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n recent years, polymeric materials and

their composites with carbon nano-

tube (CNT) have found extensive appli-
cations in organic electronics."? Numerous
molecular electronic devices, including
light-emitting diodes,>* photovoltaic
cells,>~7 transistors,® sensors,” and
memories,'® ' have been demonstrated.
Polymer/organic electronic memories ex-
hibit structural simplicity, good scalability,
high mechanical flexibility, and low fabrica-
tion cost, making them a potential alterna-
tive or supplementary technology to the in-
organic semiconductor information
technology.’>'® Rather than encoding “0”
and “1” as the amount of charges stored in
a cell, a polymer/organic memory stores
data in a different manner, for example,
based on the high and low conductivity re-
sponse to an applied electric field." In ear-
lier works on polymer memory, a number of
polymeric materials have been studied di-
rectly,’® as well as have been used as poly-
electrolytes,'® as components of charge
transfer complexes,?® or as matrix of dyes
in doped or mixed systems.?'"2* The ma-
terials, devices, and mechanism aspects of
polymer electronic memories have been re-
viewed recently.?

In view of many interesting works on
electrical switching and memory effects in
doped or mixed polymer systems,?'~2* the
effect of doping level on the electrical be-
havior of polymeric systems seemingly de-
serves further exploration. It is reasonable
to expect that doping levels will signifi-
cantly affect charge transport processes in
the bulk and at the interface and conse-
quently will have an important influence
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ABSTRACT By varying the carbon nanotube (CNT) content in poly(N-vinylcarbazole) (PVK) composite thin
films, the electrical conductance behavior of an indium—tin oxide/PVK— CNT/aluminum (ITO/PVK—CNT/AI)

sandwich structure can be tuned in a controlled manner. Distinctly different electrical conductance behaviors,

such as (i) insulator behavior, (ii) bistable electrical conductance switching effects (write-once read-many-times

(WORM) memory effect and rewritable memory effect), and (iii) conductor behavior, are discernible from the

current density—voltage characteristics of the composite films. The turn-on voltage of the two bistable

conductance switching devices decreases and the ON/OFF state current ratio of the WORM device increases with

the increase in CNT content of the composite film. Both the WORM and rewritable devices are stable under a

constant voltage stress or a continuous pulse voltage stress, with an ON/OFF state current ratio in excess of 10°.

The conductance switching effects of the composite films have been attributed to electron trapping in the CNTs of

the electron-donating/hole-transporting PVK matrix.

KEYWORDS: PVK - carbon nanotube - conductance

switching - memory - WORM - rewritable -

on device performance.?® In this work, we
report the controllable electrical conduc-
tance switching and nonvolatile memory ef-
fects in poly(N-vinyl carbazole) (PVK, shown
in Figure 1) and carbon nanotube compos-
ite thin films. The electrical and bistable
switching behaviors of the PVK—CNT com-
posite films can be tuned by varying the
CNT content (doping level) in the compos-
ite films. Unique device behaviors, including
(i) insulator behavior, (ii) bistable electrical
conductance switching effects (write-once
read-many-times (WORM) memory and re-
writable memory effects), and (iii) conduc-
tor behavior, can be realized in an ITO/
PVK—CNT/AIl sandwich structure by
increasing the CNT content in the PVK—CNT
composite film.

RESULTS AND DISCUSSION
The electrical properties and switching
effects of the ITO/PVK—CNT/AIl sandwich
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Figure 1. (a) Structural formulas of poly(N-vinylcarbazole)
and surfaced-functionalized carbon nanotube, and (b) sche-
matic diagram of the ITO/PVK—CNT/AIl sandwich devices.

