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ABSTRACT

A large number of nonvolatile memory devices have been reported with both inorganic and organic
components, and many of these involve changes in device resistance between a high conductivity “ON”
state and a low conductivity “OFF” state. The mechanism of memory action in many of these devices
is uncertain, and may be based on many phenomena, including redox reactions, metal filament forma-
tion, charge storage in “floating gates”, and redistribution of oxide vacancies. We report here a Raman
spectroscopic probe of organic polymer memory devices which permits direct monitoring of the doping
state and conductivity of polythiophene in a 3-terminal device. The polymer conductance is controlled
by voltage pulses between the source and gate electrodes in FET geometry, while the conductance state
is read out by a separate circuit between source and drain. The conductance was directly correlated with
the Raman determination of the density of polarons in the polymer film, which was shown to control
both the “electroforming” process and the conductance switching in working memory devices. The poly-
mer conductance change requires a redox counter-reaction at the gate electrode, and atmospheric effects
on performance indicate that water and oxygen reduction are involved. The observations are consistent
with a redox process between the gate and source electrodes which modulates the polaron concentra-
tion and source-drain conductivity. This mechanism provides a framework for optimization of the device
by changing its composition and geometry, particularly the identity of the redox counter-reaction and

control of ion mobility.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Solid-state nonvolatile memory (NVM) has enabled portable
electronics in the form of cell phones, media players, and a large
number of additional consumer electronic devices. The dominant
technology is “flash” memory based on a floating gate field effect
transistor (FET) structure using a thin layer of silicon isolated from
a write/erase electrode by silicon oxide. Charge injected into the
floating gate modulates the FET conductance, and the high and low
conductance states are stable for typically >10 years. In terms of
volume, more than 100 billion units of solid state NVM were pro-
duced as of 2009, with floating gate “flash” by far the most common
[1]. While the density and utility of flash memory have increased
dramatically in the past decade, it is much slower than dynamic
random access memory (DRAM), requires relatively high voltage
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to “write” and “erase”, and has a limited cycle life (103-10°) due
to fatigue of the SiO, gate insulator. High economic value and the
shortcomings of flash memory have stimulated research into awide
range of alternative NVM devices based on both “2-terminal” or
“crossbar” geometry and on “3-terminal” structures resembling an
FET but usually with a quite different mechanism. Reviews of inor-
ganic [2,3], organic [4], and polymer [5,6] NVM approaches have
appeared recently, but several organic approaches which are rele-
vant to the current paper are noted here.

As shown in Fig. 1a, a 2-terminal cross-bar architecture consists
of an organic or polymer (O) layer of different thicknesses sand-
wiched between two conducting electrodes (M) made of identical
(MOM) [7-10] or different materials (MOM')[11-13]. When a ferro-
electric polymer is used as the organic layer, bias induced switching
between two stable polarization states can form the basis for mem-
ory [14,15]. In non-ferroelectric polymers, the organic layer can
also be impregnated with metal nanoparticles [16,17], to impart
or enhance the desired memory response. Conductivity switch-
ing has been reported in many cross-bar devices fabricated from
a wide variety of organic molecules and polymers with and with-
out additional stacking layers. These devices often require an initial
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Fig. 1. Schematics of 2-terminal cross bar (a) and three-terminal (b) memory devices. Figure b also shows Raman probe of the channel through Pt gate.

“electroforming” step to jumpstart the device, where a high volt-
age is applied to initiate conductance switching [5,6]. The device
can then be subsequently operated at lower voltages. Although the
mechanism of conductivity switching in these devices has often
been attributed to the intrinsic properties of the stacked layer mate-
rials, clear determinations of switching mechanism are rare [4], and
in many cases the data can be explained by filament formation and
destruction [11,18-20].

Three-terminal NVM devices with geometries similar to that of
field effect transistors (FET) have two potential advantages over
the 2-terminal devices. First, the FET geometry is already widely
used in both processors and flash memory, so integration of a new
3-terminal NVM device with existing manufacturing should be pos-
sible without drastic processing changes. Second, the “write/erase”
(WJE) circuit, often between the “gate” and “source” shown in
Fig. 1b can be separated from the “read” circuit between the
“source” and “drain”. As will be discussed later, this separation per-
mits nondestructive readout, independent control of W/E and read
events, and allows direct correlation of the conductance readout
with the redox properties of the organic or polymeric semiconduc-
tor.

