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Polymer light-emitting electrochemical cells: Doping, luminescence, and mobility
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We utilize the planar “surface cell” device configuration with Au contacts and a mixture of a soluble
phenyl-substituted polpara-phenylene vinylenecopolymer (“superyellow”, a dicyclohexano-18-crown-6
crown ether, and a LiGJSO; salt as the active material. Because the lowest thermal transition occurs well
above room temperaturdRT), we can study the charging process at an elevated temperature and probe the
exact location of the electroluminescen@elL) and doping-induced quenching of photoluminescence in
charged devices at RT. We also employ the same active material in thin-film field-effect transistor structures to
study the influence of electrochemical doping on transistor performance. Our results demonstrate that revers-
ible bipolar electrochemical doping indeed takes place at applied voltages above the band gap of the semicon-
ducting polymer(V=Eg/e), but also that limited unipolar electrochemical doping can take plate<dE,/e
if the barrier heights for hole and electron injection are asymmetric. The EL originates in, or in close proximity
to, the thinp-i-n junction, which is located close to the cathode.
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[. INTRODUCTION beforelrzeé:ombining radiatively in or very close to the thin

Polymer light-emitting electrochemical cellsEC’s) rep- ~ €glon=== L _ ,
resenty an i?]teresting galternative to conEI/entior)laI pIight- The mobility of ions is critical during the LEC charging
emitting diodes(LED’s) for use in, e.g., flat-panel display Process—i.e., during the initial redistribution of ions and the
applications. Polymer LEC's can be processed directly fronfubsequent electrochemical doping. lon mobility is, however,
solution and printed onto flexible substrates, thus enablingot necessaryand is in fact a source of degradatjaturing
inexpensive, large-area coverage in many configurationsteady-state operation after the formation of ghen junc-
Moreover, the low turn-on voltage for light output from a tion. Note that for charging to take place, it is sufficient that
polymer LEC, corresponding to the band gap of its constituone of the ionic species is mobile, as proven by the success-
ent semiconducting polymaNi,n..,.=E4/e, wheree is the  ful operation of luminescent single-ion conductor LEES?
elementary chargeis independent of the thickness of the In general, ion mobility is dependent on the redistribution of
active layer and the selection of electrode matefidlEhis is ~ free volume, which means that the ion mobility approaches
in sharp contrast to organismall molecule and polymgr zero when the temperatut&) of an LEC is lowered below
LED’s, which require a low-work-function cathode and athe glass transition temperatu(@;) and the melting tem-
high-work-function anode in conjunction with a very thin perature(T,) of all constituent phases. Consequently, an
layer of active material to emit light at a low applied LEC can be charged at a high and then operated in the
voltage3+ so-called “frozen-junction” mode at a temperature belyv

The fundamental difference between organic LED’s andandT,, of all the constituent phases. Gabal. were the first
polymer LEC's is that the latter contain mobile ions admixedto make use of this concept, when they charged an LEC
into the active layer. These ions accumulate close to the elegwith its lowest thermal transition &f,=208 K) at room
trode interfaces following the application of an external volt-temperaturéRT) and then successfully operated it with fast-
age in order to electrically screen the bulk of the materialresponse light emission all the way upTe 200 K20:21
What happens after the formation of these electric double For this study, we utilize the planar “surface cell” device
layers atVim.on=Ey/€ has been rationalized by different configuration with Au contacts and a mixture of a soluble
models>1? However, experimental observatidig:1%13-17  phenyl-substituted pofpara-phenylene vinylengPPV) co-
have demonstrated that the semiconducting polymer begolymer (“superyellow”’, a dicyclohexano-18-crown-6
comes electrochemically doped: injected holes attract anionsrown ether, and a LICJSO; salt as the active material. For
and injected electrons attract cations, establishprtype  this material, the lowest thermal transition occurs well above
doping next to the anode amdtype doping next to the cath- room temperature, thus conveniently allowing for frozen-
ode, respectively, while preserving electroneutrality. Withjunction operation of charged devices at ®¥3We carefully
time, these doped regions grow close together, and aitu  study the charging process of a planar surface cell LEC at an
p-i-n junction is formed;i represents the relatively thin in- elevated temperature and probe the exact location of the
sulating region, separating thpe andn-doped regions, over electroluminescencéEL) and doping-induced quenching of
which a large portion of the applied voltage drops underphotoluminescencél) in such charged devices at RT. We
steady-state operation. Subsequently injected holes and elesiso employ the same active material in thin-film field-effect
trons migrate through the high-conductivity doped regiongransistor(TFT) structures to study the influence of electro-
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chemical doping on transistor performance. Our results dem OR'

