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The authors demonstrate a new organic memory system, using pentacene as the active
semiconductor layer and citrate-stabilized gold �Au� nanoparticles as charge storage elements. A
pronounced clockwise capacitance-voltage �C-V� hysteresis is observed with a memory window of
1.25–2.05 V achievable under 5–10 V programing range. Similar clockwise C-V hysteresis
window and an almost constant full width at half maximum of the conductance peaks in
conductance-voltage �G-V� characteristics, obtained in the frequency range of 50 kHz–1 MHz,
indicated that positive charge trapping/detrapping originated mainly from the Au nanoparticles.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2435598�

Nonvolatile memory devices based on conventional sili-
con electronics have experienced explosive growth over the
past decade in applications ranging from high end computing
to low-cost mobile pen-sized flash drives. Applications such
as large area electronics, low-cost dispensable sensor arrays,
and memory tags on the other hand necessitate the design
and development of alternate cost-effective memory solu-
tions. Only recently organic electronics have been considered
as candidates for such nonvolatile memory applications due
to their simple structure, lower cost, and the prospect of
stacking them for packing bits at high densities. In recent
years, development of an electronic bistable device with a
triple-layer structure consisting of two semiconducting or in-
sulating organic layers and a middle discontinuous metal
layer,1,2 or polymeric blend of metal nanoparticles,3–5 sand-
wiched between two metal electrodes, exhibits promising
performance and was proposed for nonvolatile memory ap-
plication.

The chemical self-assembly of Au nanoparticles has
been reported to show great potential in silicon memory
applications.6,7 We took the next step forward, and introduce
a new organic memory system by using pentacene as the
active organic semiconductor layer and citrate-stabilized
gold �Au� nanoparticles as the charge storage elements. The
deposition of the Au nanoparticles was carried out through
the immobilization of citrate-stabilized Au nanoparticles8,9

onto amine-terminated modified silicon substrate
surfaces.10–12 The charge storage properties of the Au nano-
particles are studied using capacitance-voltage �C-V� and
conductance-voltage �G-V� measurements. Frequency de-
pendent measurements were done to ascertain that most of
the charging effect originated mainly from the Au nanopar-
ticles, and minimal influence from interface traps which typi-
cally led to frequency dependent C-V and G-V characteris-

tics. All electrical measurements were carried out at room
temperature and in vacuum environment ��10−4 torr�. C-V
and �G-V� measurements were done with an HP 4284A Pre-
cision LCR analyzer at the frequency of 100 kHz and ampli-
tude of 15 mV was superimposed on the dc bias.

Figure 1�a� provides the schematic illustration of the or-
ganic memory device, which comprises a metal-pentacene-
insulator-silicon �MPIS� structure. The MPIS devices were
fabricated on degenerately doped n-type silicon wafer, used
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FIG. 1. �Color online� �a� Schematic illustration of organic memory device
with citrate-stabilized Au nanoparticles. The silicon substrate is used as the
bottom gate electrode. �b� TEM images of citrate-stabilized Au nanoparticles
of size of 3–7 nm.
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as the bottom gate electrode, with 4.5 nm thermally grown
silicon dioxide �SiO2� on top. The substrate surface was first
functionalized with a self-assembled monolayer of
3-aminopropyl-triethoxysilane �APTES� by immersing the
silicon substrate in 5% volume of APTES in absolute ethanol
for 1 h. The self-assembled monolayer of APTES was used
due to its well known ability to produce uniform and stable
adsorption of Au nanoparticles on SiO2/Si substrates
through electrostatic attraction between negatively charged
citrate Au nanoparticles and positively charged amino-
terminating group �−NH2�. The APTES thickness was mea-
sured to be 0.9 nm using an ellipsometer. The Au nanopar-
ticles were assembled on the amino-terminated silicon
substrate surface by immersing the substrates into the Au
colloids for 12 h and the Au colloids solution was main-
tained at pH 6. After the deposition of the Au nanoparticles,
a 45 nm thick active layer of pentacene and top gold elec-
trode �0.3 mm diameter size� are then deposited via sequen-
tial thermal evaporation. Control samples without the Au
nanoparticles �metal/pentacene/APTES-modified substrate�
were also prepared for comparison. Figure 1�b� shows the
transmission electron microscope �TEM� image of the
citrate-stabilized Au nanoparticles. The Au nanoparticles are
of 5±2 nm in size; the agglomeration of Au nanoparticles is
minimized due to the citrate induced surface energy
stabilization.13

