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We report a hybrid nanoparticle/organic device with strong resonant tunneling behavior by
introducing ligand-capped Ag nanoparticles between indium tin oxide and hole transport layer in
small molecule organic light-emitting devices. The dependences of resonant tunneling current on the
thickness of the organic layers are investigated. For the optimized device, a peak-to-valley current
ratio as high as 4.5 and narrow peak width about 1.8 V are obtained. Combining with the analysis
of current-voltage behavior, the mechanism based on the charge trapping effect of Ag nanoparticles
is proposed to interpret the operation of the hybrid device. Finally, the emission characteristics of
hybrid devices are also studied. © 2009 American Institute of Physics. �DOI: 10.1063/1.3099038�

Metallic nanoparticles �MNPs� have long been a scien-
tific interest because they exhibit size-dependent electronic,
optical, and chemical properties that can be further modified
by ligand passivation of nanoparticle surfaces, which are at-
tractive for applications ranging from electronic and opto-
electronic devices, photonic structures, molecular catalysts,
to chemical sensing.1–4 Recently, there are lots of studies on
MNPs-organic semiconductor system to fabricate organic
memory devices based on organic/MNPs/organic �OMO�
structures due to their simplicity and high performance.3–6 In
their devices, an unusual property of negative differential
resistance �NDR� was observed in high conductivity state
resulting from charge trapping function of MNPs. Several
other groups also demonstrated NDR effect in their organic
semiconductor devices by employing superlattice structure,7

double barrier structure,8 or polymer-MNPs composites.9

The NDR effect is an essential characteristic of resonant
tunneling devices �RTDs�. Such device has promising appli-
cations in memory cells, analog oscillators, and functional
RTD-based circuits.10 However, for the current-voltage char-
acteristics in NDR region of all above devices, the peak-to-
valley current ratio �PVCR� of current resonance peak was
small at room temperature �generally, lower than 2� and the
broadening effect of their spectral linewidth was serious.

In this letter, a hybrid device with the strong resonant
tunneling behaviors and a simple structure is demonstrated
by introducing silver nanoparticles �Ag nanoparticles �NPs��
between the indium tin oxide �ITO� anode and small mol-
ecule organic layered structures rather than using OMO
structures. The performance of such organic RTD is opti-
mized, and a high PVCR of more than 4.5 and a narrow
linewidth ��V�1.8 V� of resonant current peak at half
height between peak and valley current have been achieved
successfully.

The synthesis procedures of Ag NPs referred to the work
of Sun et al.11 In this process, the surface of Ag NPs would
be capped by the organic capping layer. Afterwards, Ag NPs
solution was dispersed into ethanol with the Ag concentra-
tion of 1.25�10−2 mol / l. The resulting Ag NPs have a uni-

form size distribution and no aggregation effect appearing,
and the diameter was in the range of 4.5�0.5 nm, as shown
in the transmission electron microscopy image in Fig. 1�a�. It
can also be verified from the absorption spectrum in the inset
of Fig. 1�a�, where a typical strong plasmon resonance peak
located around 415 nm with a narrow full width at half maxi-
mum was presented.

All devices were fabricated onto 120 nm ITO coated
glass substrates with a sheet resistance of 15 � /�. An op-
timized layer of �10 nm Ag NPs was spin-coated onto the
cleaned substrates and dried naturally for 30 min in a glove-
box. Organic materials including N ,N�-diphenyl-N ,N�-
bis�1-naphthyl�-�1,1�-biphenyl�-4 ,4�-diamine �NPB� and
tris�8-hydroxyquinoline� aluminum �Alq3� were grown se-
quentially by thermal evaporation. A LiF�1 nm�/Al�100 nm�
cathode was deposited and patterned using a mask to define
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FIG. 1. �Color online� �a� The transmission electron microscope image of
Ag nanoparticles, and the scale bar is 5 nm. Inset: the absorption spectrum
of Ag nanoparticles. �b� The schematic illustration of hybrid device
structure.
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an active area of 3.57 cm2. These devices have a hybrid
structure of ITO /AgNPs /NPB /Alq3 /LiF /Al, as shown
in Fig. 1�b�. A control device of ITO /NPB�40 nm� /
Alq3�50 nm� /LiF�1 nm� /Al�100 nm� was fabricated. The
characteristics of current-voltage-luminance �J-V-L� and
electroluminance �EL� spectra were measured by a Keithley
2400 source, a calibrated Si photodiode, and an Oriel spec-
trometer, respectively. The details can be found elsewhere.12

The capacitance-voltage �C-V� tests were carried out using
HP4284A precision LCR meter at 106 Hz.

