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1
HYBRID ORGANIC/NANOPARTICLE
DEVICES

BACKGROUND

1. Field

The subject matter disclosed herein may relate to the field
of organic electronic and/or organic optoelectronic devices,
and in more particular may relate to hybrid organic/nanopar-
ticle devices with dual functions of resonant tunneling and
light emission behaviors.

2. Information

An organic layered device is a structure that sandwiches
carbon-based films between two charged electrodes includ-
ing a metallic cathode and a transparent anode, often formed
on glass or silicon substrates. The films may include a hole-
injection layer, a hole-transport layer (HTL), an emissive
layer (EL) and an electron-transport layer (ETL). If external
bias is applied to the device, injected positive (holes) and
negative (electrons) charges may recombine in the emissive
layer and may create electroluminescent light. This process is
similar to typical organic light emitting devices (OLEDs), in
which an exciton, which is a bound, excited electron and hole
pair, may be generated inside an organic luminophore or
organometallic luminophore emitting layer (EL). The exciton
releases its energy radiatively, and a photon may be emitted.
To create excitons, an emitting layer (EL) may be sandwiched
between electrodes of differing work functions, and electrons
may be injected into one side from a metal cathode to an EL
viaan ETL from a metal cathode, while holes may be injected
in the other side from an anode to EL viaa HTL. The electron
and hole may meet in an EL layer to form an exciton.

Metallic nanoparticles may comprise structures in a
nanometer dimension which exhibit particular electronic,
optical, and chemical properties which may be attractive for
applications ranging from electronic and optoelectronic
devices. For resonance tunneling diodes (RTDs), these
devices may have applications in organic memory cells, func-
tional circuits and oscillator devices based on the folded
voltage-current curve due to negative differential resistance
(NDR). From the reported organic RTDs, the performance,
such as in the aspect of peak-to-valley current ratio (PVCR)
value and the line-width of current resonance peak, might be
further improved upon.

BRIEF DESCRIPTION OF THE FIGURES

Claimed subject matter is particularly pointed out and dis-
tinctly claimed in the concluding portion of the specification.
However, both as to organization and/or method of operation,
together with objects, features, and/or advantages thereof,
claimed subject matter may be better understood by reference
to the following detailed description if read with the accom-
panying drawings.

FIG. 1 is a graph illustrating a negative differential resis-
tance result in accordance with one or more embodiments.

FIG. 2 is a graph illustrating current versus voltage in
accordance with one or more embodiments, including an
inset in of a transmission electron microscopy image of pre-
pared Ag nanoparticles with a scale bar of 5 nm.

FIG. 3 is a graph illustrating electroluminescence spectra
of hybrid organic/nanoparticle devices in accordance with
one or more embodiments.

FIG. 4a is a cross section schematic diagram illustrating a
charging mode operating mechanism in a hybrid organic/
nanoparticle device in accordance with one or more embodi-
ments.
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FIG. 4b is a cross section schematic diagram illustrating an
emission mode operating mechanism in a hybrid organic/
nanoparticle device in accordance with one or more embodi-
ments.

FIG. 4c is a schematic diagram illustrating an energy level
alignment in a hybrid organic/nanoparticle device in accor-
dance with one or more embodiments.

FIG. 5 is a graph illustrating current versus voltage char-
acteristics for various devices in accordance with one or more
embodiments.

FIG. 6a is a graph illustrating three dimensional atomic
force microscopy surface images of a silver nanoparticles (Ag
NPs) film without PEDOT:PSS.

FIG. 65 is a graph illustrating three dimensional atomic
force microscopy surface images of a Ag NPs film with
PEDOT:PSS.

FIG. 7 is a schematic diagram illustrating a switch circuit
based atleast in part on an RTD device in accordance with one
or more embodiments.

FIG. 8 is a graph illustrating current versus voltage of the
device of FIG. 7, in accordance with one or more embodi-
ments is illustrated.

