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Abstract

A self-assembled monolayer of Pt nanoparticles (NPs) was studied as a charge trapping layer
for non-volatile memory (NVM) applications. Pt NPs with a narrow size distribution (diameter
~4 nm) were synthesized via an alcohol reduction method. The monolayer of these Pt NPs was
immobilized on a SiO; substrate using poly(4-vinylpyridine) (P4VP) as a surface modifier. A
metal-oxide-semiconductor (MOS) type memory device with Pt NPs exhibits a relatively large
memory window of 5.8 V under £7 V for program/erase voltage. These results indicate that

the self-assembled Pt NPs can be utilized for NVM devices.

1. Introduction

Nanocrystal floating gate memory devices have attracted
attention as one of the strong candidates for non-volatile
memory (NVM) devices due to its scalability, electrical
isolation and low charge leakage through the tunneling
oxide [1, 2]. In particular, metal nanocrystals (NCs)
have a number of advantages, such as higher density of
states, large work function and strong charge confinement,
which allow NVM devices to operate with low power,
better retention and high density [3]. Various methods
have been employed to form uniform metal NCs, including
e-beam evaporation, molecular beam epitaxial and oxide
reduction [3-5]. However, most of these methods require
high temperature annealing for the formation of metal NCs,
which results in metallic contamination, formation of metal
compounds, and NCs with non-uniform size and arbitrary
shape [5, 6]. Therefore, fabrication of memory devices using
synthesized metal nanoparticles (NPs) has been investigated
to overcome these drawbacks [7-10]. Various methods,
such as colloidal suspension, spin coating, evaporation
and biomolecule templates, have been applied to fabricate
the monolayer of NPs [8—12].  Although such methods
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have showed relatively good results for the formation of a
monolayer, difficulties remain with forming a monolayer of
NPs on a certain substrate without aggregations. In addition,
removing the chemical residue that results as a by-product of
the chemical synthesis of metal NPs and using chemicals to
transfer NPs onto a substrate pose challenging difficulties. It
was shown that the chemical residue significantly degrades
the electrical property of metal-oxide-semiconductor (MOS)
devices [13]. Therefore, a new method should be developed
to produce a highly uniform monolayer of NPs on a substrate
without the chemical residue.

Recently, Kwon ef al used an organic surfactant as
an efficient adhesive for the immobilization of ferritin
nanoparticles, because this molecule provides many binding
sites for simultaneous interaction with both particles and
a substrate, and it is easily removed via a comparably
low temperature heat treatment [11].  Similarly, poly(4-
vinylpyridine) (P4VP), which has a pyridyl group, provides
strong adhesion to the surface and nanoparticles and is easily
decomposed via heat treatment [14, 15]. These properties of
P4VP are appropriate for the formation of highly uniform self-
assembled metal NPs on a substrate and for the fabrication of
MOS devices.
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In this study, we synthesized platinum (Pt) NPs and
fabricated a self-assembled monolayer (SAM) on a thermally
grown SiO, substrate. For the immobilization of a Pt NP
monolayer with a high dot density, PAVP as a surface modifier
was employed. In addition, the electrical characterization of Pt
NPs monolayer as a charge trapping layer in NVM was also
investigated.

2. Experimental details

2.1. Formation of the Pt NP monolayer

Pt NPs were synthesized by modifying a simple method to
control the size of Pt NPs with the use of an alcohol reduction,
following the method in [15].

To prepare the self-assembled Pt NP monolayer, a
p-Si substrate with a 3.7 nm thick silicon oxide was
cleaned for 10 min in piranha solution followed by oxygen
plasma treatment for a uniform hydrophilic surface. The
substrate was dipped in a surface modifier, 1 wt% poly(4-
vinylpyridine) (P4VP, M, = 160000) solution in reagent
alcohol (HPLC) [14]. After washing the polymer with
fresh alcohol to remove excess polymer, the substrate was
baked in an oven at 120°C for 2 h. Subsequently, the
substrate was dipped in a solution containing synthesized Pt
particles for 3 min while stirring and then immediately put
in a clean container to control the evaporation ratio. By
carefully controlling the evaporation rate of the solvent, an
almost uniform monolayer of Pt NPs was obtained. Field
emission scanning electron microscopy (FE-SEM, Hitachi S-
4700) and high resolution transmission electron microscopy
(HR-TEM, Tecnai F20) were performed to analyze the size and
distribution of Pt NPs.

