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1 Introduction

In modern portable electronics, non-volatile memory
(NVM) devices have gained attention due to the
enormous demand for high-speed and large-storage-
capacity devices [1]. Most importantly, floating gate
memory devices have received significant attention
in recent years due to their low operating voltages
and long retention times [2, 3]. To improve the per-
formance, down-scaling of size of the memory devi-
ces has been the preferred route [4]. This resulted in a
severe challenge as the thinner oxide layer of floating
gate flash memories will degenerate retention char-
acteristics because of high leakage currents through
the gate oxide due to tunneling [5]. In order to
overcome these problems, high-k dielectric materials
have been introduced in the industry to replace SiO,
[6, 7]1. Among the many high-k dielectric materials,
hafnium oxide (HfO,) with moderate dielectric con-
stant (k ~ 25) and band gap of 5.3 ~ 5.7 eV can be
used in different optoelectronic applications [8].
Moreover, it can form a good interface and has better
thermal stability with silicon [9, 10]. Further, HfO,
also finds applications in spintronic devices as thin
insulating barriers for magnetic (spin-dependent)
tunnel junctions due its high heat of formation [11].
HfO, allows the formation of pinhole-free tunnel
barriers with significant transmission of spin polar-
ization of the tunneling electrons [11, 12]. HfO, with
spin—orbit interaction may have a significant effect on
the Anomalous Hall Effect [13, 14]. The material has
also got the potential for applications in the devices
based on the topological insulators [15, 16].

In the current generation of Metal-Oxide-Semi-
conductor Field Effect Transistor (MOSFET)-based
devices, HfO, has already occupied the space of SiO,
[17]. In 1967, a polysilicon-based floating gate flash
memory was invented by D. Kahng and S. M. Sze
[18]. Further, to improve the storage capacity and
retention characteristics of the future generation of
floating gate flash memory devices, integration of
metal or semiconductor nanoparticles (NPs) inside
the high-k dielectric gate oxide layer has been pro-
posed as a floating gate [19-22]. The devices with
embedded metal NPs have the advantages of exten-
sive range of work functions, advanced efficiency,
and low operating voltages as compared to the
devices with semiconductor NPs [23]. When an array
of embedded metal NPs is used as a floating gate,
then each isolated particle will store the charge. This

@ Springer

] Mater Sci: Mater Electron (2022) 33:6657-6669

gate will hold an overall charge even if few particles
lose their charge through some unwanted leakage
paths. Hence, such a device will have better retention
properties as compared to that of the devices which
use continuous metal layer as a floating gate [24]. For
large storage capacity and to enhance the retention
characteristics, application of metal NPs with large
work functions like Silver (Ag), Gold (Au), and
Platinum (Pt) has been proposed [25-27]. Among
these metal NPs, Au NPs attracted the attention
because it is easy to synthesize, and it has greater
density of states and large work function (5.1 eV),
which generates deep potential well that avoids
retention loss of the devices and enhances carrier
confinement [28, 29].

Another important application of metal NPs is in
the fabrication of Surface Enhanced Raman Spec-
troscopy (SERS) substrates to enhance the Raman
scattering [30]. Metal NPs such as Au and Ag, which
can favor plasmonic resonance, have significance in
SERS studies for molecular detection [31-34]. The
SERS studies mainly deal with the enhancement in
electromagnetic field due to the confined surface
plasmon resonance. This enhancement in the elec-
tromagnetic field is directly related to the size, shape,
uniformity, and homogeneity of metal NPs [35, 36].
In recent years, significant enhancement in Raman
scattering due to nanosilver-embedded silicon nano-
wires, Ag and Au NPs with diverse geometries have
been reported [37-39].