structures are illustrated by the current
density—voltage (J—V) characteristics of Figure 2. Due
to the insulating nature of pure PVK, the PVK film with-
out any CNT content exhibits only a low conductivity
(insulating) state. Doping the film with 0.2% CNT does
not affect the device performance significantly (Figure
2a), except for an increase in electrical conductivity. The
J—V characteristics of devices with 0.5 and 1% CNT con-
tents are similar, and both display distinctly bistable
electrical conductivity states. Starting with the low con-
ductivity (OFF) state in the device containing 1% CNT
content (Figure 2b), the current density increases
gradually with the increase in applied negative voltage
(Al as cathode). The current density remains low, until
the threshold voltage (turn-on voltage) of about —2.2
Vis reached. At the turn-on voltage, the current density
increases abruptly from 107* to 1 A/cm? (Sweep 1), in-
dicating device transition from the low conductivity
(OFF) to the high conductivity (ON) state. In the subse-
quent negative sweep (Sweep 2), the device remains in
its high conductivity state, with an ON/OFF state cur-
rent ratio of about 10* when read at —1 V. The transi-
tion from the OFF state to the ON state serves as the
“writing” process for the memory device, and “0” and
“1” can be encoded from the low conductivity state and
high conductivity state, respectively. After a reverse
sweep to +4 V (Sweep 3), the high conductivity state
is maintained, thereby suggesting the write-once read-
many-times (WORM) memory behavior for the 1% CNT-
containing device. The device containing 0.5% CNT
switches at a slightly higher voltage of —2.5 V with a
slightly lower ON/OFF state current ratio of about 2 X
10% and exhibits similar WORM memory switching
behavior.

The device with 2% CNT content also exhibits
bistable electrical switching behavior, as illustrated by
the J—V characteristics of Figure 2c. With the increased
CNT content in the composite film, both the OFF and
ON state current densities have increased. The device
exhibits a significantly lower turn-on voltage of —1.8 V
and an ON/OFF state current ratio of 5 X 10° (Sweep 1).
However, after reading the ON state in the negative
sweep (Sweep 2), a positively biased sweep (Sweep 3)
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can program the ON state back to the original OFF
state at 2.9 V. The positive voltage sweep thus serves
as the “erase” process for the rewritable memory de-
vice. The OFF state of the device can be read (Sweep 4)
and reprogrammed to the ON state again in the subse-
quent negative sweep (Sweep 5), thus completing the
“write-read-erase-read-rewrite” cycle. The cycle can be
repeated with fairly good accuracy (inset of Figure 2c).
The present ITO/PVK—CNT/AIl devices were character-
ized under ambient conditions. The absorption and ad-
sorption of air and moisture might have affected the
electrical properties of the polymer and the polymer/
metal interface.?” The electrical stress might also have
an effect on the inherent electrical relaxation of the
polymer and organic materials.?> Thus, a minor shift or
fluctuation in switching voltages might be expected.
The nonvolatile and reprogrammable switching behav-
ior of the device based on the PVK—2% CNT compos-
ite film is characteristic of that of a rewritable memory.
Further increase in CNT content results in a significant
increase in the conductivity of the composite film, and
devices with =3% CNT content all exhibit a single state
conductor behavior (Figure 2d).