Existing three-terminal organic nonvolatile memory (ONVM)
devices can be classified into three categories based on the mech-
anisms of operation, namely ferroelectric (FeFET), charge trap
(CtFET), and floating gate OFET (FgFET) memory. In FeFET memory,
ferroelectric polymers which have large intrinsic dipole moments
are used as the gate dielectric. Reorientation of the dipole by a
“write” voltage results in a persistent change in the channel (S-
D) conductance. The conductive state is retained even when the
power is turned off due to remanent polarization. Application of
“erase” bias reverses the dipoles and returns the device to the low
conducting state [6,14,21-23].In CtFET memory [24-27],a polymer
layer called an ‘electret’ is added between the gate dielectric and
the organic semiconductor (OSC) layers. For example, in CtFET with
p-type OSC, the carriers accumulated in the channel upon applica-
tion of — AV can tunnel and get trapped in the electret layer. The
positive trapped charges screen the gate field and shifts threshold
voltage (AVy,) to a more negative value. AVy, is the gate voltage at
which the carrier accumulation is high enough to make the channel
conducting. The trapped charges in the electrets can be detrapped
by application of the reverse + AV, shifting AVy, to its initial value.
Hence, AV}, of the device can be reversibly shifted between these
two AV, values, thereby yielding a high ON and low OFF channel
currents at a particular AV, preferably at AV;=0V. The differ-
ence in the AVy;,, obtained on applications of £ AV, is the memory
window and is proportional to the trapped charge density in the
electrets. The mechanism of operation of floating gate OFET (FgFET)
[28-30] memory is similar to CtFET except that the charge trapping
sites in this case are made of metal or semiconducting nanoparticles
or conjugated organic molecules either embedded in gate dielectric
or sandwiched between two different polymer layers constituting

blocking and tunnel layers. Some OFET devices exhibit a persistent
“threshold voltage shift” or “bias stress effect” which is associated
with device degradation [25,31-33]. Although the voltage shift is
often attributed to trapped charge, the location of that charge and
the mechanism underlying the memory effect are not yet clear [31].
Our group has reported 2-terminal low-volatility memory devices
based on redox reactions in small organic molecules [34,35], TiO,
[36-38], and conducting polymers [39-41]. We used in situ Raman
and UV-Vis spectroscopy to monitor structural changes in finished
devices, in order to correlate conductivity and memory effects to
chemical structure. Spectroscopy of polythiophene devices showed
that voltage pulses resulted in reversible oxidation of the polymer
to its conducting “polaron” state, and that the process required a
corresponding reduction reaction to accompany polymer oxida-
tion. We determined that residual water in a polythiophene/oxide
“stack” and a catalytically active electrode are required for long
retention of the polaron state of the polymer. Investigation of a vari-
ety of device compositions containing different metal oxides and
various electrode materials indicated that the catalytic reduction of
H, 0 to chemisorbed hydrogen and mobile hydroxide ion was the
most likely counter-reaction for polymer oxidation [39]. However,
the oxide layer in the 2-terminal geometry prevented direct corre-
lation of spectroscopic results with device conductance, since the
oxide itself had low conductivity. Furthermore, when the oxide is
thin enough to permit electrical observation of polymer conduc-
tance changes, recombination reactions are likely which decrease
retention time. In order to establish that polymer oxidation is
directly responsible for observed conductance changes, we adopted
the 3-terminal geometry of Fig. 1b. Not only did the approach per-
mit determination of the conductance switching mechanism, it also
revealed useful information about how to control several aspects
of memory function by variation of device composition.

2. Experimental

Three terminal organic nonvolatile memory (ONVM) was fabri-
cated on thermally oxidized (~300 nm SiO,) Si wafer in a bottom
contact and top gate geometry. Although “source”, “drain”, and
“gate” labels are used in the 3-terminal devices by analogy to
standard FETs, it should be noted that the operation and principles
of ONVM differ fundamentally from conventional FETs. Standard
photolithographic and lift off techniques were used to pattern the
Au (with 5nm Cr adhesion layer) source and drain electrodes on
the wafer. The wafer was then diced into 13 mm x 18 mm sized
chips with each chip having four source and drain pairs. Each
source-drain pair has the same channel width of 500 wm and
the channel length was varied from 2 to 100 wm. After liftoff
of the residual photoresist with acetone (Fisher HPLC), the chip
was ultrasonicated with baths of acetone, Millipore water, and
2-propanol (Fisher HPLC) in sequence, and dried with a stream
of N,. Electronic grade regioregular polythiophene, either 0.8 wt%
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Fig. 2. Schematics illustrating the device structures, compositions, and the locations of the Raman probe (top panel). Raman spectra of P3HT were obtained by excitation
with 780 nm by probing through the source: (a) bottom gate-top contact OFET with thermally grown SiO, (90 nm) on n +Si as gate; (b) bottom gate-top contact OFET with
ebeam SiO, (90 nm) deposited on Au as gate; and (c) top gate-bottom contact OFET with Pt as gate and ebeam SiO, (80 nm) gate dielectric deposited on P3HT. Probing the
channel region yields a similar spectrum to that of the source for each structure (not shown).

