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Electrical transport in devices consisting of an electrode of a conducting polymer (poly(ethylenedi-
oxythiophene):poly(styrenesulfonate), PEDOT:PSS); a layer of a sexithiopbehdethylene oxide)
(6T-PEO) block copolymer with an Al top electrode is investigated. These devices show diode behavior
with the larger current density flowing when the PEDOT:PSS electrode is biased positive with respect
to the Al electrode (forward bias). Introduction of inorganic salt (NaCl) in the PEDOT layer results in
resistive switching behavior under forward bias while retaining the diode character. The switching allows
for storage of information and rewritable memory operation is demonstrated for the diodes although the
retention time of the information is still very shor10 s). The reported combination of switching and
diode behavior is an important requirement for passive matrix addressing of resistive switching memory
cells in an array and shows that materials with combined ion and charge transport properties are interesting
for information storage.

Introduction individual cells in the array, suppressing cross-talk between
o ) ) ) the cells in the matrix array. Recently, they showed that also
The possibility of usingz-conjugated polymers in elec- oy ingrganie-organic heterojunction can serve as a diode
tronic memory elements is currently being explored by a j, memory cell€ To come tarewritable memory cells that
large number of research group&ne of the approaches 4, pe integrated into a passive matrix array, many require-
being followed is to make d|:)de-l|”ke structures for which  ants have to be fulfilled (see also Supporting Information).
the resistance at a particular “read” voltage can be modified |y rtant features of such memory elements are to exhibit
by application of a higher voltageOne of the attractive  gigqe character and have two different resistance levels in
features of these diodes is that they may be integrated into¢,\vard bias.
a ma_trix array o]‘ plastic memory ele-me.nt.s relying on passive It has been shown that the electrical properties of
mnadtrlx a\llflidrrssrsmk? \t/o readdout tfllen:n?ilw;jual i(r:]é"é?r:ﬁit i n:r—conjugated polymers doped with mobile ions can be
\?vith cc;]- ino re ii ‘Ziedusf r?wpl(: ymeric ;\Jlsem fr?x o a of modified by application of bias voltage strésEhis feature
it an no gad ¢ diode to ma ela p?;; € ma at' ay o may allow for storage of information in a rewritable manner.
write-once read-many memory eementse incorporation For example, bias voltage stress applied to films of pmly(
of a diode is required for selective writing and reading of phenylene vinylene) doped with mobile ions, sandwiched
between two non-Ohmic contacts, induces the formation of
* Corresponding author. Tel.:+31402473723. Fax:+31-402451036. a junction and results in diode-like Currenloltage (—V)
E-mail: s.c.j.meskers@tue.nl. L . . ; .
(1) See for instance: (a) Tal, S.; Blumer-Ganon, B.; Kapon, M.; Eichen, characteristi€.After junction formation these cells can emit

L J am. %hf/’\}“-ﬁ?%%oﬁeﬁ@g%%%&'agﬁgf-Lgt-t%agg goer. electroluminescence (light-emitting  electrochemical cell,
203509. (c) Mushrush, M.; Facchetti, A.; Lefenfeld, M.; Katz, H. E.; LEEC). The electrical response of these devices to positive

Eﬂe;rks, T] J\?l. AmMChHemMSOr?OOr? 1,55 P34t14- éd)EFaKAchitti, TA.;J and negative bias voltage stress is very similar and both types
etizia, J.; Yoon, il P usnrusn, ., Katz, R. E.; Marks, |. J. . f P

Chem. Mater2004 16, 4715. (e) He, J.; Ma, L. P.. W, J. H.. Yang, of stress induce a high c_onduct|V|ty staFe for_probe vo_Itages
Y. J. Appl. Phys2005 97, 064507. (f) Tseng, R. J.; Huang, J. X.;  that have the same parity as the applied bias stré@bss
Ouyang, J.; Kaner, R. B.; Yang, Wano Lett.2003 5, 1077. latter property makes it difficult to use these structures as

(2) See forinstance: (a) Scott, J. &cience2004 304, 62. (b) Yang, Y.; . . . .
Ma, L.; Wu, J.MRS Bull.2004 29, 833. (c) Ouyang, J.; Chu, C.-W.; memory cells in a passive matrix array because a particular