For creating Au NPs, different deposition tech-
niques such as radio frequency or direct current (RF/
DC) sputtering, electron beam (e-beam) evaporation,
chemical vapor deposition (CVD), and atomic layer
deposition (ALD) have been reported [40-43]. Post-
deposition thermal annealing (TA), rapid thermal
annealing (RTA), and ion beam irradiation tech-
niques have been used to get good uniformity and
high-density Au and Ag NPs [44-46]. Devices with
high density of metal NPs will have large charge
storage capacity and those with good uniformity will
help in improving the reproducibility of device
characteristics [47]. RTA and TA techniques have
been extensively used to create Au NPs in-between
two HfO; layers [48-50]. However, thermal annealing
and Ion beam irradiation techniques are known to
crystallize the tunneling oxide layer which leads to
high leakage currents due to tunneling and deterio-
rate the memory device characteristics, particularly
for modern alternate high-k dielectrics like HfO,
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[46, 51-56]. Now, the main challenge is to create high-
density metal NPs without affecting the phase of the
tunneling oxide layer. Non-thermal processes such as
laser annealing (LA) may offer alternate methods to
anneal the layers of interest without damaging the
substrates and/or the surrounding medium.

In 2016, Nikolaos Kalfagiannis et al. [57] proposed
this approach of modifying arrays of NPs by laser-
induced self-assembly (MONA-LISA) to produce the
pre-determined patterns of metal nanostructures. In
2018, L. Kastanis et al. [58] used LA technique to
obtain uniformly spaced Au nanocrystals (Au-NCs)
and fabricated n-Si/SiO,/Au-NCs/Y,05/Au-struc-
tured memory devices. LA is a promising technique
because it offers a high degree of control over the
formation of NPs and has an advantage of mini-
mization of defects in the tunneling oxide layer [59].
Moreover, it can produce uniform Au NPs on/inside
the gate oxide layer without damaging it. However,
to the best of our knowledge, producing a high-
density array of Au NPs on the surface of HfO, thin
films using LA technique and application of these
laser-annealed Au NPs in SERS spectroscopy and
fabrication of Au NPs-embedded HfO, gate dielec-
tric-based Metal Oxide Semiconductor (MOS) capac-
itors, without modifying the phase of HfO,, has not
been reported.

In this paper, LA technique is used to synthesize a
high-density array of Au NPs on the surface of HfO,
thin films without altering the phase of HfO,. Struc-
tural and optical properties of these Au NPs are
studied as a function of the number of laser pulses
incident on the sample. The leakage current con-
duction mechanisms have been studied invoking
several tunneling mechanisms by examining the
leakage current-voltage (I-V) characteristics. Appli-
cations of these nanoparticles to SERS and floating
gate type memory devices have been investigated.

2 Experimental section
2.1 Synthesis

Thin films of HfO, (~ 10 nm) were deposited on
boron-doped p-type (1-10 Qcm) silicon (100) and
quartz substrates using e-beam evaporation tech-
nique. Before the deposition, substrates were cut into
pieces of 1 cm x 1 cm each and cleaned using an
ultra-sonication process by dipping in acetone
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followed by isopropanol and deionized water for
5 min each. Then, these were dried with nitrogen gas
and immediately loaded into the chamber. We used a
pellet of HfO, (99%) as a target material for evapo-
ration. The chamber was evacuated to 1.4 x 107° -
mbar pressure. 10 standard cubic centimeters per
minute (SCCM) of O, gas were released into the
chamber during the deposition of HfO,. In the same
chamber, a thin non-continuous layer (~ 5 nm) of
Au was grown on top of these as-deposited HfO,
surfaces using thermal evaporation technique with-
out breaking the vacuum inside the chamber.

2.2 Laser annealing

These samples were subjected to LA using a KrF
excimer laser system of wavelength 248 nm (Coher-
ent-Compex Pro 102 F) with 10 Hz repetition rate.
Samples were placed normal (90°) to the laser beam
during the LA. The laser fluence (300 mJ cm™?) and
spot size (1 x 1 cm?) were maintained same for all
the samples. Uniformity, size, shape, and surface
density of Au NPs have been controlled by changing
the number of laser pulses. Spherical Au NPs have
been created on the surface of HfO, thin films by
varying the number of laser pulses from 100 to 500.