poly-3-hexylthiophene (16k MW, Ricke Metal Inc.) or 0.3 wt%
poly-3,3-didodecylquaterthiophene (6k MW, Xerox Ltd.) in 1,2-
dichlorobenzene was spin coated at 1000 rpm for 120 min on the
cleaned chips as described earlier to yield polythiophene layer
thickness of 20-50nm. The sample was then dried at 90°C for
1h and annealed at 120°C for 10min in vacuum (~10-2Torr)
as described earlier [39,42,43]. Gate dielectric SiO, (99.9% Kurt
J. Lesker) and the Pt (99.9% Kurt ]. Lesker) gate electrode were
deposited at ~10° Torr base pressure through appropriate shadow
masks by ebeam evaporation (Kurt J. Lesker PVD75) at the rate of
1.0 and 0.2 A/s respectively to complete the device fabrication.

The performance of the ONVM devices was characterized under
either ambient or portable controlled environment chamber using
a custom built electronic characterization setup consisting of
National Instruments 6111 or 6120 DAQ board controlled by
Labview software to execute voltage sweeps and record the result-
ing current after amplification by an SRS 570 current amplifier.
Thermo/Nicolet Raman microscope with a CCD detector operating
at 780 nm was used to probe the source, drain, and the channel
of ONVM device which has a channel length of 20 pm. Spectra
recordings were carried out with 10 x magnification at a typical CCD
detector integration time of 2-10s as described earlier. A Gamry
reference 600 potentiostat operating on PHE 200 physical electro-
chemistry software was used to run chronoamperometry software
to apply write/erase pulses, and cyclic voltammetry software to
read the channel current during the in situ Raman experiment.
Electrical and in situ Raman experiments under controlled atmo-
sphere were carried out in a portable custom fabricated chamber
with quartz window for Raman spectroscopic measurements and
inlet and outlet for purging gas. Relative humidity in the chamber
was controlled by mixing dry N, or O, (PRAXAIR>99.99%) with
moisture saturated N, or O, obtained by purging into Millipore
water in an enclosed glass cylinder. Relative humidity in the cham-
ber can be controlled to any desired value by mixing dry and wet
gas in appropriate proportion.

Redox based ONVM memory presented here is based on top
gate, bottom contact geometry with P3HT as the OSC as shown
in Fig. 1b. The bottom contacts consisting of the source and
the drain electrodes were photolithographically patterned on a
13mm x 18 nm Si chip with 300nm thermal SiO,. 80 nm SiO,
gate dielectric and 9 nm Pt gate electrode were ebeam deposited

(~1 x 107> Torr base pressure) on top of ~40 nm P3HT using appro-
priate shadow masks. The width of the SiO, gate dielectric was
significantly larger than the top Pt gate to avoid edge effects. The
Pt gate spans the channel and overlaps with a 500 wm portion of
both the source and drain electrodes to facilitate capacitive electro-
chemical charging. The channel width was fixed at 500 wm and the
channel length was varied from 2 to 100 pwm. According to IUPAC
convention, potential differences between electrodes are noted as
“AV”, e.g. “AVs; =+2 V” indicates 2 volts between the S and G elec-
trodes, with S positive.

3. Results

Fig. 2 shows Raman spectra obtained during operation of 3-
terminal structures with three different configurations containing
P3HT and SiO,. The Raman probe was positioned over the source
(S) and spectra were acquired before and during the application of
a bias voltage between the S and G electrodes. The spectra labeled
“initial” were obtained before any bias was applied, and correspond
to the Raman spectrum of undoped P3HT reported previously [39].
For the case of a 90 nm thick thermal SiO, dielectric layer (Fig. 2a),
no changes in the Raman spectrum were observed when the n+Si
gate was biased up to —50V, with more negative bias causing break-
down. A positive bias to the n +Si gate also had no observable effect
on the Raman spectrum. Fig. 2a represents a standard OFET config-
uration, in which positively charged carriers should be generated in
the P3HT by the negative gate bias. However, the carrier density is
apparently too low to detect by Raman spectroscopy in this config-
uration, due to the small capacitance (~40 nF) of the device. Fig. 2b
shows a quite different result for a modified configuration in which
the n +Si gate is replaced with Au, and the gate dielectric is a 90 nm
layer of e-beam deposited SiO,. Not only does the Raman spec-
trum change with a negative gate bias to that of the P3HT polaron
[39], but this change persists after the bias is removed. The Raman
spectra of P3HT neutral and polaron obtained here are similar to
those obtained in solution before and after oxidation with FeCls
(supporting information Figure S1) respectively. As reported for a
2-terminal analog of the structure shown in Fig. 2b, the catalytic
Au surface and disordered SiO, create an electrochemical cell in
which P3HT is oxidized and residual H,O is reduced, accompanied
by ion transport through the porous SiO, film [39]. The polaron was
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Fig. 3. Electrical characteristics of a P3HT ONVM device in O, atmosphere at RH of 31%: (a) I-V scans (scan rate of 0.01 V/s) of pristine as fabricated P3HT based ONVM device;
(b) device activation, Isp versus t, t is the duration of +3V AVs¢ application; (c) a typical I-V scans before and after device activation; (d) variation in Isp for alternating —3