Tseng, R. J.-H.; Prakash, A.; Yang, FProc. IEEE20035 93, 1287. cell in the matrix array will experience reverse bias stress

d) Yoon, W. J.; Chung, S. Y.; B P.R.; Asar, S.Appl. Phys. . : :
(Le)tt. 2885 87 2’035%%9‘  Bergen  Asar, S.Apl. Phys when trying to reduce the conduction level or when trying
(3) (@) Luyken, R. J.; Hofmann, Manotechnology2003 14, 273. (b) to raise the conduction level in another cell. This may result

Jakobsson, F. L. E.; Crispin, X.; Berggren, Appl. Phys. Lett2005

87, 063503.

(4) (a) Mdler, S.; Perlov, C.; Jackson, W.; Taussig, C.; Forrest, S. R (5) (a) Edman, L.; Summers, M. A.; Buratto, S. K.; Heeger, APlys.
Nature 2003 426, 166. (b) Mdler, S.; Forrest, S. R.; Perlov, C; Rev. B 2004 70, 115212. (b) Pei, Q.; Yu, G.; Zhang, C.; Yang; Y.;
Jackson, W.; Taussig, G. Appl. Phys2003 94, 7811. (c) Smith, S.; Heeger, A. JSciencel995 269 1086. (c) deMello, J. C.; Tessler,
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Figure 1. Chemical structure of the 6T-PEO block copolymer.

in creating a diode with the wrong polarity that makes it
impossible to read out cells in the matrix array selectively.
Devices with one Ohmic and one Schottky contact feature
the required asymmetric response to positive and negative
bias stress voltages, but here the induced change in conduc-
tivity is mainly in the reverse bias reginfieBecause
modulation of the conduction level in forward bias is required
for selective readout of cells in the matrix, these cells are

current (a.u.)

Verbakel et al.

= /

DCM
+0.43 V

Bandgap Eg =25eV

PR 1 i i i L P e g
25 20 -15 -1.0 -05 00 05 10
Voltage (V) vs Fc/Fc'

not useful in arrays. LUMO 3.1 eV

In this paper we report on charge transport in a 6T-PEO — Al
block copolymef that contains semiconducting blocks PEDOT:PSS on43eV
(sexithiophene, 6T) and ion-transporting blocks (poly- ¢m 5.0V E,2.5eV [ ]
(ethylene oxide), PEO) alternating along the polymer chain
(Figure 1). The use of this alternating block copolymer P
ensures nanoscopic mixing of the electron- and ion-transport- HOMO 5.6 eV

ing components, resulting in unique properties. We contact figure 2. Cyclic voltammetry data for 6T-PEO in tetrahydrofuran (THF)
these films on one side with an electrode consisting of a and dichloromethane (DCM). The lower part represents a band level diagram

conductingz-conjugated polymer (PEDOT:PSS), doped with for the devices under study.
an inorganic salt (NaCl) and a plasticizer (ethylene carbonate,
EC), and on the other side with a vacuum-deposited Al (Figure 2). The first oxidation potential observeded.43
electrode. In this way a diode configuration is created for V vs Fc/Fc¢ is close to that of,w-dihexylsexithiophene
which the conductivity in the forward direction can be (40.42 V)8 The first reduction of the 6T-PEO occurs at
modulated by application of forward and reverse bias stress.—2.09 V vs Fc/F¢, i.e., less negative than that fosw-
Thus, information can be stored in the cell in a reversible dihexylsexithiophene£2.23 V). This difference is attributed
manner. Importantly, negative bias voltage stress does notto the electron-withdrawing effect of the ester moieties in
raise the conduction level under the reverse bias. Therefore 6T-PEO. The lower part of Figure 2 shows an approximate
the cell meets an important requirement for passive matrix band level diagram of the devices under study, featuring the
addressing, illustrating the potential of molecular engineering HOMO and LUMO levels of the 6T block as determined
to design switchable electronic elements. from the cyclic voltammetry. The lowest barrier for charge
carrier injection into 6T-PEO is for holes entering via the
Experimental Section PEDOT:PSS electrode. The barrier at the opposite electrode
The devices were built on a glass substrate with a transparentIS considerably higher and, therefore, diode-like behavior is

tin-doped indium oxide (ITO) electrode. An aqueous dispersion of €XPected.

poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)  The absorption spectrum of 6T-PEO in THF shows the
containing NaCl (20 wt % relative to the weight of dry material in - absorption band associated with the optically allowed transi-
the dispersion) and EC (20 wt %) was spin-coated on the ITO 10 jon from the ground state §Bto the lowest excited singlet
create the bottom electrode. The resulting PEDOT:PSS(NacCl, EC) state ($) with a maximum at 2.8 eV, in agreement with data
layer was dried (2 min, 188C, thickness 0.0Zm) and a layer of for sexithiophene (Figure 3)For a solid film of 6T-PEO
6T-PEO was deposited by spin-coating from 15 mg/mL tetrahy- | th . b tion in the Gl t

drofuran (THF) solution (thickness 0.¢@n). The top metal contact on.g ass, . € maximum a sorp 'on in the S _spec rum

was made by vapor deposition of Al ab510- mbar. The active ~ SHIftS to higher photon energies (3.2 eV), while the onset
area of the devices was 0.095 ZnDevices were stored and OCCUrs at lower energies. These changes are accompanied
measured in an inert atmosphere,(®,0 ~ 1 ppm) using a by a shift of the 6 T-PEO photoluminescence to lower photon
Keithley 2400 source meter. Cyclic voltammograms were recorded energies. These spectral changes indicate that the 6T units
in an inert atmosphere with 0.1 M tetrabutylammonium hexafluo- of 6T-PEO cluster in the solid state and form an H-type
rophosphate (TBAPR§ in dichloromethane (DCM) or THF as  aggregate with the 6T moieties stacking in a cofacial or
supporting electrolyte. Redox potentials were measured against amerringbone type fashion with their long axis almost per-
Ag/AgCl reference electrode referenced in situ against Fc/Fc pendicular to the line joining the centers of the 6T uffits.

) , Similar spectral features have been observed upon crystal-
Results and Discussion

The cyclic voltammogram of 6 T-PEO reveals that the first
oxidation and reduction waves are chemically reversible

(8) Facchetti, A.; Yoon, M.-H.; Stern, C. L.; Hutchison, G. R.; Ratner,
M. A.; Marks, T. J.J. Am. Chem. So@004 126, 13480.

(9) Becker, R. S.; de Melo, J. S.; Nemuita, A. L.; Elisei, FJ. Phys. Chem.
1996 100, 18683.

(6) Smits, J. H. A.; Meskers, S. C. J.; Janssen, R. A. J.; Marsman, A. W.; (10) Leclee, P.; Surin, M.; Viville, P.; Lazzaroni, R.; Kilbinger, A. F. M.;
de Leeuw, D. MAdv. Mater. 2005 17, 1169. Henze, O.; Feast, W. J.; Cavallini, M.; Biscarini, F.; Schenning, A. P.

(7) Henze, O.; Feast, W. J. Mater. Chem2003 6, 1274. H. J.; Meijer, E. W.Chem. Mater2004 16, 4452.
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Figure 3. Normalized absorption and photoluminescence (excitation photon 1 E
energy 3.5 eV) spectra of the 6T-PEO block copolymer as solid film spin- o F
cast from tetrahydrofuran (THF) solution (solid lines) and dissolved in THF £ 01
(1075 M) (dashed lines). Electroluminescence from a ITO/PEDOT:PSS- 3
(NaCl,EC)/6T-PEO/AI structure (solid line with open circles). £ 0.01 .
>
lization of sexithiophené and aggregation of a number of ‘§
derivatives similar to 6 T-PE®. k> 183
The currentvoltage (—V) characteristic of a ITO/ *qc'J‘ 1E-4 -
PEDOT:PSS/6T-PEO/AI device without salt or plasticizer =
added to the PEDOT:PSS reveals clear diode behavior O .o
(Figure 4a). At+4 V forward bias (Al electrode negatively
biased with respect to the PEDOT:PSS electrode), the current 16 L
density is approximately 2 orders of magnitude higher than
at —4 V bias. Similar alternating block copolymers with Voltage (V)
oligothiophene blocks shorter than 6 thiophene ditid Figure 4. Current-voltage characteristics of ITO/PEDOT:PSS/6T-PEO/

