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We have fabricated an organic non-volatile memory device wherein the ON/OFF current ratio has
been controlled by varying the concentration of a small organic molecule, 2,3-Dichloro-5,6-
dicyano-p-benzoquinone (DDQ), in an insulating matrix of a polymer Poly(4-vinylphenol) (PVP).
A maximum ON-OFF ratio of 10° is obtained when the concentration of DDQ is half or 10 wt. %
of PVP. In this process, the switching direction for the devices has also been altered, indicating the
disparity in conduction mechanism. Conduction due to metal filament formation through the active
material and the voltage dependent conformational change of the organic molecule seem to be the
motivation behind the gradual change in the switching direction. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4953197]

Organic electronic devices have created a niche of their
own by commercially producing devices such as Organic
Light Emitting Diode (OLED),! Organic Field Effect
Transistor (OFET),2 and organic solar cell.’ The reasons
making them more useful are the flexibility of fabrication,*
less cost,” solution processability,® and facile synthesis of
the active material. For these devices, the performance is
comparable with their inorganic counterparts. There are
some organic electronic devices which show promise, but
because of the lack of general understanding of their opera-
tion, they are yet to be commercialized. One such device is
the organic memory device. Memory devices have a fair share
in the electronic market, and the majority of them are dynamic
random access memory devices (DRAM). Flash memory
devices, such as a solid state drive, are available in the market
but are very expensive. Silicon based devices are limited by
the size on the crystalline substrates, but this limitation can be
overcome by using organic memory devices in which a single
molecule will be used as the switching device.’

Traditionally, the switching behaviour of the resistive
devices has been explained in many ways, and few of the
major mechanisms that have been adopted are, namely, con-
formational change of the molecule® in the active material,
charge retention in the organic matrix,” and conducting
metal filament formation through the active layer.'® Recent
development in this field has again put the attention back on
the operation mechanism of memory device wherein it is
strongly suggesting that the charge transfer complex (CTC)
formation and conformational state of the molecule is re-
sponsible for the switching in the devices.'' Here, we have
tried to show that both formation of filament and conforma-
tional change of the molecule are responsible for the switch-
ing between conducting states in these devices. The
concentration of organic molecule in the insulating polymer
matrix dictates the mechanism responsible for switching.
The ON/OFF ratio of the binary states for the device can be
controlled by adding suitable functional groups12 or by using
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composite of organic and inorganic materials."* Here, we
have tuned the ON/OFF ratio by controlling the ratio of the
insulating polymer and the small organic molecule.

The substrate used for the device fabrication was indium
tin oxide (ITO). Standard cleaning procedure was followed
to clean the substrate, i.e., the substrates were first cleaned in
soap solution using ultrasonicator followed by rinsing in
deionized (DI) water. Then, these substrates were cleaned in
acetone, DI water, and methanol thrice for each solvent,
using an ultrasonicator. The cleaned substrates were dried in
a vacuum oven at 70 °C for a few hours. The active materials
being used for the devices are 2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ) and Poly(4-vinylphenol) (PVP). All
the materials are procured from Aldrich, Co., and used with-
out further purification. The solution for both the materials
was prepared using Isopropyl alcohol (IPA). The solution
concentration for the deposition of films was varied with
respect to the volume concentration of DDQ. It was varied
as the weight ratio of DDQ in PVP increased from 5% to
30% with an increment of 5% and another composition hav-
ing 50% weight ratio of DDQ in PVP. Once the solutions
were ready, the spin coated films were deposited on the sub-
strates at 7400 RPM. The films thus deposited were dried in
vacuum at room temperature for at least 12—14 h. The thick-
ness measurements were carried out using Bruker Dektak
XT-100 profilometer, and the average thickness was calcu-
lated to be 174 nm. Since the films are deposited on a striped
conducting surface (ITO), the ITO acts as a bottom contact.
A 70nm thick Aluminium (Al) layer was thermally evapo-
rated on top of the films, which acts as the top contact for the
device. Once ready, the devices were characterized in vac-
uum using a 2 probe measurement technique by using a
Keithley 6430 femto-ampere source meter. The absorbance
of the solution for individual as well as combined compo-
nents was recorded by using Agilent Cary 4000 UV VIS
spectrometer.

