtosecond
laser ablation in ethanol. The colloidal GaN-NCs were
successfully synthesized with spherical shape within
42 £ 1.9 nm particle size distribution which is
smaller than the doubled exciton Bohr radius. Hexag-
onal wurtzite crystalline structure was then verified
with XRD data and the SAED pattern. The XPS study
also confirmed GaN nanostructure synthesis. The
structural characterization of GaN-NPs via ns PLA in
ethanol and PVP revealed that amorphous GaN-NPs
are synthesized with the smaller and narrower size
distribution of 6.4 & 2.3 nm in PVP than the size
distribution of 12.4 + 7.0 nm in ethanol. The UV/Vis
spectrum analysis showed that the absorption edge
shifted by 1 eV to the shorter wavelength and the PL
peak at 4.06 eV with the blue shift of 0.66 eV
compared to bulk GaN were observed from GaN-
NCs via fs PLA due to the quantum confinement effect.
Because of their promising optical absorption and PL
properties, these GaN nanomaterials could be prime
candidates for bio and optical device applications such
as biosensors and photodetectors.
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