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ABSTRACT: Flash memory devices with high-performance
levels exhibiting high charge storage capacity, good charge
retention, and high write/erase speeds with lower operating
voltages are widely in demand. In this direction, we
demonstrate hierarchical self-assembly of gold nanoparticles
based on block copolymer templates as a promising route to
engineer nanoparticle assemblies with high nanoparticle
densities for application in nanocrystal flash memories. The
hierarchical self-assembly process allows systematic multi-
plication of nanoparticle densities with minimal increase in
footprint, thereby increasing the charge storage density without an increase in operating voltage. The protocol involves creation
of a parent template composed of gold nanoclusters that guides the self-assembly of diblock copolymer reverse micelles which in
turn directs electrostatic assembly of gold nanoparticles resulting in a three-level hierarchical system. Capacitance—voltage (C—
V) measurements of the hierarchical nanopatterns with a metal—insulator—semiconductor capacitor configuration reveal
promising enhancement in memory window as compared to nonhierarchical nanoparticle controls. Capacitance—time (C—t)
measurements show that over half the stored charges were retained when extrapolated to 10 years. The fabrication route can be
readily extended to programmed density multiplication of features made of other potential charge storage materials such as
platinum, palladium, or hybrid metal/metal oxides for next generation, solution-processable flash memory devices.

Nano-flower arrays in flash memory devices
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1. INTRODUCTION easy leakage of stored charges, negatively impacting the
memory retention.”” In contrast, nanocrystal-based memories
offer multibit storage capability and deep trap states that better
address the leakage issue.*” More importantly, they can be
fabricated with greater process flexibility to cater to progressive
needs of scaling device dimensions in accordance with
specifications targeted by the International Technology Road-
map for Semiconductors (ITRS)." Consequently, metal

Semiconductor devices for memory applications displaying high
speed, longevity, and endurance are in great demand. Key
factors that promote these attributes are small feature size,
footprint, and retention of stored charges. The conventional
continuous floating gate memory devices encounter limitations
toward increasing charge density and their retention while also
keeping with demands of ultrathin tunneling layer require-

ments.' > When the thickness of the floating gate layer is scaled nanocrystal based nonvolatile memories have become increas-
down, multiplication of nanoparticle density per unit area ingly important relative to their conventional floating gate
becomes difficult and thereby compromises on the number devices' or the charge trap flash SONOS devices”” since they
density of stored electrons, significantly affecting the device

performance.” State-of-the-art memory devices based on Received: September 10, 2014
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from limitations due to shallow trap levels that are vulnerable to Published: November 26, 2014
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Figure 1. Process steps toward fabricating Au NP hierarchical supercluster using block copolymer templates is illustrated in schematics (i—iv) along
with the corresponding AFM images (a—d). (i, a) Spin-coated PS-b-PVP (380 kDa) reverse micelles. (ii, b) In situ synthesis of parent gold template
(A-only arrays). (iii, c) Second-level hierarchy obtained after spin coating 114 kDa reverse micelles of PS-b-PVP onto the parent gold templates
(BCg arrays). (iv, d) Electrostatic self-assembly of citrate-stabilized, preformed Au NPs giving rise to ternary hierarchy (AC,,(BC,4);s s supercluster

arrays).

offer numerous advantages in terms of higher density of states,
better size tunability, and scalability to optimize device
characteristics."' ™"

The performance of nanocrystal memory devices critically
depends on the size, density, distribution, and spatial
arrangement of the constituent nanoclusters.”®'*'* Various
techniques have been employed to fabricate metal nanocrystals
as the charge storing layer on Si surfaces such as thin film
deposition and anneahn% % in situ synthesis within block
copolymer templates,">" binding of metal nanoparticles on
surfaces using covalent assemblies,””*' and layer-by-layer
assembly.'>** Directed metal nanoparticle deposition using
block copolymer templates in a hierarchical fashion has
received special attention due to the ability of templates to
exert a definite and precise control over the geometric
attributes such as the nanoparticle density, feature-to-feature
interval, periodicity, and spacing of the resulting assemblies at
every level2 25 The use of block copolymer templates offer
solutions that overcome limitations of nonhomogenous size
and spatial distributions, agglomeration, and poor batch-to-
batch reproducibility commonly encountered in nanoparticle
assemblies.