onstrate that reversible bipolar electrochemical doping in- * (D-on D! o F

deed takes place at applied voltages above the band gap « C( D Liw 0—%—(::—F
\ o (o) O F

the semiconducting polymer, but also that limited unipolar o«
electrochemical doping can take place at an applied voltage
below the band gap. We suggest that the limited unipolar
electrochemical doping occurs because the Fermi level of the {'superyellow’ + dicyclohexanocrown ether + LiCF;SO5}
electrodes(in this case Au is significantly closer to the
valence-band edge than to the conduction-band edge of th
luminescent semiconducting polymer. We calculate the dop-
ing level as a function of interelectrode distance in such a
scenario and find good agreement with the data. We alsc
demonstrate that EL originates in, or in close proximity to,
the thinp-i-n junction, which is located close to the cathode.
The latter indicates that the hole mobility is larger than the Glass
electron mobility in superyellow.

Il. EXPERIMENT

The electroluminescent polymer, a soluble phenyl-
substituted PPV copolymdsuperyellow, was synthesized
by Covion?42% The crown ether cis-anti-cis-dicyclohexano-
18-crown-6(DCH18CH was purchased from Acros Organics Gate oxide
and dried at 40 °C in a vacuum oven before use. The ;
LiICF,SO; salt was purchased from Aldrich and dried at Gate (2-Si)
150 °C for 24 h in a vacuum oven before use. The molecular
structures of the three components are presented in the top FIG. 1. Molecular structure of the components of the active

part of Fig. 1. Two solutions were made by dissolving material (top), schematic device structure of a top-contact planar
5.3 mg superyellow in 1 mL of anhydrous toluene, andgyrface cell(middle), and schematic device structure of a bottom-

20 mg DCH18C6 and 4.2 mg LiGBO; in 1 mL of anhy-  contact thin-film field-effect transistabottom).
drous toluene, respectively. After prolonged stirring, 135

of the superyellow solution was mixed with 20 of the  volving the active material took place in anfilled glove
DCH18C6-LICRSO; solution, making the overall box(0,<1 ppm.
(superyellow:DCH18C6:LiCES0;) mass ratiq10:14:3 and Device charging and testing were performed under dy-
the solid-state salt concentratienil M. The master solution namic vacuum(p<10~3 Pg with the sample mounted onto
was stirred on a magnetic hot plate for 24 h at room temthe copper block of a cryostat. For planar surface cells, the
perature and 2 h at 60 °C. current was measured via a precision resistor connected to a
For planar surface cells in a top-contact configura{eee  Keithley 181 nanovoltmeter, and the brightness was mea-
middle part of Fig. 1, thin films of the active material were sured with a GCA/McPherson photomultiplier module con-
prepared by spin castin@t 1700 rpm for 60 sthe hot mas- nected to a HP 3478A multimeter. TFT's were characterized
ter solution onto carefully cleaned glass substrédesicated using a Keithley 4200 Semiconductor Parameter Analyzer,
in detergent, rinsed in de-ionized water, sonicated in acetonsyith the source electrode grounded.
sonicated in isopropanol, dried at 120 °C for 12 fihe PL and EL intensities as a function of interelectrode po-
films were annealed and dried at 75 °C for 3 h. Finally,sition, with a resolution of approximately 300 nm, were es-
100-nm-thick Au electrodes were thermally evaporated at aablished by laser scanning confocal microscopy. The experi-
pressure op~ 104 Pa through a shadow mask establishingmental apparatus has been described previd@gicustom-
the interelectrode distance @t=40 um. built vacuum sample chamber with electrical feedthroughs
The bottom-contact TFT structure is presented in the botmounted on a piezoceramic scanning stage was employed.
tom part of Fig. 1. TFT structures were prepared by ther-The 457-nm line of an Ar+ lasdSpectra-Physigsvas used
mally growing a 200-nm-thick Si©dielectric layer onto an as the excitation source for PL experiments, with a nominal
n-doped Si wafer. For TFT's and planar surface cells in thepower density of~500 mW/cnf. A laser notch filte(Kaiser
bottom-contact configuration, Au electrodé$ nm thick-  Optical) removed scattered laser light, ensuring that only
ness on a thin Ti adhesion laygR2 nm thicknesgwere fab- sample PL was transmitted to the avalanche photodiode
ricated by lift-off photolithography. The interelectrode chan- (APD) detector. For EL imaging, the confocal focus was first
nel length was Sum, and the channel width was 100@n.  established with the laser. Then the laser beam was blocked
Thin films of the active material were deposited onto thesdrom the microscope and emission resulting from device op-
structures by drop-casting the hot master solution. After theration was focused onto the APD. The PL and EL intensities
films appeared dry to the naked eye, the devices were anvere obtained by averaging the recorded signal over an area
nealed and dried at 75 °C for 3 h. All preparation steps in-of approximately 4Qum of channel width. Confocal reflec-
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polymer and(ii) a subsequent simultaneous electrochemical
p- and n-type doping of the semiconducting polymer\if
=Eg4/e. The time required for the formation of the electric
double layers(tp, ) should be approximately related to the
RC-<charging time of a symmetric electrochemical capacitor

