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Abstract

We report the fabrication of colloidal hafnia nanoparticles (NPs) and nanoribbons (NRs) in deionized water achieved by
femtosecond laser ablation. The average size of NPs and NRs varied in the range 13.5-18.0 nm and 10-20 nm, respectively,
with varying input laser energy. At lower energies, the NPs were observed to be in pure monoclinic phase of HfO,. How-
ever, at higher input energies, interestingly, both monoclinic and hexagonal phases corresponding to HfO, and Hf;O were

observed. Hf,O is otherwise expected only at high pressures.

1 Introduction

Hafnium oxide (HfO,) is one of the efficient high-k dielec-
tric (~25) gate oxide materials that has replaced the SiO,
in current integrated circuit technology [1, 2]. Addition-
ally, HfO, also possesses superior optoelectronic properties
such as high optical band gap (5.7 eV) and high refractive
index (~2). The transparency of hafnia in the near-ultravio-
let (near-UV) to far-infrared (far-IR) region encourages its
usage in various applications such as astronomical Si-based
CCDs [3], night vision and IR optical devices [4], UV-IR
protective layers [5, 6], solar cell coatings [7], etc. In the cur-
rent scenario, the technology is tending towards nanoscale
to enhance and improve the properties of these materials for
various applications.

HfO, nanoparticles (NPs) have wide-ranging applications
in various fields including bio-medical applications. Recent
studies show that the inert behavior of HfO, NPs makes
them suitable candidates for cancer therapy [8], nanocrys-
talline HfO,-based biosensors [9], HfO, nanowire-based
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ion-sensitive field effect transistor (ISFT) for pH sensors
[10], X-ray contrast agent and mid-IR biosensor [11] appli-
cations. Recently, there have been reports where gamma and
X-ray radiations were used to treat cancer with HfO, NPs,
since these are better in absorbing high-energy radiation and
in targeting cancer by localizing the radiation damage within
the tumor tissues [12]. The main advantage of HfO, NPs
is their cytotoxicity. Utilization of high atomic number (Z)
nanoparticles creates ionization that releases electrons and
subsequent free radicals traveling within a defined volume
and generating energy deposition into this volume [8]. Here
nanoparticles are critical to be able to enhance the thera-
peutic window, as they can disperse well in tissues and can
interact with subcellular structures [8, 13, 14]. Needless to
mention that the chemical reactivity is high for nanoparticles
due to increased surface to volume ratio as compared to the
bulk materials. This will further enhance the effectiveness of
the material for cancer treatment. However, the quantum size
effects pertaining to the electrical and optical properties are
not that significant in this case as the size of the HfO, NPs is
bigger than the corresponding Bohr exciton radii.

The material scientists and physicists have adopted sev-
eral synthesis methods to fabricate the HfO, NPs. The cubic
HfO, NPs were prepared by microwave-assisted reduction
and oxidation methods [15]. Monoclinic hafnia NPs were
prepared by annealing the ALD-grown hafnia thin films
[16]. HfO, nanorods were prepared by injection method
[17]. Radio frequency (RF) magnetron sputtering method
[18], chemical route method [19], and nanosecond (ns)
laser ablation techniques have also been employed [20, 21].
Picosecond (ps) laser ablation methods have recently been
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employed successfully to deposit thin films of superior qual-
ity [22, 23]. Particularly, short pulse laser ablation method
is one of the versatile techniques to synthesize the materials
in the nanoscale region in a liquid environment. Using laser
ablation with femtosecond (fs) pulses, one can change the
material from bulk form to nanomaterial by evaporation,
sublimation and condensation processes. Further, one can
tune the material’s properties such as particle size, phase and
shape by varying the pulse energy, wavelength and repeti-
tion rate. In the literature, several reports demonstrate the
efficacy of synthesizing NPs by fs laser ablation method
[24-33]. To the best of our knowledge, there are no reports
on the fabrication of HfO, NPs using fs laser ablation though
there are few reports on NPs obtained using ns laser abla-
tion. In an earlier report, HfO, NPs were prepared by ns
laser ablation of pure Hf target in different liquid environ-
ments and the obtained NPs size varied from 4.3 to 5.3 nm
in different liquid environments [21]. They observed that the
produced hafnia NPs were in the monoclinic low tempera-
ture phase and in the tetragonal and fcc high-temperature
phases. Herein, we report on the fabrication of HfO, NPs,
nanoribbons (NRs) using fs ablation from bulk HfO, in
deionized water (DIW). The NPs were characterized using
grazing incident X-ray diffraction (GIXRD), high-resolution
transmission electron microscope (HRTEM), selective area
electron diffraction (SAED) and micro-Raman techniques.

