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ABSTRACT We report growth, monolayer formation, and (electrical bistability and memory phenomenon)
properties of hybrid core —shell nanoparticles. While inorganic quantum dots, such as CdS or CdSe, act as the core,
a monolayer of ionic organic dye molecules, electrostatically bound to the surface of functionalized quantum
dots, forms the shell. We form a monolayer of the core —shell hybrid nanoparticles via a layer-by-layer electrostatic
assembly process. Growth and monolayer formation of the organic—inorganic hybrid nanoparticles have been
substantiated by usual characterization methods, including electronic absorption spectroscopy of dispersed
solution and atomic force microscope images of scratched films. Devices based on the hybrid nanoparticles have
exhibited electrical bistability and memory phenomena. From the comparison of these properties in core—shell
nanoparticles and in its components, we infer that the degree of conductance switching or on/off ratio is
substantially higher in the hybrid nanoparticles. Also, they (core—shell particles) provide routes to tune the
bistability and memory phenomena by choosing either of the components. A monolayer of hybrid nanoparticles
has been characterized by a scanning tunneling microscope tip as the other electrode. We show that a single
core—shell hybrid nanoparticle can exhibit bistability with an associated memory phenomenon. Charge
confinement, as evidenced by an increase in the density of states, has been found to be the mechanism of electrical
bistability.

KEYWORDS: organic—inorganic hybrid nanoparticles - core—shell
nanoparticles - monolayer formation - electrical bistability - scanning tunneling
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rowth and functionalities of semi-

conducting nanoparticles are be-

ing studied in great detail due to
their interest ranging from fundamental
chemistry to application possibilities. Func-
tionalization of nanoparticles has become
important to suffice both the basic require-
ments (such as solubility)' 7 and their ap-
plication outlooks.2~'" Different core—shell
nanoparticles, such as ones with two differ-
ent inorganic semiconductors,®'2~ 1>
organic molecules, or amphiphilic polymers
attached to inorganic nanocrystals through
ligand exchange protocols,'® or quantum
dots coated with biological molecules,'”'°
have been synthesized and characterized.
In such cases, processibility or solubility of
core—shell nanoparticles is generally
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achieved with the use of amphiphilic poly-
mers consisting of hydrophilic side chains
such as —COO™; hydrophobic headgroups
of the amphiphile provide the linkage to the
nanoparticles. The hydrophilic part also pro-
vides sites for further functionality on the
surface of semiconducting nanoparticles.

In this article, we show that core—shell
organic—inorganic hybrid nanoparticles
can also be grown via electrostatic interac-
tion between a functionalized inorganic
core and ionic organic-dye molecules. Such
a combination will allow tuning of function-
alities of core—shell nanoparticles by con-
trolling parameters of one of the compo-
nents. Addressing a single (core—shell)
nanoparticle will enhance the density of
any function to a higher level. Hence, a
monolayer or a two-dimensional array of
hybrid nanoparticles, formed following
layer-by-layer (LbL) electrostatic assembly
route,*~%2°722 can be of immense
importance.

In recent years, inorganic quantum dots
and some organic molecules have shown
applications as memory elements.?> 3! In
such materials, electrical bistability, which is
manifested as current—voltage characteris-
tics being dependent on the preceding
voltage pulses or voltage-sweep directions,
leads to memory applications. In semicon-
ducting nanoparticles, electrical bistability
arises due to charge confinement.?*~ 28
Conformation change and/or electroreduc-
tion of organic molecules plays a key role in
changing the conductivity of the
molecules.?*3273* |t will hence be intrigu-
ing to study bistability in
inorganic—organic hybrid core—shell nano-
particles and compare it with that in its
components. In this article, we report

www.acsnano.org



0.6 T T T

——PB
——Cds
----CdS:PB

0.4

Absorbance

0.2

0.0 .
300 400 500 600 700
Wavelength (nm)

Figure 1. Electronic absorption spectra of Phloxine B (PB)
solution (5 wM), CdS nanoparticles, and PB-coated CdS
nanoparticles (CdS:PB) in dispersed solution (15 p.g/mL).

growth, formation of a monolayer, and characteriza-
tion of hybrid core—shell nanoparticles consisting of in-
organic quantum dots in the core and a monolayer of
organic dye molecules as the shell for electrical bistabil-
ity and memory applications. We choose dye mol-
ecules in the xanthene class that undergo conforma-
tional change during conductance switching.