(tro):

1x10° f

toL = tre= (L/oA)(Agge,/2Lp,), 1

whereL (=5x10°%m) is the interelectrode distance;, is
the ionic conductivity of the active materialh is the
electrode/active material interfacial areag, (= 8.854
X 10712 C2/Nm?) is the permittivity of free space;, is the
0 15 30 45 60 75 950 105 120 effective dielectric constant within the electric double layers,
Time (min) andLp, is the thickness of the electric double layers. Using
values ofc=10*S/m?2 &,=6,% andLp =1x10° m28 we
FIG. 2. Curren(left) and brightnesgright) as a function of time  obtain a very shorty, of =1.4 ms.
during operation at various applied voltages Tat85 °C for a Ouisse and co-workef$and de Mello and co-workefs
bottom-contact Aufsuperyellow+DCH18C6+LiCfS0s}/Au sur-  found tp, of the order of seconds in certain thin “sandwich
face cell with an interelectrode gap of/6n. The inset shows a cell” LEC’s, but the former authors demonstrated that such
magnification of the current responseMe1 V andV=2 V. slow kinetics are due to rough interfaces, originating in ther-
mal evaporation of top electrodes on a soft active material
tion was used to determine the position of the reflective Auand/or significant phase separation. The LEC device pre-
electrodes with respect to the observed EL and PL. A lowsented in Fig. 2 contains an active material with a minimal
laser power(<1 mW/cnf) was focused onto the sample, phase separation on -a25-nm scale(see Ref. 2 which
and the laser notch filter was removed. The intensity of rewas deposited on top of photolithographically prepatterned
flected laser light incident on the APD was recorded. electrodes, and thus a long, is unlikely. Furthermore, the
current is expected to decay with time during electric double-
layer formation(as was also the case for the slow devices of
lll. RESULTS AND DISCUSSION Ouisseet al.and de Melloet al)),2%” which is in conflict with
A. Device charging the observed increase in current with time in Fig. 2. Conse-
uently, as discussed in detail below, limited electrochemical

Figure 2 presents current and brightness as a function cgoping of the semiconducting polymer, with a concomitant

time at different applied voItagg(é/) for a bottom-contact increase in conductivity and current, appears to take place for
Au/{superyellow+DCH18C6 +LiCfSO;}/Au surface cell /- Ejle.