The J—V characteristics of ITO/PVK—CNT/Cu de-
vices exhibit similar bistable conductivity switching be-
haviors, albeit with higher turn-on voltages (Figure 3).
The increase in the turn-on voltage is consistent with
the increase in the work function of metal electrode
(—4.7 eV for Cu vs —4.3 eV for Al),”® which leads to a
higher energy barrier for electron injection from the
electrode into the PVK matrix. The energy difference be-
tween the work function of Cu and the lowest unoccu-
pied molecular orbital (LUMO) of PVK is 2.7 eV. How-
ever, the charge carrier injection barrier height at metal/
PVK interface is still lower than the trap depth
associated with the CNT/PVK interface (3.1 eV, or the en-
ergy difference between the work function of CNT,
—5.1 eV, and the LUMO of PVK, —2.0 eV).?°~ 33 Regard-
less of whether the top metal electrode is Al or Cu, de-
vices containing 1% CNT always exhibit WORM memory
switching effect, while devices containing 2% CNT al-
ways exhibit rewritable memory switching effect. Thus,
the conductance switching observed must be intrinsic
to the PVK—CNT composite films. It has also been re-
ported that the Al/polymer interface may play a role in
the electrical bistability, and conductivity switching may
occur in the native or electrically oxidized aluminum ox-
ide layer.3*3> However, the influence of any oxide layer
on the switching phenomena observed in the present
bistable conductivity switching devices can be ruled
out by employing Cu or Au as the top electrode since
Cu and Au are more inert and are less likely to be oxi-
dized. Conductive metallic filaments may also form dur-
ing thermal evaporation of the top electrode or upon
application of an electric field to the sandwich
device.3®"38 The resistance of the filaments should in-
crease linearly with the increase in temperature, follow-
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ing the behavior of a metallic conductor. Figure 3a,b
shows the respective temperature-independent ON
state currents of an ITO/PVK—CNT/Cu WORM memory
device and an ITO/PVK—CNT/Cu rewritable memory de-
vice retrieved at —1 V. Both currents remain almost con-
stant in the temperature range of 25—125 °C. Thus,
the metallic filamentary conduction mechanism can be
ruled out by the lack of an obvious temperature-
dependent ON state current in the present devices.
Moreover, it is unlikely that the filament formation is
the origin of the conductance switching because the
J—V characteristics of the PVK—CNT composite films are
strongly dependent on the content of carbon
nanotubes.

Carbazole moieties are well-known electron donors
and hole transporters in organic electronics.3%4°
Carbazole-containing polymers can also form charge
transfer (CT) complexes with appropriate electron ac-
ceptors. Memory devices based on PVK—2,4,7-trinitro-
9-fluorenone (PVK—TNF) CT complexes have been
demonstrated recently.*' Pristine PVK film on ITO sub-
strate exhibits optical absorption peaks at 290, 345, and
372 nm. By introducing CNT into the polymer film, the
absorption peak of carbazole moieties at 372 nm is
blue-shifted slightly, indicating the presence of weak lo-
calized interaction between the carbazole moieties of
PVK and the carboxylic moieties of surfaced-
functionalized CNTs. No significant change in line shape
of the absorption spectrum is observed after switching
the composite film containing 1% CNT to the ON state.
The XPS C 1s and N 1s core-level spectra of the polymer
composite film containing 1% CNT do not exhibit any
significant change in binding energy or line shape af-
ter conductivity switching either. Thus, the observed
conductivity switching is probably not induced by the
CT interaction or complex formation between PVK and
CNTs in the present composite films.

The J—V characteristics of the insulator, bistable de-
vices, and conductor are fitted with appropriate charge
transport models (Figure 4a—d). Due to low CNT con-
tent in the composite films, PVK is the dominant com-
ponent and serves as the matrix of the active layer in
the present devices. CNT has a much higher work func-
tion (—5.1 eV) compared to the LUMO level of PVK
(—2.0 eV) and is more likely to serve as the electron
trapping center and electron transporter.*33 Upon ap-
plying a negative voltage to the top (Al) electrode, elec-
trons are injected into the composite film and trapped
by the CNTs. The trapped electrons will induce a coun-
tering space-charge layer in PVK near the Al electrode.
Under low bias, electrons do not have sufficient energy/
mobility to escape from the isolated CNT trapping cen-
ters in the PVK matrix, and the small current is attrib-
uted to hole transport in the PVK matrix. The current of
the insulator or the OFF state current of bistable de-
vices can be fitted by a space-charge-limited current
(SCLQ) (Figure 4a)**
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Figure 2. J—V characteristics of the ITO/PVK—CNT/AI devices
containing (a) 0.2%, (b) 1%, (c) 2%, and (d) 3% carbon
nanotubes.