RESULTS AND DISCUSSION

Growth of Core—Shell Hybrid Nanoparticles. To confirm ad-
sorption of organic dyes on inorganic nanoparticles,
we have recorded electronic absorption spectra of the
hybrid nanoparticles and their components (Figure 1).
The spectra for the nanoparticles and Phloxine B (PB)
dye show bands at the usual wavelengths. Diameter of
the nanoparticles, as calculated from the peak wave-
length (390 nm), effective mass of electron, and band
gap of the bulk CdS (=2.42 eV), has turned out to be 5.5
nm, which has remained invariant due to dye absorp-
tion. Formation of core—shell nanoparticles with other
dye molecules in the xanthene class or on CdSe nano-
particles was similarly established by recording elec-
tronic absorption spectra. Figure S1 in the Supporting
Information displays absorption spectra of CdSe:PB, Cd-
Se:Rose Bengal (RB), CdSe:erythrosin B (EB), CdSe:eosin
Y (EY), and CdSe:fluorescein sodium (FS) core—shell
nanoparticles.

Relative intensities of the two bands of PB, how-
ever, differed in solution and when the molecules were
anchored on the nanoparticles. Lowering of the inten-
sity of the 0—0 band in the spectrum of PB solution
could be due to formation of PB aggregates. This is sup-
ported by the observation that, with a decrease in PB
concentration in solution, the ratio of the intensities of
the bands at 507 and 543 nm (/54,/1545) increases. Elec-
tronic absorption spectra of PB at different concentra-
tions and a plot of the ratio of the two bands versus PB
concentration are shown in Figure S2 in the Supporting
Information. With an increase in PB concentration in
the solution, a decrease in relative intensity of the 0—0
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Figure 2. (a) TEM image of CdS:phloxine B hybrid core—shell
nanoparticles, (b) HR-TEM image of a single hybrid nanopar-
ticle and (c) corresponding FFT pattern of a single
nanoparticle.

band (at 507 nm) is due to PB aggregates. Since the ra-
tio of the two bands of PB in CdS:PB core—shell
matches the ratio obtained in the absorption spectrum
of PB in its lowest concentration, we infer that the dye
molecules adsorbed on CdS nanoparticles did not form
aggregates.

Growth of the nanoparticles has been supported by
X-ray diffraction (XRD) spectra, energy dispersive X-ray
(EDX) analyses, selected-area electron diffraction (SAED)
patterns, and transmission electron microscopy (TEM)
and high-resolution TEM (HR-TEM) images. Adsorption
of organic molecules on nanoparticles has been sub-
stantiated by Fourier transform infrared (FT-IR) spectra
and the UV—visible spectra of the LbL films of
core—shell nanoparticles deposited with a polyanion
(as discussed later). While the EDX analyses evidence
composition of the nanoparticles (Figure S3 in the Sup-
porting Information), the XRD spectra and SAED pat-
terns show the crystal planes of CdS (Figure S4 and S5,
respectively, in the Supporting Information). To monitor
the composition of the core of core—shell nanoparti-
cles before and after PB coating, we recorded EDX
analysis and SAED patterns. Part b of Figure S3 and Fig-
ure S5 show that there was little or no change in the
composition or crystal planes of CdS nanoparticles due
to PB adsorption. A typical TEM image of CdS nanopar-
ticles (Figure 2a) shows isolated particles over the fields
of view, ruling out formation of aggregates. HR-TEM im-
ages of the nanoparticles, as presented in Figure 2b,
and its corresponding FFT pattern (Figure 2c) show lat-
tice spacing of CdS crystals (0.314 and 0.309 nm, respec-
tively). The values match very well with the lattice spac-
ing for the (101) plane of CdS crystals, as mentioned at
JCPDS PDF No. 41-1049. Size of the nanoparticles, as es-
timated from HR-TEM images over a larger area, has
been projected to be about 5.6 nm. Infrared absorp-
tion spectrum of PB-coated nanoparticles shows bands
at 1240, 1449, 1546, 1610, and 3400 cm ™' correspond-
ing to stretching vibration of acidic C—0O, aromatic
C=C, primary amine N—H bending vibration, acidic
(=0, and primary amine N—H stretching vibration
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Figure 3. (a) Current—voltage characteristics of devices based on phloxine B (PB)-coated CdS nanoparti-

cles in a PMMA matrix under a voltage loop. Thicknesses of the active layer are mentioned in the legends.
(b) Reverse bias section of the characteristics of devices based on PB molecules, CdS nanoparticles, and PB-
coated CdS nanoparticles are shown for comparison. Here, thickness of the active layer was 80—100 nm.
Arrows show the direction of voltage sweep. The inset of (a) shows plots of on/off ratio versus voltage for

the devices based on core—shell nanoparticles.

