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In this study, electrical charging phenomena in an organic memory structure using Au
nanoparticles (NPs) conjugated with a specific binding mechanism were demonstrated.
Monolayer of streptavidin-passivated Au NPs was incorporated on biotin-coated SiO, in structure
of metal-pentacene-insulator-silicon ~(MPIS) device. Clockwise and counter-clockwise
capacitance-voltage (C-V) hysteresis loops were measured depending on the oxide thickness. For
30 nm, a clockwise C-V hysteresis having memory window of 0.68 V was obtained under
(+/-)12 V sweep range, while a counter-clockwise C-V hysteresis having memory window of
6.47 V was obtained under (+/-)7 V sweep range for 10 nm thick oxide. © 2010 American

Institute of Physics. [doi:10.1063/1.3500824]

Semiconductor or metal nanoparticles (NPs) are cur-
rently a focus of intensive research in the microelectronic
field. Due to the small-scale, low cost, and easy fabrication,
mlcroelectronrc devices based on the NPs has been widely
developed. 13 Particularly, the NPs-incorporated organic
memory devices have been investigated in comparison
with complementary metal-oxide-semiconductor (cMOS)
device."™® Thelr fabrication methods include polymeric blend
of Au NPs," polymerlc nanorods or nanopillars having Au
NPs at the edge and Langmuir—Blodgett films wrth inter-
vening Au NPs between pentacene and dielectric.*> How-
ever, the polymeric blending method has a limitation in con-
trollability of distribution and location of the Au NPs."? The
nanorod or nanopillar formation in Ref. 3 need complicated
processes along with the repetitive Au NPs adsorption steps.3
Recently, the self-assembled monolayers of the Au NPs have
been reported to show a great potential for memory applica-
tions due to its snnplrcrty " The Au NPs as charging ele-
ments showed successful hysteresis behaviors in the capaci-
tor structure* ™ or were performed as charging layer in
“floating gate.

Biomolecular systems have been employed to fabricate
organic memory devrces in the previous reports % The NPs
including proteln and viruses including NPs (Refs. 9 and
10) have been demonstrated to fabricate the organic memory
devices. However, the protein molecules hybridized in NPs
were nonspecrﬁcally bound to the hydrophilized SiO,
surface.® In addltlon the hybridized protein molecules were
finally eliminated.® In the virus systems, the size distribution
of Pt NPs synthesized in the virus wires could not be pre-
cisely controlled. Moreover, the virus wires were randomly
mixed in polymer blend to fabricate memory device.”"*
Therefore, if strong, specific, and selective interaction such
as streptavidin-biotin binding is to be used to form a mono-
layer of NPs, it will be advantageous.

In this study, we accomplished a memory device using a
strong and selective binding mechanism between the
streptavidin-capped Au NPs and the biotin coated on SiO,
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surface. By changing parameter of binding process, for ex-
ample, the dip coating time, the degree of monolayer forma-
tion with Au NPs could be controlled. Coating of biotin (bi-
otinylation) on SiO, surface and evaluation of the attachment
of streptavidin were reported to be investigated using Fourier
transformed infrared (FTIR). ' In addition, the process for
capping the Au NPs with streptavidin was reported to be
easily performed

The Au NPs was purchased from British bio cell inter-
national (5X 10" particles/mL) with diameter of 5 nm in
H,O without any passivation. The Au NPs solution was di-
luted with 200 wg/mL streptavidin (Sigma) solution having
a 1:3(vol) ratio. The mixture was incubated at room tempera-
ture for 12 h, then, centrifuged to collect streptavidin-coated
Au NPs selectively with filter microcentrifuge tube (vivaspin
500, Cole Palmer). Then, the filtered Au NPs were resus-
pended in deionized (DI) water. To fabricate metal-
pentacene-insulator (SiO,)-silicon (MPIS) structure, 10 and
30 nm thick thermal grown SiO, were formed on p-type
silicon (10—-15)Q cm. Then, the SiO, surface was function-
alized with 3-aminopropyl-triethoxysilane (APTES) by im-
mersing in 5 vol % of APTES in ethanol for 3 h. The pre-
pared amine coated SiO, substrate was dipped into the
N-hydroxysuccinimido (NHS)-biotin solution (100 ug/mL,
Sigma) for 1 h to form bonds between the APTES and the
biotin. Then, the streptavidin-coated Au NPs were assembled

top gate electrode (Au)

pentacene layer

streptavidin-coated
Aunanopatrticles

Q biotin-NHS layer

APTES layer

Si0, (30 nm or 10 nm)