The molecular structure of the materials used for device
fabrication is shown in Figure 1(a). The absorbance spectra
of DDQ mixed in PVP, which is shown in Figure 1(b), are
studied carefully, and the absorbance peak for DDQ in IPA
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FIG. 1. (a) Molecular structure of DDQ and PVP. (b) Absorption spectra of
pristine DDQ, PVP, and a mixture of both at various concentrations (5% to
30% of DDQ in PVP at a difference of 5% and 50% DDQ in PVP) in a com-
mon solvent. (b)—(d) Topographic AFM images of the thin films of the mix-
ture of PVP and DDQ at weight ratio of 5%, 10%, and 15%, respectively.
The scale bar is representing a length scale of 1 um for all the images. The
scanned area is 5 x 5 um?. The arrows in (b) indicate the pin holes within
the drawn circle (red).

is obtained at 349 nm, and for PVP, the absorbance peak is
obtained in the UV region. As the weight ratio for DDQ
keeps increasing in the combined solution of PVP and DDQ,
it is found that the absorption peak for DDQ is increasing
proportionally. There is no hint on the formation of charge
transfer complex (CTC), as there is no appearance of new
peaks due to formation of CTC. We also carried out the ab-
sorbance study on thin films and found that there is no for-
mation of charge transfer complex in the solid films of the
materials.

The topography of all the films is studied by using a Park
System XE 70 atomic force microscope in the non-contact
mode. A minimum scan rate of 0.25nm?/s was maintained to
obtain the highest resolution images for the topography of the
surface. All the films used for taking AFM images were fabri-
cated under the same conditions as those used for the device.
From the topographic images of all the devices, it is found
that despite all the films being rough, there are pinholes on the
surface as indicated by the arrows inside the circle in Figure
2(d). The size and number of the pinholes vary across the
devices. It is found that for the device having 5% weight ratio
of DDQ (Figure 2(a)), the total number of pinholes is 231 and
the pinhole size varies from 20—120 nm. For other devices, the
number of pinholes and the size vary as follows: devices with
10% weight ratio have 430 number of pin holes in the range
of 35-85 nm (Figure 2(b)); for 15% devices, it is 586 in num-
ber spanning in the range of 25-90 nm (Figure 2(c)); for 20%
devices, it is 438 in number in the range of 30-100 nm (Figure
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2(d)); for 25%, it is 430 in number having hole size in the
range of 20-55 nm (Figure 2(e)); for 30% device, it is 426 in
number having hole size in the range of 30-95nm (Figure
2(f)); and for the 50% device, it is 532 in number having hole
size in the range of 25-85 nm (Figure 2(g)). It is observed that
there is an oscillation in the number of pinholes with respect
to the concentration. The reason for this oscillation is still
under investigation.

The device structure studied in this work are as follows:
the weight ratio of DDQ is 5%, 10%, 15%, 20%, 25%, 30%,
and 50% of PVP. The labels assigned for these devices are
A,B,C,D, E, F, and G, respectively.

The I-V curves for the devices were obtained by scan-
ning the devices at a scan rate of 50mV/s. As shown in
Figure 3(a) for device A, in the positive scan of the device,
the difference of current in the low (OFF) and high (ON)
conducting states is high, whereas when the device traces in
the negative bias direction, there is a small difference in the
current for the ON and OFF states. The highest ON/OFF ra-
tio obtained for the device in the negative direction is 5,
which is significantly less to be used as a memory device,
whereas the ON/OFF ratio in the positive direction is 32.
The voltage range has also been varied to a maximum of 4
V, but every time the feature remained same with a varying
ON/OFF ratio.

