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Abstract

We report on the 100 MeV Ag ion irradiation-induced modifications in hafnium oxide films deposited by radio frequency
(RF) magnetron sputtering method. The phase transformations and grain fragmentation within the films induced by ion
irradiation have been investigated by employing grazing incident X-ray diffraction (GIXRD) and field emission scanning
electron microscope (FESEM). The FESEM analysis confirms the grain fragmentation as function of ion fluence. The grain
size varied from 70 to 15 nm with various irradiation fluences. The photoluminescence (PL) at 377 nm and 420 nm indicates
the shallow oxygen defects and F-centers present in haftnium oxide films. After irradiation, the sharp peak at 377 nm disap-
pears completely due to the ion-induced reconfiguration of defects. Sharp thermal gradients due to ion-induced electronic
excitation can lead to the observed phase transformations and grain fragmentation in films. Particularly, the anisotropic
thermal expansion in the nano-grains can cause grain fragmentation. Ion-induced defect annihilation, strain relaxation,
phase transformation and grain fragmentation are interdependent processes and their mutual dependency is responsible for

the observed changes in the films.

1 Introduction

Swift heavy ion (SHI) irradiation is a well-known and ver-
satile technique to synthesize, characterize and modify the
materials [1]. Ion beam irradiation is a very precise tool to
create the interdiffusion in films, fabrication of the embed-
ded nanoparticles (NPs) and to induce phase transformations
[2-7]. During the passage of swift ions into the material or
films, these ions deposit a huge amount of energy in the form
of electronic and nuclear energy losses. This deposited high
energy is initially absorbed by the electrons in the mate-
rial, eventually gets transformed to lattice which leads to ion
track formation, ion beam annealing, material modifications,
etc. [8, 9]. There are several reports on material modifica-
tions such as amorphization, crystallization, amorphous to
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crystalline transformations and crystalline to amorphous
transformations [2-15].

Hafnium oxide (HfO,) is a contemporary gate material
having a wide range of research activity in the fields of both
electronics and optoelectronics. A variety of properties
such as high thermal stability on Si surface, wide bandgap
(~5.7 eV), high dielectric constant (~25), high refractive
index (~2) leads this material to replace the conventional
gate dielectric material (SiO,) in metal oxide semiconductor
(MOS) devices [16]. High melting (2900 °C) and boiling
(3500 °C) points make it a suitable refractory material in
high-temperature applications [17, 18]. The better cytocom-
patibility eventually puts this material in the center stage
in its applications for biosensors [16] and drug delivery in
cancer therapy [19, 20]. The transperancy of HfO, films is
80-90% for ultra-violet (UV) to the infra-red (IR) region,
so that they can be used in bandpass filters, UV mirrors,
astronomical charge-coupled devices (CCDs), anti-reflective
multilayer coatings for night-vision devices and IR optical
devices [21-25].

It is well known that the above-mentioned properties
strongly depend on the phase, stoichiometry and surface
morphology of the films. More importantly, the morphol-
ogy is critical for sensing applications. Recent reports sug-
gest that the phase and morphology can be engineered by
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employing SHI irradiation [26, 27]. However, the underlying
mechanisms responsible for the observed phase and/or mor-
phology change are still to be investigated in detail, which
forms the basis for present work. Researchers have used
various deposition techniques to synthesize the HfO, thin
films. However, RF magnetron sputtering method is more
frequently used for thin film depositions, because it is easy
to fabricate the thin films, effectively at low cost compared
to the other deposition techniques. The quality of the film,
morphology, thickness of the deposited films can be tailored
with deposition parameters such as deposition power, depo-
sition pressure and deposition time. Our previous study sug-
gests that the SHI irradiation can induce grain growth and
amorphous to crystalline (monoclinic) transformation in thin
HfO, films (~ 10 nm) deposited by RF sputtering at low RF
powers [28]. In another study, Benyagoub [29] suggested
crystalline to crystalline (monoclinic to tetragonal) in bulk
HfO, under SHI irradiation. Here we present a study on
the effects of SHI irradiation on the structural and surface
properties of the considerably thick films of hafnium oxide
(~500 nm).

