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N-dodecanethiol capped zinc sulfide (ZnS) nanocrystals were synthesized by the one-pot approach and blended with
poly (N-vinylcarbazole) (PVK) to fabricate electrical bistable devices. The corresponding devices did exhibit electrical
bistability and negative differential resistance (NDR) effects. A large ON/OFF current ratio of 10* at negative voltages
was obtained by applying different amplitudes of sweeping voltage. The observed conductance switching and the negative
differential resistance are attributed to the electric-field-induced charge transfer between the nanocrystals and the polymer,

and the charge trapping/detrapping in the nanocrystals.
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1. Introduction

Nanocomposites containing organic and inorganic nano-
materials have been extensively studied for their potential
applications in nonvolatile memory devices.!'*! These non-
volatile memory devices utilize two conducting states (high
or low) and are also called electrical bistable devices. So
far, a large variety of nanomaterials, such as metal and in-
organic nanoparticles (NPs), have been synthesized and ex-
plored for electrical bistable devices.*®! Electrical bistable
states have been successfully demonstrated in the solution-
processed blend film of AgS, ZnO, or CdSe/ZnS nanoparticles

9-121 However, the organics used in those works

with organics.!
were mainly insulated polymers and nanocrystals used were
typically toxic and hard to synthesize, which largely limit the
further applications of these devices. On the other hand, ZnS
nanocrystals are less toxic, easy to acquire, but rarely used in
organic electrical bistable devices.

In this paper, N-dodecanethiol capped ZnS nanocrys-
tals were synthesized by the one-pot approach and used to
fabricate bistable devices with an indium-tin oxide/ poly(3,4-
ethylenedioxythiophene):poly-(styrene-sulfonate)/PVK:ZnS
NPs/aluminum (ITO/PEDOT:PSS/ZnS:PVK/Al) structure at
different concentrations of PVK: ZnS NPs. The correspond-
ing devices successfully demonstrated bistable properties,
with the maximum ON/OFF current ratio on the order of
10*. The negative differential resistance effects were observed
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in the negative voltage region and attributed to the charge

trapping/detrapping process in the nanocrystals.

2. Experiment

The ZnS colloidal nanoparticles capped by n-
dodecanethiol used in this study were synthesized accord-
13,14

ing to our previous report.['3!41 3 mmol zinc acetylacetonate
(Zn(acac);), 5 mL n-dodecanethiol (DDT), and 15 mL 1-
octadecene (ODE) were poured into a 50-mL three-neck flask,
and then the N, flow was piped in to degas the mixture under
magnetic stirring for about 30 min. Afterwards, the mixture
was gradually heated to 240 °C and kept heating at this tem-
perature for 4 h, and then it was moved away from the heating
mantle and cooled to room temperature naturally. Finally, the
mixture was centrifuged and dried in a vacuum to complete
the synthesis.

Figure 1(a) shows the X-ray powder diffraction pattern
(XRD) of the as-obtained ZnS nanocrystals. It indicates that
the resultant nanocrystals are orthorhombic chalcocite ZnS.
The transmission electron microscopy (TEM) image of the as-
obtained ZnS nanocrystals shown in Fig. 1(b) demonstrates
that the nanocrystals have a spherical shape with a mean size

of 8 nm.
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Fig. 1. (color online) (a) XRD pattern of ZnS nanoparticles and stan-

dard diffraction lines of monoclinic ZnS. (b)TEM image of resultant
ZnS nanoparticles.
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Fig. 2. (color online) Schematic illustration of the
ITO/PEDOT:PSS/ZnS:PVK/Al organic bistable device and
the chemical structures of PVK and n-dodecanethiol coated ZnS
nanoparticle.