For device B, in the negative scan, the maximum ON/
OFF ratio that is achieved is of the order of 10° as seen from
the inset of Figure 3(b). The IV curve is smoother than de-
vice A, which indicates that the transport is becoming better
by the formation of concrete conducting filament pathways.
The maximum ON/OFF ratio that is obtained for device C in
the negative direction is 150. In the positive voltage scan,
there is no bistability observed. The ON/OFF ratio has drasti-
cally reduced in comparison to the previous two devices as
can be observed from Figure 3(c). The maximum ON/OFF
ratio for device D in Figure 3(d) is of the order of 20 in the
negative voltage scan. Statistically, the devices show an in-
variable transport in most of the cells, suggesting the forma-
tion of strong insulating pathways that does not allow
smooth transport of charge carriers.

The IV curve for device E is not smooth, and the ON/
OFF ratio for them is not very high as it only reached to 23
in the negative scan and 135 in the positive voltage scan, as
is shown in Figure 3(e). The current density for the device is
much smaller than that for the previous devices. Statistically,
most of the devices showed a very sluggish transport, and
hence, the ON/OFF ratio is also affected. The hint on space-
charge accumulation is an indication of the signature of hys-
teresis in the devices. There are some devices which showed
switching in the positive direction consistently though the
percentage is less in comparison to the devices which do not
show any switching behaviour (14%, i.e., 9 out of 61 times),
which is an indication that DDQ is now the dominating fac-
tor for the switching in the devices.

The highest ON/OFF ratio for device F is of the order of
10 in the negative voltage scan whereas it is of the order of
10* in the positive direction, as can be seen from Figure 3(f).
For device G in Figure 3(g), in the negative voltage scan, the
current hardly had any difference in the ON and OFF states.
In the positive scan, the difference in current between the



233301-3

Vyas, Dagar, and Sahu

ON and the OFF states is of the order of 10°, which is much
higher than the previous two (E and F) devices. The devices
in this composition showed reproducibility in multiple scans.

From all the devices’ configuration, one thing is very
clear, that is, the switching from OFF state to ON state
started on the negative scan of voltage with a very less ON/
OFF ratio and then reached to a higher value and eventually
came down to a very low value with a complete shift in the
switching in the positive scan of voltage. Inherently switch-
ing in only the DDQ based devices is restricted in the posi-
tive side of the voltage scan for a spin coated sandwiched
device structure.'? But the switching in the negative side of
voltage scan suggests the formation of metal filament due to
electromigration of Al through the pinholes on the surface of
the ﬁlm,l4’15 and as soon as the Al ions were forced to move
under the external electric field, the conduction starts becom-
ing better, and when the contact with the bottom electrode is
made, the conductance jumps to a very high value, as shown
in the schematic of Figure 4(a), block 1 to 3. This is also
experimentally verified by Infrared (IR) imaging of the devi-
ces during the negative voltage scan. Sometimes, it is
observed that the switching is independent of the organic
matrix.'> It can be said that because of the low concentration,
the pinholes are partially filled with the DDQ molecules.
Hence, the formation of filament is the only reason for
switching in the less concentrated DDQ based devices. As
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FIG. 2. (a)—(g) Topographic AFM
images of the thin films of the mixture
of PVP and DDQ at weight ratios of
5%, 10%, 15%, 20%, 25%, 30%, and
50%, respectively. The scale bar repre-
sents a length scale of 1um. The
scanned area is 5 x 5 um?. The arrows
in (d) indicate the pin holes within the
drawn circle.

the concentration increases, the pinholes mainly constitute
DDAQ, and the switching in these devices is primarily due to
DDQ; consequently, the ON-OFF ratio also increases in
orders of magnitude as can be seen from Figure 4(c), blocks
4 and 5. Since PVP is an insulator, the band gap for the mate-
rial must be very large in comparison to DDQ; hence, the
interaction between Al with PVP propels the Al ions to form
the filament in such a way that the switching direction fol-
lows the negative bias of the applied voltage, whereas the
interaction between DDQ and Al shifted the switching to the
positive direction as in higher concentration films, DDQ cov-
ers most part of the pinholes, and the pinholes are also shal-
low, which allow little formation of Al filament through the
pinholes and hence no switching of conductivity in the nega-
tive direction. Moreover, when a negative bias is applied,
DDQ undergoes reduction by capturing all the electrons
drifting through the Al channels by the electronegative oxy-
gen atoms and it releases the electron when a suitable posi-
tive bias is applied, and hence, there is a jump in
conductivity in the positive voltage scan.'?