2.3 Characterization

Field Emission Scanning Electron Microscopy
(FESEM) measurements were performed on as-
grown and laser-annealed Au/HfO, bi-layers
deposited on Si to estimate the uniformity and size
distribution of Au NPs formed on the surface of HfO,
using Carl ZEISS, FEG, ultra-55. UV-visible absorp-
tion measurements (in the range of 300-1000 nm) of
Au/HfO, bi-layers deposited on quartz substrates as
a function of number of laser pulses were performed
using a UV-visible spectrometer. Grazing incident
X-ray diffraction (GIXRD) measurements were per-
formed on the as-grown and laser-annealed Au/
HfO, bi-layers and HfO, films deposited on Si using
Bruker D8 Advance diffractometer with Cu Ko,
A =154 A. SERS measurements were performed by
drop-casting Rhodamine 6G (R6G) dye on top of the
as-grown and laser-annealed Au/HfO, bi-layers
deposited on Si. A laser with excitation wavelength of
632 nm and 20 mW power has been used for these
measurements using LabRAM HR Evolution -
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HORIBA Scientific confocal Raman microscope with
100X magnification.

2.4 Fabrication and characterization
of MOS capacitors

Finally, on top of these as-grown and laser-annealed
Au NPs produced on the surface of HfO; thin films,
another layer of HfO, with thickness of around
20 nm was deposited as a blocking layer under the
same deposition conditions. Metal contacts of Au
were deposited (~ 100 nm thick and 1 mm in
diameter using a shadow mask) as top electrode (TE).
Adhesive and conductive Ag paste along with Al foil
was used as a bottom electrode (BE). A MOS capac-
itor without Au NPs inside the oxide layer, ie., a
continuous layer of HfO, of almost same thickness
(~ 30 nm) is also fabricated under the same deposi-
tion conditions. The TE/HfO, and Si/BE interfaces
are expected to behave in the same manner for both
the devices with or without Au NPs inside HfO,.
Hence, the differences in leakage currents and stor-
age capacity are attributed to the presence or absence
of Au NPs. The schematic and final structure of the
MOS capacitor is shown in Fig. 1. Electrical charac-
terizations such as leakage current-voltage (I-V) and
capacitance-voltage (C-V) were performed using an
Agilent technologies (B1500A) semiconductor device
analyzer.
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3 Results and discussion

3.1 Structural and optical properties of Au
NPs

The FESEM images of as-grown and laser-annealed
Au/HfO, bi-layers as a function of number of pulses
from 100 to 500 are shown in Fig. 2. These images
clearly confirm the formation of Au NPs on their
surface. As expected, the as-grown sample shows an
incomplete layer of Au with the formation of islands
which are randomly oriented. It is well known that an
array of Au NPs are produced when such an
incomplete Au layer is subjected to heat treatment
[44, 49]. Here, the main objective is to attain uniform
Au NPs by non-thermal LA technique without
affecting the phase of the underneath layer of HfO..
Figure 2 shows that the density of Au NPs increases
with increase in the number of laser pulses. Further,
the particles attain spherical shape and the average
particle size reduces with increasing the number of
laser pulses. The statistical study of the size of
spherical NPs with increasing number of laser pulses
is tabulated in Table 1 and column charts with Gauss
fitting are presented in Fig. 3. The mean diameter of
spherical NPs in as-deposited Au film is around
219 nm, which is decreased to 13.7 nm with
increasing the number of laser pulses to 500, whereas
the surface density of spherical Au NPs is increased
from 3.75 x 10" to 1.64 x 10" NPs cm™> This

ppr— — — _— _ //
y HfOy, Au films ¢
< —_—
Deposition

() Bottom contact

Au layer (5 nm)
HfO, (10 nm]

&
Au Gate deposition | 9957
\y Gate depositior

Top, Bottom contacts

Au NPs

«aoﬁ:
3 %;:,:gw ﬁf 5

Fig. 1 Schematic representation of creation of high-density spherical Au NPs using LA and fabrication process of Au NPs-embedded

HfO, gate-dielectric-based MOS capacitor
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Fig. 2 FESEM images of
laser-annealed Au NPs on the
surface of HfO, thin films as a
function of number of laser
pulses a Pristine, b 100 pulses,
¢ 200 pulses, d 300 pulses,

e 400 pulses, and f 500 pulses

’.0:::0'...4 s o °
o .‘5\.
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Table 1 Statistical analysis of size and surface density of laser-annealed Au NPs as a function of number of laser pulses

Number of laser

Avg. diameter of Au NPs Standard deviation in the size distribution of Au  Surface density of Au NPs (no. of

pulses (nm) NPs (nm) NPs.cm ™)
0 21.9 8.8 3.75 x 101°
100 23.7 10.1 3.93 x 10'°
200 19.6 7.2 6.12 x 10'°
300 18.5 6.6 9.00 x 10'°
400 17.2 6.3 1.23 x 10"
500 13.7 4.6 1.64 x 10!

decrease in the size of spherical Au NPs and standard
deviation in size distribution of Au NPs indicates the
increase in the uniformity of spherical Au NPs due to
LA.