2 Experimental details

HfO, pellets were prepared using 99.9% pure commercial
HfO, powder with a grain size of 20-30 pm. The powder
was compressed into 5 mm thick and 1 cm diameter pellets
under a pressure of 20 MPa and sintered at 500 °C for three
hours. At this condition, the phase of the pellet was purely
monoclinic. These monoclinic HfO, pellets were submerged
in deionized water containing Pyrex cell. The effective
height of liquid layer above HfO, pellet was maintained at
5 mm during the ablation process. The ablation was per-
formed using a Ti:sapphire laser (LIBRA, Coherent, USA)
delivering 800 nm pulses with a duration of ~50 fs and at a
repetition rate of 1 kHz. The beam waist on the target sur-
face was ~ 50 um, which was estimated by considering line
structure width from scanning electron microscope (SEM)
images according to the method proposed by Barcikowski
et al. [34]. The NPs are fabricated by irradiating the target
surface with multiple laser pulses. During the ablation, the
sample was translated with the help of motorized stages with
velocities of 0.25 mm/s. The number of pulses per spot was
calculated using a method presented in our earlier studies
[35] and it was 200. The pulse to pulse spatial separation
was 0.25 um (in this case).
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The target was placed normal to the laser beam on a two-
dimensional motorized stage (nanodirect). The computer
program has been developed in such a way that the stage
can move X-Y with a velocity of 250 um/s [36]. The sample
was scanned over 5 x 5 mm? and each line was separated by
100 um. The same procedure was carried out for different
laser energies of 200, 300, 400 and 500 pJ. The colloidal
HfO, NPs were collected in airtight glass bottles. The colloi-
dal NPs were drop-casted on carbon-coated Cu TEM grids
and silicon substrates and subjected to subsequent wetting
at 70 °C for 1 h to remove the moisture. HRTEM and SAED
measurements were performed on TEM grids to examine the
size distribution and phase evaluation of the generated NPs.
Micro-Raman spectroscopy measurements were performed
using a Horiba Raman spectrometer at an excitation wave-
length of 632 nm. GIXRD measurements were performed
using Bruker D8 Discover diffractometer equipped with Cu
Ka (1=1.5405 108) X-ray source to investigate the particle
size and change in phase. Grazing incident angle was 5° and
that scan range was set between 20° and 80°.

3 Results and discussion

3.1 HRTEM and SAED measurements

Figure la—d illustrate the TEM images of laser-ablated
HfO, which contain both NPs and NRs. As seen from the
histograms shown in Fig. 1a—d right-hand side, a wide dis-
tribution of size (5-100 nm) was observed for all the input
energies. The average NP size varied from 13.5 to 18.8 nm
with increasing laser energies (200-500 wJ). Based on our
literature knowledge and experience, we firmly believe that
both peak energy and fluence will affect the observed NPs’
sizes, shapes and phases. It has also been demonstrated
that picosecond ablation is superior to femtosecond abla-
tion in terms of NPs’ yield. Furthermore, we did not find
any reports from the literature that described the relation
between size and yield of NPs with pulse energy and scan
speeds in a single study. Further detailed studies are planned
in this direction in the future. The right-hand bottom side of
Fig. 1a—d depicts the high-resolution TEM images clearly
indicating that the NPs are extended to form NRs. It is also
observed that the density of NRs increases with increase
in laser energy, which was found to be amorphous. Similar
observations of nanochain formation in various materials
ablated in a water environment have been reported elsewhere
[37, 38]. The probable reason for the observed nanochain
formation could be due to collision-induced aggregation and
laser-induced sintering [39]. A few other studies of occur-
rence of nanochains in water environment are attributed to
the quenching of plasma plume generated during the laser
ablation process [40]. The growth mechanism of nanochains/
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Fig.1 TEM images of HfO,
NPs synthesized in DIW at dif-
ferent laser energies a 200 pJ, b
300 pJ, ¢ 400 pJ and d 500 pJ.
Right side of each image depicts
the corresponding size distribu-
tion histograms and below are
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nanoribbons may not be due to the vapor—liquid—solid [41,
42] process, in which catalytic-assisted mechanism plays a
vital role in the formation of nanochains/nanoribbons. Nor-
mally, the metal NPs act as catalyst active sites, but in the
present case no metal was used. The growth of nanochains
could be due to a vapor—solid process [43], in which vapor
was produced from the HfO, target due to the high-temper-
ature plasma generated at the target liquid surface and got
deposited as nanoclusters through the aggregation near to
the target surface. As the ablation progresses, continuously
emitting plasma generates more HfO, vapor and results in
the formation of more nanoclusters, which are favorable
sites for adhesion of additional HfO, molecules and conse-
quently results in the formation of NRs [44]. Femtosecond
laser ablation can modify the material locally to attain very