All the devices can be used as non-volatile memory de-
vice as they showed both the properties of Random Access
Memory (RAM) and Read Only Memory (ROM). To test the
RAM application of the devices, they were scanned by a
write voltage pulse for some time and then probed with a
read voltage pulse followed by an erase voltage and again a
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FIG. 3. (a) IV characteristic curve of device A. The numbered (1 to 4) arrows (red, orange, yellow, and green) are representing the order of the scanning direc-
tion. (b) and (c) IV characteristic curves for devices B and C, which are scanned from 3 to —3 V. The inset of (b) shows the ON/OFF ratio for the device within
the spectrum of the above voltage scan. The inset of (c) shows the device structure where the legends read as follows: Aluminium (Al), the active layer (PVP
& DDQ), Indium Tin Oxide (ITO), and glass. (d)—(g) The IV characteristic curves of devices D, E, F, and G. There is shift in the switching direction through
the decrease in current and then increase in the current at higher concentration of DDQ.

read voltage pulse. The train of Write-Read-Erase-Read volt-
age pulse sequence is applied for a number of cycles to test
the reliability of the devices. In Figure 4(b), we have shown
the scan for RAM for a device where the write voltage
(Vrite) 18 —3 'V, the erase voltage (Vepase)is +3 V, and the
read voltage (Vi eaq) is —0.5 V. The write and erase voltage
pulse were applied for 5s each, whereas the read pulse was
applied for 20s after every write and erase pulse. We have
applied this sequence for 1000 s or for 20 times and found
that the device shows stability towards retention of memory.
The current level in the read pulses does not change signifi-
cantly, which hints the stability even during the random
probe of the devices.

For the study of read only memory, the devices have
been probed using a small read voltage pulse following a

RIGHTSE LI MN iy

write or erase voltage. The write voltage is applied at =3V,
and the corresponding erase voltage is 3 V. To probe the de-
vice, a voltage pulse of —0.5V is used for more than 1000 s
and is found to be reasonably stable in the whole period of
probe voltage. So, both the RAM and ROM application can
be shown in all the devices having different concentrations
of DDQ in PVP. The ON/OFF ratio matches with the ON/
OFF ratio obtained in case of Write-Read-Erase-Read
sequence.

In conclusion, the non-volatile memory devices have
been fabricated using a combination of semiconducting or-
ganic molecule and an insulating polymer. The ON/OFF ra-
tio for the device can be controlled by varying the weight
ratio of PVP and DDQ in the mixture. The conductance ratio
is high when the proportion of DDQ is either very less or
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FIG. 4. (a) Schematic of conduction mechanism in the devices starting with
the formation of seed for the metal filament at a low DDQ concentration to
the conformational change of DDQ in the mixture. The yellow region repre-
sents parts of DDQ, the light blue region is PVP matrix, and the orange col-
our balls represent Al ions. (b) The write-read-erase-read sequence to test
the consistency of reading the written state which are written at —3 V for
5s, and erased at 3 V for 5s, and after writing and erasing, the states are
read at 0.5 V for 5s each for 4 times. The cycle was continued for 1000s.
(c) After writing and erasing by —3 V (ON state) and 3 V (OFF state), the
states are read for 1000 to test the stability of the devices with continuous
probing at —0.5 V.

equal to half of that of PVP. When the concentration of PVP
is more, the bistability is observed in the negative voltage
bias, and when the ratio of DDQ and PVP is half, the
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difference in conductance is prominent in the positive direc-
tion. This feature was explained by using the model of con-
ducting metal filament formation and voltage dependent
conformational change of the organic molecule, respectively.
Both the mechanisms were validated from the observation of
formation of varied sizes of pinholes on the surface of the
thin films. Thus, the switching ratio and direction can be con-
trolled by varying the concentration of semiconductor in
insulating matrix.
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