Here, we adopt a hierarchical self-assembly route that
employs block copolymer templates in a multilevel assembly
scheme that enables programmable increase in nanoparticle
densities. The approach benefits from the toolbox of
capabilities available at disposal of self-assembly to produce
economically viable, h1% -resolution patterns of range of metals
such as Pt, Ag, and Au'??730 or semiconducting materials such
as ZnO or TiO,”'™* with ease and scalability in fabrica-
tion.2>**3%3¢ The advantages of uniformity in geometries of
nanopatterns and the hierarchical density multiplication is
found to translate into enhanced device performance through
greater charge storage at lower bias voltage and longer
retention. Density multiplication is achieved by the formation
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of gold nanoparticle super clusters (cluster of clusters). The
device characteristics are highly reproducible over the entire
device area and the resulting supercluster arrays exhibit a 1.5-
fold increase in charge storage density in comparison with the
memory window obtained for the parent template.

2. EXPERIMENTAL SECTION

2.1. Materials. Acetone, 2-propanol, and m-xylene were obtained
as anhydrous solvents with purity >99% from Sigma-Aldrich Pte Ltd.
Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCl,-3H,0) (99.9%,
Aldrich) and sodium citrate (Sigma) were used as received. The p-type
silicon wafers with thermally grown oxide were obtained from
Globalfoundries Singapore Pte Ltd., Singapore. Point Probe Plus
silicon tips for tapping mode imaging measurements with atomic force
microscopy (AFM) were purchased from Nanosensors (Neuchatel,
Switzerland).