2 Experimental details

Hafnium oxide films were deposited on Boron doped p-type
Silicon (100) wafer with 1-10 Q-cm resistivity substrates
using RF magnetron sputtering method at room tempera-
ture. The Si substrates were cut into 1 x 1 cm? dimensions
to get the uniformity while depositing the films. A com-
mercially purchased 2-inch diameter and 3-mm-thick HfO,
target having purity of 99.99% was used for film deposi-
tion. Silicon substrates were cleaned ultrasonically in deion-
ized water (DIW), acetone, and isopropyl alcohol, each for
5 min and finally these substrates were rinsed with DIW
thoroughly. After completing the cleaning process, the sub-
strates were immediately clamped to the substrate holder
and substrate holder was loaded into the sputtering chamber.
Initially, the sputtering chamber was evacuated to a base
pressure of 9x 107® mbar with the help of turbo molecu-
lar pump backed by a roughing pump. After reaching the
above-mentioned base pressure, a 20 standard cubic cen-
timeters per minute (SCCM) of 99.99% pure argon (Ar)
gas was introduced into the sputtering chamber using mass
flow controller (MFC). The prior depositions were carried
out at a pressure of 2.4 X 107 mbar. The target to substrate
distance was maintained at 12.5 cm. A 120-W RF power
was used to deposit the films and deposition was carried
out for 4 h of time to get the thicker films. While depositing
the films, the substrate rotation (10 rpm) was used through-
out the deposition for uniformity. The pre-estimated thick-
ness was 500 nm. Ambios XP 200 Profilometer was used to
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measure the deposited film thickness, and it was estimated
to be around 475 nm.

The deposited thick HfO, films on Si substrates were
subjected to 100 MeV Ag’* SHI irradiation using a 15 UD
tandem Pelletron accelerator at Inter-University Accelera-
tor Centre (IUAC), New Delhi. The range and energy loss
of ions in HfO, were estimated using stopping and range of
ions in matter (SRIM-2013) simulation code [30]. The cal-
culated ion range (R), electronic energy loss (S,) and nuclear
energy loss (S,) for 100 MeV Ag ions in HfO, were esti-
mated to be 7.7 um, 23.2 keV/nm and 0.15 keV/nm, respec-
tively. The hafnium oxide film thickness was around 500 nm
which is small compared to the projected ion range 7.7 um.
The ion beam was scanned over 1 x 1 cm? of the sample
area at a constant beam current of 1 particle nano-Ampere
(pnA) to avoid the heating up of substrates. The ion fluence
was varied from 3 x 10'? to 1 x 10'* ions/cm? by varying the
irradiation time.

The pristine and SHI-irradiated films were character-
ized using different techniques. Field emission scanning
electron microscope (FE-SEM: Carl ZEISS, FEG, ultra-55)
was used to scan the surface morphology, evolved grains
and to measure the film thickness from the cross-sectional
image. Bruker D8 Advance diffractometer with Cu K,
source (4=0.154 nm) was used to estimate the possible
phase changes in films. Photoluminescence (PL) measure-
ments were performed using Fluorolog, Xenon lamp, 450 W,
having a resolution of 0.3 nm. Rutherford backscattering
spectroscopy (RBS) measurements have been performed
on the sample to estimate the composition and thickness of
films. These measurements were performed using 2 MeV
He?* ions at a scattering angle of 165° at IUAC, New Delhi.
The SIMNRA-7.01 [31] was used to simulate the acquired
RBS spectra.