Reference is made in the following detailed description to
the accompanying drawings, which form a part hereof,
wherein like numerals may designate like parts throughout to
indicate corresponding or analogous elements. For simplicity
and/or clarity ofillustration, elements illustrated in the figures
have not necessarily been drawn to scale. For example, the
dimensions of some of the elements may be exaggerated
relative to other elements for clarity. Further, it is to be under-
stood that other embodiments may be utilized and structural
and/or logical changes may be made without departing from
the scope of claimed subject matter. It should also be noted
that directions and references such as, for example, up, down,
top, bottom, over, above and so on, may be used to facilitate
the discussion of the drawings and are not intended to restrict
application of claimed subject matter. Therefore, the follow-
ing detailed description is not to be taken in a limiting sense
and the scope of claimed subject matter is intended to be
defined by the appended claims and equivalents.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth to provide a thorough understanding of
claimed subject matter. However, it will be understood by
those skilled in the art that claimed subject matter may be
practiced without these specific details. In other instances,
methods, apparatuses or systems that would be known by one
of ordinary skill have not been described in detail so as not to
obscure claimed subject matter.

As discussed above, improved methods of fabricating
OLEDs and methods of making luminescent materials that
may be employed in OLEDs continue to be sought. At the
same time, the exploration of improved OLED device archi-
tectures by combing other nanostructure systems may pro-
duce new device functions.

As will be discussed in greater detail below, the integration
may be made between self-assembled silver nanoparticles
(Ag NPs) and small-molecule semiconductor materials to
form a hybrid organic/nanoparticle device. Such a hybrid
organic/nanoparticle device may be included in an organic
light emitting devices (OLEDs) structure. For example, an Ag
NPs layer may be introduced on a substrate such as glass,
fused silica and quartz coated with conductive transparent
materials, such as an indium-tin-oxide (ITO) and fluorine
doped tin oxide (FTO), followed by an organic layer. Such a
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hybrid organic/nanoparticle device may be constructed with-
out adopting an Organic/NPs/Organic (ONO) structure.

Asused herein, the term “metallic nanoparticles” may refer
to the structures in nanoscale range which exhibit electronic,
optical, and/or chemical properties that are attractive for
applications ranging from electronic to optoelectronic
devices, and/or the like. Properties of such metal nanopar-
ticles may include inducing negative differential resistance
(NDR) effect in situations where they are introduced into
OLEDs structures between the transparent anode and HTL.
NDR effect is a characteristic of resonant tunneling devices.
Thus, organic resonant tunneling diodes (ORTDs) may be
realized by combing metal nanoparticles and OLEDs archi-
tecture.

RTDs may have applications in organic memory cells,
functional circuits and/or oscillator devices based at least in
part on the folded voltage-current curve due to NDR. How-
ever, available organic RTDs may not have suitable perfor-
mance, such as in the aspect of peak-to-valley current ratio
(PVCR) value and/or in the aspect of the line-width of current
resonance peak. Further, there may not be any available
hybrid organic/nanoparticle architectures including a nano-
particle layer inserted into conventional OLED structures to
achieve suitable performance of dual behaviors of light emis-
sion and resonant tunneling current.

In one embodiment, a hybrid organic/nanoparticle device
may be constructed including small molecule organic semi-
conductors and silver (Ag) nanoparticles. Such a hybrid
organic/nanoparticle device may exhibit unusual properties
of an organic resonant tunneling diode (ORTD) at a reduced
driving voltage region and may offer light emitting charac-
teristics at an increased voltage. Such an hybrid organic/
nanoparticle based ORTD may be utilized in bi-stable
devices, switching devices, memory devices (such as SRAM
and/or DRAM), analog oscillators, functional resonant tun-
neling diode (RTD)-based circuits (such as logic gate cir-
cuits), and/or as organic light emitting devices (OLEDs), such
as for flat panel displays, to list but a few examples. For
ORTD, such a hybrid organic/nanoparticle device may dem-
onstrate a significant negative differential resistance (NDR)
behavior at room temperature. Experimental results illustrate
a current resonance with a peak-to-valley current ratio
(PVCR) of over 4.6 and a narrow line-width of only approxi-
mately 1.4 V. Additionally, example operating mechanisms of
charging and emission modes are described in more detail
below, and such mechanisms may be discussed in terms of the
charge-trapping effect of Ag nanoparticles. Mutual influences
between charging and emission modes may suggest that a
charging mode may be beneficial to a brightness and/or life-
time of emission mode, such as by potentially reducing oper-
ating voltage.