modes, respectively (Figure S6 in the Supporting Infor-
mation). Appearance of the vibrational modes of the or-
ganic material supports adsorption of the dye mol-
ecules on the nanoparticles. Electrostatic adsorption of
dye molecules on the surface of functionalized nano-
particles itself assures that only a molecular layer of the
organic material forms on CdS nanoparticles. Due to
the cationic nature of the surface of the nanoparticles
(the nanoparticles was stabilized with cysteamine hy-
drochloride, CAH) and anionic nature of the organic dye
molecules, multilayer of the dyes would not be pos-
sible. In a subsequent section (Monolayer Formation),
we will show that surface coating of the nanoparticles
with the dye molecules was not total; that is, some CAH
of the nanoparticles was still exposed for further elec-
trostatic binding.

Current—Voltage Characteristics of Hybrid Nanoparticlesin a
Polymer Matrix. Since the nanoparticles and organic dye
molecules exhibit electrical bistability, it is intriguing to
study conductance switching in the hybrid systems and
compare the results with that in its components.
Current—voltage (/—V) characteristics of devices based
on CdS:PB hybrid nanoparticles in a poly(methyl meth-
acrylate) (PMMA) matrix under a voltage loop are
shown in Figure 3a. Results for two different thick-
nesses of the active layer are presented in the figure.
In Figure 3b, the results in the core—shell nanoparti-
cles have been compared with those in devices based
on the components (i.e., CdS nanoparticles and PB mol-
ecules (both in PMMA matrix) for a particular thick-
ness). The plots show that, during a sweep toward the
negative voltage, a transition in current from a low
value to a high one occurs. In other words, the materi-
als switch to a high conducting state. In organic dyes,
the switching is generally due to a change in the mol-
ecules’ conformation or electroreduction. In semicon-
ducting nanoparticles, on the other hand, the bistabil-
ity has so far been discussed in terms of charge
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Moreover, the on/off ratio,
the ratio between the cur-
rent values of the two con-
ducting states, at any volt-
age is higher in the device
based on (hybrid)
core—shell nanoparticles. For the core —shell nanoparti-
cle based device, the ratio reaches up to 2 X 10% which
is at least an order of magnitude higher than that in de-
vices based on the components of the same thickness.
Higher ratio in the core—shell case may be due to si-
multaneous occurrence of charge confinement in the
nanoparticles and conformational change of organic
dye molecules. The on/off ratio versus voltage plots for
the core—shell cases are shown in the inset of Figure 3a.
Since both the parameters are advantageous for
memory applications, the hybrid organic—inorganic
system provides a newer route to design memory
elements.

While the bistability has depended on the choice of
material in the core or the dye in the shell, it did not re-
spond to the magnitude of the voltage up to which
bias was scanned (V,,,,,). Figure S7a in the Supporting
Information shows that conductance switching occurs
always at around —1.6 V. The bistability in the 0 to —2.0
V range is invariant with the value of —V,,,,, showing
reproducibility of conductance switching in these sys-
tems. Reproducible bistability for memory applications
can best be understood from the /—V plots under a volt-
age loop. Figure S7b in the Supporting Information
shows that, when voltage is scanned in multiple loops,
current values with all the features of electrical bistabil-
ity (that is, switching on to a high state and off to a
low conducting state) are reproduced in all the loops.
In other words, current at a voltage always depends on
the direction of sweep or the preceding voltage pulse.
This exemplifies possibilities of memory phenomena in
these core—shell hybrid nanoparticles (as discussed in
the next section).