not show diode behavior when tested under identical condi- Al devices at different scan speeds. (a) No salt or plasticizer added.
tions. The observation of electrical conductivity in 6T-PEQ  (P) With NaCl and EC added to PEDOT:PSS. The trace in the upper left
. . . . . . . corner of panel (b) pertains to a scan of only the reverse bias voltages and
in combination with the insulating properties of the PEO a5 taken directly aftea 1 min period of—4 V bias stress (scan speed
blocks imply the presence of percolating pathways from one 170 mvi/s).

electrode to the other via adjacent 6T moieties, enabling

transport of charge carriers. This view is supported by the flows spontaneously, decaying with time (Figure 5b). By

aggregation of the 6T blocks inferred from WVis absorp- integration over the time window of observation, we find
tion spectroscopy and supports the conclusion that phasethat 6 x 10> C/cn? flows from the cell. When monitoring
separation of the two blocks occurs. the current density while applying a constant bias voltage

In Figure 4a the scan direction of theV characterization ~ (Figure 5c), we find that the current density reaches a
is indicated. When scanning back from positive bias toward Maximum at~6 s after switching on the bias voltage. This

negative bias, the current changes signt@4 V. In a indicates that the charging has reached completion, probably
separate experiment we determined the open-circuit voltagePecause the source of mobile ions is exhausted.
(Voo) displayed by the cell after being biasedt&d V for 60 ITO/PEDOT:PSS(NaCl,EC)/6T-PEO/AIl devices to which

s (Figure 5a) This voltage amounts 4.4 V and this is salt and plasticizer have been added deliberately show current
virtually identical to the difference between oxidation and densities under forward bias that are approximately 1 order
reduction potentials as determined from CV in solution of magnitude higher than those for the undoped devices
(Figure 2). This correspondence, which has also been(Figure 4b). A large hysteresis is now observed inlth¥
observed for LEECS,indicates thatV,. originates from characteristics, which results from the interdependence of
Faradaic charging facilitated by a small number of mobile the field-induced transport of ions toward the electrodes and
ions originating from, e.g., the PEDOT:PSS layer. Under electrochemical redox reactions of the 6T block of the
forward bias, the undoped devices work as the charging of polymer. This combination of processes is well-known from
a battery with oxidation of the neutral 6T block taking place research on LEECS5.The ion accumulation and electro-
at the PEDOT:PSS electrode and reduction of neutral 6T atchemical doping at the electrodes strongly reduce the barrier
the Al electrode. After charging for 60 s at6V, and for charge injection. This combination of processes results
subsequently short-circuiting the device, electrical current in a hysteresis with an anticlockwise direction. In contrast,
the hysteresis in the cyclic voltammetry scan has a clockwise

(11) (a) Garier, FAcc. Chem. Res999 32, 209. (b) Muccini, M.; direction when the absolute value of the current is plotted
Iﬁl;nedigéis; Igga% 5013 B?IJ?n’\r/\le, D.;_Cc;\/rlml,LJ.;Bif, JELJBChemA (Figure 2). This underlines that the hysteresis observed for

yS. ) . (C uccinli, ., Luneael, k., bree, A.; . . .
Horowitz, G.. Garnier, F.; Taliani, CL. Chem. Phys1998 108, 7327. the diodes does not originate only from reversible redox

(12) Kilbinger, A. F. M.; Feast, W. JI. Mater. Chem200Q 10, 1777. reactions at the electrodes but results from junction formation.
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1 Time (s) 10 PSS(NaCIl,EC)/6T-PEO/Al &f = +1.5 V after a+4 V write pulse &)
and after a—4 V erase pulse). The length of the write and erase pulses
Figure 5. (a) Time dependence of the open-circuit voltaded) measured is systematically varied from 1, 2, 5, and 10 s. The read pulses have a
directly after termination of a bias voltage stres$(V, 60 s) for a PEDOT: temporal width of~40 ms and between the read pulses the devices are