and +3V AVsg pulses. Vsp for read pulses was +0.1V.

formed in the channel as well as between the source and gate, as
indicated by Raman spectra obtained when the Raman probe was
either on the source or displaced ~10 wm from the source elec-
trode in the channel. Fig. 2c shows a 3-terminal structure more
amenable to patterning and fabrication, using Pt instead of Au for
the gate to avoid enhanced Raman scattering at the Au/P3HT inter-
face. The neutral P3HT spectrum observed in both the channel and
on the source gradually changes to that of the polaron when the
source is biased at +4V relative to the gate electrode. The config-
uration shown in Fig. 2c was used for all subsequent experiments,
unless noted otherwise below. Note that the stack order is reversed
between Fig. 2b and c, but the polythiophene is oxidized in both
cases when the adjacent contact is biased positive.

The transition from neutral to polaron spectrum apparent in
Fig. 2c was correlated with the conductance between the source
and drain electrodes during simultaneous monitoring of the Raman
spectral changes. Fig. 3a shows the current-voltage (I-V) response
for all three combinations of two electrodes, for the as-fabricated
device in ambient air. As expected for undoped P3HT, the currents
are small, with similar response for the S-G and G-D circuits and
an S-D resistance of ~33 M. The S-G and G-D responses show a
capacitive component due to the expected parallel-plate capaci-
tance between the S and D electrodes and the gate electrode. The
S-D response shows higher conductivity than S-G, but both are
quite small due to the low doping level of the initial P3HT layer.

The initial device was tested for memory behavior by apply-
ing £AVsg pulses (between S and G electrodes) in ambient air,
intended to oxidize and reduce the polythiophene to its conduct-
ing and non-conducting forms, respectively. As shown in Figure S2,
such pulses caused small but reproducible changes in the S-D con-
ductance, with a ratio of high/low S-D conductance <2 and currents
below 0.1 wA. Repeated application of W/E pulses increased the
ON/OFF to ~15, but the S-D currents remained small, <1 pA at
AVsp==+0.1V. After some trial and error, we found that the S-
D conductance and ON/OFF ratio could be increased significantly
by intentionally generating polarons in the polymer layer with
repeated +3 V pulses between the S and G electrodes, with G biased
negative. This “activation” process was sensitive to humidity and
ambient oxygen (see below), so these conditions were controlled at
31% relative humidity (RH) in an oxygen atmosphere. Fig. 3 shows

the S-D current during a series of +3 V AVsg pulses (Fig. 3b) and the
resulting I-V curve between S and D (Fig. 3¢c) after activation com-
pared to the initial value. After this activation process, Isp increased
by a factor of >500, implying that a higher concentration of the
conducting “polaron” form of P3HT is formed during activation.
Application of a sequence of -3V, 2s and +3V, 2s pulses caused
repeatable changes in the S-D current (Fig. 3d), with the conduc-
tance changing by a factor of 6-8. The oscillation of Isp shown in
Fig. 3d was repeatable for at least 60 complete R/W/R/E cycles, with
no obvious degradation of response. It is important to note that the
gate—source and gate-drain I-V curves maintained the capacitive
and low conductance (~1nA) states shown in Fig. 3a after acti-
vation, conductivity switching, and retention measurements. W/E
pulses shorter than 1s produced smaller changes in device con-
ductance, with a 100ms W pulse changing channel conductance
by approximately a factor of 10. The reason for the slow response
is under investigation, but is likely due to ion transport time in the
solid state memory cell.