RTD may be realized using I11-V compound material, such
as Aluminum nitride, Gallium nitride, Indium gallium anti-
monide (InGaSb), or Indium gallium arsenide phosphide (In-
GaAsP) systems. However, such devices may not have
entered mainstream applications yet because the processing
of I1I-V materials may be incompatible with silicon comple-
mentary metal-oxide-semiconductor (CMOS) technology.

On the other hand, RTD may also be realized using a
S1/SiGe materials system, for example. Further, RTD may
also be realized using amorphous semiconductor devices
with resonant tunneling properties, for an additional example.
However, it is not clear that RTDs developed utilizing either
amorphous semiconductor devices or a Si/SiGe materials
system will have suitable properties for OLED and organic
electronic applications.
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Organic light emitting devices (OLEDs) have been studied
for use in display and/or solid-state lighting applications.
Meanwhile, other organic electronic and/or optoelectronic
devices may be developed. Organic resonant tunneling diode
(ORTD) is one type of such devices. ORTD may operate
based at least in part on a negative differential resistance
(NDR) characteristic. ORTD may be utilized in such appli-
cations as active static memory cells, analog oscillators and/
or functional RTD-based circuits, to name but a few
examples. NDR effects may be demonstrated in various
organic devices. However, improved performance of ORTD
may still be possible at room temperature, such as by enhanc-
ing PVCR value, developing reliable processing methods,
and/or simplifying complicated device structures, for
example.

Metal nanoparticles (NPs) may be utilized for inducing an
NDR effect on organic memory devices. Such organic
memory devices may employ an organic/NPs/organic (ONO)
hybrid structure. NDR characteristic induced by metal NPs
may be observed after an immediate increasing of current
density. According to the feature of resultant current-voltage
(I-V) curves, a resonance peak for such ONO hybrid struc-
tures may not have a symmetrical geometry to meet general
requirements for ORTD usage, based at least in part on the
resultant PVCR and/or spectral line-width values.

As will be described in greater detail below, a hybrid NPs/
organic device may be based at least in part on the integration
between self-assembled silver nanoparticles (Ag NPs) and
small molecule semiconductor materials. For example, an
OLED structure may be formed where an Ag NPs layer may
be introduced on glass substrate with indium-tin-oxide (ITO)
followed by an organic layer, without adopting an ONO struc-
ture. Such a hybrid device may exhibit characteristic features
of ORTD at a decreased bias voltage while maintaining
OLED characteristics at an increased voltage.

Referring to FIG. 1, a PVCR value of over 4.6 and narrow
line-width of current resonance peak of approximately 1.4V
are illustrated. Mechanisms based on resonant current effect
induced by Ag NPs are discussed in greater detail below.

Examples

A number of example embodiments are provide below,
although it is not intended that claimed subject matter be
limited to these particular example embodiments.

During experimentation, Ag NPs were synthesized using
the method introduced by Sun et al. (Sun, S.; Zeng, H.;
Robinson, D. B.; Raoux, S.; Rice, P. M.; Wang, S. X.; Li, G.
1. Am. Chem. Soc. 2004, 126, 273-279.) In the synthesis, Ag
acetate (1 mmol), oleic acid (3 mmol), oleylamine (3 mmol),
phenyl ether (20 mL) and steary alcohol were mixed and
magnetically stirred under a flow of nitrogen at the tempera-
ture of 80° C. The mixture was heated to 195° C. for 1 hour.
The mixture was cooled to room temperature by removing the
heat source. Under ambient conditions, ethanol (50 mL) was
added into the solution, and finally Ag nanoparticles were
precipitated and separated by centrifugation. In this process,
Ag nanoparticle surfaces were capped by the organic ligand
of Oleic acid which made them more stable. The resulting Ag
NPs had a narrow size distribution, and the diameter was in
the range of 4.5£0.5 nm confirmed by transmission electron
microscopy, as shown in the inset of FIG. 2.