Before evidencing memory phenomena, it is worth-
while to discuss the possible mechanisms of electrical
bistability in semiconducting nanoparticles and organic
dye molecules. Mechanism of conductance switching
in organic dyes is still being discussed; depending on
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vices based on core—shell nano-
particles with the existing models.
First of all, with dissimilar metal
electrodes, the characteristics
were expectedly rectifying in na-
ture (Figure S8 in the Supporting
Information). Results shown in the Figure S9a and 9b
in the Supporting Information show moderate fit to In(/)
versus V'’ plot for low conducting state and In(G) ver-
sus E~"? plot for the high state, respectively, for devices
with both the thicknesses. Here G and E represent con-
ductance and electric field of/across the devices, re-
spectively. For the low conducting states, the current
is hence injection-limited; the mechanism changes to
a bulk-dominated one (variable range hopping at high
field®®) in the high conducting state. That is, with con-
ductance switching, there has been a change in the
mechanism of conduction in the devices. Cole—Cole
plots (a plot of real versus imaginary parts of complex
impedance with test frequency as an independent vari-
able) of devices based on core—shell nanoparticles in
their low and high conducting states are semicircular in
nature with a 25 () shift from the origin. While the small
resistance is due to the contacts, the semicircular plot
shows a decrease in the diameter upon conductance
switching (Figure S10 of the Supporting Information).
Here we have recorded complex impedance under 0 V
dc bias in the 1—12 MHz region after application of a
positive or a negative voltage pulse, which induce the
low and high conducting states, respectively. Since the
diameter of such plots represents bulk resistance of the
device,®” the results show that, upon application of a
negative voltage pulse, the bulk resistance of the thin
film must have changed due to presumably charge con-
finement in the hybrid core—shell nanoparticles.
Memory Phenomena of Hybrid Nanoparticles in a Polymer
Matrix. Reproducible electrical bistability under multiple
voltage loops has led us to examine the devices for pos-
sible memory applications. Since current at a voltage
depends on the direction of voltage sweep, a positive
or a negative voltage pulse also would induce different
conducting states. If we can “read” the two states by
measuring current under a small probe voltage, we will
be able to exemplify read-only memory (ROM). Figure
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4a shows a plot of device current at —0.8 V as a func-
tion of time after a high or a low state is induced. Mag-
nitude of current remained clearly different for the two
conducting states, substantiating ROM applications.
The ratio between the currents under probe voltage is
around 103. The two states can also be flip-flopped; that
is, we could induce or “write” the two states in se-
quence and “read” them every time. In Figure 4b, we
show a voltage sequence and the corresponding cur-
rent in a CdS:PB-based device. While probing the high
and the low states, the current values remained clearly
separable, evidencing RAM applications of the
core—shell hybrid nanoparticles.

Monolayer Formation of Hybrid Nanoparticles. It is impera-
tive to bring out the advantages of the size of nanopar-
ticles by scaling down the size of memory elements. In
order to do so, we first scaled down the thickness of the
device down to a single layer. We aimed to form a
monolayer or a two-dimensional array of the core—shell
nanoparticles via an electrostatic adsorption process.
To facilitate the adsorption process, it was crucial to first
understand the ionic nature of the core—shell nanopar-
ticles. The CdS core was CAH-capped; that is, in dis-
persed water, it was cationic in nature. The dye on the
shell, on the other hand, was anionic with its —O™ and
—COO™ groups. Since we added a low concentration
solution of the dye molecule in CdS-dispersed solution,
it is unlikely that all the amine groups of CAH will an-
chor a dye molecule. Irrespective of whether both or
one of the —O™ and —COO™ groups of a dye molecule
become bound to the surface of a CdS nanoparticle,
the CdS:PB core—shell nanoparticles will behave as a
cationic one due to the excess —NH,; " groups of the
CAH stabilizer that did not bind any dye molecule. If, on
the other hand, most of the —NH,™ groups of the CAH
stabilizer bind one of the —O~ and —COO™ groups of
a dye molecule leaving the other aside, the core—shell
nanoparticle will act as an anionic one. To find out the
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Figure 4. (a) Read-only memory and (b) random-access memory applications of a device based on
CdS:PB hybrid nanoparticles in a PMMA matrix. In (a), the high and the low states were induced by
applying —2.0 and +2.0 V pulse (width = 10 s), respectively. Magnitude of current under —0.8 V
pulse (width = 2 s; duty cycle = 6.25%) as a function of time is plotted in the figure. Voltage se-
quence and its corresponding current are presented in the two panels of (b). Broken lines in the
lower panel represent the levels of current under the probe voltage for the two conducting states.
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Figure 5. Electronic absorption spectra of (PAA/CdS:PB),,
layers deposited via LbL assembly. The arrow represents
the direction of increase in absorbance for the 2 to 8 layers
of the LbL film. Inset represents absorbance at 400 and 553
nm as a function of number of LbL layers deposited on a
quartz substrate.

degree of dye adsorption that has occurred in the
present system, we tried to deposit multilayer films of
the core—shell nanoaprticles via LbL electrostatic as-
sembly method both with a polycation and a polyan-
ion. Depending on the nature of surface charge of Cd-
S:PB hybrid nanoparticles, film deposition will be
successful in one of the cases.