In order to determine structural changes in the semiconducting
P3HT layer of the memory devices during the activation and switch-
ing shown in Fig. 3, Raman spectra and I-V curves of a working
device were obtained immediately after application of source-gate
pulses. As indicated in Fig. 2, a Raman microscope was positioned to
obtain spectra through the partially transparent Pt gate, above the
source, drain, or channel regions. The initial Raman spectra at the S
and D electrodes or in the channel are indistinguishable from those
of the unbiased device shown in Fig. 2¢, and correspond to the ref-
erence spectrum of neutral P3HT (Figure S1). Fig. 4a shows the S-D
current (at AVsp =+0.1 V) during an activation similar to that shown
in Fig. 3b. The spectrum of the pristine device with Isp =3.2 nA (at
AVsp =+0.1V) has P3HT predominantly in the neutral form as indi-
cated by the Raman spectra of the source, channel, and drain. The
Raman spectra acquired at different times after the application of
+4V AVsg show a decrease in neutral contribution and concomi-
tant increase in polaron contribution to the spectrum. In addition,
the polaron/neutral ratio increases faster in the source electrode
compared to the channel and the drain. This is expected as the acti-
vation voltage pulse is applied between the S and G electrodes. The
appearance of the polaron spectrum at the drain electrode implies
that oxidation of P3HT propagates across the channel and onto
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Fig. 4. In situ Raman spectra (780 nm excitation) and electrical measurements of a P3HT based ONVM device under ambient condition: (a) Isp versus t plot of the device
activation with +4V AVsg; (b) Raman spectra probing the source (S), channel (C), and drain (D) of the pristine device before activation; (c, d) representative Raman spectra
probing the source, channel, and drain measured immediately after application of +4V AVs¢ pulse of durations (c) after 83 s, and (d) after 143 s. (e) Raman spectra of the
activated device after application of W and E AVs¢ pulses of +5V, 1s and -5V, 1, respectively.

the drain, despite the fact that the drain electrode is electrically
floating during the +4V pulse. At Isp=1.5 pA (AVsp =+0.1V), the
P3HT spectrum is predominantly that of the polaron. Fig. 4e shows
Raman spectral changes which accompany conductance switching,
acquired after application of +5V, 1s “write” and -5V, 1s “erase”
pulses. The I-V scan of the S-D gave an ON/OFF ratio of 17.9. Clearly,
the Raman spectral changes show that there is a direct correlation
between conductivity switching and the P3HT neutral and polaron
concentrations. The reasons for the unexpected spectral changes at
the floating D electrode are considered below.

To more quantitatively determine structural changes in ONVM
devices during the activation and switching shown in Fig. 3, Raman
spectra of a working device were obtained simultaneously with
gate pulses and I-V curves. As indicated in Fig. 2¢, a Raman
microscope was positioned to obtain spectra through the par-
tially transparent Pt gate, above the channel region. Fig. 5a shows
the SD current (AVsp =+0.1V) during an activation and switching
sequence similar to that shown in Fig. 3b and d. Figure S3 shows a
series of 20 spectra obtained at the same time as the points of Fig. 5a,
for the Raman microprobe positioned over the channel. Although
the change from the neutral to polaron spectrum is apparent in
the sequence of spectra during activation, more quantitative infor-
mation from the series can be obtained by rigorous analysis using
multivariate curve resolution (MCR), as implemented in Matlab
using PLS Toolbox (Eigenvector Research). MCR determines how
many components are necessary to account for the spectral varia-
tion across the series, and the time course of each component. The
only constraints on the analysis imposed by the operator are that
the spectra have no negative intensities and the components have
no negative contributions. For the data set of Figure S3, two compo-
nents account for 99.9% of the variance, and their spectra are shown
in Fig. 5b. These spectra were determined solely from the spectra
of the working memory device, and they match reference spectra
for neutral P3HT and its polaron obtained in solution (Fig. 5d).

The contributions of each component to the device Raman spec-
trum are shown in Fig. 5¢, on the same time scale as the Isp plot
in Fig. 5a. Clearly the spectral contribution of the polaron tracks
the conductance of the channel, providing direct evidence that
“activation” consists of electrochemical conversion of neutral P3HT
to its conducting form. Furthermore, modulation of the polaron
and neutral concentrations by +3 and —3V source-gate pulses

underlies “switching” of the channel conductance during memory
cycles. Although the relative concentrations corresponding to the
spectral changes indicated in Fig. 5c depend on the relative Raman
cross sections for the polaron and neutral P3HT species, it is clear
that the polaron contribution is modulated ~30% by the “write” and
“erase” AVsg pulses.

