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’ INTRODUCTION

Nonvolatile memory based on the floating gate structure plays
an important role in portable electronic devices for its advantages
of nonvolatility and low power consumption. However, floating-
gate-based flash memory has been reported to have limits in
continuous scaling because of increased cell-to-cell interference
and nonscalable tunneling oxide thickness in terms of reliability.1�3

To address this, discrete nanocrystals as a charge storage layer
have recently been investigated to replace the electrical contin-
uous poly-Si layer in the floating gate structure.4�6 Flashmemory
devices that use discrete nanocrystals as charge-storage centers
instead of a poly-Si layer could result in reduction of charge loss
and therefore allow further scaling of thememory device structure.

Different kinds of nanocrystals, such as Au, Pt, Ag, W, Ni, Al,
Ru, Zn, Si, Ge, SrTiO3, and Al2O3 have been prepared and their
electrons storage abilities are studied.7�18 Silicon and germa-
nium were initially being used as nanoparticle materials because
of their compatibility with silicon technology. However, com-
pared to their semiconductor counterparts, metallic nanoparti-
cles are preferred because of their stronger coupling with the
conduction channel, higher density of states around the Fermi
level, smaller energy disturbance, and larger work function
resulting in improved data retention for memory devices operat-
ing at low voltages.19�23 Recent research articles have sum-
marized the work on nanoparticle-based organic memories.24�29

The main operating mechanisms discussed are an electric-field-
induced charge transfer between the nanoparticles and the sur-
rounding conjugated compounds,30�35

filamentary conduction,36,37

charge trapping�detrapping,38,39 and space-charge field inhibi-
tion of injection in the nanoparticles through a high-voltage
pulse.24,40

So far, expensive processes such as vacuum evaporation or
high-temperature processing have been mainly used to form
nanoparticles for the nanoparticle-based memory devices. More-
over, organic layers are susceptible to damage because of thermal
budget,41 and the resulting nanoparticles are nonuniform in size
and shape during these processes. For the realization of metallic
nanoparticle memory devices, requirements include the forma-
tion of high density and uniformly distributed nanoparticles.22,42

A large spatial density enhances the charge storing capability of
the floating layer, whereas a high degree of size uniformity
ensures reproducible storage characteristics. Shortcomings of
metallic contamination, formation of metal compounds, and
nonuniformity in size and shape of metallic nanoparticles in
the above mentioned memory devices can be overcome by in-
cluding readymade nanoparticles in the devices.43,44 In the case
of pre-synthesized nanoparticles used in spin-coating-based
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memory devices, spun cast polymer nanoparticle blends where
nanotraps are randomly distributed throughout the host matrix
result in uncontrolled nature of particle size distribution. Ran-
domly distributed nanoparticles may show nonuniform device
performance, because there are different numbers of nanoparti-
cles within each unit device. Assembly of readymade nanoparti-
cles for nonvolatile memory applications may lead a solution to
above mentioned problems. The Langmuir�Blodgett deposi-
tion of organically passivated gold nanoparticles has been re-
ported for flash memory application,39 but these films are not
mechanically robust because of weak interlayer bonding. A self-
assembled monolayer of Pt nanoparticles utilizing a surface
modifier was studied as a charge trapping layer for nonvolatile
memory applications.45 However, stability of assembled nano-
particles was not studied using methods such as sonication.

The use of polymeric surfaces in controlling nanoparticles at a
surface is of particular interest because polymer structure and
functionality can be readily manipulated via various synthetic
routes. Also, polymeric surfaces provide more binding sites for
further assembly as compared to monomers. Many attachment
methods, including hydrogen bonding,46�48 gold�thiol bonding,49

and electrostatic interactions,50�52 have been used to assemble
nanoparticles at polymer surfaces. Because these methods do not
produce a strong covalent linkage between the particles and the
substrates, the stability of these systems over a wide range of
environmental conditions (i.e., solvent, temperature, ion con-
centration, etc.) is restricted, which in turn limits their applic-
ability. The stability of organic thin films has emerged as one of
the critical issues in organic electronic devices since degradation
of organic devices occurs largely due to changes in morphology,
loss of interfacial adhesion and interdiffusion of components.53

Covalently assembled materials could provide higher stability to
the product thin film, allowing it to withstand harsh conditions
such as extreme pH or extreme ionic strength. Recently, we have
demonstrated that ultrathin oligoimide films formed on amine-
terminated substrates via covalent assembly are better than spin-
coated films in terms of stability or strength.54,55