3 Results and discussion

Thick HfO, films deposited by RF magnetron sputtering
were studied before and after irradiation by various char-
acterization techniques. Initially, the film thickness was
measured from Ambios XP 200 Profilometer, and it was
determined to be around 475 nm. Later, the RBS measure-
ment was also performed to estimate the thickness and com-
position of films. Calibration offset and energy per channel
were estimated to be 96 keV and 0.961 keV/ch, respectively,
using a calibration sample (Au/SiO,), to simulate the RBS
spectrum shown in Fig. 1. The estimated areal density is
2550 x 10"% atoms/cm® which is equal to 430 nm of film
thickness assuming the standard density of HfO, and film
composition was found to be around HfO, ,. Inset of Fig. 1
depicts the cross-sectional FESEM image of the pristine
sample and it indicates a film thickness of 460 nm, which
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Fig. 1 RBS spectrum of as-deposited HfO, thick film. Solid line indicates the fit obtained by SIMNRA simulation (inset shows the cross-sec-
tional FESEM image). Measured film thickness is 460 nm as shown in the inset

is in agreement with the nominal value of 500 nm and with
measured values form profilometer and RBS measurements.

3.1 Surface morphology and grain fragmentation

The microstructure, surface morphology, and the develop-
ment of grain sizes of the films are studied using the FESEM
measurements. The pristine and SHI-irradiated HfO, films
have been studied using 5 kV extra-high-tension (EHT)
electron gun at different magnification levels. The FESEM
image of the pristine sample is shown in Fig. 2. The surface
image of the pristine sample shows the elongated nano-flake-
like structures, and the average nano-flake size is around
70 nm along its long axis and width of the nano-flake var-
ied from 20 to 30 nm. The first analysis confirmed that the
film morphology and the grain (nano-flake) size depends on
the RF magnetron sputtering deposition parameters, such as
deposition power and deposition pressure, when compared
to previous reports [28, 32-34]. On closer observation, we
notice non-uniform, inhomogeneous and irregular grains at
higher deposition rates, which is consistent with irregular
columnar grain growths of other materials [35]. Looks like
each of the large grain is a combination of smaller grains
each around 15 nm size. In general, this type of morphol-
ogy is less dense, loosely packed and corresponds to highly
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Fig.2 FESEM image of the surface of the pristine HfO, films depos-
ited by RF magnetron sputtering at 120 W

strained structures [36]. The adhesion between the grains in
the film is very poor.

After SHI irradiation at different ion fluences, the film sur-
face morphology and grain size change completely as shown
in Fig. 3a—d. Upon irradiation with a fluence of 3 x 10'? ions/
cm?, the large flake-structured grains started destabilizing
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Fig.3 FESEM images of HfO,
thick films as a function of
fluence: a fluence 3x 10'? ions/
cm?, b fluence 1 x 10" ions/
cm?, ¢ fluence 3 x 10'3 jons/cm’
and d fluence 1x 10" jons/cm?

2

Table 1 Sample name, ion fluence, grain sizes estimated by various
methods

Sample name Irradiation flu- Particle/grain size (nm) esti-

ence (ions/cm?)  mated by
GIXRD (nm) FESEM (nm)
HfO,/Si-1 Pristine 62 70
HfO,/Si-2 3x10'2 48 60
HfO,/Si-3 1x10" 32 35
HfO,/Si-4 3x 10" 22 26
HfO,/Si-5 I1x10" 14 15

without any change in flake structure, and average flake size
was around 60 nm along its long axis. Further, an increase
of fluence to 1x 10" ions/cm?, the evolution of new grains
started within the flack structure. The destabilization of grains
was slightly higher when compared to the previous fluence. At
this fluence, the grain size was around 35 nm along its long
axis. On further increasing the fluence to 3 X 10'3 ions/cm?,
the flake structure was destroyed completely, and the forma-
tion of individual sphere-like grains of size 25-30 nm started.
At highest fluence of 1x 10" jons/cm?, the surface is further
smoothened with uniform average grain size of 15 nm. The
grain size variation with ion fluence is summarized in Table 1
and Fig. 5. The main reason behind the change of grain size
and morphology can be understood in terms of the phenomena
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of ion-induced grain fragmentation within the film. There are
some reports in the literature on ion-induced grain fragmenta-
tion in fluoride thin films [37-39]. The strained nano-grains or
nano-flakes are expected to be relaxed during SHI irradiation
to promote grain fragmentation process and phase transitions
in films. Hence, the ion-induced electronic energy loss within
the film plays a major role in observed grain fragmentation and
morphological changes. This study exhibits an important prop-
erty, ion-induced smoothening of surfaces, of SHI irradiation.