The memory effect of the MPIS device is observed using
the double sweep C-V and G-V measurements. For the con-
trol sample without Au nanoparticles, �metal/pentacene/
APTES-modified substrate�, there is negligible hysteresis be-
ing observed regardless of the sweeping direction, indicating
the absence of trapped charges in the fabricated structure
�Fig. 2�a��. The hysteresis is defined to be the flatband volt-
age shift. A clockwise hysteresis window of 1.25 V is ob-
served for the sample with Au nanoparticles upon double
sweeping within the range of +/ –5 V �Fig. 2�b��, thus indi-
cating a net hole trapping effect.14 Under the influence of a
negative bottom gate voltage, holes are injected into the pen-
tacene layer from the top Au electrode �due to the highest
occupied molecular orbital level of pentacene which is close
to the work-function of Au �Ref. 15��, creating an abundance
of holes in the pentacene layer. This promotes the injection
of holes from the pentacene layer to the citrated Au nanopar-
ticles and leads to a net hole trapping effect. Upon applying
a positive gate voltage, the stored charges in the Au nanopar-
ticles are flushed out, resulting in a flatband voltage shift. It
should be noted that the hysteresis or conductance peak shift
is independent of the scan direction and speed
�10–100 mV/s�. The single conductance peak is observed in
two directions, indicating trapping and detrapping events of
the charge carriers.16 Both the magnitude of hysteresis in
C-V and the shift in the peak positions in G-V are the same.
The absence of hysteresis or conductance peaks for the con-
trol sample is an indication that the observed phenomena
may be attributed to holes being trapped inside the Au nano-
particles or at its interface with pentacene. Charge injection
from the substrate has been excluded as we have the same
charging response with devices of thickness of 45 nm ther-
mal oxide layer �not shown�.

As shown in Fig. 2�c�, the hysteresis window of the
C-V curve increases from 1.25 to 2.05 V with the increment
of maximum operation bias from 5 to 10 V. This indicates
that more and more holes are being trapped in the Au nano-

particles and/or at the interface of the Au nanoparticles upon
increasing the gate voltage. There is little or negligible shift
in the initial flatband voltage upon increasing the operation
bias, indicating minimal influence of interface traps.

In order to relate the origin of the conductance peaks and
hysteresis with the Au nanoparticles, as opposed to the inter-
face traps, frequency dependent measurements were per-
formed. As is evident in Fig. 3, we found similar clockwise
C-V hysteresis and an almost constant �standard deviation of
0.04� full width at half maximum �FWHM� of the conduc-
tance peaks in G-V characteristics in the frequency range of
50 kHz–1 MHz at room temperature. This indicates that the
hysteresis and conductance peak are of the same origin,17,18

and since interface traps are minimal in the high frequency
ranges, we can conclude that the charge trapping effect origi-
nates from the Au nanoparticles.

In summary, the fabrication of organic memory device
using functionalized Au nanoparticles has been demon-
strated. The double sweeping C-V and G-V characteristics of
the device were shown to exhibit a clockwise hysteresis, in-

FIG. 2. �Color online� Double sweeping C-V and G-V characteristics at
100 kHz obtained by biasing the bottom gate electrode between +5 and
−5 V on �a� control sample �pentacene on APTES-modified substrates with-
out Au nanoparticles� and �b� with Au nanoparticles, respectively. �c� C-V
curves with Au nanoparticles at 100 kHz for different gate bias sweeps.
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dicating a net hole trapping effect. The charge trapping effect
is attributed to the Au nanoparticles in the frequency range of
50 kHz–1 MHz. This approach of using functionalized Au
nanoparticles as nanotraps, by virtue of its simplicity in de-
sign and processing, can realize integrated memory devices
and circuits in low-cost plastic electronics applications. Fur-
ther work on cycling stability and data retention times are
currently in progress.
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FIG. 3. �Color online� Frequency dependent �a� C-V and �b� G-V charac-
teristics of the organic memory device. The inset shows the FWHM as a
function of frequency.
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