2.2. Methods. The silicon substrates were cleaned by ultra-
sonicating successively in acetone and 2-propanol for 15 min and
finally treated with UV/ozone (SAMCO UV-1, SAMCO Inc., Kyoto,
Japan) for 10 min. The thickness of the oxide layer was measured
using ellipsometry (Wvase 32, J.A. Woollam Co., Inc., Lincoln, NE).
The gold nanopartlcle supercluster was fabrlcated in three steps as
described elsewhere.** Briefly, reverse micelle of polystyrene-block-
poly(2-vinylpyridine) (PS-b-PVP) (Mw = 190 000-b-190 000 g mol~",
Polydispersity index = 1.1) were self-assembled on the Si surface by
spin coating the polymer from m-xylene solutions of 0.5% (w/w)
concentration, at 6000 rpm spin speed. The micelle arrays were
incubated in S mg mL™' HAuCl, aqueous solution for 15 min. The
polymer template was then removed using O, plasma reactive ion etch
(RIE) (Oxford plasmalab 100, Oxfordshire, UK) for 10 min duration
(at 30 W, 65 mTorr, 20 sccm O,). Schematic for the formation of the
parent gold template which occupies the first level of hierarchy is
shown in Figure 1 (illustrated in steps (i) and (ii)). After the RIE
process, a second layer of PS-b-PVP (Mw = 57 000-b-57 000 g mol ™,
PDI = 1.1) from m-xylene of 0.5% (w/w) concentration was spin-
coated at 3000 rpm, giving rise to the second level of hierarchy.
Subsequently, the sample was immersed in an aqueous suspension of
citrate-stabilized preformed Au NPs for 1 h duration to direct the
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electrostatic self-assembly of the negatively charged Au NPs on to the
positive nitrogen-rich cores of the reverse micelles completing the
third level of hierarchy. The stable colloidal Au NPs were prepared
according to a standard procedure reported elsewhere.>” Briefly, in a
round-bottom flask fitted with a reflux condenser, 60 mL of 1 mM
HAuCl, was boiled with vigorous stirring. Later, 12 mL of 38.8 mM
sodium citrate was added to the vortex of the solution that eventually
changed the color of the solution to red wine. The solution was then
cooled before being used. The electrostatic adsorption of the citrate-
stabilized Au NPs on to the micelles was followed by another oxygen
plasma exposure to remove the polymer templates, thus completing
the fabrication of superclusters of gold nanoparticles. The pattern
characteristics, viz. the mean height, width, and center-to-center
spacing of reverse micelle arrays at various levels of hierarchy were
characterized using tapping mode AFM (Nanoscope IV Multimode
AFM, Veeco Instruments Inc, NY, USA) and scanning electron
microscopy (SEM) (FESEM 6700F, JEOL, Tokyo, Japan). The plan
view and cross-sectional view of the gold nanoparticle supercluster
were obtained using transmission electron microscopy (TEM)
performed using a Philips CM300 TEM operating at 300 kV. X-ray
photoelectron spectroscopy (XPS) (AXIS Ultra®'P, Kratos Analytical
Ltd, Manchester, UK) measurements were performed using
monochromatized Al Ko X-ray source (1486.71 eV photons) at a
constant dwell time of 100 ms and pass energy of 40 eV to confirm the
absence of polymer after fabrication (Figure S1 of the Supporting
Information). The SiO, control oxide was deposited using a SiO,
target (99.995% pure) with a copper backing plate in an unbalanced
magnetron sputtering system (Nanofilm Technologies International
Pte. Ltd., Singapore). The variation in film uniformity was typically less
than 5%. All depositions were carried out at a chamber base pressure
of less than 107° Torr; 120 nm thick Au contact electrodes were then
deposited through a metal stencil mask of 0.3 mm diameter and
spacing of 1 mm. The electrode deposition was carried out by line of
sight deposition of gold using an electron beam evaporator. A Pt back
electrode was sputtered on the backside of the silicon substrate after
removing the native oxide using sandpaper. The C—V measurements
were performed using the HP4284A precision LCR meter (Hewlett-
Packard, US) under a measurement frequency of 100 kHz. C—t
measurements were performed using the same instrument by
monitoring the capacitance as a function of time at the Vgp.

3. RESULTS AND DISCUSSIONS

1. Hierarchical Self-assembly of Au Nanoparticle
Supercluster Arrays. The hierarchical assemblies of gold
nanoparticle superstructures were fabricated by adapting a
sequential self-assembly process that we recently reported.*
The process makes use of the features at each level of hierarchy
as template to direct self-assembly at the consequent level. The
first level of hierarchy consists of two-dimensional quasi-
hexagonally organized gold nanoparticle arrays “A” derived
through in situ synthesis within PS-b-PVP reverse micelle arrays
(380 kDa, fps ~0.5) coated on the surface.”**” These gold
particles exhibit feature width of ~90 nm and a periodicity of
~220 nm, and serve as templates to guide capillary self-
assembly of reverse micelles of PS-b-PVP (114 kDa, fpg ~ 0.5),
“B” to form ABux-type binary superstructures (Figure 1).

The capillary self-assembly is realized simply by spin coating
the solution of reverse micelles from m-xylene on top of the
gold nanoparticle arrays. We had shown earlier that the mean
value of x in ABx features can be systematically controlled by
varying feature separations in A arrays.24 For the nanoparticle
assemblies intended in the report, we employed A feature
separations larger than twice the diameter of B, allowing
realization of ABj s arrays. The ABgq arrays were subsequently
used as templates to guide electrostatic attachment of
preformed citrate-stabilized gold nanoparticles “C” to achieve
the third level of hierarchy. The electrostatic self-assembly is
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enabled through the positively charged PVP core present in B
features that attract negatively charged citrate-stabilized Au
nanoparticles from the solution phase. The preformed citrate-
stabilized Au NPs exhibited a diameter of ~11.7 nm as shown
in the inset of Figure 2 (a).