The indium tin oxide (with a thickness of 100 nm and
a sheet resistance of 15 Q/[J) coated glasses were ultrason-
ically cleaned in deionized water, acetone, and isopropanol
successively. The substrates were then dried by N, and treated
with UV ozone for 10 min. A thin PEDOT:PSS film was spin
coated on the top of the ITO substrates at room temperature,
and annealed at 150 °C for 15 min to improve the device stabil-
ity by hindering oxygen and indium diffusion through the an-
ode. The poly-(N-vinylcarbazole) (PVK) and ZnS nanocrys-
tals were mixed and dissolved in chlorobenzene solution with
three mass ratios (1:1, 1:3, and 3:1), and then spin coated on
the top of the PEDOT:PSS layer at 2000 rpm for 40 s in a
glove box to form the active layer. Finally, 100 nm of Al was
deposited on the ZnS:PVK layer by the thermal evaporation

technique to complete the device fabrication under a vacuum
of about 1x 107 torr. The cross-sectional area of the device is
4.5 mm?. Figure 2 shows the schematic diagram of the device
and the chemical structures of PVK and ZnS. The current—
voltage characteristics of the devices were tested by using a
Keithley 2612 source meter controlled by a computer (Test
Script Builder) at room temperature.

3. Results and discussion

The I-V characteristics of the devices are shown in Fig. 3.
The voltage bias was cycled between —5 V and 5 V starting
from O V. The device based on pure PVK exhibits a small
hysteresis, while a large electrical hysteresis loop can be ob-
served in the device with ZnS nanoparticles. This evidences
the existence of electrical bistable behavior in the device with
the ITO/PEDOT:PSS/ZnS:PVK/AL structure. In addition, we
compared the /-V characteristics for the devices with different
mass ratios of PVK: ZnS NPs (1:1, 1:3, and 3:1) (the result is
not shown here). The devices show similar current hystere-
sis in the /-V curve. The device with the ratio of 1:1 exhibits a
higher amplitude of the hysteresis and a bigger ON/OFF ratio
at the same sweeping voltage compared to those of the other
two devices. The low and high resistance states correspond to
the relatively ON state and OFF state, respectively. Under a
voltage bias below 1.8 V, the device is in the high resistance
state (OFF state). Resistive switching occurs at about 1.8 V,
above which the device becomes more conductive. The thresh-
old voltage is typically called Von.!'>] When the voltage grad-
ually drops from 5 V to —5 'V, the electrical current remains in
the ON state till Vopg is reached. The Vopr is typically defined
as the voltage bias required for switching to the OFF state,
which is —1 V in this case. A negative differential resistance
is observed in the negative bias, which is a result of the charge
trapping either in nanoparticles or in the defect states formed
at the interface between the metal electrode and the organic

16.17] 1y addition, after 15 min UV-ozone treat-

semiconductor. !
ment, the device does not exhibit the electrical bistable behav-
ior any more (Fig. 3), which indicates that the n-dodecanethiol
surfactant plays an important role in the electrical bistability
of the device, since the UV-ozone irradiation can remove the

(18

n-dodecanethiol surfactant.!'8) This implies that the presence

of the insulating n-dodecanethiol layer can prevent the charge
recombination after removal of the external electric field.[!”]
To clarify the carrier transport mechanism in our devices,
we have fitted the experimental /-V curves in ON and OFF
states using theoretical models on organic electronics. Fig-
ure 4 shows the experimental results and the linear fitting for

the OFF state in the positive voltage region.

037201-2



Chin. Phys. B Vol. 24, No. 3 (2015) 037201

2
102 A
<
> 1074}
=}
8 L
—
=
O 10-6
= ZnS:PVK
[ e PVK only ®
10-8 4 ZnS:PVK after UV-ozone treatment
—6 —4 —2 0 2 4 6

Voltage/V

Fig. 3. (color online) The current—voltage curves of the ZnS:PVK com-
posite film, the pure PVK film, and the ZnS:PVK composite film after
15 min UV-ozone treatment. The arrow head shows the dirrection of
the sweeping voltages.
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Fig. 4. (color online) Experimental results (open cycle) and theoretical
linear fitting (solid line) of /-V characteristics in the positive voltage

region. (a) Linear relationship of log/ versus logV'!/2

in the voltage

range of 0—1.7 V (OFF state). (b) Linear fit in double logarithmic scale
in the voltage range of 1.8—4.2 V (OFF state). (c) Linear fit in double
logarithmic scale in the voltage range of 0.2-3.6 V (ON state).