_ 9V
J= Aguesog (1

where A is a positive constant, w is the mobility of
charge carriers, g, is the absolute permittivity of the
composite film, and d is the thickness of the compos-
ite film.

Charge carriers can acquire activation energy from
an external electric field, and their mobility increases
with the applied voltage sweeps.*? In a 0.2% CNT-
containing device, the large separation between nano-
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Figure 3. J—V characteristics of the ITO/PVK—CNT/Cu devices containing (a) 1% and (b) 2% carbon electric field will prevent
nanotubes.
the trapped electrons
tubes prevents the charge carriers from inter-nanotube from being neutralized or
hopping, resulting in a single low conductivity state. extracted, and the devices remain in the high conduc-

For devices containing 0.5—1% CNT, the distances be- tivity state, characteristic of the behavior of a WORM
tween isolated nanotubes are reduced. At the threshold  memory. For the device containing 2% CNT, the CNTs

switching voltage, a majority of the charge trapping can come into contact with the electrode. The energy
centers are filled, and a trap-free environment exists in  difference between the work function of CNT (—5.1 eV)
the composite film. Percolation pathways for charge and the work function of Al (—4.3 eV), as well as the do-

carriers among the CNTs are formed, allowing for inter-  nor nature of the PVK matrix, will prevent the trapped
nanotube hopping and switching the devices from the  charges in CNTs from being detrapped when the power
low conductivity (OFF) state to the high conductivity supply is turned off, leading to the nonvolatile nature
(ON) state. The ON state currents of the WORM devices  of the memory device. Upon application of a reverse
containing 0.5—1% CNT can be fitted by a space-charge  (positive) bias of sufficient magnitude and with the

(SC)-modulated Frenkel—Poole emission current (Fig- elimination of the space-charge layer in PVK near the
ure 4b)*? polymer—electrode interface (when the CNTs come
into contact with the electrodes), the trapped charges
J= A9 v 0.891( g’v \" q in the CNTs will be neutralized or extracted. As a result
= Agheg,—sexpy = = P + BVexp T : g
8 gy the device returns to the original low conductivity state,

qV characteristic of the behavior of a rewritable memory.
( wee,d ¢B)} @ For devices containing =3% CNT, continuous
w-conjugated networks are formed in the bulk films
arising from the close stacking of the carbon nano-
tubes. This continuous network allows effective trans-
port of charge carriers even under low bias, making the
and ¢g is the energy barrier at the PVK—CNT interface  yqyjices highly conductive. The single high conductiv-
(3.1 eV). With further increase in CNT concentration, the ity state in devices containing 3% or more of CNT can
CNTs in the composite thin film can come into direct be fitted by the Ohmic current (Figure 4d).
contact with both electrodes, eliminating the space-
charge layer formed near the PVK—Al interface. The ON
state current of the rewritable device containing 2%

mee,d

where k is the Boltzmann constant, T is the ambient
temperature, g is the absolute value of the unit elec-
tronic charge (1.6 X 107" (), B is a positive constant,

As shown in the FE-SEM images of Figure 5, carbon
nanotubes are distributed uniformly in the PVK matrix.
CNTs are well integrated into the polymer matrix, and it
CNT can be fitted by a space-charge-free is difficult to distinguish individual CNT from the PVK
Frenkel —Poole emission current (Figure 4c)* matrix. The effect of CNT content in the composite films