Various example devices were fabricated onto 120 nm
indium-tin-oxide (ITO) coated glass substrates with a sheet
resistance of 15 €/square. Prior to device fabrication, ITO
substrates were cleaned using solvents and then exposed to
UV-ozone treatment for 15 minutes. Afterwards, ITO sub-
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strates were transferred into a glove-box and a thinlayer of Ag
NPs was spin coated in various Ag concentrations of 5x1072,
2.5x1072, 1.25x107%, 6.25x107, and 3.125x10™> mol/L,
which correspond to Device A, Device B, Device C, Device
D, and Device E, respectively. A 40 nm N,N'-diphenyl-N,N'-
bis(1-naphthyl)-(1,1'-biphenyl)-4,4'-diamine  (hereinafter
NPB) and a 50 nm tris(8-hydroxyquinoline)aluminum (here-
inafter Alq;) were grown sequentially using a thermal evapo-
ration method. A LiF(1 nm)/Al(100 nm) cathode was depos-
ited and patterned using a shadow mask to define an active
device area of 3.57 cm2. These five example devices were
constructed to have a structure of ITO/Ag NPs/NPB(40 nm)/
Alg;(50 nm)/LiF(1 nm)Al(100 nm). In addition, a control
device of ITO/NPB(40 nm)/Alq;(50 nm)/LiF(1 nm)/Al(100
nm) was fabricated as a reference.

The current density-voltage (I-V) and luminance-voltage
(L-V) data of the prepared devices were measured with a
Keithley 2400 and a calibrated Si photodiode. The electrolu-
minescence (EL) spectra were recorded by an Oriel spec-
trometer with Cornerstone 260i. The capacitance-voltage
(C-V) measurements were carried out using HP4284 A preci-
sion LCR meter at 106 Hz. The atomic force microscopy
(AFM) morphology of thin film was characterized by a Digi-
tal Instruments NanoScope III with tapping mode. All mea-
surements were carried out at room temperature under ambi-
ent atmosphere.

Results

FIG. 2 illustrates current versus voltage (I-V) curves of
example hybrid organic/NPs devices A-E along with the con-
trol OLED. By introducing Ag NPs between ITO and NPR,
features of the I-V curves vary from that of the control OLED.
At a reduced driving voltage (<8 V), all five hybrid devices
A-E display a larger current density as compared that of the
control OLED, especially for the devices with increased con-
centration of Ag NPs. Moreover, the current rises steadily
with the increase of applied voltage as compared to abrupt
increases in some ONO-type devices. Ag NPs devices A-C
show peak and valley currents (1,,,,, and 1,,.,) appearing
between 4 and 7 V, which is a typical I-V characteristics of
ORTD. Such 4, I, .7, and PYCR may depend on the con-
centration of Ag NPs, as summarized in Table 1 below.

TABLE 1

Dependence of resonant tunneling properties on the concentration of
Ag NPs in hybrid organic/nanoparticle devices.

AV Ag
Device Lear (mA/em?) Latte, (mAjem?) PVCR (V)  (mol/L)*
Device A 1202.3 641.1 19 15 5x1072
Device B 889.6 429.8 21 1.4 2.5 x 107
Device C 1615.7 351.2 46 14 1.25x107
Device D 1233 100.2 1.2 11 625x1073
Device E 74.6 66.1 11 0.8 3.125x 10"

InTable 1, above, Ag (mol/L) is the Ag NPs concentration
in the ethanol solution before pin-coating process, and the
processing conditions of Ag NPs are similar for all devices
A-E.

Among these parameters, PVCR may comprise an indica-
tion of merit for ORTD. The highest PVCR of4.6 and the near
symmetrical current resonance with a narrow line-width of
approximately 1.4V (defined as full width of voltage (AV) at
half maximum of resonant current peak) were illustrated in
device C. A maximum oscillation frequency of this ORTD
may be estimated from its [-V characteristics in NDC region
by equation (1), below.
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Here, C is geometric capacitance at the voltage where the
maximum negative conductance is obtained. Al and AV is the
change of current and voltage, respectively. C is about 700 pF
at the maximum negative conductance from microwave mea-
surement. Hence, the f,,. of 0.064 GHz can be realized at
room temperature.