We have observed that, while depositing the LbL
film with a polyanion (namely, polyacrilic acid, PAA),
band intensities of electronic absorption spectra of the
dye and nanoparticle, recorded after deposition of ev-
ery layer of LbL films, increase with the number of PAA/
(CdS:PB) layers (Figure 5). Plots of the absorbance at
the peak intensities of the dye and the nanoparticle ver-
sus number of PAA/(CdS:PB) layers are also linear
through the origin (inset of Figure 5), showing that the
deposition of the core—shell nanoparticles was uniform
during the LbL film deposition process. This, moreover,
shows that the dye-coated CdS nanoparticles behaved
as cationic in nature. Also, the observation that the
band intensities corresponding to the dye molecule in-
crease with the number of PAA/(CdS:PB) layers points to
the following inference: dye molecules were adsorbed
on the surface of the nanoparticles. Had the dye mol-
ecules remained isolated or separated in the dispersed
solution containing the CAH-coated CdS nanoparticles,
the anionic dye molecules would not have become ad-
sorbed on a polyanion layer during the LbL film depo-
sition process. The results hence add a lot of credence
to the formation of core—shell hybrid nanoparticles.

As such, LbL deposition method itself assures that
only a single layer is deposited during each dipping be-
cause further layers will be repelled, forbidding forma-
tion of multilayers. We next will show that isolated
core—shell nanopartcles and not their aggregates were
adsorbed during deposition of each layer. To establish
this, we have first deposited different bilayers of PAA/
(CdS:PB) LbL films; we have scratched each of the films
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Figure 6. Plot of film thickness of (PAA/CdS:PB),, deposited
via LbL electrostatic assembly method versus number of lay-
ers (n). The line, which has been extended to estimate the
thickness of one layer, is the best fit to the points. Insets
show three-dimensional AFM topography of a scratch on
(PAA/CdS:PB); film and the obtained depth profile of the
scratch.

and recorded atomic force microscope (AFM) images
at the scratched region to estimate the thickness of
each of the films from its depth profile. Since one or
two bilayer films are expected to have a too low thick-
ness, we relied on the measurements carried out on
films of 4 or more bilayers. Thickness versus number of
PAA/(CdS:PB) layers are shown in Figure 6. AFM topog-
raphy and depth profile of one of the scratched films
with a constant tip force of 20 nN are also shown in the
insets. The figure shows that the thickness of the film in-
creases linearly with the number of deposited LbL lay-
ers. The linear fit of the plot approaches the origin. From
the extrapolated part of the figure, we have estimated
the thickness for a single PAA/(CdS:PB) bilayer. It has re-
turned a value of 16.5 nm, which can be considered as
the sum of the thicknesses of a PAA layer and the diam-
eter of hybrid core—shell nanoparticles. The value is
quite reasonable considering the diameter of core CdS
nanoparticles obtained from the HR-TEM image (5.6
nm).

Electrical Bistability of a Monolayer of Hybrid Nanoparticles.
We have characterized the monolayer of hybrid nano-
particles with a scanning tunneling microscope (STM)
tip. The monolayer was formed on doped Si wafer,
which acted as the base electrode. A two-dimensional
STM topography of a monolayer of hybrid nanoparticles
is shown in the inset of Figure 7a. The topography
shows the presence of nanoparticles on Si substrates
(a topography of Si wafer without any layer of nanopar-
ticles has returned a clear image). We have first probed
the process of STM imaging and its impact on the
monolayer. This was achieved by recording STM topog-
raphy of a certain area in sequence. Figure S11 in the
Supporting Information shows that the finer details of
the image of a monolayer of CdS:PB hybrid nanoparti-
cles are reproducibly observed during successive imag-
ing. That is, the STM tip did not peel off the monolayer
of core—shell nanoparticles during the imaging pro-
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cess. The stability must be due to electrostatic binding
of the hybrid nanoparticles with the Si substrates.