3.2 Phase transformations and crystallinity

Pristine and 100 MeV Ag ion-irradiated HfO, films were
studied by GIXRD measurement and the results are shown in
Fig. 4. All the films were scanned over 20°-80° of 260 and graz-
ing angle was kept at 4°. The peaks in the diffraction patterns
of pristine samples centered at 26 values of 24.16° and 34.30°
correspond to the (011) and (020) crystal planes, respectively.
These crystal planes were assigned to the monoclinic phase
of HfO, by matching with the standard JCPDS file (PDF#
06-0318) having space group of P2,/c. The average crystal-
lite size has been calculated using Scherrer’s formula [40] as
given below:

_ 091
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Fig.4 GIXRD patterns of both pristine and irradiated HfO, films
deposited on Si substrates (each graph is labeled with corresponding
fluence)

704 = GIXRD

® FESEM
60 o

501

40

30+

Grain size (nm)

204
[]

10

0 10 20 30 40 50 60 70 80 90 100

Ton fluence (x10" ions/cm®)

Fig.5 Grain size estimated by GIXRD and FESEM measurements

where ‘A’ is the wavelength of X-rays (1.54 A), ‘p is full
width half maximum, ‘@’ is Bragg’s angle. Initially, the grain
size was around 62 nm, and after SHI irradiation the grain
size decreases drastically with the ion fluence, as shown in
Table 1 and Fig. 5.

Along with the decrease in grain size, a fractional phase
change was observed after irradiation of these samples with
100 MeV Ag’* ion. The new peak located at 260 =30.04° in
irradiated samples corresponds to the tetragonal phase of
the crystal plane (101) as per the standard JCPDS file (PDF#
00-008-0342). The intensity of this tetragonal peak is found
to increase with increase in the ion fluence. The tetragonal

phase was not observed for pristine or even for low-dose
samples (up to an ion fluence of 3 x 10'? ions/cm?). This
phase change was significant for the ion fluences 1 x 103,
3% 10" and 1x10'* ions/cm?. A new tetragonal peak cor-
responding to (200) planes emerged at 26 =35.09° for high-
est fluence. The fraction of phase change is calculated using
Garvie and Nicholson [41] equation as given below:

. 1,(101) ,
T 101D + I(101) + 1(020) 2)

where ‘C, is the compositional weight of tetragonal phase,
‘1., ‘I, are integral areas of the monoclinic and tetragonal
phases (or intensities of corresponding peaks). C,, (=1 - C)
gives the monoclinic compositional weight. The calculated
fractional tetragonal phase with ion fluence is shown in
Fig. 6. The maximum tetragonal phase of 35% was attained
for the ion fluence of 1 x 10'*jons/cm?. SHI-induced crystal-
line to crystalline phase transitions were earlier observed in
bulk ZrO, and HfO, [29, 42-44]. Monoclinic to tetragonal
transition was induced in ZrO, and HfO, by 595 MeV Xe
and 295 I ion irradiations, respectively. These results are
consistent with the present 100 MeV Ag ion irradiation-
induced phase transitions in 500 nm HfO, films deposited
by RF magnetron sputtering.

Along with the evolution of tetragonal phase, the intensity
of dominant monoclinic phase peaks [for (011) and (020) in
pristine sample] decreased with the increase in ion fluence.
An increase in the width of these peaks is also observed. Ini-
tially, the grain size was 62 nm which further decreased to
15 nm with increase in ion fluence. The decrease in grain size,
decrease in peak area and increase in peak width with ion flu-
ence may be attributed to the ion-induced grain fragmentation
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Fig.6 Fraction of tetragonal phase with respect to monoclinic phase
as a function ion fluence in HfO, films
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process. Similar results have been observed in other thin films
by various groups [38, 39] and an appropriate method was pro-
posed to estimate the corresponding track radius by GIXRD
analysis. To determine the track radius from the GIXRD data,
peaks were normalized and averaged with the dominant peak
for the pristine sample. The obtained values were fitted using
exponential Poisson’s equation as given below [38] to deter-
mine damage cross sections along different crystallographic
directions:

Algn) = (1=5,) xexp (=0, X ¢1) + S, 3)
where A(gt) is normalized area of the concerned peak at
given fluence, S, is the saturated normalized area at highest
fluence, o, is the damage cross section along the correspond-
ing crystallographic direction. The increase in intensity
appears to be linear at lower fluences with slope I, of the
fitting is equal to the — o, X (1 — S,). From this slope, we
can deduce the information of track radius (c,=m X ). The
initial slopes of the corresponding peaks are —21.1 (020),
—36.27 (011), followed by damage cross sections as 43.7
(020), 75 (011) nm?. The corresponding track radii deduced
from peak areas were 3.7 nm along (020) direction and
4.9 nm along (011) direction. The damage cross section and
track diameters are found to be different along different crys-
tallographic directions which can result in uneven thermal
expansion leading to the observed grain fragmentation. The
fitted exponential Poisson’s graph is shown in Fig. 7. Con-
sequently, the width of the diffraction peak increases with
the decrease of the peak area. The widths of the normalized
peaks are averaged with the pristine sample and fitted with
the Poisson’s exponential fitting and are given by [38]

W(gt) = S, (1 —exp (-0, X ¢1))+ 1 4)
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Fig. 7 Normalized peak areas of dominant peaks with respect to pris-
tine sample as a function of ion fluence
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where W(gp?) is normalized peak width at a given fluence, S|,
is the saturated normalized width at highest fluence and o,
is the damage cross section. The initial slope /,, of the fit-
ting is equal to the o, X S,. From this slope, we can deduce
the information about track radius (o, =nX ). The initial
slopes of the corresponding peaks are 30.5 (020), 33.5 (011)
and followed by damage cross sections as 17.9 (020), 22.3
(011) nm?. The corresponding track radii deduced from peak
widths were 2.4 nm along (020) direction and 2.7 nm along
(011) direction. The fitted exponential Poisson’s graph is
shown in Fig. 8. From the two fittings, the extracted track
radii by these two methods are in agreement with each other.
Overall, the estimated average track radii are in the range
of 5-7 nm. However, here it is important to note that the
prediction of non-symmetric tracks along ion paths owing to
the anisotropy of thermal properties of HfO, along different
planar directions. This confirms the significance of thermal
spike and consequent effects in the material modification by
SHI irradiation.

3.3 lon-induced reconfiguration and annihilation
of defects

The PL measurements were performed on pristine and irra-
diated samples to monitor the dynamics of defect states as a
function of fluence. The excitation wavelength was 350 nm.
The HfO, bandgap is around 5.7 eV, which is much higher
than the excitation energy 3.55 eV. Hence, the observed PL
from the HfO, is attributed to the transition from mid-band-
gap states or defect states within the excitation energy range.
The PL spectra of both pristine and SHI-irradiated samples
are shown in Figs. 9 and 10. The pristine sample has shown
a dominant peak at 377 nm (3.3 eV), and a broad peak from
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Fig.8 Normalized peak widths of dominant peaks with respect to
pristine sample as a function of ion fluence
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Fig. 9 PL spectra of pristine HfO, film (curves obtained by de-convo-
lution are also shown)

400 to 550 nm in the visible region. After deconvolution
using peak fitting program, the broad peak yields the new
peaks at 2.93 eV and 2.5 eV. Most of the literature suggests
that PL originates from the oxygen-related vacancy defects
in HfO,. The emission in the HfO, may be understood as
follows: the excitation energy was 3.5 eV, the electrons in
the valence band get exited up to 3.5 eV above the valence
band and relaxed to the defect states via radiative transi-
tion and the relaxed carriers combined with the holes in
the valence band via emission. Hf-related defects are not

detectable in the PL experimental setup. Under the influence
of SHI irradiation, the sharp dominant peak at 377 nm dis-
appears completely for all the fluences, and only the broad
peak remains intact. The single neutral oxygen vacancy can
be distributed over the bandgap, but maxima are localized at
377 nm (3.3 eV) [45]. Wen et al. [46] reported that peaks at
2.71 eV and 2.94 eV belong to the positively charged oxygen
vacancy states of Vo’* and Vo*.