Referring to FIG. 3, on the other hand, if the applied volt-
age 18 higher than the critical value at I, ., example hybrid
devices A-E exhibited the characteristics of an OLED emit-
ting green light from Alq,, and the electroluminescence (EL)
spectra of the Ag NPs device are generally similar to that of
the control device. Additionally or alternatively, other colors
such as red and/or blue, may be emitted based at least in part
on doping of other guest materials into a given device. Some
variance between example devices A-E may result from
thickness fluctuation of Ag NPs layers. For example, in situ-
ations where the concentration of Ag NPs becomes dilute, in
the same spin-coating conditions, the thickness of Ag NPs
may be reduced correspondingly.

Dual behaviors including resonant tunneling and/or light
emission may be explained by different operating mecha-
nisms over a driving voltage region. Metallic NPs may be
electrochemically charged by applying an external bias to
filling electronic states, and carriers may be stable in their
charged state, such as for those with thin capping ligand
passivation, for example. Therefore, Ag NPs may become
many discrete deep charge-trapping centers to store charges.
At certain potentials, such charges may tunnel into metal
cores or out of such cores through the capping layet, poten-
tially inducing resonant tunneling current.

FIG. 4c illustrates a corresponding schematic diagram of
such example hybrid organic/NPs devices, where energy lev-
els give the value of highest occupied molecule orbital
(HOMO) level and the lowest unoccupied molecule orbital
(LUMO) level for the various materials. The short lines in the
capping organic ligand 401 represent the trapping level of Ag
NPs.

FIGS. 4a and 4b illustrate a model depicting potential
operating mechanisms of such organic/NPs hybrid devices.
Dual behaviors may be described by two different operating
stages shown with the charging mode of FIG. 4a at a reduced
voltage range and the emission mode of FIG. 4b at an
increased voltage range. For a charging mode, such hybrid
organic/NPs devices may function much like a capacitor,
where holes and electrons may be injected from anodes and
cathodes, respectively. With the voltage increasing from zero
to the value at I, ;, the electric-field induced hole charges
may transfer from a capping layer into Ag NPs and may
charge up the Ag NPs continuously. At the same time, elec-
trons may accumulate in an Alq, layer and may not pass
through this layer due to the effective electron blocking effect
of an NPB layer in an NPB/Alq, interface. Subsequently, a
larger charging current may be obtained as compared with the
I-V characteristics of the control OLED. Moreover, an
increased charging energy may be stored in such Ag NP
devices based at least in part on a trapping effect of small size
Ag NPs. The Coulomb energy (E.) to charge a spherical
nanoparticle with a uniform capping layer may be estimated
by the following equations.
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Here, C represents the capacitance of an Ag nanoparticle, €,
represents the permittivity of free space, €, represents the
permittivity of a capping material, and R represents the radius
of an Ag nanoparticle. For 4.5 nm Ag NPs, the E_ may be as
high as 0.05 eV. Therefore, when the electric field increases to
the point where the Fermi level of the Ag NPs approaches to
the HOMO of NPB, the current reaches to 1. As the
applied voltage continues to increase, more and more holes
may gain enough energy to tunnel through a thin capping
layer, and thus the current may be decreased quickly. At such
a moment, such example hybrid organic/NPs devices may
switch from the operating mode illustrated at FIG. 4a to the
emission mode illustrated at FIG. 4b. In such an emission
mode, charges may begin to transport into an NPB layer 402
and towards the Alq; layer 403. Accumulated electrons in the
LUMO of Alq, may recombine with holes at an interface
between NPB and Algj, to emit light.

There may be no light emission for such hybrid organic/
NPs devices in a charging mode. This may indicate that one
type of charge carriers may be absent in a recombination
region. Such an absent charge carrier may be holes, based at
least in part on the mechanisms described above. In order to
confirm this analysis, Ag NPs was dispersed into a solution of
poly(ethylenedioxythiphene):polysty-renesulphonic ~ acid
(PEDOT:PSS) (Baytron Al4083), which has appropriate hole
injection properties. The concentration of Ag NPs was set to
1.25x107% mol/L that is similar to the concentration used in
device C. Three devices were fabricated with the structure of
ITO/PEDOT:PSS:Ag NPs/NPB/Alq,/Lil/Al, ITO/PEDOT:
PSS:Ag NPs/Alq,/LiF/Al, and ITTO/PEDOT:PSS:Ag NPs/
NPB/LiF/Al