I—=V characteristics of a monolayer of CdS:PB hybrid
core—shell nanoparticles, measured with a Pt/Ir tip of
a STM under two sweep voltage directions, are shown
in Figure 7a. The results show that a single core—shell
nanoparticle or a parallel combination of the particles
(two-dimensional array) exhibits electrical bistability.
The nanoparticles switch to a high state at a suitable
positive voltage. The threshold voltage of switching
(V4,) is little above +2.0 V. When a negative voltage is
applied, the nanoparticles switch back to their original
low conducting state. The on/off ratio of the monolayer
is higher than 1000. Such a bistability is reproducible
over many cycles. A variation in the maximum sweep
voltage (V,,.,) has yielded the same V., and identical
electrical bistability (Figure S12a in the Supporting In-
formation). Measurements at different points on the
films have also showed little or no variation in the bista-
bility (Figure S12b in the Supporting Information).

Bistability in the two-dimensional array of dye-
coated semiconducting nanoparticles is itself of inter-
est. It shows that a state can be stored in a single hy-
brid nanoparticle for high-density memory applications.
We have characterized a monolayer of the dye and
also of the CdS nanoparticles (panels b and c in Figure
7, respectively). Both the monolayers did not yield any
bistability in the voltage range (they needed a much
higher voltage amplitude to evidence conductance
switching). The results hence highlight the advantages
of using core—shell hybrid nanoparticles for memory
applications. Use of hybrid nanoparticles also allows se-
lecting the core and the shell separately so that a suit-
able combination can be chosen to match a particular
need.

Monolayer of the core—shell nanoparticles, when
probed also with a mercury electrode, showed electri-
cal bistability (Figure S13 in the Supporting Informa-
tion). Here, the on/off ratio is higher than 400; the ratio
must hence depend on the work function of the elec-
trode materials. Though a larger area is characterized in
the mercury probe method, the results show that bista-
bility is not limited to a doped Si and Pt/Ir electrode
combination only. With the mercury electrode, we
could also study memory phenomenon in a monolayer
of CdS:PB hybrid core—shell nanoparticles. Current un-
der a small probe voltage has depended on the preced-
ing voltage pulse (Figure S14 in the Supporting Infor-
mation). It is worthwhile to compare the nature of
electrical bistability of the core—shell nanoparticles in
sandwiched structures and in a monolayer. In the
former case, CdS:PB in a PMMA matrix is sandwiched
between indium tin oxide (ITO) and Al electrodes hav-
ing work functions of 4.7 and 4.3 eV, respectively. The
devices have yielded a conductance switching to a high
state at a suitable negative voltage. Similar results were
obtained with fluorine tin oxide (FTO, 4.4—4.6 eV) as
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Figure 7. Current—voltage characteristics of a monolayer of (a) CdS:
phloxine B hybrid core—shell nanoparticles, (b) phloxine B, and (c) CdS

nanoparticles with a STM tip in two sweep directions. Inset of (a

) shows

a two-dimensional STM topography of a monolayer of CdS:phloxine

B hybrid core—shell nanoparticles.

the base electrode. In the monolayer case, the elec-
trode combinations were doped Si (4.9 eV) and Pt/Ir
(5.6 eV) or ITO (4.7 eV) and Hg (5.1 eV). Here, switching
to a high state occurred at a positive voltage. Since volt-
age was always applied with respect to the base elec-
trode (ITO or doped Si), the results hence show that the
conductance switching occurs when a suitable nega-
tive voltage is applied to the low work function elec-
trode. The barrier heights that the charge carriers face
must hence have a major role in the observed conduc-
tance switching.

To shed light on the mechanism of bistability of
core—shell nanoparticles, we have calculated density
of states (DOS) before and after conductance switch-
ing. Figure 8a shows a plot of dI/dV versus voltage for
the two sweep voltage directions (representing the
two conducting states), as obtained from the /—V char-
acteristics of a monolayer of CdS:PB core—shell with
STM as the top electrode. The plot shows that, with an
increase in conductance, the total DOS, as calculated
from the area under the di/dV versus voltage plots, in-
creased with conductance switching. For the monolayer
of CdS nanoparticles and PB dye, there was only a little
increase in the density of states from a sweep direction
to the other (panels b and c in Figure 8, respectively)
as compared to that in the hybrid system. This points
toward charge confinement in hybrid nanoparticles
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Figure 8. Differential conductance versus voltage plots for (a)
core—shell hybrid nanoparticles, (b) phloxine B, and (c) CdS nanopar-
ticles. Inset of (a) shows normalized DOS for the core—shell hybrid
nanoparticles.