on device performance, including current density,
J = BVexpi L @y 3)  turn- It d ON/OFF st io, i -
KT meeyd B urn-on voltage, an state current ratio, is sum
marized in Figure 6. The electrical conductivity of the
Due to the strong electron-withdrawing ability of composite films is enhanced by 6 orders of magnitude
CNT and the extensive w-conjugation along the CNT with the increase in CNT content from 0 to 3%. The
axis, electrons are deeply trapped in the CNT network turn-on voltage of the bistable devices decreases from
and stabilized by the PVK matrix (electron donor and —2.5to —1.8V, as the CNT content is increased from 0.5
hole transporter) throughout the entire composite to 2%. The decrease in the distance between isolated
film.** Thus, even after turning off the power supply, nanotubes leads to a lower activation energy (percola-
the CNT system still retains the trapped charge carriers  tion threshold) for effective charge carrier hopping and
and the charged state. Consequently, the composite thus a reduced threshold switching voltage. As a one-
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Figure 4. Experimental and fitted J—V characteristics, and conduction mechanism of the ITO/PVK—CNT/AI devices contain-
ing (a) 0.2%, (b) 1% (ON state), (c) 2% (ON state), and (d) 3% carbon nanotubes.

dimensional conductor along its axis, the orientation
and alignment of CNTs are expected to have a signifi-
cant effect on the electrical behavior of the composite
films. Spin-casting of the composites on ITO substrates
leads to a thin composite film with planar and random
orientation of CNTs in the film. Thus, the device behav-
ior associated with charge carrier trapping and inter-
CNT hopping will be directly dependent on the effec-
tive distance between neighboring CNTs or the CNT
content in the composite film. With CNT content in-
creased from 0.2 to 3%, the distance between isolated
nanotubes is significantly reduced from 150 to 10 nm
(Table 1 and Supporting Information). A distance of 150
nm is too large for charge hopping in the PVK—0.2%
CNT composite, compared to the diameter of individual
carbon nanotube (15 nm). On the other hand, the effec-
tive distances of 30 nm (PVK—1% CNT composite) and
15 nm (PVK—2% CNT composite) are comparable to the
diameter of individual carbon nanotube and are suit-
able for charge hopping among individual nanotubes.
Finally, at the effective distance of 10 nm (PVK—3% CNT
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TABLE 1. Effective Distance between Neighboring CNTs in
the PVK-CNT Composite Films and the Corresponding
Device Behavior (Diameter of CNT = 15 nm)

CNT content (weight percentage)  effective distance (nm) device type
0.2% 150 insulator
1% 30 WORM memory
2% 15 rewritable memory
3% 10 conductor

composite), which is even smaller than the diameter of
individual carbon nanotubes, continuous electron path-
ways probably have formed. Due to the strong electron-
withdrawing ability of CNT, a large number of elec-
trons are captured by the CNTs in the WORM device.
The higher CNT content also provides a larger number
of electron pathways throughout the entire composite
film. Once the threshold voltage is reached, a larger
number of electrons are transferred via the increased
number of carrier pathways, resulting in a significant in-
crease in the ON state current and a consequent in-

=4
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Figure 5. FE-SEM images (cross-sectional view) of the PVK—CNT composite films containing (a) 0.2%, (b) 1%, (c) 2%, and (d)

3% carbon nanotubes.

crease in the ON/OFF state current ratio. With the fur-
ther increase in CNT content to 2% and the
simultaneous decrease in distance between isolated
nanotubes, charge carrier transport along the electron
pathways via inter-CNT hopping becomes easier and
occurs earlier than that in the WORM device, resulting
in less charge carriers being trapped before switching.
Thus, a smaller ON/OFF state current ratio is observed in
the rewritable device.

Besides the large ON/OFF state current ratio, which
promises a low misreading rate of the device during op-
eration, stability against constant and pulse voltage
stresses, as well as the switching time, are also impor-
tant parameters in switching performance. The OFF and
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ON state currents in both the WORM and rewritable de-
vices can be sustained under a constant voltage stress
of —1 V for up to 3 h, as shown in Figure 7a,b, respec-
tively. The ON and OFF states of both the WORM
memory device (Figure 7¢) and rewritable memory de-
vice (Figure 7d) are stable for up to 102 continuous read
pulses of —1 V (pulse period = 2 ws, pulse width = 1
ws). The Al/PVK—CNT/ITO bistable devices have a
switching time of ~10 s (Supporting Information, Fig-
ure S3), which is slower than the writing time (1 to 0.1
ws) of the commercial silicon-based memory devices.?
Upon proper encapsulation of the ITO/PVK—CNT/AI
structure, the device performance is expected to
improve.
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@NTA!N[() VOL.3 = NO.7 = LIU ET AL