The GIXRD spectra shown in Fig. 4 exhibit the
peaks corresponding to the crystalline phases of Au
and did not show the introduction of any crystalline
phases in HfO, after laser annealing. This indicates

that the phase of the as-grown and that of the laser-
annealed HfO, films remain same (amorphous in
nature) within the experimental limits. The experi-
ment is repeated with pure HfO, films of thick-
ness ~ 30 nm (without Au layer) which further
confirmed that the crystalline phases are not intro-
duced even after the films were subjected up to 2000
laser pulses. While an array of high density of Au
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Fig. 4 GIXRD patterns of the as-grown and laser-annealed Au/
HfO, bi-layers as a function of number of laser pulses
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NPs was realized even at a lower dose of 500 laser
pulses, thus, a high-density array of Au NPs has been
synthesized on the surface of HfO, thin films without
significant damage to the underneath film of HfO..
Absorption spectra of pristine and laser-annealed
samples are shown in Fig. 5. As the number of laser
pulses increases, the absorption peak shifts towards
shorter wavelengths with peak narrowing. The Au
NPs with smaller size primarily absorb light and
show peak near the wavelength of 520 nm, while NPs
with larger diameter exhibit increased scattering and
show peak shift towards longer wavelengths (red
shift) with peak broadening. This further confirms
that, as the number of laser pulses increases, the size
of Au NPs decreases and uniform spherical Au NPs
have been synthesized at 500 laser pulses.
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Fig. 5 UV-vis Absorbance spectra of laser-annealed Au NPs as a
function of number of laser pulses

SERS measurements were performed on R6G dye
(10 nM) in the spectral range from 500 cm™' to
1600 cm~!. For these measurements, a solution of
20 pl R6G of 10 nM concentration is drop casted on
top of as-grown and laser-annealed Au NPs and then
dried out in the ambient atmosphere. SERS spectra of
R6G/HfO,/Si (without Au NPs) and R6G/Au NPs/
HfO,/Si (with Au NPs) as a function of number of
laser pulses are shown in Fig. 6. Considerable
enhancement in Raman signature of R6G dye has
been observed for the samples with Au NPs. The
intensity of Raman scattering peaks corresponding to

500 pulses

400 pulses

300 pulses

Intensity (arb. units)

Pristine

200 pulses
100 pulses n

Without NPs

A

T T T T T T T T T T T
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Raman shift (cm™)

Fig. 6 Raman spectra of R6G on non-SERS substrate (without
Au NPs) and SERS substrates (with Au NPs) as a function of
number of laser pulses
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R6G dye is found to be increasing as the number of
laser pulses increases. This can be attributed to the
observed increase in the surface density of spherical
Au NPs, which act as hot spots for SERS, as a func-
tion of fluence. For representing the role of Au NPs in
SERS substrates, Raman Enhancement Factor (EF)
has been calculated using Eq. 1 [60]:

IsersNrs
EF — SERSTYRS 1
IrsNsgrs M

where Iggrs and Irg are the intensities corre-
sponding to Raman peaks of R6G molecules adsor-
bed on Au NPs and on non-SERS samples,
respectively. Here, the substrates with Au NPs are
considered as SERS, and substrate without Au NPs is
considered as non-SERS (R6G/HfO,/Si). Nggrs and
Ngg are the number of R6G molecules on Au NPs and
non-SERS substrates which are 10 nM and 10 mM
(minimum detectable concentrations of R6G on SERS
and non-SERS substrates), respectively. The Raman
EF has been estimated for the as-grown and laser-
annealed samples as a function of number of laser
pulses. The as-grown Au NPs show the EF of
2.6 x 10" corresponding to the Raman peak
at ~ 1364 cm™'. The estimated EF and surface den-
sity of spherical Au NPs as a function of number of
laser pulses is shown in Fig. 7. A systematic increase
in the EF has been observed due to increase in the
surface density of Au NPs as the number of laser
pulses increases. An increased EF of 4.3 x 107 has
been observed for the laser-annealed SERS substrate
at 500 laser pulses. This not only confirms the for-
mation of an array of high-density spherical Au NPs
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Fig. 7 Raman EF and surface density of laser-annealed spherical
Au NPs as a function of number of laser pulses
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but also suggests an alternate non-thermal method to
fabricate SERS substrates which offers significant
enhancement in the Raman scattering. Hence, LA
technique can be used in the fabrication of SERS
substrates for molecular detection. Hereafter, the
sample which is subjected to LA at 500 laser pulses is
used for further application in fabrication of Au NPs-
embedded HfO, gate dielectric-based MOS
capacitors.

3.2 Electrical characteristics of MOS
capacitors

MOQOS capacitor has been fabricated using the sample
annealed at 500 laser pulses to study electrical char-
acteristics (referred to as “with Au NPs”) as shown in
Fig. 1. To compare the role of embedded Au NPs in
device performance, a MOS capacitor without Au
NPs in the HfO; layer of same thickness (~ 30 nm) is
also fabricated (referred to as “without Au NPs”)
under the same deposition conditions. The leakage
current conduction through gate oxide with and
without embedded Au NPs of these MOS capacitors
were studied by I-V characteristics as shown in
Fig. 8a. As expected, an increase in the leakage cur-
rent density has been observed for MOS structures
with Au NPs when compared to the MOS structures
without Au NPs. The charge carriers that tunnel
through the gate oxide are responsible for this leak-
age current and can be elucidated by examining
several conduction mechanisms such as direct tun-
neling (DT), Poole-Frenkel (PF) tunneling, and Fow-
ler-Nordheim (FN) tunneling [61-63]. However, the
effects related to spin—orbit coupling are not incor-
porated in this study as both the electrodes are non-
magnetic [11].

The DT mechanism dominates when the charge
carriers directly tunnel through the ultra-thin gate
oxide layer. However, the thinner oxide layer may
deteriorate the data retention capability. The charge
retention characteristics can be enhanced and the
tunneling probability can be reduced by increasing of
barrier height [64]. In the DT mechanism, the limited
thickness of modern alternate high-k dielectric thin-
film is around 6 nm [65]. Hence, DT is not expected
to be significant in this case as the HfO, film thick-
ness is around 30 nm. Measured I-V characteristics
are fitted with theoretical PF and FN tunneling
mechanisms using following Eqgs. 2 and 3, respec-
tively, to evaluate the contribution from various

@ Springer

] Mater Sci: Mater Electron (2022) 33:6657-6669

—a— without Au NPs
—o— with Au NPs

-

m

~
|

Leakage Current density (A/cm?)
m
&

1E-9 4
1E-10 4
1E-11 4
T ' T i T % T L T L T T T T T * T T T
5 4 3 -2 1 0 1 2 3 4 5
Applied Voltage (V)
1E-7 A
< ]
(3]
< 1E-8-
3 ]
‘@
o
2 4
= 1E-94 J
f= E
g ]
=
3 ]
g1E40?
] ]
w
9 ] —o— without Au NPs
1E-114 —o— with Au NPs

OI.O 015 110 115 210 2:5 3:0 3:5 410 415 5:0
Applied Voltage (V)

Fig. 8 a -V characteristics of HfO,-based MOS capacitors with
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tunneling processes to the I-V characteristics [62, 66]
(see Fig. 8b, solid lines indicate PF tunneling and
dashed line indicates FN tunneling).

® — py/F
Jpr = EFzexp |:_ qT'BTUx ) (2)
3 a3/2
N N Y R SV LN
Jin = T, TP | "3 g For|’ ®)

where F,, is the electric field through the gate oxide,
q is the charge of electron, £ (constant value in
between 1 and 2) is the factor that determined by
acceptor compensation, Boltzmann’s constant (K),
Temperature (T), h is the reduced Planck constant, @y,
is the barrier height among the conduction bands at
semiconductor-gate oxide interface and m,, is the
effective electron mass in the gate oxide.

