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The author study conduction mechanism in two conducting states of a bistable device at 10-300 K
range. They find that in the electrical bistable devices, electrical switching is associated with a
change in the conduction mechanism. Device current in the low-conducting state follows an
injection-limited mechanism. The current in the high-conducting state conforms a bulk-dominated
mechanism, namely, space-charge limited conduction with an exponential distribution of traps. The

bistability has

an associated memory phenomenon. The devices exhibit read-only and

random-access memory applications for several hours. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2358946]

Memory phenomenon in organic molecules' ™ is based
on electrical bistability of the materials. The bistability is
generally due to a change in corformation of the
molecules,7’8 electroreduction,4’8_11 or polaron formation.'?
When the bistability is stable and sustainable without any
bias, it is referred to as memory switching3’4’“’13 (as opposed
to threshold switching,m’15 where a bias is needed to retain
the high-conducting state). Molecules that exhibit such a bi-
stability are considered for memory applications.‘g’4

In the light of two conducting states at a bias, it would
be worthwhile to study the conduction mechanisms involved
in the high- and low-conducting states. In metal/organic/
metal structures, injection-dominated and bulk-dominated
mechanisms are considered to explain current-voltage (I-V)
characteristics.'®™"® The injection-dominated mechanisms
were temperature-independent tunneling and temperature-
dependent thermionic emission. With respect to bulk-
dominated mechanisms, Ohmic conduction, space-charge
limited conduction (SCLC), and SCLC with an exponential
distribution of traps are considered. In this letter, we have
studied different conduction mechanisms involved in electri-
cally bistable devices.

Most of the biplanar molecules in xanthene class exhibit
electrical bistability.4 In the present work, we chose eryth-
rosin B (inset of Fig. 1). Due to the presence of alkoxide and
carboxylate moieties, the molecule can be deposited via
layer-by-layer (LbL) electrostatic assembly with a suitable
polycation, namely, poly(allylamine hydrochloride) (PAH).
Both the materials were purchased from Aldrich Chemical
Co. LbL films of erythrosin B with PAH were deposited
following standard procedure.8 The films were dried in a
vacuum oven (1073Torr, 100 °C) for 6 h. Aluminum (Al)
was thermally evaporated in vacuum on top of the erythrosin
B films to complete device fabrication. Active area of each of
the devices was 5.5 mm?,

To study I-V characteristics at fixed temperatures, de-
vices were kept in a cryostat (Janis CCS 150 closed cycle
refrigerator). Temperature of the device structure was con-
trolled by a LakeShore 331 temperature controller. /-V char-
acteristics were recorded with a Yokogawa 7651 program-
mable dc source and a Keithley 486 picoammeter. Bias was
applied to the indium tin oxide (ITO) electrode with respect
to the Al
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I-V characteristics of devices based on 10 and 15 bilay-
ers of erythrosin B for two voltage-sweep directions are
shown in Fig. 1. The figure shows that the magnitude of
current switches to a high value at around —2.2 V during the
sweep from a positive voltage. During the sweep to a posi-
tive bias, the magnitude shows a sharp drop at around 2.6 V.
In the scan from a negative voltage, magnitude of current at
any bias is much higher as compared to that during the
sweep from a positive voltage. In other words, current at a
particular bias depends on the direction of voltage sweep.
Magnitude of current for both high- and low-conducting
states is expectedly higher in a ten-layer device as compared
to the respective ones of a 15-layer device.

Threshold voltage (Vy,), the bias at which switching to a
high-conducting state occurs, does not depend of the thick-
ness of the films. This shows that the switching is a voltage-
driven process. In these molecules, due to the electron-
accepting functional groups (iodine, in this case),
conductivity of pristine material is in general low. Electrore-
duction, along with conformation change, results in in-
creased conjugation in these biplanar molecules. Hopping
process through the conjugated moieties leads to the high-
conducting state of the device.