operated af=85 °C. In a previous publication, we demon-
strated that such a device only can be charged at an elevated _ o i
temperature and that frozen-junction operation is possible at B. Luminescence and junction properties
RT.22 We rationalized this behavior by showing that the ac- It is well established that PL is quenched by low levels of
tive material phase-separates into a superyellow phase withdoping via exciton diffusion to nearby hole or electron
glass transition aly~180 °C and a crystalline DCH18C6- quenching site3?3! Estimates of the range of exciton diffu-
LiICF3;SO; phase which melts af,,~56 °C, consequently sion in PPV-based polymers range from 8 to 13%%
only allowing for ion mobility and charging a&=56 °C??>  Thus, PL quenching will be significant at doping levels of
Figure 2 includes data obtained at applied voltages that are 10'” cmi™3 but also detectable even at10'® cm 3. Figure
both below and above the optical band gap of the superyeB presents the PL intensity as a function of distance from
low polymer(E;=2.4 e\).?’ For V<Eg/e (see the magnified anode(left) to cathode(right) at RT for a frozen-junction
portion in the inset in Fig. R the trend is that the current at top-contact Au{superyellow+DCH18C6+LiCFSO;}/Au
a setV initially increases with time but after some time levels surface cell at open-circuit conditions. The device was
out at a limiting value. The time constant is dependent on theharged atT=85 °C at different voltages and time¥,
interelectrode distance and the bias history of the sample, bat2 V andt~ 15 min (dashed ling V=3 V andt~ 15 min
the same general behavior is observed also for thicker cellgdotted ling, andV=3 V andt~ 30 min (dash-dotted ling
For V=3V (>Eg/e), the trend is that the current increase, and thereafter cooled to RT under applied voltage. Preceding
and thus charging, continues for significantly longer timeseach new charging, the device was completely discharged
Light emission(the signature of bipolar injectigrof a weak  under short-circuit conditions &t=85 °C, as demonstrated
magnitude is detected after10 min atvV=3 V, while light by a comparison of the PL profile of a discharged device
visible to the naked eye is observed after prolonged chargingith that of a pristine device. As a reference, the PL intensity
at V=6 V (not shown. for an uncharged device is also includelid line).

The charging of a polymer LEC is typically described asa The observation of PL quenching in Fig. 3 demonstrates
two step-process(i) an initial electric double-layer forma- that electrochemical doping takes plac& at85 °C and that
tion at the interfaces to electrically screen the bulk of thethis doping is “frozen-in” at RT. A small but clearly distin-

1x10° F

Current (A)
Brightness (arb .units)

-10

1x10
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FIG. 3. Photoluminescence intensity as a function of distance

from anode (left) to cathode (righty for a top-contact
Au/{superyellow+DCH18C6+LiC§50O;}/ Au surface cell with an
interelectrode gap of-40 um. The data were collected at RT fol-
lowing high-temperature chargingT=85°C) at V=2V for t

~ 15 min (dashed ling V=3 V andt~ 15 min (dotted ling, and
V=3 V andt~ 30 min (dash-dotted ling The solid line represents
data collected from an initially charged device which was com-
pletely discharged under short-circuit conditionsTat85 °C.

FIG. 4. Electroluminescendgeashed line, up-shifted for clarity
and photoluminescendgolid line) intensity as a function of dis-
tance from anode(left) to cathode (right) for a top-contact
Au/{superyellow+DCH18C6+LiCF50;}/Au surface cell with an
interelectrode gap of-40 um. The data were collected at RT fol-
lowing high-temperature chargi@=85 °C) atV=20 V. The inset
shows a laser reflection image of the device structure.