For the MOS structure without Au NPs, PF tun-
neling is prominent from 0 V to 1.9 V. Thereafter, FN
tunneling dominates from 2.0 V to 295V, and an
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exponential increase in the leakage current density
has been observed. The FN tunneling mechanism
takes place when an applied voltage is effectively
high that the electric field cross through a gate oxide
decreases the width of the barrier for the charge
carriers. At this high applied voltage, FN tunneling
mechanism is significant that the electrons can tunnel
through the triangular barrier of gate oxide [67]. For
the MOS structure with Au NPs, leakage current due
to PF tunneling has been observed from 0 V to 5 V.
PF tunneling is generally attributed to the charge
trapping centers caused by defects in the gate oxide.
In the present case, the improved PF tunneling
character in laser-annealed devices may be attributed
to the possible charge trapping by the embedded Au
NPs within the gate oxide layer HfO,. These traps can
limit the channel current flow by the capture or
emission of charge carriers. Here, the electrons tun-
neling through the gate oxide are trapped in the Au
NPs and this phenomenon is governed by PF tun-
neling mechanism.

High-frequency (1 MHz) C-V measurements were
performed to study the memory performance (C-V
hysteresis) of these MOS capacitors and the C-V
hysteresis for the MOS capacitors with and without
Au NPs are shown in Fig. 9. For MOS capacitors with
Au NPs, an increase in the accumulation capacitance
with broadening in the hysteresis has been observed
when compared to that of MOS capacitors without
Au NPs. This indicates that the charges are trapped
in the Au NPs. When a negative bias is applied, the
holes which tunnel from the substrate to Au NPs are

-7 - =
TE-7 c0(‘31'.‘:@«(‘(?5:?3&?(&,,””,),j»»’a — W!thout Au NPs
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Fig. 9 C-V characteristics of HfO,-based MOS capacitors with
and without Au NPs
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trapped, whereas in accumulation, the electrons
tunneling from the substrate are stored in the Au
NPs. The C-V curve for the MOS structures without
Au NPs shows a narrower hysteresis loop, which
indicates that the oxide layer has low density of
defects/trapping centers. The hysteresis loop with a
large memory window shows the large storage
capacity of the device due to embedded Au NPs in
the high-k dielectric oxide layer HfO,. Thus, the high-
density array of Au NPs produced on the surface of
HfO, thin films by using LA can be used in appli-
cation of microelectronic compatible floating gate
type memory devices to enhance the storage capacity.

4 Conclusions

The significant result of this work is the use of LA
technique in synthesizing an array of high-density
spherical Au NPs on the surface of HfO, thin films
without affecting the phase of tunneling oxide layer
(HfO,). These spherical Au NPs can be used as
charge trapping centers in HfO,/Au NPs/HfO,/Si-
structured MOS capacitors. Structural characteriza-
tions reveal that, as the number of laser pulses
increases, the size of spherical Au NPs decreases and
a high-density array of Au NPs is realized at 500 laser
pulses. UV—visible absorption spectra reveal the peak
shifts towards shorter wavelengths with peak nar-
rowing, which indicates an array of high-density
uniform spherical Au NPs have been synthesized.
These Au NPs show good enhancement (~ 107) in
Raman signature of standard R6G dye. A systematic
increase in the EF has been observed due to the
increase in the surface density of Au NPs as the
number of laser pulses increases. Hence, these high-
density Au NPs can be used as SERS substrates for
molecular detection. The leakage current conduction
through the gate oxide with and without embedded
Au NPs has been studied using PF and FN tunneling
mechanisms by examining the I-V characteristics. PF
tunneling is prominent for the MOS structures with
Au NPs which is attributed to the charge trapping by
the embedded Au NPs. The C-V measurements
indicate significant broadening in the hysteresis loop
which improves the storage capacity of the devices.
Thus, the high-density array of Au NPs produced by
using LA without affecting the phase of the tunneling
oxide layer (HfO,) can be used in the application of
floating gate type memory devices.
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