The switching between the two states is reversible in
nature and occurs in cycles. Figure 2 shows /-V characteris-
tics of a device in three consecutive loops. The figure, plotted
in log-linear scale, shows that when bias is applied in a loop,
the electrochemical reaction processes also cycle reversibly
resulting in reproducible /-V characteristics. The figure fur-
ther shows that the on/off ratio, the ratio between current
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FIG. 1. I-V characteristics of devices based on 10 and 15 bilayers of eryth-
rosin B at room temperature in two voltage-sweep directions (as shown by
arrows). Inset shows the molecular structure of erythrosin B.

© 2006 American Institute of Physics
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FIG. 2. (Color online) I-V characteristics of a device based on ten bilayers

of erythrosin B at room temperature in three voltage loops. Arrows show the
direction of voltage sweep.

values at a voltage during the two sweeps, is mostly voltage
independent and remains invariant from a loop to the other.
The ratio ranges up to 3000 at —1.0 V. Such a high value,
especially at room temperature, is itself of interest due to its
possible application as memory elements.

In Figs. 3(a) and 3(b), we present performance of a de-
vice for read-only and random-access memory, ROM and
RAM, respectively, applications. For ROM applications, a
suitable voltage pulse induces a state before probing it con-
tinuously. Figure 3(a) shows the magnitude of current under
probe voltage after the low- and high-states are induced
separately. The figure shows that the magnitude depends on
the preceding pulse. The large difference in current in prob-
ing the two states shows ROM application for several hours.
For RAM applications, we cycled the device between the
two states and measured the current under the same probe
voltage. In effect, the device underwent a “write-read-erase-
read” sequence. Such a voltage sequence and corresponding
current are plotted in Fig. 3(b). The figure shows that the
magnitude of current under “read” voltage after “write” pulse
is much higher than that after the “erase” pulse. The differ-
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FIG. 3. (a) ROM and (b) RAM applications of a device based on ten bilay-
ers of erythrosin B. In (a), the high- and low-conducting states were induced
by —3.5 and 3.5V pulses (width=20 s), respectively. The states were
probed by —0.9 V pulse of 2 s width (duty cycle=50%). Magnitude of cur-
rent is plotted in the figure. In (b), bias sequence for “write-read-erase-read”
cycle and corresponding current are plotted in the two panels. The measure-
ments were carried out at room temperature.
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FIG. 4. (Color online) Temperature dependence of I-V characteristics of a
device based on ten bilayers of erythrosin B in two voltage-sweep direc-
tions. Reverse bias section of the characteristics is shown. The arrow shows
the direction of conductance switching in the device at all temperatures.
Inset shows temperature dependence of threshold voltage Vy,. The line is to
guide the eyes.

ence in current in probing the two states shows RAM appli-
cation of the device for many cycles.

To study transport mechanism in the two states, we have
recorded /-V characteristics at 19 different temperatures
down to 10 K. At each temperature, we recorded the charac-
teristics in the two voltage-sweep directions (Fig. 4). The
device shows bistability at all temperatures. Magnitude of
Vi, Which is a measure of the bias at which conductivity of
the molecules switches to a high state, increases with de-
crease in temperature (inset of Fig. 4). Increase in Vy, at low
temperature can hence be due to increase in the magnitude of
reduction potential with decrease in temperature. While mag-
nitude of current for the high states decreases with decrease
in temperature, the one for the low state shows a little tem-
perature dependence.

The characteristics of the low state can be fitted to an
injection-dominated mechanism. As per thermionic emission
mechanism, the current density is given by20

J=A"T? exp[- q(pp — VqEl4me)/kT],

where A is Richardson’s constant, 7 is the absolute tempera-
ture, ¢ is the magnitude of electronic charge, ¢ is the barrier
height, E is electric field, ¢ is dielectric permittivity, and k is
Boltzmann’s constant. Figure 5(a)—plots of In(I) vs In(V'?)
at different temperatures—shows linear fit in the higher bias
region. The slope of the plots yields dielectric constant of 3
at room temperature, which is in agreement to the values
obtained from impedance spectroscopy.21 This shows valid-
ity of thermionic emission model in the low-conducting state
of the device. In the analysis of the I-V characteristics, we
have taken built-in potential (V};) into account. The differ-
ence between the metal work functions Vy; perturbs the field
across the device.