%100 NmM

Figure 2. (a) FESEM image of the AC,,(BCy3)s supercluster arrays
and the corresponding (b) plan view TEM image. Inset in (a) shows
the TEM image of the preformed citrate-stabilized Au nanoparticles.

Our earlier studies showed that the number of C features
adsorbing to each B feature was determined by the latter’s
surface area, and could be estimated to be ~18 particles.>® The
C features were found to adsorb not only on B but also to A
features. The SEM statistics showed about 17 nanoparticles of
C were adsorbed per A feature. This was likely due to
deposition of the block copolymers also on A features during
the formation of binary hierarchies that imparted the A features
with a partial positive charge. The resulting ternary assemblies
therefore correspond to a configuration of AC;;(BCig)ss, with
excellent uniformity over the entire coated area (1.5 cm X 1.5
cm) (Figure 2).

3.2. Supercluster-MIS (Metal—Insulator—Semiconduc-
tor) Device Characteristics. The charge storage and
retention performance of the hierarchical nanoparticle
assemblies was investigated by incorporating them within a
metal—insulator—semiconductor (MIS) capacitor device with
Pt/p-Si/Si0,/AC;,(BCyg)ss superstructures/SiO, (50 nm)/Au
stack structure (Figure 3).

Briefly, the AC;(BC3)ss superstructures were fabricated on
p-Si substrates consisting of thermally grown tunneling oxide

N =—> Control SiO,
=> Tunnel oxide

Au top electrode

Pt back electrode

%Y
==

Au Np
supercluster

Figure 3. Schematic of the MIS capacitor test structure incorporating
(a) A-only features, (b) BC,4 arrays, (c) AC,,(BCyg)ss superclusters,
and (d) control structure without charge storage centers. (e) Cross-
section TEM image showing the supercluster test device structure.
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Figure 4. Left: Process steps toward fabricating parent gold template are illustrated in schematic I (j, ii) along with the corresponding AFM images
(a, b). (i, a) The spin-coated PS-b-PVP (380 kDa) reverse micelles that acted as anchor points for (ii, b) in situ synthesis of A-only gold arrays. Right:
Tllustration of process steps toward fabricating 114 kDa derived Au NP cluster of type BCyq as control with the corresponding AFM images (a, b). (i,
a) The spin-coated PS-b-PVP (114 kDa) reverse micelles which direct the (ii, b) electrostatic self-assembly of citrate-stabilized preformed Au NP to

form cluster arrays.
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Figure 5. Capacitance—voltage characteristics of the (a) control device with no charge storage centers, (b) BCy; gold nanoparticle cluster, (c) A-only
gold features, and (d) AC,,(BC,g)ss superclusters arrays with three levels of hierarchy.

with thickness of 3 nm and subsequently coated with a silicon
dioxide of S0 nm thickness by radio frequency sputtering. Due
to the isotropic nature of the sputter deposition, the SiO, film
completely covered the nanoparticle assemblies (refer to TEM
image in Figure 3), preventing any shorting with the top
electrode. The substrate was annealed after deposition of the
control oxide followed by deposition of Au and platinum
electrodes (cf. Methods section for electrode fabrication
details). To decipher the enhancement to charge storage
capability by the superclusters, MIS capacitors incorporating
the AC,;(BC5)ss were compared against control MIS
capacitors incorporating A-only and BCg-only arrays as
controls (Figure 4).