After ion irradiation, the neutral oxygen vacancies are
suppressed completely. All of these defects depend on
the deposition parameters. In general, the defects can be
expected in suboxide formation (HfO,, x <2) which is con-
sistent with our RBS analysis. Approximately, the broad
peak position is the same for all irradiated samples except
for minor increase in intensity. The shift in the PL emis-
sion band to the higher wavelength side believed to be due
to change in the stress/strain in the HfO, films, which is
generated from the change in the crystal phase from mono-
clinic to tetragonal [47]. After deconvolution using peak
fitting program, each peak is clearly seen to be a combina-
tion of 3.0 eV, 2.9 eV, and 2.6 eV as shown Fig. 10a—d. In
our recent reports, we noticed the similar kind of results
in thin (~ 10 nm) HfO, films [28, 32]. Most of these shal-
low and deep-level emissions in HfO, may be attributed to
oxygen-related intrinsic defect states in between the con-
duction and valence band states or F-centers [48]. When
the material transforms from one phase to another phase,
some of the defects may disappear while other types of
defects remain intact due to inevitable changes in the strains
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during these phase transitions. 2.7 eV blue luminescence
has been reported by various research groups in HfO, and
this defect state slightly shifted from 2.6 to 2.8 eV upon
irradiation [49]. 3.1 eV defect peak might be associated with
the charged oxygen defect state [50]. The change in defect
configurations indicates the changes in the strain due to
SHI irradiation which is consistent with the observed grain
fragmentation and phase transformations in these films. The
schematic representation of the estimated defect states and
their tentative assignment are shown in Fig. 11 and Table 2,
where, B1, B2, B3 and B4 are radiative transitions from the
excited level to the defect states [51]. Further, the observ-
able minor changes in the peak position of various peaks
in the GIXRD patterns (shown in Fig. 5) with increase in

Exc: 3.55eV
B1
B2 B3 B4
33eV ——
2.7 eV
3.0eV 25 6V
Valence Band

Fig. 11 Schematic diagram of light emission from the defects states
of the HfO, films (tentative predictions from the PL data)

fluence also indicates the ion-induced changes in the strains
in samples. The introduction of a tetragonal phase within
a film of monoclinic phase demands the change in strain
configuration. This is consistent with the observed PL and
GIXRD results.

3.4 Thermal spike model and conclusions

There are few reports on ion-induced amorphous to crystal-
line, crystalline to amorphous and crystalline to crystalline
transformations in ZrO, and HfO, [28, 29, 43]. ZrO, and
HfO, are twin oxides and both exhibit almost similar prop-
erties. The monoclinic phase of HfO, can exist from room
temperature to 1700 °C, whereas in the case of ZrO, it is
from room temperature to 1100 °C. The tetragonal phase of
HfO, is stable from 1700 to 2500 °C whereas for ZrO, it is
around 1100-2200 °C, respectively. With further increase
in temperature, both twin oxides transform to cubic phase.
While transforming from monoclinic to tetragonal phase,
there is a change in volume fraction of HfO, by 3.5% [52];
however, compared to ZrO, (7.5%), it is very small [52].
The volume expansion coefficient is different for different
crystallographic directions for HfO, which can cause the
observed grain fragmentation during SHI irradiation. Asso-
ciated with uneven thermal expansion in HfO, nano-grains,
one can expect the grain fragmentation. In another context,
the rapid increase of temperature leads to the thermal shock
wave in the film. The thermal shock wave creates enough
pressure to cripple the nano-grains and leads to the grain
fragmentation.