Current in the high-conducting state, on the other hand,
did not fit to injection-dominated mechanisms. We could fit
them to a bulk-dominated mechanism, namely, SCLC with
an exponential distribution of traps.22 Space-charge limited
current, which dominates when the concentration of injected
carriers exceeds the carriers produced by thermal excitation,
requires Ohmic contact with the electrode. Ohmic contact is
a possibility in the high-conducting state due to decrease in
band gap of erythrosin B upon electroreduction. A decrease
in the band gap is generally evident in case of polaron for-
mation in these materials. Moreover, electronic absorption
spectroscopy of erythrosin B solution shows that the absorp-
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FIG. 5. (Color online) Fitting of (a) low-conducting and (b) high-conducting
state currents following thermionic emission model and SCLC with expo-
nential distribution of traps, respectively. Inset of (b) shows variation of the
slope of In(/)-In(V-V,;) plot, m+1, vs inverse of temperature. The line is
the best fit to the experimental points.

tion maximum shifts towards a low energy upon reduction.
The process is reversible exhibiting a blueshift in absorption
maximum upon oxidation. Here the decrease in the band gap
must be associated with a decrease in lowest unoccupied
molecular orbital (LUMO) level or increase in highest occu-
pied molecular orbital (HOMO) level. Calculation on single
molecules evidenced change of both the levels.” Such a
change of the HOMO and LUMO levels leads to decrease in
the barrier heights with the metal electrodes and results in
Ohmic contact with them.

According to the SCLC mechanism with traps having
energies distributed exponentially over the band gap, current
density is given by22

Vm+l
d2m+1 ’

J=K

where d is sample thickness and K is determined by &, hole
mobility (u,), density of states in the HOMO level (Nyomo).
total trap density (N,), and m. Here m generally relates to
characteristic temperature of the exponential trap distribution
(T,) as m=T,/T, where T is the temperature at which I-V
characteristics were recorded.

The I-V characteristics of the high-conducting state at
different temperatures are presented in Fig. 5(b). At lower
voltages, where concentration of injected carriers is low, the
I-V plots fit to Ohm’s law. In the intermediate and high volt-
age regions, the plots fit to the bulk-dominated mechanism.
The plots tend to meet at a critical voltage V., where all the
traps are filled. Beyond the critical bias, temperature-
independent and trap-free space-charge limited current
should flow.**

To validate applicability of the mechanism, we have de-
termined the slope of In(/) vs In(V-V,;) plots. A plot of the
slope m+1 versus inverse of temperature, as presented in the
inset of Fig. 5(b), fits to a straight line. The fitting confirms
that space-charge dominated conduction mechanism with an
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exponential distribution of traps is applicable to the high
state of the device. The value of m is much lower than that
calculated commonly in organic and polymeric light-emitting
devices (LEDs).!"! Neither could we obtain a temperature-
independent value of characteristic trap depth (E,=kT,). In
LEDs, bulk-dominated current flow involves all the mol-
ecules, which are identical in nature. In contrast, in the high
state of an electrically bistable device, only some of the mol-
ecules are reduced till channels of percolating networks are
formed for current transport. Such morphology of the device
in its high-conducting state might have led to a low value
of m.

In conclusion, we have observed electrical bistability at
different temperatures (10-300 K). We have studied trans-
port mechanism of a bistable device in its two conducting
states. We have shown that injection-dominated conduction
mechanism determined the current in the low-conducting
state. In the high state, space-charge limited conduction pro-
cess with an exponential distribution of traps fitted the I-V
characteristics. From the temperature dependence of electri-
cal bistability, we found that the threshold voltage of switch-
ing increases with a decrease in temperature. The bistability,
which was associated with a memory phenomenon, dis-
played ROM and RAM applications.

Two of the authors (A.K.R. and S.S.) acknowledge CSIR
JRF. DST, Government of India financially supported the
work through Projects Nos. SP/S2/M-44/99 and SR/S2/
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