In this work, we report synthesis and covalent immobilization
of 11-mercapto-1-undecanol functionalized AuNPs on a SiO2

substrate using gantrez polymer as a surface modifier. Transmis-
sion electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS), field emission scanning electronmicroscopy (FESEM)
and atomic force microscopy (AFM) were employed to investi-
gate particle morphology, surface modification of the nanopar-
ticles and their covalent immobilization on silicon surface. The
stability of immobilized nanoparticles was tested by sonication
and no noticeable change in the density of nanoparticles was
observed as confirmed by FESEM. In addition, the electrical char-
acterization of covalently bound AuNPs as a charge trapping
layer in nonvolatile memory applications was also investigated.
The extent of the memory window observed for such covalently
anchored AuNPs was similar to the electron-beam evaporated
gold nanoparticles.56 Memory devices fabricated from covalently
assembled nanoparticles has several advantages such as solution
processability, enhanced device stability, low cost, and low-
temperature process, which may be an attractive alternative to
the expensive electron-beam evaporation technique. To the best
of our knowledge, this work represents the first attempt to
fabricate a MIS device using covalently attached functional-
ized gold nanoparticles.

’EXPERIMENTAL SECTION

Procedures. Synthesis and Immobilization of Thiol-Stabilized
Gold Nanoparticles. Details for experimental procedure can be found
in the Supporting Information. Briefly, synthesis of gold nanoparticles
was carried out as described in the literature.57 Assembly of aminosilane,
APhS, on Si substrate was performed as described earlier.58 The amine-
terminated substrates were immersed in a 0.5 % (w/v) THF solution of
Gantrez for 1 h under nitrogen environment. The substrates were
removed from the solution, rinsed vigorously, and sonicated for 5 min
with THF, rinsed again with THF, finally blown dry with nitrogen. Thus
obtained anhydride-terminated silicon surfaces were immersed in a
100 μg/mL solution of MUD capped nanoparticles in DMF. The contents
of the flask were held at 90 oC for 1 h with stirring. Subsequently, the

Scheme 1. Immobilization of MUD-Capped Gold Nanoparticles on to a Hydroxyl-Terminated Silicon Surface
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substrates were rinsed with DMF followed by sonication for 5 min in
DMF to remove any physically bound nanoparticles. Details of various
deposition steps are shown in Scheme 1.
Characterization. Samples for TEM (JEM-2010 TEM (JEOL))

were prepared by placing a drop of the nanoparticle-containing solution
on 3-mm formvar/carbon-coated copper grids (Electron Microscopy
Sciences). Excess solution was removed by an absorbent paper and the
sample was dried overnight in air before scanning. The size distribution
of particles was determined by taking the sizes of 100 particles, which
indicated the mean diameter and its standard deviation. XPS measure-
ments were made on a Kratos Analytical AXIS HSi spectrometer with a
monochromatized AlKαX-ray source (1486.6 eV photons) at a constant
dwell time of 100 ms and a pass-energy of 40 eV. The X-ray source was
run at a reduced power of 150 W. The pressure in the analysis chamber
wasmaintained at 7.5�10‑9 Torr or lower during eachmeasurement. All
binding energies (BEs) were referenced to the C1s hydrocarbon peak at
284.6 eV. In curve fitting, the full width at half-maximum (FWHM) for
the Gaussian peaks was maintained constant for all components in a
particular spectrum. The surface morphology of the films was examined
by AFM (Atomic Force Microscopy NanoScope IIIa, Digital In-
struments). All images were collected in air using the tapping mode
and a monolithic silicon tip. The drive frequency was 330 + 50 kHz, and
the voltage was between 3.0 and 4.0 V. The drive amplitude was about
300 mV and the scan rate was 1.0�1.5 Hz. The surface morphology of
the nanoparticle containing films was examined by FESEM(JSM-6700F,
JEOL Japan) with EDS attachment. The memory behavior of the MIS
device is investigated by means of capacitance-voltage (C�V) and
capacitance decay (C�t) measurements. All measurements were per-
formed using HP4284A Precision LCR meter at frequency of 100 kHz.
MIS Capacitor Fabrication. A metal-insulator-silicon (MIS)

capacitor device was fabricated. Following the incorporation of gold
nanoparticle, a pulsed laser deposition (PLD)methodwas used to deposit
10 nm thickAl2O3 control oxide. Au top electrodes (0.3mmdiameter size)

are then sputter-deposited using shadow mask technique subsequently.
After removing the oxide, Pt film was deposited as the back side contact.
The MIS device configuration is shown in Figure 1.