The newly formed grain size purely depends on the ther-
mal contraction rate and strain relaxation in large grains. The

Table 2 Observed emission
wavelengths and tentative
assignment of emission peaks

Sample name

Composition Observed PL

1 HfO,/Si-1 Hf, 57,0073
2 HfO,/Si-2 Unknown
3 HfO,/Si-3 Unknown
4 HfO,/Si-4 Unknown
5 HfO,/Si-5 Unknown

Tentative Reference used for assignments
peak position defect assign-
(nm) ment
378 (~3.3eV) Vo [45-48]
422 (29eV) Vot
496 (2.5eV) -
400 (3.1eV) -
431 (29eV) Vot
470 (2.6 eV) -
403 (3.1eV) -
437 (2.8 eV) -
470 (2.6 eV) -
408 (3.0eV) -
428 (29eV) Vot
476 (2.6 eV) -
420 (29eV) Vot
458 (2.7 eV) Vot
480 (2.6 eV) -
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Fig. 12 Evolution of lattice temperature with radial distance from ion
path in HfO, films estimated by thermal spike model

rapid phase transformation is also responsible for the grain
fragmentation. This anomaly can be observed in multiphase
ceramics such as HfO, ZrO,, AlOj; [53]. The grain fragmen-
tation mainly depends on the initial grain size and strain
generated within the grains [54, 55]. In this process, the
grain size reduces to a critical size after strain relaxation. In
the other context, the bulk free energy per unit volume (G)
in m-HfO, is the lowest and in the case of tetragonal-HfO,
it is the highest. The surface free energy per unit volume
(y) for +-HfO, is the lowest and in the case of monoclinic
HfO,, it is the highest [56]. When the phase transition takes
place between the two stable phases (m to t) the grain size
decreases to a stabilized minimum grain size [56]. Along
with that there are few models explaining the grain frag-
mentation [57, 58].

The electronic energy loss of 23.2 keV/nm is deposited
within the HfO, film under 100 MeV Ag ion irradiation.
This huge amount of deposited energy can bring the mate-
rial to the melting temperatures within the fraction of pico-
second timescales in confined areas. The calculated atomic
temperature as a function of radial distance at time [37]
is shown in Fig. 12. The phase transformation of material
happens when the temperature reaches the phase transition
temperature. According to thermal spike calculations, the
track radius is around 5-7 nm which indicates the rise in
temperature is equal to the tetragonal phase transformation
temperature. The rise in temperature in the damaged cross
section area and calculated track radius are compatible with
each other. In the process, thermal gradient-induced shock
wave pressure cripples the strained nano-grains or nano-
flakes. However, it is important to note that these high tem-
peratures are not reached in thin (~ 10 nm) nano-structured
films studied in our previous report [28]. The estimated track

size is also less in thicker films. Moreover, the track size is
different along different crystallographic directions owing
to the anisotropy of thermal properties in this material. The
observed phase changes, grain fragmentation, defects crea-
tion or annihilation are inter-dependent under certain critical
conditions. Hence, several manifestations of SHI irradiation
are observed in this work. These results once again confirm
the role of transient thermal spike during SHI irradiation and
significance of thermal spike model in analyzing ion—solid
interactions.

4 Conclusions

Films of hafnium oxide were deposited on Si substrates by
RF magnetron sputtering method at high RF power (120 W).
The thickness of the as-grown films was around 500 nm and
they exhibit monoclinic phase. The obtained self-oriented
nano-flake structures are attributed to high deposition rates
and film growth conditions. After 100 MeV SHI irradiation,
phase transformation, grain fragmentation and defect annihi-
lation have been observed as a function of ion fluence. Ion-
induced track radius is calculated within the films by study-
ing the changes in peak areas and peak widths of various
peaks observed in the GIXRD patterns. The average track
radii are estimated to be 3—4.5 nm and the corresponding
calculated atomic temperatures reached the critical value for
tetragonal phase transformation temperature. FESEM data
confirm the ion-induced grain fragmentation. PL emission at
377 nm and broad emission at 420 nm indicate the shallow
oxygen defects and F centers present in the as-grown haf-
nium oxide films. After irradiation, the sharp peak at 377 nm
disappears completely. Ion-induced heat desorption and ani-
sotropic thermal expansion in the nano-grains are expected
to cause the observed grain fragmentation. Electronic energy
loss-induced sharp rise of thermal gradient is the most likely
cause of the phase transformation in the film. Ion-induced
defect annihilation, strain relaxation and defragmentation
are found to be interdependent phenomena.
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