www.acsnano.org



(@) e

ITO/PVK-1% CNT/AI
10"'{ —® OFF State
—O— ON State

10¢] e

Current Density, J (Alcmz)
3

0.0 20k 40k 6.0k 80k 10.0k 120k
Stress Time (s)

10 (c)

o—0—o0— 00— 0o o
7 ITOPVK-1% CNT/AI
10"{ = OFF State

—O— ON State =1 us td=2 us
=1V
10°
10.4_ . a— " . -

Current Density, J (Alcmz)
3

10° 10" 10° 10° 10* 10° 10° 10" 10°
No. of Read Cycle

(O p—
ITO/PVK-2% CNT/AI

1074 —m— OFF State
—O—ON State

\mﬂ

00 20k 40k 60k 80k 10.0k 120k
Stress Time (s)

Current Density, J (Alcmz)
3

10°- ﬂo’“ "_JJ\O_,/D\Q__/-OJ

ITO/PVK-2 wt% CNT/AI
10"{ —® OFF State
—O—ON State =1 us td=2 us

1072 v=-1V

10°

Current Density, J (Alcmz)

10° 10" 10° 10° 10* 10° 10° 10" 10°
No. of Read Cycle

Figure 7. Stability of the ITO/PVK—CNT/AI devices containing 1 and 2% carbon nanotubes in the ON and OFF state, (a,b)
under a constant stress of —1 V and (c,d) under a continuous read pulse with a peak voltage of —1V, a pulse width of 1 s,

and a pulse period of 2 ps.

CONCLUSIONS

Through controlling the CNT content in the
PVK—CNT composite film, electronic devices with a
sandwich structure of ITO/PVK—CNT/AI are capable of
exhibiting (i) insulator behavior, (ii) bistable electrical
switching behavior (WORM memory and rewritable
memory effects), and (iii) conductor behavior. In addi-
tion to different device behaviors, device performance

MATERIALS AND METHODS

Materials. Poly(N-vinylcarbazole) (PVK, M,, ~ 35 000, polydis-
persity ~ 2, density = 1.2 g/cm®) was purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO). Multiwalled carbon nano-
tubes (CNTs) were purchased from NanoLab Inc. (Newton, MA).
The outer diameter, length, specific surface area, and purity of
the CNTs were 15 nm, 5—20 wm, 200—400 m?/g, and 95%, re-
spectively. The density of multiwalled CNTs is about 2.1 g/cm? as
reported.”®

Carbon Nanotube Functionalization. To improve compatibility
with the PVK matrix film, the surface of CNT was functionalized
with linear alkyl chains (Figure 1), following procedures de-
scribed in the literature (Supporting Information, Figure S51).4647
Multiwall carbon nanotubes, instead of single-wall carbon nano-
tubes, were used because of their stability and ease of surface
modification while maintaining their specific electrical proper-
ties. The carboxyl-functionalized multiwall CNTs were first pre-
pared via ultrasonication in 1:3 (volume ratio) mixture of concen-
trated nitric acid/sulfuric acid at 50 °C for 6 h. The mixed acid
treatment not only introduced a carboxylic group onto the sur-
face of the CNTs but also removed the amorphous carbon and
metal catalyst residues.*®~>° Thus, the electrical properties of the
CNTs were not affected by the conductive impurities. The acidic
form of CNTs was converted into sodium salt by ultrasonication
in 5 mM aqueous NaOH solution. The sodium salt form of CNTs
was refluxed with tetrabutylammonium hydrogensulfate and
1-bromododecane until the suspension became clear and the es-
terified CNTs precipitated out of the solution. The black solids
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parameters, including conductivity, turn-on voltage,
and ON/OFF state current ratio, can also be tuned by
varying the doping level, or the CNT content, in the
composite films. The controllable electrical properties
and nonvolatile electrical bistable switching effects in
the composite films can be attributed to electron trap-
ping in the carbon nanotubes of the electron-donating/
hole-transporting PVK matrix.