’RESULTS AND DISCUSSION

Synthesis of MUD-Capped Gold Nanoparticles. Figure 2a
shows the TEM micrograph of synthesized MUD-capped gold
nanoparticles, and Figure 2b shows the size distribution for the
AuNPs. The image shows that the nanoparticles are approxi-
mately spherical, with an average Au core diameter of 5( 0.5 nm.
Figure 3 shows the XPS spectra for synthesized MUD-capped
gold nanoparticles. Figure 3a shows the C1s region for the
sample with the C�O component at 286.2 eV, confirming the
presence of alcohol functionality. Figure 3b represents the S2p
region, with peak observed at 163.3 eV and 164.4 eV correspond-
ing to the thiolates which confirms the absence of unreacted thiol
species.59 No evidence of oxidation of the sulfur was observed for
which extra sulfur peaks would occur at 168.1 eV and 169.0 eV
corresponding to sulfones/sulfates. The Au 4f7/2 and Au 4f5/2
bands occur at 84.3 eV and 87.9 eV, respectively (Figure 3c).
There is slight shift to higher binding energy when compared to

Figure 1. MIS device configuration for the immobilized MUD-capped
Au nanoparticles.

Figure 2. (a) TEM image of MUD-capped gold nanoparticles, (b) size
distribution of MUD-capped gold nanoparticles.

Figure 3. X-ray photoelectron spectra of MUD-capped gold nanopar-
ticles showing the (a) C 1s region, (b) S 2p region, and (c) Au 4f region.
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that for bulk nanoparticles, which is probably due to a shift in the
Fermi level as the particle size is decreased. These shifts have also
been reported elsewhere.60�62

Immobilization of MUD-Capped Gold Nanoparticles.
Successful reaction between amino moieties and anhydrides of
gantrez is confirmed by presence of the C1s peak components
for amide formation at 287.5 eV (�CO�NH�) and presence
of anhydrides at 289.4 eV (�CO�O�CO�) as shown in
Figure 4a. MUD-capped AuNPs is anchored to the substrate
with one of its terminal alcohol groups reacted with the anhy-
dride on the gantrez, forming esters. C1s spectrum (Figure 4b)
contains peak components for acid (�COOH) at 288.5 eV and

ester (�COOR) at 288.2 eV. Also the presence of C�O com-
ponent at 286.2 eV confirms the presence of alcohol functionality
coming fromMUD capped AuNPs. Figure 5 shows AFM images
of a gantrez deposited Si substrate and immobilized AuNPs on Si
substrate. The root-mean-square (RMS) roughness for the gan-
trez deposited image is 0.4 nm, confirming smooth surface after
deposition of gantrez film; whereas that in the immobilized
nanoparticle image is 1.4 nm. The image shows a single layer of
nanoparticles, with some height fluctuations. The nanoparticle
layer average height, measured at voids in the layer, is 4.5�5 nm,
in agreement with the nanoparticle size distribution (Figure 2). This
indicates that the film was composed of one layer of MUD-capped

Figure 4. C1s core-level XPS spectra at various steps of the AuNPs assembly: (a) the gantrez deposited APhS substrate, (b) MUD-capped gold
nanoparticles immobilized on Si substrate.

Figure 5. Tapping mode AFM images (2 � 2 μm2) and z profiles for: (a) a gantrez deposited Si surface, (b) similar surface after immobilization of
MUD-capped gold nanoparticles.
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AuNPs. The nanoparticle distribution obtained from AFM was
homogeneous in different areas of the sample, confirming uni-
form deposition of nanoparticles over the substrate. The FESEM
image (Figure 6a) shows the presence of the gold nanoparticles
as highly dispersed and well separated, showing no evidence of
aggregation during the immobilization step. The films were
imaged as is and not sputtered-coated with a conductive layer
of platinum, because they contain sufficient gold present to
avoid charging the samples by the electron beam. Stability of
these anchored nanoparticles was checked by performing sonica-
tion of the substrate-bound nanoparticle systems in DMF for 5
min. Figure 6b shows FESEM image after the sonication step.

There is no loss of particles because of sonication, thereby
ensuring that the particles were indeed firmly attached to the
substrates. The nanoparticle density after the sonication step is
calculated to be 5 � 1011 cm�2. To further explore the need of
anchoring the nanoparticles, we spin-coated the same nanopar-
ticle solution on a gantrez-modified surface. OH-terminated
MUD-capped AuNPs were also deposited on an amine-termi-
nated APhS surface and immobilized through hydrogen binding.
In both the cases, density of the nanoparticles is less when
compared to that obtained from the covalent immobilization step
(Figure 6c,e). Also, distribution of the nanoparticles is not
uniform over the surface and aggregation of the particles was
observed, possibly due to hydrogen bonding between them.
Stability of the immobilized nanoparticles was investigated by
sonicating the particle-laden substrate. Figure 6d,f show loss of
nanoparticles from the surface subsequent to sonication. The
stability of citrate-stabilized AuNPs immobilized on APhS sur-
face was tested by immersing the substrate in pH 10-buffered
solution. The number density of AuNPs immobilized on APhS
surface (see Figure S1a in the Supporting Information) de-
creased after immersion in buffered solution (see Figure S1b in
the Supporting Information). This loss of nanoparticles might be
due to deprotonation of amines on APhS at pH 10, resulting in
the loss of electrostatic binding between the AuNPs and amines.
This clearly demonstrates the need of covalent binding of