2.2. Electrical characterization of the Pt NP monolayer

An MOS capacitor memory device employing a self-assembled
Pt NP monolayer as a charge trap layer was fabricated. Self-
assembled Pt NPs with and without a surface modifier were
prepared for comparison in this study. For both samples,
the removal of the immobilization agent was performed by
heat treatment at 200°C for 1 h in an Ar environment to
remove P4VP and all chemical residues and to minimize
the aggregation of Pt NPs. A 13 nm thick LaAlO3
layer was deposited on the SiO,/Pt-NPs via an e-beam
evaporator. Subsequently, a 100 nm thick Pt gate electrode was
deposited and patterned by photolithography. Standard post-
metallization annealing in a forming gas (Hy:N, = 3:97) was
performed at 400 °C for 30 min. For the control samples, a
Pt-LaAlO3/Si0,/Si stack capacitor without Pt NPs and surface
modifier was also fabricated. To analyze the bonding of Pt
and the chemical residue, x-ray photoelectron spectroscopy
(XPS) was performed. Using an HP 4284 LCR meter and an
HP4155C semiconductor parameter analyzer, high frequency
capacitance—voltage (C-V) measurements demonstrated the
device operating as a memory device.

Figure 1. TEM image of Pt nanoparticles prepared on a
carbon-coated copper grid. A drop of the Pt colloidal solution was
deposited on a copper grid and the image was acquired.

3. Results and discussion

Figure 1 shows an HR-TEM image of synthesized Pt NPs
produced by the alcohol reduction methods. A drop of Pt
colloidal solution was deposited on a carbon-coated copper
grid and the image was acquired. Although nanoparticles
do not possess a well-ordered and close-packed arrangement,
crystalline Pt NPs with a narrow size distribution were
observed. Average particle diameter was around 4 nm.

For the immobilization of a Pt NP monolayer with a
high dot density, PAVP as a surface modifier was employed.
According to Malynych et al, a surface modifier, P4VP, is
a universal monofunctional surface modifier, that is, only
one type of functionality (pyridyl group) is required for the
adhesion to surfaces and the binding of nanoparticles [14],
because the pyridyl group has a strong affinity to metals and
is able to undergo hydrogen bonding with polar species [14].
When the substrate is dipped in 1 wt% P4VP solution in
alcohol, the surface is terminated with protonated silanol
groups that form a hydrogen bond with the nitrogen atom on
the pyridyl [14]. After the adsorption, P4AVP molecules still
have numerous unbound pyridyl groups that do not participate
in the interaction with the surface and that are capable of
binding of nanoparticles [14]. Therefore, a P4VP-coated
substrate can immobilize the Pt NPs as a monolayer.

To confirm the monolayer formation of Pt NPs, SEM
was performed. After heat treatment, the substrate having
NPs without any chemical residues from the self-assembly
procedure was observed. The self-assembled Pt NPs on SiO,
with and without surface modifier are shown in figure 2.
The self-assembled Pt NPs without surface modifier show
aggregation and irregular distribution of NPs in figures 2(a)
and (b) under different magnifications. On the other hand,
utilizing a surface modifier, P4VP, the uniform distribution of
Pt NPs without aggregation over a large area was obtained,
as shown in figures 2(c) and (d). Dot density was estimated
at approximately 6 x 10" cm™2, indicating successful self-
assembly using the surface modifier for a monolayer of Pt NPs.
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Figure 2. (a) SEM image of Pt nanoparticles after heat treatment, (b) without surface modifier, poly(4-vinylpyridine), and (c), (d) with surface

modifier under different magnifications.
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Figure 3. (a) XPS spectra of the bare SiO,, self-assembled monolayer of Pt NP surfaces before and after heat treatment for the removal of the
immobilization agent in the C 1s peak region. (b) The Pt 4f region of Pt NPs in the metal-oxide-semiconductor device stack.

Prior to fabrication of an MOS device, we evaluated the
chemical residue after heat treatment. For the self-assembled
monolayer of Pt NPs, P4AVP was used. In the MOS device,
this kind of chemical residue results in degraded electrical
properties. The P4VP monolayer thickness is about 2 nm and
the electron transfer rate decreases rapidly with the distance
from the electrode by a factor of 2.718 for every 1.5 A [16].
Therefore, the removal of chemical residue is important. To
confirm the presence or absence of chemical residue, XPS
analysis was performed. Figure 3(a) shows the XPS core-level
spectra of the C 1s for the bare SiO, sample and SAM Pt
samples with and without heat treatment. For the bare SiO,

sample, a peak signal of carbon at 285 eV, a characteristic
of carbon with no polymeric carbon contamination due to air
exposure, was observed [17]. The weak signal of oxygen
is believed to be a contamination due to exposure of the
sample to air prior to the XPS analysis [18]. In the SAM
of the Pt NP sample before heat treatment, the peak signals
of C-N and N-C=O bonding were observed at 287.5 and
289.85 eV, respectively [12]. These peaks are from P4VP
and indicate that with XPS the polymer can be differentiated
from other peaks. However, the sample after heat treatment
shows no polymeric carbon peaks. The peak signals for
carbon and C-O bonding were only detected at the binding
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Figure 4. Cross-sectional HR-TEM image of a
metal-oxide-semiconductor device structure containing a
self-assembled monolayer of Pt NPs.