were collected and dried in a vacuum oven at 50 °C overnight.
The work function of the CNTs increased from —4.3 to —5.1 eV.
The increase was due to the reduction in 7 conjugation of the
CNTs and the increase in inward-pointing surface dipoles caused
by the presence of surface carboxylic groups.>? Esterification of
the outer carboxylic groups probably would not affect the 1 con-
jugation further. Thus the work function of the esterified CNTs
should be similar to that of the acid-treated CNTs (—5.1 eV). The
surface-functionalized CNTs also exhibited improved dispersity
in organic solvents.

Device Fabrication and Characterization. The electrical properties
of PVK—CNT composites were evaluated in ITO/PVK—CNT/AI
sandwich devices (Figure 1). The ITO-glass substrates were pre-
cleaned by ultrasonication for 15 min each in deionized water,
acetone, and 2-propanol, in that order. A 50 L toluene solution
of PVK (10 mg/mL), containing 0—5% of CNTs, was spin-coated
onto a precleaned ITO substrate at a spinning speed of 2000 rpm
and a duration of 60 s, using a G3P-8 spin-coater (Specialty Coat-
ing Systems, Inc.). The film was dried under reduced pressure
(107° Torr) at room temperature overnight. The thickness of the
resultant PVK—CNT composite film is around 200 nm, as mea-
sured by a step-profiler. Finally, Al was thermally evaporated
onto the film surface at 1077 Torr through a shadow mask to
form 0.4 X 0.4,0.2 X 0.2, and 0.15 X 0.15 mm? top electrodes
with thickness of about 300 nm, using a Leybold UHV Univex 350
thermal evaporation system. Devices with thermally evaporated
Cu and Au top electrodes were fabricated similarly.
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The as-fabricated devices were characterized under ambient
conditions on a probe station (Probing Solutions Inc.), using a
Hewlett-Packard 4155B semiconductor parameter analyzer with
an Agilent 16440A SMU/pulse generator. The ITO/PVK—CNT/Cu
device was characterized at different temperatures on a Cascade
Microchamber probe station, with a Keithley 4200 semiconduc-
tor parameter analyzer and a Temptronic temperature control-
ling system. The chemical states of the composite films in the
two bistable conductivity states were also analyzed by X-ray
photoelectron spectroscopy (XPS). XPS measurements were car-
ried out on a Kratos AXIS HSi spectrometer (Manchester, UK).
PVK—CNT composite films for XPS measurements were formed
by casting a drop of the toluene solution of PVK—CNT compos-
ite onto TEM copper grids, followed by drying under reduced
pressure. A removable mercury drop was then introduced on top
of the composite film to form the Cu/PVK—CNT/Hg sandwich
structure. A voltage of —4 V was applied to the Hg droplet, with
the Cu grid as the bottom electrode, using a Keithley 238 cur-
rent source unit. XPS spectra of the composite films were re-
corded after removing the Hg droplet electrode. UV—visible ab-
sorption spectra corresponding to the two bistable conductivity
states of the composite film were obtained similarly with a re-
movable Hg top electrode in the ITO/PVK—CNT/Hg structure, on
a Shimadzu UV-3101 PC UV—vis—NIR scanning spectrophotom-
eter.

Supporting Information Available: Procedures for surface func-
tionalization of carbon nanotubes and calculation of effective
distance between neighboring carbon nanotubes in the PVK ma-
trices with different CNT loadings. Measurements of switching
time in Al/PVK—CNT/ITO bistable devices. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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