guishable amount of doping is apparent following the high- this context, it is interesting to note that Martess al.
application of a voltagebelow the band gap—i.e., a¥  employed admittance spectroscopy to demonstrate that an
=2V (compare the dashed line with the solid lre  OC,C;;-PPV polymer(with a molecular structure which is
demonstrating that charging =2 V can produce doping reminiscent of superyellowexhibits a significantly higher
levels of ~10'® cm3 (see discussion in previous paragraph hole mobility than electron mobilit# We also note that EL
For V=3V (>E4/e) at T=85 °C, the doping-induced PL originating from a thin zone close to the cathode has also
guenching increases with tinfeompare the dash-dotted line been observed from LEC’s containinip a polythiopheng
with the dotted ling, although a relatively thin area, located with oligo(ethylene oxide side chains mixed with
close to the negative cathode the right in Fig. 3, remains  LiCF;S0;,%° (ii) a PPV with alkoxy side chains mixed with
undoped. poly(ethylene oxidg and LiCRSO;,'7 and (i) a flourene-
Figure 4 presents Elidashed ling and PL(solid line) phenylene vinylene copolymer with aliphatic side chains
intensities as a function of distance from angldt) to cath-  mixed with polyethylene oxidg and LICRSO;.17 In con-
ode(right) at RT for an identical frozen-junction top-contact trast, PPV without side chains mixed with p@yhylene ox-
Au/{superyellow+DCH18C6+LiCf50;}/Au surface cell, ide) and LICRSO; exhibits an emission zone close to the
which was charged a¥=20 V andT=85 °C before being center of the devicé?!*The above trend suggests that the
cooled to RT under applied voltage. Included as the inset imddition of certain side chains, aside from inducing solubil-
Fig. 4 is a three-dimensional confocal laser reflection imagéty, establishes a mobility anisotropy with the hole being the
of the same device, where the Au electrodes appear high@nore mobile carrier.
due to their higher reflectivity. The EL from the frozen-
junction device originates in a relatively thin zone located
close to the cathodgo the right in Fig. 4. The nonquenched C. Transistor performance
PL originates from the same aré@e undoped polymer re- ) .
gion), although the width of this region appears to be slightly ~Figure 5 presents the source-drain curi¢gs) as a func-
narrower than the width of the EL. The width of the undopedtion of source-gate voltage(Vg)—i.e., the transfer
polymer region is approximately 4m, corresponding to Characteristics—at RT and a source-drain volt@dey) of
~10% of the interelectrode distance. The undoped region in10 V for the {superyellow+DCH18C6+LiC§S0;} active
the more heavily doped device in Fig. 4 approximately coin-material in a TFT configuratio(see bottom part of Fig. 1 for
cides with the position of the undoped region in the lightly schematic device structyreThe TFT devices were charged
doped device in Fig. 3, implying that the position and widthat Vgp=-2 V andt~ 30 min(solid line) andVsp=-3 V and
of the p-i-n junction are essentially independent of the mag-t~ 15 min (dashed ling respectively, before being cooled
nitude of the charging voltage. from T=85 °C to RT under applied voltage. Also, an initially
Manzanarest al. developed a theoretical model which charged TFT was discharged under short-circuit conditions at
demonstrates that an emission zone @ridn junction lo-  T=85 °C before being operated at Riotted ling. The dis-
cated close to the cathode are a consequence of theharged device performs as a pristine device, demonstrating
hole mobility being larger than the electron mobifityn  that the electrochemical processes are reversibleT at
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FIG. 5. Source-drain current as a function of source-gate voltage

at Vgp=-10 V and RT for a TFT with{superyellow+DCH18C6 =

+LICF3S0O;} as the active material and Au electrodes. The TFT’s

were charged af=85 °C andVgp=-2 V for t ~30 min(solid line) (C) =
andVgp=-3 V at fort~ 15 min (dashed ling respectively, before [

being cooled to RT under applied bias. Also, an initially charged
TFT was completely discharged at short-circuit conditionsTat +©

el
<

=85 °C and then operated ®tp=-10 V and RT(dotted ling. /P}ype d‘l"i"g -
=85 °C and that no significant chemical side reactions have =) @ @ =)
taken place. =5~o° o

We have previously reported that this type of ion-
containing TFT can be tuned, via a short charging at, e.g., ) )
Vsp=—2 V and T=85 °C, to exhibit markedly improved FIG. 6. Schematic electron energy level diagrams for an LEC,
p-channel characteristics at RT in the form of an improvedcontaining a semiconducting polymer with a band ggpand with
on/off ratio and an increased on-curréhiVe demonstrated asymmetric barrier heights for hole injecti¢dE,) and electron
that the improved device performance was due to the stabifiection (AE,). The large circles represent ions, the small open
lization of ionic layers close to the electrode interfaces circles represent anion-compensated holes in the @ik p-type
which decreases the injection-barrier widths and establishe¥Ping, and the arrows represent significafonthermally as-
a low-resistivity Ohmic contact for hole injection into the sisted injection at an interface. The ionic and electronic response to
polymer3® In contrast, electrochemical doping of the bulk V=0V (&, V=2AEx/e (), and V=Eg/e (C) are presented. The
will, in addition to improve the injection, create a low- asymmetry !n the injection barrier heights allows for t_he onset of
resistivity path in the bulk in parallel to the gate-active partt_ugggll;wggrllzje/?on of holes and subsequgntype doping atv
of the polymer. This increasds, in both the on and off ~ " L