Figure 2�a� shows the J-V characteristics of the opti-
mized hybrid device and the control device where the thick-
ness of NPB and Alq3 is 40 and 50 nm, respectively. A strong
current resonant peak appears in 4–8 V range when Ag NPs
are introduced between ITO and HTL layer, which is a typi-
cal J-V characteristics of an organic RTD.7 A PVCR value as
high as �4.5 and a narrow peak width of around 1.4–1.8 V
have been achieved.13 PVCR is an important figure of merit
to justify RTD performance that can be used to estimate the
maximum oscillation frequency �fmax� of this device by14

fmax = C−1 �
�I

�V
. �1�

Here, C is the geometric capacitance at the voltage where the
maximum negative conductance is obtained. �I and �V are
the change in current and voltage in the NDC region, respec-
tively. C is about 700–800 pF at the maximum negative con-
ductance. Hence, the fmax of 0.064–0.11 GHz can be ex-
pected from this hybrid device at room temperature.

Such high performance is achieved by optimizing the
thickness of two organic layers, respectively. We find that
PVCR is more dependent on the thicknesses of NPB and
Alq3 as compared with the variation in �V, as shown in Fig.
2�b�. For the device with 50 nm Alq3, when NPB changes

from 10, 20, and 40 to 60 nm, PVCR increases first to its
maximum at 40 nm and then starts to decrease. The same
trend has been observed when Alq3 increases from 30, 40,
and 50 to 60 nm for the device with 40 nm NPB. Thus, the
optimized point is obtained where NPB and Alq3 is 40 and
50 nm, respectively.

Compared with the J-V characteristic of the control de-
vice, the hybrid device exhibits several distinct features.
First, it has a higher current density in low bias range from 4
to 8 V, and the current is nearly proportional to the applied
bias and follow the J�V1.0 relation precisely, as shown in the
inset of Fig. 2�a�. This demonstrates that the device shows a
near linear current which is different from typical behavior
of a semiconductor device.15 A power law fit has also been
carried out giving J�V3.1 �see the inset of Fig. 1�, but it still
deviates from experiment results seriously, which demon-
strates that the current behavior is different from field depen-
dent space charge limited current model �SCLC�. New reso-
nant current channel should be formed after the introduction
of Ag NPs layer. The details will be discussed below. Sec-
ond, between 7 and 8 V, it is in the NDR region where the
current decreases rapidly to its valley value. Third, with the
further increasing of bias, the current also increases slowly.
When we fit this region using power law relationship, J�V1.8

has been obtained, which approaches a square law �J�V2.0�
illustrating the current in this region follows a SCLC model
like an organic light-emitting diode �OLED�.16

The unusual properties in hybrid devices can be inter-
preted by the mechanism as proposed below. From various
studies about OMO structures,3–6 we know that MNPs can
function as deep charge trapping sites to store a great deal of
carriers stably, especially with a capping layer. This effect
can also happen in our case, although we introduce Ag NPs
between ITO and HTL. Figure 3 shows the schematic energy
diagram of the hybrid device. There, Ag NPs form several
discrete trapping levels, and the trapping level can be aligned
with the highest occupied molecular orbital of NPB when the
value of voltage is satisfied. Thus, the resonant channel is
formed and the current reaches to the peak point following a
near linear relation like a capacitor behavior. Above this volt-
age, the energy in resonant channel falls into the trapping
state of Ag NPs that will raise the interfacial barrier to make
the current decrease, and thus NDR occurs. It is noteworthy
that the stored carriers in Ag NPs should be holes rather than
electrons, and the later will accumulate in the Alq3 layer and
cannot pass through this layer due to the effective electron

FIG. 2. �Color online� �a� The J-V characteristics of the hybrid and the
control devices. The inset shows the fitting results by power law and liner
models for J-V in the range of 4.5–7.5 V �left� and 8.5–12.5 V �right�,
respectively. �b� The dependence of PVCR and �V on the thickness of two
organic layers.