3.3. Capacitance—Voltage (C—V) Characteristics. C—V
hysteresis curves of the MIS memory device containing no
metal structures, or incorporating A-only, BCs-only, and
AC;,(BCyg)ss superstructure arrays are shown in Figure S.
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The gate bias voltage was swept more toward negative
potential. For any increase in the negative gate potential
(until —7 V), the control sample (without nanoclusters)
showed little or negligible flat band voltage (Vgg) shift. In all
the other three cases, the observed counterclockwise hysteresis
demonstrated net positive charging or hole injection into the
charge storage centers (CSCs) due to net hole trapping from
the substrate accumulation layer into the gold nanofeatures.
The MIS test device with BC,g arrays showed a counter
clockwise hysteresis with the memory window of 0.62 V when
the applied negative operating potential was 7 V. Further
increase in the voltage did not increase the memory window
which is indicative of the saturation of the CSCs with charge
carriers. The A-only and AC,,(BCyg); arrays showed memory
windows or Vip shifts of 0.82 and 1.13 V, respectively, when
operated at 9 V. It could be inferred that increasing amounts of
charges tunnel through the oxide layer and get stored in the
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Figure 6. Illustration of the charge storage capacity of the actual AC,,(BCyg)s supercluster device compared with the model A(BCyg); s array.

CSCs when the applied negative bias is increased and the C—V
curve shifts more toward negative voltages. The memory
window did not expand or shift when the applied voltage
shifted more toward positive potential, suggesting that the
charges trapped are indeed holes® (refer to Figure S2 of the
Supporting Information for the C—V plot for positive bias
voltages).

The observed hysteresis behavior can be explained based on
the charging/discharging of the nanoparticle charge storage
centers. The density of the charge carriers can be estimated
using the following equation:** Q = (C4*Vi3)/(qa), where Cy is
the capacitance of the dielectric stack layer, Vy is the flat band
voltage shift, q is the charge of an electron, and a is the area of
the electrode. In the MIS device constructed using BCg
clusters, a flat band voltage shift of 0.62 V for a sweep voltage
of 7 V is observed and the charge carrier density is estimated to
be 3.14 x 10" cm™ No further widening of the memory
window was observed for sweep voltages of 8 or 9 V, indicating
that the CSCs are saturated. For the Vg shift of 0.82 at 9 V
sweep, the MIS capacitor comprising the A-only arrays
exhibited an estimated charge carrier density of 4.85 X 10"
cm™2 On the basis of the assumption that the charges are
distributed evenly, the charges stored in the control arrays can
be calculated to be ~28 holes per BC g cluster and ~231 holes
per A feature.

An estimate of the charge storage capacity of AC;,(BCig)ss
supercluster features can be arrived at from C—V measurements
performed on A-only and BCg-only arrays. From the
supercluster device hysteresis, the number of charge carriers
estimated increases to 5.06 X 10% when the shift in Vi is 1.13
at 9 V sweep (Figure S d). Given the density of the features in
the A-only array is the same as that in AC,,(BC,4)s arrays, the
number of charge carriers stored by A features of AC,,(BCyg)s.s
arrays is assumed to be the same as that in the control device
which is ~231 holes per gold feature. This implies that about
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3.43 X 10° charge carriers of the total 5.06 X 10°® charge carriers
are stored in the first level of hierarchy. The remaining 1.63 X
10® charge carriers are expected to be shared between the BCyg
clusters and the ~17 features of C that sit on top of A features.
The total number of C features in the entire supercluster is
~1.72 X 10* which in turn accounts for the storage of ~1
charge carrier per feature. Thus, this accounts for the storage of
~341 holes per AC;;(BCyg)ss supercluster determined
experimentally (refer to Supporting Information for the
calculation of charge storage density).

To bring out the significance of this estimate, we compared
the charge storage per supercluster to a model supercluster of
type A(BCyg)s.s (Figure 6).