Figure 6. FESEM images for MUD-capped AuNPs immobilized on Si
surface through covalent binding: (a) after rinsing, (b) after 5min sonica-
tion; MUD-capped AuNPs solution spin-coated on gantrez deposited Si
surface: (c) before sonication, (d) after 5 min sonication; MUD-capped
AuNPs immobilized on APhS deposited Si surface through hydrogen
binding: (e) after rinsing, (f) after 5 min sonication.

Figure 7. Normalized C�V characteristics at 100 kHz obtained by
biasing the top electrodes at (6 V for control sample (without gold
nanoparticle) and with gold nanoparticle.

Figure 8. C�V characteristics at 100 kHz under different scan voltage
ranges for an MIS capacitor incorporating covalently immobilized gold
nanoparticles. The inset shows the hysteresis as a function of the bias
voltage limits.

Figure 9. Charge retention characteristics (normalized capacitance) of
the MIS device at 100 kHz after programming at +5 V.
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nanoparticles to obtain stable device structures for nanoparticle-
based electronic devices.
C�V and C�t Analysis. Normalized C�V hysteresis curves

of the MIS memory device containing the covalently bound
AuNPs are shown in Figure 7. Counter-clockwiseC�V hysteresis
curves with large width were obtained. The observed counter-
clockwise hysteresis for the MIS device with nanoparticles indicates
net positive charging, which should be due to hole trapping from the
substrate accumulation layer into the nanoparticles.38 The device
without AuNPs shows a negligible memory window at 6/�6 V for
its program/erase voltage. In contrast, clear hysteresis window of
1.1 V was observed for the sample with gold nanoparticles
immobilized through covalent binding. Both MIS devices are
fabricated using the same procedure, except for the addition of
the gold nanoparticles. The observed hysteresis effect, therefore,
could be related to the charging of the nanoparticles and
nanoparticle-related traps. Further, a hysteresis window of only
0.34 V was observed for the sample having AuNPs immobilized
on APhS-modified Si surface through hydrogen binding; this
may be due to lower nanoparticle number density as compared to
that observed for covalently immobilized AuNPs. Hence, the
density of gold nanoparticles is a critical parameter for the
hysteresis window. As shown in Figure 8, the hysteresis window
of the C�V curve for sample having covalently immobilized
AuNPs increases from 0.49 to 1.64 V with increasing maximum
operating bias from 5 to 7 V, indicating that more holes are
being trapped in the nanoparticles as the sweeping bias is
increased.63 There is little or negligible shift in the initial
flatband voltage upon increasing the operation bias, indicating
minimal influence of interface traps. The extent of the observed
memory window is similar to the previously reported value (1.5 V
at (7 V) for electron-beam evaporated gold nanoparticles.56

Thus, memory devices fabricated from solution processable
covalently assembled nanoparticles may be an alternative to
expensive electron-beam evaporation technique due to their
low cost and ease of fabrication. Capacitance decay (C-t)
measurement was conducted to evaluate the charge retention
properties of the device. A charging bias of +5 V was applied to
the device for 1 min to facilitate charge injection into the
nanoparticles. Subsequently, the capacitance was monitored as
a function of time under the flat-band condition of the device.
The immobilized AuNPs device shows good retention charac-
teristics up to 20 000 s (Figure 9). The observed behavior
indicates good suppression of charge losses via vertical and lateral
charge diffusion,64 which could be an early indicator for a good, well-
dispersed nanoparticle distribution.

’CONCLUSIONS

In summary, we have successfully described the surface
functionalization capability of gold nanoparticles prepared with
11-mercapto-1-undecanol, a bifunctional ligand acting as a
surfactant. Detailed structural characterizations have been per-
formed for covalently immobilized gold nanoparticles on silicon
surface. XPS confirmed covalent attachment of functionalized gold
nanoparticles on to the silicon substrate. FESEM and AFM images
show the surface morphology of the immobilized nanoparticles.
Immobilized nanoparticles are well-separated and stable against
sonication as compared to spin coated nanoparticles. Covalent
bound gold nanoparticles showed stable charge storage capacity
along with advantages of ease of processing and low cost as
compared to expensive electron-beam evaporation set up.
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