FIG. 3. �Color online� Energy level diagram of the hybrid device.
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blocking effect �energy barrier around 0.4 eV� of NPB layer
in NPB /Alq3 interface.3,17 Consequently, there is no light
emission because holes and electrons cannot efficiently re-
combine to form excitons. With the bias increasing further,
the stored holes are driven out of Ag NPs and begin to trans-
port through NPB layer toward cathode side and recombine
with the accumulated electrons to form excitons at the inter-
face of NPB /Alq3 to emit light eventually, which results in a
square law relation of J-V in this region. In addition, for the
reason of the dependence of PVCR on the thickness of two
organic layers, we know that the carrier transport, interface
charging, and blocking effects can be influenced by different
thicknesses of organic layers, either NPB or Alq3. Thin NPB
layer not only cannot block electrons effectively, which leads
to electron leaking into NPB and recombined with the
trapped holes that existed in the Ag NPs, but also it will
enhance interfacial scattering effects.17,18 When Alq3 layer is
thin, similar issues of interfacial scattering and electron pen-
etration into NPB also exist. All of these reasons result in a
small PVCR. However, for thick NPB or Alq3 layer, the field
strength becomes weak at the same bias, which cannot pro-
vide enough momentum energy for charge tunneling and
thus results in small PVCR. The resonant current peak posi-
tion also shifts toward high voltage in 1.5–2.0 V range with
thickness increasing, even those results have not been shown
here. Further studies are in progress to clarify the concrete
mechanism of this dependence. A near constant �V demon-
strates that the trapped energy of Ag NPs for these devices is
equivalent basically according to the relation of �V=�E /e,
where �E and e stand for the energy difference of different
states and electron, respectively.19

Figure 4 shows the V-L characteristic and EL spectra of
the hybrid device. There is no light emission in the resonant
peak region, suggesting that the resonant tunneling current
cannot contribute to the luminance due to the absence of hole
carriers by the strong trapping effect of Ag NPs. When the
bias is further increased, the carrier recombination increases
and a maximum luminance at around 500 cd /m2 has been
obtained in green color. The slight difference of EL spectra
between hybrid and control devices may result from struc-
ture deviation and scattering of Ag NPs. The dependence of
luminance on the thickness of NPB and Alq3 is shown in the
inset of Fig. 4�a�. The thickness of NPB is changed from 10
to 60 nm when Alq3 is 50 nm. Besides, the thickness of Alq3

is adjusted from 30 to 60 nm when NPB layer is 40 nm. We
can see the luminance decreases with increasing NPB thick-
ness. This illustrates that hole is the minority compared with
electron, and partial holes still reside in Ag NPs after the
resonant tunneling occurs. This speculation has been con-
firmed in another work. Therefore, higher luminance can be
achieved for devices with thick Alq3 layer. Further enhance-
ment can be expected by balancing hole and electron species
better or doping high efficient emitters, while resonant tun-
neling behavior is still available.

In conclusion, we demonstrated a robust hybrid
nanoparticle/organic device with strong resonant tunneling
behavior. The PVCR and the emission properties of hybrid
devices are intensively dependent on the variations in the
thickness of two organic layers, and an optimized point is
obtained where the device has a PVCR as high as 4.5 and
narrow peak width ��V�1.8 V� of resonant tunneling cur-
rent, which shows promise as a RTD for practical applica-
tions. With the analysis of current-voltage behavior, the
mechanism based on the charge trapping effect of Ag NPs
make the hybrid device exhibit the dual features like a ca-
pacitor to trap carriers and an OLED to emit light in low and
high bias regions, respectively. To our knowledge, this is the
first demonstration of an organic RTD with simple structure
and high performance at room temperature.
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FIG. 4. �Color online� �a� The L-V characteristic of the hybrid device. Inset:
the dependence of luminance on the thicknesses of NPB and Alq3, respec-
tively. The thickness of NPB is changed from 10 to 60 nm when Alq3 is
fixed at 50 nm. Besides, the thickness of Alq3 is adjusted from 30 to 60 nm
when NPB is fixed at 40 nm. �b� EL spectra of hybrid and control devices.
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