Referring to FIG. 5, various I-V characteristics of three
example devices are illustrated. Firstly, for two devices with
NPB or Alg, only, the I-V curves exhibit broad and weak
resonant current peaks, which may verify that carriers may be
trapped by Ag NPs. However, there are several different per-
formances for the devices with PEDOT:PSS: Ag NPs as com-
pared with that of device C. One such distinction may be weak
current resonant peaks with their PVCR around 1.0-1.2.
Another such distinction may be the broad line-width of
about 2-5 V. A further distinction may be that the current
density is generally smaller at any applied voltage, as shown
in FIG. 1. The reason for these three different performances
may lie in the introduction of PEDOT:PSS into the hybrid
devices. It may be that the operating mechanism has changed
in this region. In such a case, holes may not only reside in the
trapping centers, but also may transport into the NPB layer at
the same time through newly forming transport channels of
PEDOT:PSS. Therefore, the two modes including charging
and emission may likely coexist here although its luminance
is still reduced in this region, which is different from device C
where holes may be mainly trapped in Ag NPs layer in the
charging process.

Referring to FIGS. 6a and 6, a surface morphology of Ag
NPs and PEDOT:PSS:Ag NPs thin film before the growth of
organic materials measured by atomic force microscope
(AFM) is illustrated. A formation of new carrier transport
channels may be further distinguished by the variation of thin
film morphology. Both samples were stored in vacuum box
for about 2 days before AFM measurement so that possible
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phase separation may be identified. In Ag NPs thin film,
illustrated by FIG. 64, a series of nearly identical ripples may
be observed over the whole area due to the pile of Ag NPs,
which has a room-mean-square (RMS) roughness about
2.207 nm and a maximum roughness about 7.452 nm, respec-
tively. However, in PEDOT:PSS: Ag NPs thin film, illustrated
by FIG. 6, a higher surface quality with near-uniform mor-
phology may be observed with no obvious height fluctuation,
and its RMS and maximum roughness is about 0.358 and
1.455 nm, respectively. No evidence of phase separation was
observed, implying that Ag NPs may be well-dispersed in
PEDOT:PSS solution. Likewise, no noticeable ripples
induced from Ag NPs were observed. Therefore, in some
positions, there may be no Ag NPs in PEDOT:PSS thin film,
which may provide the carrier transport channels for hole
from PEDOT:PSS to NPB directly. This may be a reason for
a weak and broad resonant current peak.

In summary, an example embodiment of a hybrid organic/
NPs device with resonant tunneling and light emitting behav-
iors may be assembled consistent with the procedures dis-
cussed above. A PVCR value more than 4.6 and narrow
line-width of current resonance peak of approximately 1.4V
with a nearly symmetrical resonance peak may be obtained,
for an example embodiment. Additionally, such a hybrid
organic/NPs device may demonstrate such behavior at room
temperature. Operating mechanisms including charging and
emission modes may explain the properties of such hybrid
organic/NPs devices. Resonant tunneling behavior may result
from a strong trapping effect of small size Ag NPs, which may
influence the performance an emission mode based at least in
part on a charging effect. Such an effect may be beneficial to
the brightness and lifetime of OLEDs utilizing such a hybrid
organic/NPs device, potentially by reducing operating volt-
age. By combing the properties of NPs and organic materials,
such a hybrid organic/NPs device may be utilized for ORTD
and/or its utilization with OLEDs. For example, such a hybrid
organic/NPs device may be generally applicable for ORTD-
based electronic and electro-optical devices.

An embodiment of a hybrid NPs/organic device may
include a layered structure of self-assembled metal nanopar-
ticles located between a substrate coated with an electrode
and an organic material, where a cathode may be associated
with such an organic material. Such a substrate may be for
example a glass substrate or silicon. The substrate may be
coated with a good electrical conducting material such as an
indium-tin-oxide (ITO) coated glass substrates, and/or the
like. Additionally, such a substrate with a good electrical
conducting material, such as ITO, may act as a transparent
anode, such as in instances where a hybrid NPs/organic
device is utilized in an OLED.

Such self-assembled metal nanoparticles may include self-
assembled silver nanoparticles (Ag NPs). Such metal nano-
particles may have their surfaces capped with an organic
ligand to provide suitable stability. Such capping ligands may
include Oleic acid. and/or other organic ligands suitable for
providing suitable 