As noted in the introduction, the main objective of spectroscopic
monitoring of the polythiophene memory device is determination
of “activation” and “switching” mechanisms, in order to permit
device optimization. In the previous section we established a direct
correlation between channel conductivity and polaron concentra-
tion in the channel of ONVM device. The question now arises about
what stabilizes the polarons to maintain conductivity even after the
applied AVsg has been removed. In a conventional electrochemical
cell, aredox counter-reaction and mobile ions maintain electroneu-
trality and prevent buildup of space charge. In our previous in situ
Raman study on cross-bar devices we showed that polaron forma-
tion is sensitive to humidity, and stable polarons are formed only
in the case of devices which have a Au/SiO, or Pt/SiO, interface at
the counter-electrode, implying that catalytic reduction of water
is involved as the redox counter-reaction [39]. In order to deter-
mine the species involved in the reduction reaction at the Pt/SiO,
interface we have examined activation and conductivity switching
of Au/P3HT/SiO, /Pt ONVM devices under controlled conditions as
follows: dry N at relative humidity (RH) of ~0%, dry O, at RH = 0%,
N, +H,0 at RH=28%, and O, + H,0 at RH=30%.

Fig. 6a shows activation of as-fabricated P3HT devices main-
tained in the four different atmospheres, using the same voltage
sequence in each case. For the device in a dry N, atmosphere, negli-
gible change in channel conductivity (Isp <2 nA) was observed even
after application +3 V AV for 370 s. Furthermore, no conductance
switching was observed with £3V gate pulses for either dry O,
or dry N, (Figure S4). Similarly, for the devices exposed to dry O,
atmosphere only slight increase in Isp, from 1.9 nA to 6.0 nA, was
observed after application of +3 V AVs for 740 s. For a fresh device
in an atmosphere of 28% RH in N», Isp during activation increased
slowly, but remained significantly below that in O, (RH=34%) even
after much longer activation time (Fig. 6a). Activation in 34% RH O,
with the same parameters yields the increase in Isp shown earlier
(Figs. 3-5), indicating that both O, and H,O are required for acti-
vation. Exposure of devices to acetonitrile vapor as an alternative
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obtained by FeCl; oxidation.

polar molecule in the absence of water vapor prevented activation
or switching with or without O, present, confirming that water
is a reactant in memory operation (see Figure S5). Furthermore,
the memory action apparent in Fig. 3d is unstable in N, at 28%
RH, with a rapid decrease in the ON current with successive cycles
(Figure S4d). Once a P3HT device is activated in O, with RH ~30%,
it may be cycled for many W/R/E/R cycles if maintained in the same
atmosphere, as shown in Fig. 7. After an initial decrease in the ON
current during the first 3 cycles, the ON and OFF currents showed
no further trends with repeated cycling until device breakdown.
For the two cases shown in Fig. 7, breakdown occurred after 16 and
27 complete cycles, with greatly reduced ON/OFF ratio observed
after breakdown. Device breakdown occurs when the S-G current
abruptly increases to a high value of >10~7 A (at AVsg =+0.1 V) upon
application of either W or E pulse. After the breakdown, the device
can no longer be switched ON or OFF as shown in Fig. 7.

The device endurance should be affected by several factors, such
as the thickness of the SiO, and P3HT layers, the roughness of the
e-beam deposited source, drain, and gate electrodes, and the rela-
tive humidity. The device endurance increases with increasing SiO;
thickness, and devices in high humidity (>60%) break down during
activation.

500 1 0,.34%

N,.28%

0 330 660
t(+3V) /s

Fig. 6. Activation sequence for four as-fabricated P3HT ONVM devices in various
atmospheres, with the time the devices were biased with AVsc=+3V indicated
as the X-axis. After each AVsg bias pulse, the SD current (Isp) was measured at
AVsp =+0.1V with AVs¢ at open circuit. Panel (a) shows the SD current for dry O,
dry Ny, and O, with relative humidity of 34%, and N, with RH=28%. Panel (b) is an
expansion of the same results along the Isp axis.

In order to rule out the possible contributions of other physical
phenomena to the observed bistability, such as filament forma-
tion, we have investigated several ONVM devices with and without
P3HT. A Au/SiO, /Pt device containing 80 nm of SiO, but no P3HT
showed no effect of “activation” with AVsg =+3V pulses for several
minutes, with no observable increase in channel conductivity. Sim-
ilar behavior was observed when polystyrene replaced P3HT in the
device, and in Au/P3HT/SiO, devices with carbon as gate electrode
instead of Pt. As noted previously, P3HT polarons could be gener-
ated with carbon as gate electrode, but the polarons rapidly revert
back to the neutral form when the bias was removed [39].