high temperatures/pressures at very early time scales (first
few picoseconds) and that can lead to the micro-explosions
within the ablated area [45-47]. However, the exact mecha-
nism of NRs formation is still unclear and needs further
systematic studies.

The phase of the HfO, nanostructures is comprehended
using HRTEM and SAED data, which is presented in
Fig. 2a-d. Figure 2a illustrates the SAED pattern of HfO,
NPs which confirms the monoclinic phase with ‘d’ spac-
ings of 0.28 nm and 0.31 nm, corresponding to the planes
of (111) and (—111) at lower laser energies. Figure 2b, c
illustrate the SAED patterns clearly suggesting the existence
of rhombohedral and hexagonal phases in samples ablated at
higher laser energies. Figure 2d depicts the HRTEM image
and the ‘d’ spacing of 0.48 nm and 0.44 nm corresponding

Fig.2 a—c The electron diffraction patterns of monoclinic, rhombohedral, hexagonal structures, respectively. d HRTEM images of HfO, NPs.

The inset of d shows IFFT pattern
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to the planes of (100) and (101), respectively, of hexago-
nal Hf¢O (or) HfO, phase. Furthermore, the EDS data also
confirmed the Hf/O ratio of 45.6/54.4 at lower energy and
78.5/21.4 at higher energy. We have also observed that at
lower input energies the NPs exhibited monoclinic poly-
crystalline nature, while for higher input energies, pure
crystalline nature with a combination of monoclinic and
hexagonal structures is seen. Therefore, we believe that the
fs laser ablation of HfO, pellets in deionized water leads to
the formation of HfO, NPs when ablated at lower input ener-
gies, whereas Hf (metal)-rich (like Hf;O) NPs are formed
at higher energies in otherwise same conditions. We believe
that this is an important result that provides useful informa-
tion to understand the basic process of ultrafast laser ablation
of oxide materials in liquids. The metallic nature of NPs
generated at higher input energies needs to be thoroughly
investigated. The advantage with the present technique is
that the produced NPs are bare and possess ligand-free sur-
faces, which are desirable and beneficial in high-k dielectric
applications.

3.2 GIXRD measurements

HfO, exhibits distinct phases depending on the synthesis
conditions; some are pressure-induced phase transitions
[48], while others are temperature-induced phase transi-
tions [49]. All these phase transitions are dependent on Hf
and O concentration levels as well. GIXRD measurements
have been performed on HfO, NPs drop-casted on Si sub-
strates, and GIXRD patterns are shown in Fig. 3. For lower
energies of 200 uJ and 300 wJ, the NPs exhibited a mono-
clinic phase. Further increase in the energy to 400 uJ and
500 pJ has resulted in the combination of monoclinic and
hexagonal phase for the generated NPs. GIXRD patterns
strongly support the observations from HRTEM and SAED
data which demonstrated distinct phases of HfO, at different
laser fluences. The 26 values at 28.3° and 31.5° confirm the
monoclinic phase of the corresponding (—111) and (111)
planes of HfO,. These peaks match well with JCPDS file
#01-006-0318 (monoclinic HfO,). The 26 values of 35.2°
and 44.2° confirm the presence of hexagonal phase, which
is noticed for higher energies. These peaks again match
well with JCPDS file #01-078-5817 (hexagonal Hf;O). The
GIXRD data coordinated well with the hexagonal Hf;O
ratios. TEM and EDS (energy dispersive spectroscopy) data
confirmed that the hafnium-rich oxide nanostructures are
formed by laser ablation at higher energies. Several theo-
retical studies [50-52] have predicted the occurrence of
Hf,O and other binary hafnium oxides (e.g., Hf;O,) at very
high pressures, which can possibly be present during high-
energy ablation using fs pulses. Formation of this new and
high-pressure stable phase (HfO) is of fundamental inter-
est in view of the complexity of laser matter interactions at

Intensity (arb.units)

Silicon

20 25 30 35 40 45 50 55 60 6
20 (deg.)