As shown in Fig. 4, the experimental /-V curve in the
voltage range of 0-1.7 V can be well fitted by the thermionic
emission model (log/ o< V1/2), indicative of the injection-
limited current.!*’! However, the log/-logV characteristics in
the range from 1.8 V to 4.2 V (Fig. 4(b)) exhibit a large linear
slope of 3.29, which is consistent with a trap-controlled space
charge limit (TCLC) model (I o< V%, o > 2).2!l The above
fitting results suggest that charge carriers overcome the energy
barrier at a voltage above Von and are captured by the traps
in the ZnS nanospheres with an exponential distribution in the
forbidden gap.

In contrast, the experimental /-V result in the ON state
can be well described by an Ohmic model. In Fig. 4(c), a dis-
tinct linear relationship between log/ and logV, with a slope
of 1.27, is observed in the positive region (0.2-3.6 V). The the-
oretical fitting indicates that the current in this region could be
described by the Ohmic law (I o< V).[??] The results reveal that
the traps in the ZnS nanospheres have been filled by the car-
riers during the aforementioned TCLC process. The trapped
carriers boost the internal electrical field at the ZnS/PVK in-
terface and change the device conductivity. All the theoretical
fitting results are consistent with the charge trapping mecha-
nism.

Based on the theory analysis above, the electrical bista-
bility observed in our devices can be well explained by the
field-assisted charge transfer between the ZnS nanocrystals
and the PVK matrix. Under a positive voltage (0-1.7 V),
the injection of holes from the ITO into the highest occu-
pied molecular orbital (HOMO) level of PVK occurs through
the thermionic emission process and the holes existing at the
HOMO level transport along the applied electric field direc-
tion through hopping among the PVK molecules. When the
external electric field is high enough (1.8-4.2 V), electrons
on the HOMO of PVK may gain enough energy and tun-
nel through n-dodecanethiol into the ZnS nanoparticles, the
charge transfer will occur between ZnS and PVK. As a re-
sult, the ZnS nanocrystals are negatively charged and PVK is
positively charged, leading to an internal electric field. There-
fore, the trapped charges in this process result in the transition
of the device from OFF state to ON state. When the volt-
age is reduced from 5 V to 0 V, the negative charge on the
nanoparticles may be stable due to the presence of the insu-
lating n-dodecanethiol capping layer on the ZnS nanocrystals,
which prevents the charge recombination after removing the
external electric field. When a negative voltage is applied to
the electrode (—5-0 V), because the holes captured in the ZnS
nanoparticles under the negative electric field are released into
the PVK matrix and then transported to the ITO substrate, the
erasing process is performed.!'>23-201 The generated internal
electric field disappears due to the release of the holes cap-
tured in the ZnS nanoparticles, which leads to the recovery of
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the device’s resistance.

In summary, the working process of the device includes
three stages. Firstly, the field-assisted charge transfer occurs
between the PVK matrix and the ZnS nanoparticles when a
high electric field is applied to the device. As aresult, the resis-
tance of the device decreases, representing a writing process.
Secondly, when the voltage is reduced or removed, the con-
ductivity of the device remains in the ON state with the help
of the capping layer of the ZnS nanoparticles, which means
the information is recorded in the device. At last, the charge
can be released under a negative voltage so that the resistance
increases, indicating an erasing process.

4. Conclusion

The nonvolatile memory devices with the structure of
ITO/PEDOT:PSS/ZnS:PVK/Al were fabricated by a simple
spin-coating method. The devices exhibited electrical bista-
bility and negative differential resistance behavior due to the
existence of the n-dodecanethiol coating the ZnS nanoparti-
cles. The maximum ON/OFF current ratio of the device was
as large as 10*. The observed conductance switching and neg-
ative differential resistance can be attributed to the electric-
field-induced charge trapping/detrapping at the interface be-
tween the nanocrystals and the PVK matrix.
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