Finally, a different polythiophene, poly(3,3”’-didodecylquater-
thiophene) (PQT) was examined to test the effect of OSC
on device characteristics. PQT was chosen because it has
attractive processing properties, better stability under ambient
conditions, and excellent device characteristics in conventional
OFETs [42,43]. Compared to P3HT devices, ONVM devices
based on PQT have higher ON/OFF ratio, longer retention, and
operate at lower RH, as shown in Fig. 8, indicating that the ONVM
characteristics can be modified by the properties of the polymer.

Mﬂjwmww breakdown

1000 1500
t/s
RH=27%
< breakdown
5 MWUWUW U/
0 1000
t/ s

Fig. 7. Endurance tests for P3HT based ONVM devices in O, atmosphere at RH of
24% (top panel), and 27% (bottom panel). The devices were activated (by +3V AVsg
pulses) to Isp of 0.6-0.7 WA, and subsequently switched with write and erase AVsg
pulses of +3V, 2s and -3V, 2, respectively. Also shown is the device breakdown
when the S-G current abruptly increased to >10~7 A on application of (a) -3V, 2,
and (b) +3V, 2s AVsg pulses.
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Fig. 8. Device characteristics of PQT based ONVM at RH of 11%: (a) activation with
a sequence of +3V AVsg, and (b) switching with W/E pulse of £3V, 2s AVs.

PQT devices exhibit higher sensitivity to the presence of mois-
ture than P3HT devices. At RH >30% where P3HT devices normally
operate, the ON states of PQT devices decay quickly and the devices
break down on application of a few W/E pulses. More detailed com-
parison of the devices characteristics of P3HT and PQT based ONVM
devices are shown in the supporting information Figure S6.

4. Discussion

The properties of thermal and e-beam SiO, play a crucial role
in determining device characteristics of OFET and ONVM devices
because the former is dense and crystalline, and the latter is porous
due to its formation conditions. Since a conventional OFET works
via the accumulation of mobile carriers in the channel due to capac-
itance across the gate dielectric layer, the ordered structure of
thermal SiO, provides a low-leakage dielectric, and minimizes the
possibility of electrochemical reactions induced by the SG bias volt-
age. In contrast, e-beam SiO, is disordered and hygroscopic, and
is expected to be more permeable to ions than thermal SiO,. The
ability of porous SiO, to transport ions, most likely OH™, facilitates
electrochemical redox reactions and provides counterions for the
P3HT polarons, thus compensating the space charge and resulting
in a relatively stable ON state. While electrochemical reactions are
generally avoided in OFET designs due to the degradation of per-
formance they induce, they play a critical role in the current ONVM
devices, since reversible oxidation and reduction of polythiophene
results in the high and low conducting states of the devices cor-
responding to the ON and OFF states, respectively. Many different
types of NVM devices based on conductivity switching have been
reported in literature which have organic or inorganic or both
materials as components in the device structure. These devices, in
their pristine as fabricated states, normally do not exhibit electrical
bistability under normal operating conditions. Electrical bistabil-
ity can be induced in these devices by a process that involves an
“electroforming” step in which the device is biased until a “soft
breakdown” occurs, presumably forming a conducting path which
then can be switched ON and OFF electrically [2-4]. In the ONVM
device reported here, simultaneous measurements of the electrical
characteristics and Raman spectra of the P3HT/SiO, ONVM device
during “activation” (Figs. 4 and 5) clearly indicate “electroform-
ing” in this case involves oxidation of neutral P3HT to its polaron,
with accompanying increase of the channel conductivity. Since the
neutral P3HT in the as-fabricated device has low conductivity, the
SD current is small, and does not change significantly on applica-
tion of + A Vs pulses. Oxidation of P3HT during activation increases
the doping level until “percolation” occurs, i.e. a conducting path is
formed between the S and D electrodes. Once formed, this path can
be broken and re-made by SG bias pulses. The correlation between
SD conductivity and the gain and loss of polaron concentration
indicated by the Raman spectrum is a convincing indication that
polaron modulation is responsible for AVsg-induced conductivity
changes. It should be noted that a variety of mechanisms have been
proposed for memory effects in FET structures, including filament

formation, trapped charge, and redox phenomena [2-4,31-33], but
assignment of mechanism is rarely unambiguous. For the case of the
polythiophene/silica devices studied here, the spectroscopy pro-
vides direct evidence that polaron formation is responsible for the
conductance change.