states, but decreases the on/off ratio, and it is consequently _ _ )
not an attractive feature for TET applications. LEC's, respectively, and have shown that a mismatch in bar-

The long charging times of the TFT’s in Fig. 5 at voltages'ier heights at the two electrode/active-material interfaces al-
below and above the band gap of the superyellow polymer—OW for unipolar injection for a limited/ range atv<Eg/e.
i.e., Vsp=—2 V (solid line) and Vsp=—3 V (dashed ling ~ AS presented below, a modgl based on semiconductor termi-
respectively—produce qualitatively identical devices, withnology demonstrates that limited unipolar electrochemical
both the on- and off-current being significantly higher than indoping of an ion-containing semiconducting polymer at a
an uncharged TFTdotted ling. This is additional evidence Voltage below its band gap is possible if the barriers for
that long-time charging af <E,/e produces the same quali- elec.tron and hole injection are of different heights. .
tative effect as a long-time charging at a voltage above the Figures 6a—6(c) present electron energy level diagrams
band gap—namely, electrochemical doping. In Sec. Il D be2t different applied voltages for an LEC, with the height of
low, we present a model that rationalizes limited unipolarthe hole injection barriefAE;) significantly lower than the
doping after long-time charging at an applied voltage belowheight of the electron injection barrieAE,). We assume that
the band gap for LEC’s with asymmetric injection-barrier the electric double layers are sufficiently thir1 nm) to

heights. make hole (electron injection highly efficient when the

Fermi level of the anodgcathodg is aligned with the

D. Model rationalizing limited unipolar electrochemical valence-band edgeonduction-band edgén the bulk. This
doping at V<Eg/e is a reasonable assumption for our devices considering the

de Mello and co-workefsand Buda and co-workefs high initial salt concentratiofi~1 M) and that light emission
have studied polymer LEC’s and organic small-molecule(a signature of bipolar injectioris detected a¥=3 V (see

115212-5



EDMAN, SUMMERS, BURATTO, AND HEEGER PHYSICAL REVIEW B0, 115212(2004)

Fig. 2. Furthermore, we assume that the electric double- ¢’ = Q. csleL = gqe,[Vp, (cathodé - Vp, (anodel/elp, L,
layer formation at the two interfaces is symmetric and con- 4)
sequently that the initial applied voltage is equally distrib-
uted between the two electrode/polymer interfaces. Also, n
built-in voltage is apparent &t=0 V in Fig. 6@a), since LEC
devices with identical electrodes were employed. Note, how
ever, that the main results of the model—i.e., H$+5)—
are valid also for the more general case of an LEC with
different electrode materials.

Figure &b) represents the device ¥t 2AE/e. lonic lay-

ers have formed close to the electrodes to electrically Screelgquations(3)—(5) are valid also for the more general case of

the bulk of the polymer, so that the applied voltage is;.' .. ;
dropped only at the two interfaces, half at the anode/polyme?'ss'm'lar cathode and anode materials. Note, however, that

interface and half at the polymer/cathode interface. Conse"! Onset of l_JnlpoIar hole Injection _M:ZAEh/_e as in Fig.
quently, atv=2AE, /e the Fermi level of the anode is aligned 6(b) (or “.”'p"""?“ electron injection _at\/—Z_AE?/e '.f
with the valence-band edge in the bulk, and with the doubléEe<AEh) s strictly true only for devices with Identical
layers being very thin efficient tunneling injection of holes is cathodes and anodes.