PSS/6T-PEO/AI diode (dashed line) and of a PEDOT:PSS(NaCl,EC)/ kept & 0 V bias.
6T-PEO/AI diode (solid line). (b). Short-circuit curredsg) after bias stress

(+6 V, 60 s). (c) Current densityJ( under+6 V bias stress started at . .
t=o. The response of the devices to pulses of positive and

negative bias voltages has been analyzed in more detail. A

The open-circuit voltage for the doped devices, measuredbias voltage oft4 V was applied fo1 s and subsequently
directly after 60 s at+6 V bias stress, drops below 0.1 V the conductivity of the diode was probed by applying
within 1 s after termination of the stress voltage (Figure 5a). multiple short ¢ 40 ms) “read” pulses oft1.5 V and
While the devices without added salt show a saturation of monitoring the current density (Figure 6, upper panel, solid
the current density at about 10 s after the turn on of the biassquares). Between the read pulses, the device was kept short-
voltage, the devices with added salt do not show a clear circuited. Two transient components to the current density
saturation in the period of measurement (Figure 5c). under the read voltage may be expected. The first is a

Interestingly, devices with added salt retain their diode Faradaic discharge current which flows in a direction
characteristic. The current density under negative bias is 30pposite to the steady-state current unté&r5 V bias when
orders of magnitude lower than that in the forward (Figure the device has been stressedrdtV. The second transient
4b). The application of reverse bias voltages does not raisecontribution results from the enhanced injection of charge
the conduction level in the reverse bias regime. To confirm carriers at+1.5 V after modification of the barriers for
the absence of any ion-induced electrode processes undeinjection by the motion of ions and the associated redox
reverse bias, we have biased the devices for 60-sdaV/ reactions resulting from th&4 V stress. This excess current
and performed ah—V scan of the negative bias region. The flows in the same directions as the steady-state current at
result shown in the upper left corner of Figure 4b reveals +1.5 V bias. We find that at times< 1 s after the write
no enhancement of the current density at negative bias. Thispulse, the Faradaic discharge current dominates while for
indicates that migration of anions toward the interface with timest > 1 s, the current density is enhanced due to the
the Al electrode, leading to a buildup of negative space junction formation. When the-4 V bias is applied for a
charge and allowing for facile hole injection through the Al longer time interval (2, 5, or 10 s), the importance of the
electrode, does not take place. In principle, ion migration discharge current < 1 s) is reduced while the excess current
induced by an electrical field may not be fully reversible. (t > 1 s) due to junction formation increases. In Figure 6
However, in the course of our investigations, we found no we also show the response to-& V bias voltage pulses
obvious signs of fatigue and the cells can be cycled at least(open circles). Here, the discharge current has the same
15 times without any significant changes in theV direction as the steady-state current undetr.5 V bias.
characteristic. (See Supporting Information, Figure S1.)  Therefore, the enhanced current densities in the first second
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after the—4 V pulse as observed for the 1, 2déh's voltage
pulses may be ascribed to the discharge current. Consistent Voltage (V)
with the absence of junction formation under reverse bias

as inferred from thel—V scans, we find no significant 2 ' é ' A' é ' é ' } ' é 0.1 1 10
reduction of the current density at the read voltage due to
induction of a junction with opposite polarity by applying
—4 V bias stress.

This asymmetric response of the diodes and the excess
current density associated with the hysteresis allows us to
temporarily store information in the cells in a reversible
manner. The cells can be “written” &4 V, “erased” at—4
V, and “read” in forward bias at-1.5 V. As can be seen
from Figure 6, the excess current density allows one to
distinguish a low-conductivity state and a high-conductivity
state in the time window between 1 and 10 s when the write
and erase pulses arsh s. For delays larger than 10 s after
the write/erase pulse, the current densities for the written
and erased states quickly converge. Thus, the retention time
of the information (10 s) is at present rather short. To 4 3 2 1 0 1 2 3 4
improve on this, a block copolymer with a very steep Voltage (V)
dependence of the ion mobility on electric field is needed. Figure 8. (a) Electroluminescence intensity as a function of applied voltage