The strong dependence of activation and switching on the pres-
ence of O, and H,O indicates that both are likely involved in the
redox counter-reaction accompanying polythiophene oxidation.
Without such a counter-reaction, the polymer oxidation would be
“electrostatic”, and would revert to the neutral polymer as soon
as the AVgg bias is removed. The existence of bistable ON and OFF
states indicates that the counter reaction not only accepts electrons
removed from polythiophene, but also provides anions (most likely
OH~ ions) to compensate the space charge in the polymer gener-
ated by polaron formation. Furthermore, the fact that a Pt or Au
gate electrode is required implies an electrocatalytic reaction, not
present when other electrode materials (e.g. carbon), are used for
the gate electrode [39]. The reductions of O, and/or H,O at a Pt sur-
face are quite complex since they involve several steps, and many
products are possible, including O,~, H,0,, OH™, and Hj. The prod-
uct distribution is strongly dependent on conditions, and difficult
to predict in the solid state devices studied here. However, plausi-
ble electrochemical reactions for the Au/P3HT/SiO,/Pt devices are
as follows

Anodic reaction at Au source electrode:

P3HT — P3HT" +e~
Cathodic reaction at Pt gate electrode:
03 +2H;0 + 4e~ — 40H™

Reduction of O, all the way to OH™ in a single step is an
ideal case, but all mechanisms for O, reduction generate OH~
[44-46]. The reductions of O, and/or H,O are slow kinetically,
hence the importance of a catalytic surface. The slow kinetics
of these counter-reactions is at least part of the reason for the
slow switching speed, as well as a possible reason for device
breakdown. A recent report by Sharma et al. [33] proposed that
proton generation and migration in silica was responsible for the
slow degradation observed in OFET performance, and H* could be
involved in the current devices. Slow electrochemical reactions
may lead to side reactions which damage the polymer or other
components of the device, possibly including H, production which
could form gas bubbles. We are currently investigating alterna-
tive redox counter-reactions to avoid the dependence on water
and oxygen. We reported recently that including a viologen elec-
tron acceptor to complement the polymer oxidation eliminated the
dependence of the memory effect on water or silica, and produced
devices with significantly longer cycle life [47].

Finally, we should comment on the differences between
the redox reactions and polaron formation in the current
devices and the “bias stress effect” reported in OFETs, since the
SiO, /polythiophene devices have similar structure (Fig. 2a and
b). The bias stress effect causes the threshold voltage (AVy,) of
OFETs to shift in the direction of the applied gate voltage with
prolonged gate bias [31-33,48-53], and is a significant impedi-
ment to applications of OFETs [32]. For example, Sharma et al.
reported a shift in threshold voltage of ~15V in triarylamine OFETs
following prolonged gate bias of —20V for 100 h [33]. Many differ-
ent mechanisms have been proposed to explain bias stress effect
in OFETSs, including carrier immobilation due to charge trapping
in the OSC or OSC/dielectric interface [48-50,52], bipolaron for-
mation [53], contact degradation [51], and hole assisted proton
formation and migration into gate dielectric. Detailed studies by
de Leeuw et al. [31-33] showed that hole assisted proton forma-
tion and migration into the gate dielectric is the most plausible
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mechanism for the bias stress effect. While “bias stress” could
involve polaron formation and subsequent immobilization of car-
riers by trapping, the redox-based memory effect reported here
exhibits important differences. The polaron formed in the devices
reported here increases conductivity in contrast to the trapped
chargesin the bias stress effect which decease conductivity. In addi-
tion, the W/E voltages are much lower than those typically used
in OFETs, and the conductance changes are much faster and more
reversible. We attribute the relative ease of polaron formation in
the current devices to the reduction of water at a catalytic gate elec-
trode in Au/polythiophene/SiO, /Pt memory devices, which provide
the redox counter-reaction necessary for conductance switching.

5. Conclusions

We have demonstrated an organic memory device based on
reversible oxidation and reduction of polythiophene which opera-
tes at voltages below 5V. Conductivity switching in ONVM is
determined by polarons in the channel and the memory retention
results from stabilization of polarons by a redox counter-reaction
at the gate electrode. Thus the mechanism of operation of ONVM is
distinctly different from those of the existing OFET memory devices,
such as CtFET and FgFET memory devices as these devices depend
on charge storage in the electrets layer or the metal nanoparticles.
Furthermore, in contrast to several existing OFET memory devices
where the mechanism of operation has not been independently
confirmed, the mechanism of operation of ONVM has been directly
correlated to the polaron concentrations using in situ Raman spec-
troscopy. With the main components of the redox-based ONVM
identified and the ability to spectroscopically monitor memory
dynamics, it should be possible to vary the composition and struc-
ture to optimize speed, retention, and cycle life.
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