Fig.3 GIXRD patterns of HfO, NPs prepared at different laser ener-
gies and drop-casted on Si substrates (m monoclinic, # hexagonal
structures)

extreme conditions. Here, it is important to note that these
h.c.p-based metal (Hf)-rich binary oxides have been identi-
fied as potential candidates for cladding materials in nuclear
reactors. Moreover, these oxygen-deficient HfO, alloys are
naturally stable in an oxygen atmosphere even at high tem-
peratures [50, 53-55]. These superior qualities qualify them
as suitable candidates for hard coatings in several applica-
tions. Further detailed studies are essential to confirm the
formation of these unusual and exotic structures.

3.3 Micro-Raman studies

Hafnium oxide exhibits a total of about 36 vibrational
modes. However, among those, 18 modes (9 Ag+9 Bg) are
Raman active, 15 modes (8 A,+7 B,) are IR active and the
remaining 3 modes are acoustic vibrations [56]. Monoclinic
phase of HfO, exhibits all the 18 vibration modes and tetrag-
onal phase exhibits 3 IR and 3 Raman modes [57]. Micro-
Raman spectra of the HfO, NPs drop-casted on Si substrates
are shown in Fig. 4. The Raman peaks observed at 300 and
521 cm™! represent the characteristic lines of Si and the cor-
responding FWHM is ~3.4 cm™!. Bulk HfO, Raman peak
at 523 cm™~! matched exactly with the monoclinic phase of
HfO, [58-60]. We have observed a deviation of 2—4 cm™! for
each peak in HfO, NPs with respect to those of pure HfO,.
Monoclinic HfO, NPs exhibited a peak at 523 cm™! that is
beneath the dominant Si 521 cm™! peak. The experimen-
tal and theoretical calculations of HfO, vibrational modes
for monoclinic, tetragonal, orthorhombic and cubic phases
have been reported in literature [61-64]. However, in the
present work, we have not observed any tetragonal, cubic
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Fig.4 Raman spectra of HfO, NPs prepared at different laser ener-
gies and drop-casted on Si substrates. All the major peaks observed
are indexed along with the silicon peak near 521 cm™

or orthorhombic phases. For the input energies of 300 pJ
and 400 pJ, the Raman peak positions matched with the
original peaks, but the intensity ratios were different. For
the case of 500 uJ input energy, the two dominant peaks at
136 and 152 cm™' merge into a single peak at 144 cm™".
Similarly, the peaks at 244 and 258 cm™' merge and produce
a dominant peak at 250 cm~!. Most of the observed lower
vibrational modes correspond to metal (Hf), while the higher
range modes are oxygen-dominated modes. According to the
existing reports [64], the higher order modes concur with
the original results, while lower modes merge and yield a
dominant peak as a function of Hf content and laser ablation
energy. We conclude that the fs ablation of HfO, pellets in
DIW leads to the formation of monoclinic HfO, NPs when
ablated at lower input energies, whereas Hf (metal)-rich (like
HfO) NPs are formed at higher energies. We believe this
is an important result providing useful information towards
understanding the basic processes involved in ultrafast laser
ablation of oxide materials in liquids. The metallic nature
of NPs generated at higher input energies needs to be thor-
oughly investigated.

4 Conclusions

In summary, HfO, NPs are fabricated in liquids using fs
laser ablation technique with varying input pulse energies.
The size of the HfO, NPs increases from 13.5 to 18 nm
with increase in laser energy from 200 to 500 pJ. Along
with NPs, 10-20 nm wide and few 100 nm long NRs have
also been observed. The density of these NRs increases
with increasing input laser energy. At lower input energy,
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HfO, NPs exhibited monoclinic structure and at higher
energy, both monoclinic and hexagonal structures were
observed. The variation in phase change was confirmed
from the SAED, GIXRD and Raman spectral data, includ-
ing the formation of a new phase (Hf,O) which is other-
wise formed at high pressures.
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