energy of C 1s. In addition, the N 1s spectra of P4VP also
exhibit a symmetric peak at a binding energy of 399.25 eV
for the sample before heat treatment (data not shown). This
peak disappeared for the annealed sample. Based on these
results, it can be concluded that the polymer used for the
immobilization of NPs was completely removed after heat
treatment. The chemical composition of Pt NPs after the
fabrication of the MOS capacitor was checked by using the
XPS spectra of Pt 4f, as shown in figure 3(b). The Ar
sputtering was used in an XPS chamber to remove the LaAlOs.
The peaks for the binding energy of Pt 4f;,, and Pt 4fs),
were 71 and 74.3 eV, respectively, indicating the characteristic
pure Pt metallic property [17]. Due to the blocking oxide
(LaAlOs), the peak signal of Al-O bonding was detected at
74.2 eV. In the stack, no carbon peak was detected. These
results suggest that the metallic Pt NPs embedded in the
MOS capacitor are well fabricated without any chemical
residues.

Figure 4 shows a cross-sectional HR-TEM image of the
MOS device containing self-assembled Pt NPs indicating a
well-formed monolayer of crystalline Pt NPs with an average
diameter of 4 nm. Thus, this technique has proven to be
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useful in minimizing particle aggregation and in making one
monolayer of Pt NPs on substrates.

C-V hysteresis curves of the MOS memory device
containing the SAM of Pt NPs are shown in figure 5(a). A
sweep rate of 0.05 Vs~! and a holding time of 1 s were
sufficient for the charging and discharging of the nanocrystal
memory. Counterclockwise C—V hysteresis curves with large
widths were obtained, indicating electron injection from the
substrate to the charge trapping layer. The initial flatband
voltage (Vgp) of the device without Pt NPs was approximately
0 V. The device without Pt NCs shows a negligible memory
window at 7/—7V for its program/erase (P/E) voltage. On
the other hand, SAM of Pt NP memory being utilized with
a surface modifier shows a large memory window of 5.8V at
the same P/E voltage. The Pt NP memory without a surface
modifier shows a smaller memory window of 2.4 V mainly due
to the aggregation and lower dot density. The slope of the C-V
curves for the device without a surface modifier was degraded,
indicating that the device has more interface states compared to
the control sample. From this analysis of the device without a
surface modifier, it can be suggested that the chemical residue
was not removed completely due to the aggregation of NPs,
thus having some incorporated interactions with interface trap
states.

The charge storage effect of Pt NPs was characterized.
Figure 5(b) shows the flatband voltages for different voltage
sweeps. As program/erase voltages were increased, memory
windows were also increased and then saturated. Maximum
memory windows for the devices with and without a surface
modifier were approximately 7 V and 2.8 V, respectively. The
amount of charge stored in the Pt NPs can be estimated by the
relation Q = CAVgg, where C is the capacitance density. In
this work, C is about 3.4 x 1077 Fecm ™2 for both samples.
Thus, the electron densities stored in the Pt NPs with and
without a surface modifier were estimated to be 15 x 10'? and
6 x 10'2 cm~2, respectively. The larger stored charge than the
dot density can be explained by the multiple electron storage
in Pt NPs [19].

Figure 6 shows the charge loss rate at 85°C for the
Pt NP-embedded MOS capacitor. Vgg was measured after
program/erase of 5V/—5V. The Pt NP device shows good
retention characteristics up to 10* s. This can be explained
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Figure 5. (a) High frequency C—V hysteresis of Pt nanocrystal memory utilized with and without a P4VP layer for a 50 um x 50 um area.

(b) The flatband voltages for different voltage sweeps.
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Figure 6. Charge loss characteristics of self-assembled monolayer of
Pt NPs embedded in a MOS capacitor at 85 °C. The Pt NP device
shows good retention characteristics up to 10* s.

by the deepest potential well of Pt NPs and by less metal
contamination during the fabrication procedures [20].

4. Conclusion

A self-assembled monolayer of Pt NPs utilizing a surface
modifier, P4VP, resulted in improved distribution of a Pt NC
monolayer with a mean size of 4 nm and a dot density of 6 x
10'"" cm~2 on the thermal oxide. Self-assembled Pt NPs were
confirmed by SEM and TEM. The MOS capacitor memory
with Pt NPs as the charge trapping layer showed a large
memory window of 5.8 V under +7/—7 V for program/erase
voltage as well as good retention. These results indicate that
the self-assembled Pt NPs can be utilized for NVM devices.
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