Heavilydoped p-type Si

FIG. 1. (Color online) Schematic of nonvolatile MPIS memory device.
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FIG. 2. FESEM image of monolayered streptavidin coated Au NPs on the
surface of biotinylated surface.

on the biotinylated surface by immersing the substrates for
12 hrs, and subsequently rinsing with DI water. After the Au
NPs assembling, a 60 nm thick pentacene and top Au elec-
trode (0.5 mm diameter) were deposited via sequential
evaporation. Chemical bonds were confirmed by attenuated
total reflection FTIR. The monolayered Au NPs was ana-
lyzed by field-emission scanning electron microscopy
(FESEM, JEOL JSM 7000F) and confirmed by measurement
of zeta potentials with an electrophoretic light scattering
spectrophotometer (ELS 8000, Otsuka). Capacitance-voltage
measurements were performed by Agilent 4284A at the fre-
quency of 1 MHz.

Figure 1 shows a schematic diagram of the nonvolatile
MPIS memory device. Figure 2 shows FESEM image of the
monolayered streptavidin-coated Au NPs on the biotinylated
oxide surface. Based on the SEM image, a spatial density of
individual Au NPs could be counted in average as 5.47
% 10'9/cm? with standard deviation of 1.2 10°/cm?. Since
the charging effect is expected from the individual Au NPs,
the approximate counting of the particles’ bindings can be
correlated with the resultant performance of device.

Figure 3 shows the FTIR spectra of a surface deposited
by the streptavidin-coated Au NPs and a surface where the
streptavidin-coated Au NPs were desorbed by a harsh
ultrasonication rinsing. Characteristic peaks at 1130 and

Absorbance

-------- Au NPs bound
—— Au NPs rinsed
Biotin: 1250,1725 (1/cm) T
APTES: 1040~1140 (1/cm)
Strept: 1527,1540,1637 (1/cm) .
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FIG. 3. (Color online) FTIR spectra of surface deposited by streptavidin-
coated Au NPs and surface where the streptavidin-coated Au NPs were
removed by harsh DI water rinsing of ultrasonication.
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TABLE I. Surface zeta potentials of SiO, surface and biotinylated surface
with streptavidin Au NPs.

Surface (measured with
streptavidin-coated
Au NPs having zeta potential
of -12.73 mV at pH 7.0)

SiO, surface Biotinylated surface

Surface zeta potential (mV) —31.39 —17.09

1725 cm™ for biotin are not detected in Fig. 3 on the Au
NPs deposited surface, since the biotin molecules are
screened by the NPs. In addition, the peaks (near 1040 and
1140 cm™!) representing for Si-O-Si of APTES layer are
also screened by the Au NPs. Instead, peaks representing for
amide bonds (1527, 1540, and 1637 cm™') of streptavidin
molecule are detected on the Au NPs deposited surface.'?
Through a harsh rinsing of the Au NPs layer, the biotin bands
at 1130 and 1725 c¢cm™! are restored due to the Au NPs de-
sorption. In addition to the FTIR analysis, surface zeta po-
tentials of SiO, surface and the biotinylated surface with the
streptavidin-coated Au NPs were measured in Table I. It
shows that the surface zeta potentials on the SiO, surface and
the biotinylated surface were measured as —31.39 mV and
—17.09 mV, respectively, measured with the streptavidin-
coated Au NPs having —12.73 mV zeta potential. The de-
crease of absolute value (31.39-17.09 mV) of the surface
zeta potentials indicates a strong binding effect of the stre-
pavidin to the biotinylated surface.