upon conductance switching; the degree of charge
confinement was much higher in the core—shell case
as compared to the dye or the CdS nanoparticles result-
ing in higher degree of bistability in dye-coated CdS

METHODS

Materials. Cadmium chloride (CdCl,), sodium sulfite (Na,SO5),
selenium powder, and sodium sulfide (Na,S), compounds re-
quired to grow CdS and CdSe nanoparticles, were purchased
from E-Merck (India). Cysteamine hydrochloride (CAH, M,, =
113.61), purchased from Aldrich Chemicals, was used as a stabi-
lizer for the nanoparticles. Different organic dye molecules in the
xanthene class, such as phloxine B (PB), Rose Bengal (RB), eryth-
rosin B (EB), eosin Y (EY), and fluorescein sodium (FS), were also
purchased from Aldrich Chemicals. Poly(methyl methacrylate)
(PMMA, M,,, = 70 000), a matrix material for thin-film formation,
was purchased from Aldrich Chemicals. Poly(acrylic acid, sodium
salt) (PAA, M,,, = 90 000), purchased from Polyscience as a 25%
aqueous solution, was the polyanion for monolayer formation
and deposition of LbL films via electrostatic self-assembly. Deion-
ized water, obtained from Milli-Q Academic System, had a resis-
tivity of 18.2 M() - cm. ITO-coated glass substrates for thin-film
deposition were purchased from Optical Filters Inc. Strips of ITO
were formed by etching with Zn powder and HCI. Polished
Si(111) wafers (arsenic doped, N-type) having a resistivity of
3—10 MQ - cm were purchased from the Institute of Electronic
Materials Technology, Poland.

Growth of Quantum Dots. CdS and CdSe nanoparticles were
grown following standard reaction route.'®*%3° While cadmium
chloride was used as the source of cadmium ions, Na,S and
Na,SeSO; were the source of sulfur and selenium, respectively.
CAH was used as the stabilizer to control the growth of the nano-
particles. To grow CdS quantum dots, typically aqueous solu-
tions of CdCl, (40 mM, 40 mL), CAH (40 mM, 20 mL), and Na,S
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nanoparticles. The NDOS versus voltage plot for the
two conducting states are shown in the inset of Figure
8a. The plot shows that, due to conductance switching,
available states appeared in the gap—at energies
higher than the valence band and lower than the con-
duction band.

CONCLUSIONS

In conclusion, we have grown core—shell hybrid
nanoparticles, formed a monolayer of them, and stud-
ied the electrical bistability and memory phenomena. A
molecular layer of different anionic dye molecules in
the xanthene class was formed on CdS or CdSe quan-
tum dots via electrostatic adsorption. The quantum
dots were functionalized with cysteamine hydrochlo-
ride to enable such an adsorption. We have formed a
monolayer of the hybrid nanoparticles on quartz and
doped silicon wafers. The monolayer or devices based
on the hybrid nanoparticles in an inert polymer matrix
have exhibited electrical bistability. Ratio between the
conductivities of the two conducting states is several
orders higher in magnitude, and threshold voltage of
switching is lower in magnitude than the respective val-
ues in systems based on the components of the
core—shell. Both the factors are advantageous to the
addressability of a memory device. The bistability has
been due to charge confinement in the nanoparticles.
We have shown that electrical bistability and memory
phenomena can be achieved in a single organic/inor-
ganic hybrid nanoparticle. This complete study shows
the ability to design nanodevices and their memory
applications.

(40 mM, 20 mL) were prepared following vigorous stirring. CdCl,
and the stabilizing agent were first mixed thoroughly; Na,S solu-
tion was then added slowly. The solution turned greenish yel-
low, evidencing beginning of nucleation. For the growth of CdSe
nanoparticles, 1 mL of Na,SeSOj; solution, freshly prepared from
refluxing (for 10 h) 4.83 g of Na,SO; and 2 g of selenium pow-
der in 100 mL of water, was diluted and added to the mixed so-
lution. After continuous stirring for 6 h and sonication for 30 min,
the solution was repeatedly centrifuged at 14 000 rpm (at 5 °C)
to separate out the nanoparticles from the dispersed solution.
They were finally dried in vacuum at 60 °C.