Since the gold nanoparticle density is lesser (model excludes
the C,, features on top of A), it is obvious to expect lesser holes
to be stored per A(BCg)ss supercluster. However, the
estimation yielded a value of 384 holes stored per supercluster
which is 43 holes greater than the experimentally observed
charge carrier densities. The reason for the reduction in the
experimentally determined charge carrier densities compared to
the estimated values from the model can be understood as
follows. Since the AC;;(BC)ss supercluster have gold
nanofeatures with two different sizes (4, C), charges injected
during programming can be expected to preferentially reside
within the larger sized A particles, due to their proximity to the
silicon surface, higher density of states, and lower Coulombic
barrier.”! However, due to the repulsive forces between
adjacent C features (negatively charged citrate-Au nano-
particles) present in BCg clusters, any further injection of
charges into the supercluster is screened which could account
for the deficit of 43 charge carriers and the deviation from the
ideal case scenario. This reasoning is consistent with reports
that have shown that the presence of an electrostatic barrier
during charge injection would lower the amount of charge
carriers stored in the CSCs.'>*' However, despite the screening
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effect, the fabrication of the supercluster in our work has
facilitated multiplication of the particle density and thereby the
charge storage density. This is evident from the fact that a
larger hysteresis is observed in the case of AC;;(BCys)s s arrays
as compared to A-only and BCg-only arrays.

The Vgy shift of various device structures along with their
charge storage densities is summarized in Table 1.

Table 1. Summary of the Performance of Devices
Containing Charge Storage Centers of Type A-Only Arrays,
BC,5-Only Arrays, and AC,,(BC,s)s s Supercluster Arrays

control
(no
charge ACy;(BCyg)ss
storage supercluster
device type centers)  A-only array BC; array array
Vs (V) 0.16 0.82 0.62 1.13
Q(assembly) NA 485 x 10" 314 x 10" 7.16 x 10"
(em™)
charge carriers NA 231 28 341
stored per
feature

3.4. Capacitance—Time Characteristics. Capacitance
decay measurement was performed to assess the charge
retention capacity of the supercluster MIS capacitor device
after charging it at Vg of =9 V for 30 s. A voltage equal to the
flat band voltage (Vi = —0.91 V) was applied to the top
electrode for 10000 s with the back electrode grounded. As
could be observed from the C—t plot in Figure 7a, the
supercluster device shows good retention characteristics
retaining over 77% of the injected charges after 10 000 s.

The well-isolated flowerlike patterns inhibit any lateral charge
conduction and thereby reduce any charge leakage from the
gold clusters.>* The C—t plot is further extrapolated to
evaluate the retention trend after 10 years and it could be
inferred that the supercluster device could still retain about half
the injected charges. While the retention characteristics of the
previously reported nanoparticle-based memory devices*>** are
affected through lateral charge conduction, the characteristics
are better in the supercluster-based MIS devices. Furthermore,
they can be fabricated with a vastly simplified, economical,
tunable, and scalable method.

4. CONCLUSIONS

This work presents a novel route to fabricate large-scale
hierarchical flowerlike gold supercluster arrays with high
particle and pattern densities for application in memory and
other nanoelectronic devices. Use of electrostatic self-assembly

of Au NPs in a layer-by-layer fashion driven by block
copolymer-based hierarchical self-assembly for particle density
multiplication in flash memory devices is reported. The
significance of the hierarchical superclusters can be realized
from the observation of increased charge storage and longer
retention characteristics in the test devices made possible
through particle density multiplication, a unique feature offered
by the superclusters. The protocol is simple and involves a cost-
effective polymer-based approach. The process is amenable to
formation of a fourth level of hierarchy using metal nanocrystals
or a combination of materials to form hybrid supercluster arrays
to increase nanoparticle densities even further. Process variables
such as the periodicity of the template features, edge-to-edge
spacing, and levels of hierarchy can be optimized to design and
obtain a variety of nanocluster arrays. The protocol also offers
handles to enable scaling down of the devices in accordance
with the ITRS as the approach is completely based on block
copolymer self-organization which is widely considered to be
the tool of the future for fabricating sub-10 nm electronic
devices such as advanced transistors and diodes. Moreover, the
process is generic in nature and can be easily adapted to form
superclusters of metals and metal oxides which can be
multicomponent in nature.
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