Figure 4 shows clockwise hysteresis loops of
capacitance-voltage (C-V) from the device fabricated by the
streptavidin-coated Au NPs monolayer. The memory devices
have 30 nm thick SiO,. Clockwise hysteresis was found from
positive charge (hole) trapping in Au NPs which was injected
from the top electrode.® A C-V hysteresis window of 0.33 V
was obtained with forward and backward sweep from —10 to
+5 V. By increasing sweep range up to (+/—)12 V, the hys-
teresis window became 0.68 V as shown in Fig. 4. When the
top electrode is positively biased, the positive charge density
should increase at the pentacene/SiO, interface by the hole
transport from top electrode resulting in shift of C-V curve to
the negative bias. Therefore, a clockwise hysteresis is ob-
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FIG. 4. (Color online) Clockwise C-V characteristics of the memory device
having 20 nm thick 5i0Q, with Au NPs layer
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FIG. 5. (Color online) Counter-clockwise C-V characteristics of the
memory structure having 10 nm SiO, with Au NPs layer under (+/-)3,
(+/-)5, and (+/=)7 V sweep ranges.

served, which indicates a hole trapping at the Au NPs since
the 30 nm SiO, layer is too thick for the charge transport
from the Si.*"® The charge transport is typically determined
by several factors including effective electric field, Schottky
barrier height, conduction and valence band offset, and hop-
ping trap density, ete."*! It is known that the barrier height
for hole injection (0.47 eV) and for electron injection (1.17
eV) at top electrode/pentacene interface is lower than 3.5 eV
for the electron injection at the SiO,/Si interface.'* As a
result, the hole transport from top electrode to the Au NPs
through pentacene is more efficient.

To confirm the specific binding of the streptavidin Au
NPs on the biotinylated surface, a separate MPIS device hav-
ing nonspecific binding with bovine serum albumin (BSA)-
coated Au NPs was prepared. The C-V was demonstrated in
the inset to Fig. 5 showing that no hysteresis was detected.
When the SiO, thickness is reduced to 10 nm in Fig. 5, the
C-V characteristics show the hysteresis in the counter-
clockwise direction. After the forward and backward sweep
from —3 to +3 V, the flatband voltage (Vyg) was positively
shifted due to the charge or hole trapping resulting in AVgg
of 1.33 V. For (+/-)5 V sweep, the Vg after the forward
sweep was not significantly different from the Vgg at the
range of (+/—)3 V sweep. However, the sweep voltage in
the range of (+/-)5 V induces the hysteresis resulting into
AVpg of 3.07 V.

The AVgg can be approximately given by an Eq. (1)

QNPS

CMPIS

AV = (1)
where Qup, is the total charges trapped in the NPs and
Cwmpis 18 the caPacitance of the reference MPIS device
without the NPs.'® With the AV of 1.33 V of (+/=)3 V
sweep, the total charges trapped in NPs is calculated with
Cuprs (=22 pF) is 2.93 X 107! C. It corresponds to a spatial
charge density of 7.31 X 10'%/cm? if it is assumed that one

charge occupies one Au NP. Since the spatial charge density
counted from the FESEM was 5.47 X 10'°/cm? in Fig. 2, the
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charge stora§e effect by one Au NP should be higher than
one charge.1 16

The counter-clockwise nature comes from a mechanism
that holes were injected from the accumulation region of the
p-type Si or electrons were injected through the thin oxide.
As sweep range was increased to (+/-)7 V, the Vg was
shifted negatively or positively depending on the forward or
backward sweep direction unlike the cases of (+/-)3 and
(+/-)5 V sweep. The AVgg was measured as 6.47 V. These
results indicate that the charge transport from p-type Si is
more efficient. The thicknesses of the tunnel oxide have been
reported to range from 4 nm to 8 nm for Au nanocrystal
embedded cMOS device, which reasonably explains that
charges could transport through the 8102.16 However, it is
not clear why the electron charging is dominant with the 10
nm SiO, since the oxide is thick enough that tunneling can
work.>*71% One possible reason is that the 10 nm SiO, was
grown at relatively low temperature of 850 °C resulting in
somewhat leaky oxide.’

In summary, the fabrication of organic memory device
using streptavidin-functionalized Au NPs has been demon-
strated. The C-V characteristics of the devices were shown to
exhibit hysteresis loops, which indicate net charge trapping
effects in the Au NPs. It shows both clockwise and counter-
clockwise C-V hysteresis depending on the thickness of di-
electric oxide.
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