Formation of Hybrid Core—Shell Nanoparticles. The amine-
terminated nanoparticles were first dispersed in deionized wa-
ter (0.75 mg/mL) to obtain an optically homogeneous solution.
The xanthene dyes were also dissolved in water separately (0.1
mM). To obtain dye-coated nanoparticles, equal volumes of both
the solutions were added and stirred continuously. Here, the an-
ionic dye molecules become electrostatically bound to the sur-
face of the nanoparticles (at the amine groups) forming hybrid
core—shell nanoparticles. The resultant solution was cooled at 5
°C and centrifuged repeatedly at 8000 rpm to separate out the
organic—inorganic hybrid nanoparticles. This process was con-
tinued until the solvent did not show any trace of the dye. A low
speed used during the centrifuge process, moreover, assured
that dissolved dye molecules would not become extracted with
the hybrid nanoparticles. The products were again dried in
vacuum at 60 °C.

Characterization of Nanoparticles. Growth of the nanoparticles
was verified following usual characterization methods. Elec-
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tronic absorption spectra of the semiconducting quantum dots
and organic—inorganic hybrid core—shell nanoparticles in dis-
persed aqueous solution were recorded with a Shimadzu UV—vis
spectrophotometer UV-2550. TEM images and SAED patterns of
the particles were recorded through JEOL-JEM 2010. Crystalline
phase of the inorganic core was studied by XRD (Rich-Seifert XRD
3000P), SAED patterns, and HR-TEM images. Size of the nanopar-
ticles was also estimated from electronic absorption and the HR-
TEM images. Composition of the nanoparticles was examined by
EDX analysis. FT-IR spectra of organic—inorganic core—shell
nanoparticles, in the form of KBr pellets, were recorded with a
Nicolet MAGNA-IR 750 spectrometer.

Monolayer Formation. Organic—inorganic hybrid core—shell
nanoparticles were adsorbed electrostatically on protonated pol-
ished Si(111) wafers and ITO-coated glass substrates. The sub-
strates were first dipped in a PAA bath for 15 min followed by
rinsing thrice in deionized water. To obtain a layer of the nano-
particles, the PAA-coated substrates were dipped in redispersed
solution of CdS:dye core—shells followed by the same rinsing
protocol. Electrostatic adsorption of the nanoparticles led to the
formation of a monolayer or a two-dimensional array of CdS:
dye hybrid nanoparticles. To record electronic absorption spec-
tra, films were deposited on quartz substrates. Multilayers of CdS:
dye core—shell, to record electronic absorption spectra, were
obtained by repeating the PAA and CdS:dye deposition pro-
cesses in sequence. The films were finally annealed in vacuum
at 100 °C.

Electrical Characteristics. The hybrid core—shell nanoparticles,
both as thin films in polymer matrices and as a monolayer, were
characterized. The core—shell nanoparticles in a PMMA matrix
(11.1 wt %) were spun from chloroform solution (2 mg/ml) at a
speed of 700 and 1000 rpm, resulting in films of thickness
240—250 and 80— 100 nm, respectively. Stripped ITO-coated
glass was the substrate for these devices. Individual components,
such as CdS or CdSe nanoparticles and the dyes, were also spun
individually. Their weight percent in PMMA matrix was kept the
same. The thin films were annealed at 100 °C in vacuum. Alumi-
num, which acted as the other electrode, was thermally evapo-
rated at a pressure below 10> Torr on top of the films as strips
orthogonal to ITO. Thickness of the Al electrode, as obtained
from AFM topography of a scratched film, was 100—110 nm. Ac-
tive area of each of the devices, as determined by the overlap
of the electrodes, was 6 mm?. Current—voltage (/—V) character-
istics of the devices were recorded with a Yokogawa 7651 dc
source, a Keithley 486 picoammeter, and a Keithley 6517A elec-
trometer. Impedance measurements were carried out with a So-
lartron 1260 Impedance Analyzer with a test ac voltage of 100
mV rms in the 1—12 MHz region.

Monolayer of core—shell nanoparticles and their individual
components (CdS, CdSe, and the dyes) were characterized with
the mercury probe method and a STM (Nanosurf easyScan 2,
Switzerland). While measurements with the mercury drop (on
the tip of a metal syringe) were carried out in vacuum, STM mea-
surements were performed in ambient conditions in a constant
current mode. A Pt/Ir tip was first approached until a current of
0.5 nA was achieved at 1.5 V. AFM (Nanosurf easyScan 2, Switzer-
land) images of LbL films, scratched to obtain its depth profile,
were recorded to evidence formation of a monolayer.
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