possible. In contrast, the Fermi level of the cathode is still

positioned below the conduction-band edge, making signifi-  E. Comparison of experimental results with the model

cant(nonthermally assistgclectron injection impossible. )
When the applied voltage is increased further, the Fermi O Au/{superyellow+DCH18C6+LICESO;}/Au  de-

level of the anode is effectively pinned to the valence-band/ices, the injection barrier h%ight for holes is expected to be
edge, so that the excess applied voltage is dropped solely §PProximately AE,=0.5eV;® and consequently AE,
the polymer/cathode interface. This process will continue un=1-9 V. If we use I/Galues related tgo our specific devices at
til the Fermi level of the cathode is aligned with the conduc-Y=2 V [i.€. &=6° Lp =1X10"m= Vp,_(cathode
tion band edge in the bulk at=E,/e [see Fig. &)]. Atthis ~ =1.5V andVp, (anode=0.5 V] in Eq. (4), we obtain a
point, AE,/e of the applied voltage is dropped at the anode/P-type doping level of % 10! cm™ for a 5.um-thick de-
polymer interface andA\E./e is dropped at the polymer/ Vice and 8<10'°cm® for a 40um-thick device, respec-
cathode interface to compensate foE, and AE,, respec- tively. Although these values are small, they are sufficient to
tively. A direct consequence of the injection-barrier rationalize the observed experimental result¥ atEg/e.
asymmetry is that the number of cations “locked up” in the  Figure 2 presents current versus time for differérfor a
cathodic double layer exceeds the number of anions in the-um-thick surface cell aff=85 °C. The current initially
anodic double layer. To preserve electroneutrality in the bulkincreases with time following a voltage step, but after a num-
some of the injected holes will compensate the excess dier of minutes levels out at a constant value # Eg/e. This
anions to establish limiteg-type electrochemical doping in IS consistent with the slow formation of limitguitype dop-
the bulk, as schematically pictured in Figcp ing in the bulk, and even though the calculated doping level
The electric double layer at an interface is analogous to & modest(7x 10'°cm™® at V=2 V), the combination of a
parallel-plate capacitor, and thus the net ionic surface charg@W intrinsic conductivity of superyellow and an Ohmic con-

density in the double layeiQp,) can be obtained from the tact for hole injection(at V=1 V) makes it reasonable that
following equation: such a doping level will cause an increase in the current.

Figure 3 presents the PL quenching of a4f-thick surface
cell at RT following charging av=2 V and T=85 °C. In
QoL = VpLeoe/LpL, (2)  Sec. lll B, the observed decrease in PL was demonstrated to
be correlated to doping on a*fecm™ level, a value in good
agreement with the calculated doping level of 8
whereVp, is the voltage drop over the double layeg,is the % 105 cmi3. Finally, Fig. 5 presents the transistor perfor-
permittivity of free spaces, is the dielectric constant within - mance at RT for an uncharged TFT and a TFT which had
the electric double layer, anldy, is its thickness. The net peen charged &f=85 °C atVgp=-2 V for t~30 min, re-
excess ionic surface charge densi@ecest N the two  spectively. The charged device exhibits a significantly higher
double layers is equal to lsp, in both the on and off states, than the uncharged device.
This shows that the conductivity of the active material has
increased and consequently that bulk doping has taken place,

Hheree is the elementary charge. A positieé value corre-
sponds top-type doping while a negative’ corresponds to
n-type doping. AtV=Ey/e a maximum net doping level
(Cha0 1S attained which is equal to

Chax= €0&r(AEe— AE,)/€’Lp, L. (5)

Qexcess™ QoL(cathode — Qp (anods. () following a long-time charging a¥¢sp=—2 V.
If we simplify somewhat and assume that the compensating IV. CONCLUSIONS
ions in the bulk(and consequently the dopingre homog-
enously distributed over the interelectrode distafice the We have studied the charging process of an
amount of doping due to the injection-barrier-height asym-Au/{superyellow+DCH18C6+LiC{SO;}/Au surface cell
metry (c’) is given by atT=85 °C and probed the spatial distribution of the PL and
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EL intensities of such charged devices at RT. We also emhole mobility is larger than the electron mobility in superyel-
ployed the same active material in TFT structures and estalew.

lished the transistor performance as a function of charging.
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