As mentioned above, the hysteresis in forward bias can oL 0 00 o0C 20y Tl LR M i endence of
be rationalized in terms of electrochemical doping at the the electroluminescence intensity for the diode with NaCl. At tire0 s
electrodes induced by ion transpérﬂ'he effect of ion a constant bias_ voI‘tage df4 V was switched on. (c)—V characteristics
accumulation and electrochemical doping on the barriers for of the diodes with Li:PSS or NaCl. Scan speed 170 mV/s, room temperature.
charge injection are illustrated schematically in Figure 7. metal contacts with different work functions (e.g., Au or Ca,
Under application of forward bias stress, electrochemical Figure S4).
doping of 6T occurs at both electrodes. Near the Al, reduction  Tq account for the low open-circuit voltage after bias stress
of the 6T is facilitated by migration of sodium ions toward a5 observed for the diodes with salt, we argue that-a p
the metal electrode (n-type doping). Oxidation of 6T occurs junction is formed with a narrow depletion zone between
near the interface with the PEDOT:PSS electrode and isthe p and n doped regions. Such narrow widths are expected
associated with migration of the chloride ions in the vicinity \yhen extensive electrochemical doping ocdéiBecause of
of the interface (p-type doping). This results in formation of the narrow depletion width, mobile electrons and holes on
a p—n junction:* This mechanism is supported by the the 6T segments can recombine after diffusional motion,
temperature dependence of theV characteristic. At low  yeducing any open-circuit voltage quickly after termination
temperature, where motion of ions is inhibited, the hysteresis 5f the bias voltage.
is strongly reduced. Conversely, at high temperature, the The observation of electroluminescence (EL, Figure 3)
mobility of ions is higher and relaxation to the thermody- ajlows us to analyze the junction formation in further detail.
namically favored state is faster. Hence, the hysteresis iSg[_is observed for devices when the PEDOT:PSS layer is
suppressed as well (Figures S2 and S3, Supporting Informa-joped with either NaCl or Li:PSS. The EL shows an onset
tion). As expected, the hysteresis remains when taking top at 2.5 \/ (Figure 8a), which is delayed in time with respect
to the start of the bias voltage (Figure 8b). To generate EL,

(13) 1COh593“69- C. H. W.; Lonergan, M. G. Am. Chem. So@004 126 electrons must be injected via the Al electrode, a process
(14) Haradé, K.; Werner, A. G.; Pfeiffer, M.; Bloom, C. J.; Elliott, C. M.;

Leo, K. Phys. Re. Lett. 2005 94, 036601. (15) Gao, J.; Dane, J. Appl. Phys2005 98, 063513.

Current density (mA/cm’)
T ns 2 .

-
m
(9]
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that is assisted by accumulation of small positive ionst(Na Conclusion

Li ™) near the Al electrode and after being transported through

the block copolymer. The delayed onset of the EL with N summary, we have shown that block copolymers with

respect to the application of the bias voltage can then be@ Se€miconducting and ion-transporting block can be used to

interpreted in terms of the time needed for the transport of construct diodes displaying resistive switching in the current

ion and electrochemical doping processes. under forward bias without any appreciable modulation of
Interestingly, for the devices with Li:PSS added, the the conductivity in the reverse bias regime. This type of

hysteresis in thé—V characteristic is strongly reduced in behavior is required for integration of memory cells in.

comparison with devices doped with NaCl (see Figure 8c). Passive matrix arrays. The asymmetry in the response is

Because of its bulkiness, the PSS polyanion will hardly aftributed to selectivity mth_e transport of ions by the block

migrate. The fact that EL is observed upon doping with Li: COPolymer. Molecular engineering of block copolymers

PSS in combination with the absence of a considerable cOmMbine charge and ion transporting moieties; therefore, it

hysteresis in the forward bias regime indicates that the S€emsto be a promising tool to design switchable electronic

hysteresis observed with NaCl doping results from migration €lements.

of the CI anions to the vicinity of the PEDOT:PSS/6T-

PEO interface, resulting in an effective lowering of the barrier ~ Acknowledgment. We thank Dr. O. Henze and Prof. W. J.
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