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Electrical characteristics of light-emitting electrochemical cells based on a wide bandgap polymer
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We report on the electrical characteristics of light-emitting electrochemical cells based on a methyl substi-
tuted ladder-type polparaphenylene (m-LPPB. Current-voltage I(-V) characteristics and capacitance-
voltage (C-V) plots are used to track the formation of the highly conductive contacts, the initial diffusive
carrier transport regime, the onset of a net voltage drop across the polymeric bulk, and the final resistive
behavior of the device in which carriers are mostly driven by drift. The analysis oftMeplots reveals a
strong increase of the capacitance at the threshold as a signature of the large carrier injection through the
contacts and their diffusion through the active layer. From the physical analysis of the device behavior an
electrical model is drawn.

. INTRODUCTION (LICF3S0O;) were purchased from Aldrich Corp. and were
Light-emitting electrochemical cefis® (LEC's) are ex- heated under high vacuum to remove any content of water

periencing increasing scientific and industrial interest a%)efore use. The LEC's were produced by spin coating a so-

. . . tion of mLPPP, PEO, and LiCJSO;, in a weight ratio of
sohd-state. sources of Igmlnescence, t.h‘f"”ks to their go2@0:10:3, in cyclohexanone on an ITO coated glass substrate
electroluminescence efficiency, low driving voltages, an

N . oY (film thickness=200 nm). The films were heated afterwards
case of fabrication. As introduced by Iﬁlal., aLEC con- o1 7_60°C under argon atmosphere to remove any content
sists of a polymer blend embedded in between two elec

. : of solvent. Afterwards aluminum was evaporated as a top
trodes, at least one of the two being transpafgypically  gjactrode (thickness50 nm).

indium tin oxide (ITO)]. The polymeric blend is comprised  cyrrent-voltage measurements have been performed with
of a luminescent polymer, a saltypically lithium triflate) 5 Hp4142B modular source/monitor instrument at slow volt-

and an ion conducting polymetypically pon(eth'ernle;- age scanning, while for the capacitance-voltage measure-
oxide-PEC] in which the salt dissolves to form ions: ments a HP4274A LCR meter was used. All measurements

This composition determines the difference between LEC'Sygre performed at room temperature and under argon atmo-
and polymer light-emitting dioded_ED’s).2® In a LED the sphere.

active layer consists of the pristine electroluminescent poly-

mer and the electrical characteristics are inevitably depen- |||, BASIC CHARACTERISTICS OF LEC’s BASED
dent on the nature of the interfaces between the polymer and ON m-LPPP
the electrodegrelative work functions of the two electrode o

121,22 :

traps’). Therefore the LED's, especially the ones based orpased LEC'S-??The devices turn on at about 2.7 VV when
wide band-gap polymerg,are characterized by high turn on ITO and Al are used as the electrodes. This value matches
voltages, that have to be reduced for the successful applicyey well with the single particle energy gap otLPPP
tion of conjugated polymers in flat panel displays. divided by the elementary chargeThe electroluminescence

LEC’s overcome that problem since low onset voltages(EL) efficiency was found to be similar to that atLPPP
fairly independent of the potential barrier height at the inter-ba@sed LED's, PUt the turn on occurs at much lower voltages
faces polymer/electrodes, can be achieved due to the preian for LED's of comparable thickness based on pure
ence of mobile ions in the active layer, which strongly facili- m-LI?PP. ,
tate charge injection already at low applied voltages. We _Differently from other LEC's reported up to now, our
present a range of experimental measurements that exteh&C'S based om+LPPP showed an asymmetric behavior in
the analysis already performed on LECRefs. 2 and pand  their EL-V pha{%gtenst_lcs(and partially also in thei -V
lead to a thorough investigation of the carrier transport pheCharaCte“S_t'C)'f *““that is they turn on at low voltages only
nomena in LEC’s based on a wide band-gap polymer andhen ITO is contacted as a catho@gnerally referred to as

allows us to draw a simple equivalent electric model for the"@verse direction in LED’)s but not in forward direction. The
device characteristics. origin of this unexpected behavior can be explained by ana-

lyzing the distribution of the ions within the active layer of
Il EXPERIMENT f[he LEC. The distribution of ions was probed by secondary-
ion-mass spectroscopySIMS), which reveals that the
The synthesis ofm-LPPP is reported in Refs. 19 and 20. lithium triflate ions are already spatially separated after fab-
Poly(ethylene oxidg MW 5000000, and lithium triflate rication, with the Li" ions anchored near the ITO electrode,
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FIG. 1. Energy-band diagram at equilibrium of a LEC based on
m-LPPP with ITO and aluminum contacts. The Fermi level of the
intrinisic m-LPPP is assumed to be around mid gap.

VOLTAGE (V)

FIG. 3. Small signal capacitance ofraLPPP LEC in reverse
bias. Capacitance has been measured at a frequency of 10 kHz. The
figure highlights the three transport regimes in the device depending
on the applied reverse voltage.

whereas the triflateions are mobil&3~?°In this casen-type
doping of m-LPPP will only be possible using ITO as the
cathode(reversebiag. Note that for the reverse biasing di-
rection the charge carrier injection is supposed to be more
difficult, since the nominal potential barriers at the interface |
polymer/electrodes are increased compared to the forwa?la
bias direction. Therefore, although awrLPPP based LEC's
do not show the symmetric characteristiev and EL-V
curves expected for LEC’s, the working principle of these
devices is totally different from LED’s.

The energy-band diagram of a short circuit LEC based o

most voltage independent. The reason for that can be found
the above-mentioned restricted motion of ions in the
m-LPPP LEC's: since the Li seems to be anchored to the
ITO bottom electrode independent of the applied voltage,
only a reverse bias ensures’Land triflate” ions to separate
and to distribute on the two sides of the device, close to the
'O and aluminum contacts, respectively. In the following

mLPPP at equilibrium is shown in Fig. 1. The drawing high- 235k we therefore will only discuss the reverse direc-
lights the large energy barriefs-1.4 eV and~2 eV) the Eon gf trl?ese LEC’s in which Iigh%/emission occurs.

crartge dcarrletrs ﬂr:ave Ito ove:cotrrr]le to Ibe 'Uf%qed frt(r)]m _the Figure 3 is an expanded view of the reverse bias section
electrodes Info the polymer. In thermal equiibnum, e IN- ¢ y,0 ¢y measurement of axLPPP LEC, while Fig. 4 is

ternal built-in field is screened in the bulk of the layer and : G )
the built-in voltage hence drops at the interfaces polymer}he(a) linear and(b) logarithmic plot of the current measure

electrodegcompare also with Ref.)7
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IV. ELECTRICAL CHARACTERISTICS OF REVERSE Regime Regime Regime
BIASED LEC : :

(mA)

Figure 2 shows the small signal capacitance measured on
the device in forward biagpositive voltage to ITQ and in
reverse biagpositive voltage on aluminumLargely more
pronounced than in thieV characteristic¢see Refs. 21 and
22), a strong asymmetry in th&-V plot is visible. Whereas
the capacitance in reverse direction strongly increases above

a threshold voltage, the capacitance in forward direction is h » PR 5 ” -
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FIG. 2. Capacitance behavior of the LPPP LEC as a function
of the external applied voltagéorward and reverse biasThe de- FIG. 4. (@ Current measurement in reverse bias of a
vice sketch shows positive versus the applied voltage. m-LPPP LEC andb) its logarithmic plot.
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FIG. 6. Schematic of the lowering of the potential energy barrier
between the conductive electrod@O) and the polymer. The ef-
fective barriedg is lowered byA® because of the combined effect
of the applied electric fielda), of the image chargéb), and of the
accumulation of mobile ions at the contdc}, this latter being a

ment. One has to keep in mind that any slight change in th@&culiarity of the LEC.

concentration ratios, preparation conditions, and area of the

LEC’s will influence these absolute valugsirrent densities, the presence of mobile ions that tend to concentrate the elec-
geometric capacitance, bulk resistanadepicted in that tric field at the interface. Indeed, as the applied external volt-

graphs but not the basic electrical characteristics of thege is increased, the electric field drives the mobile ions

FIG. 5. Experimental data and exponential fitting of th&
curve of Fig. 4 below threshold.

LEC'’s, which are described below. (positive and negatiyeowards the side contacts. As pointed
out in Refs. 7 and 9, the ions concentrate at the two inter-
A. Operation below threshold faces and redistribute the electric field away from the bulk of

the device towards the interfaces and leaves only a very
. small finite electric field across the bulk of the polymer layer.

between th(_e conductl\_/e_ electr_odes and the polymer_ PrevVeRt is effect can be visualized in the energy-band diagram of
charge carriers to be injected into the polymer bulk in Iargethe device by a strong bending of the potential energy near

quantity and justify the very low current level measured .forthe contacts, as shown in Fig.ay for the case of an external

small applied reverse voltages up to about 2.7 V. The InJeci/oltage almost equal t&g. The density of the ions close to

tion of carriers through the t_)arrler as a tnneling ?ffe"t 'Sthe electrodes increases by increasing the external voltage
excluded because the Fermi levels of the conductive elec-

trodes are within the polymer energy gdpe Fermi level of

ITO is below the lowest unoccupied molecular orbital
(LUMO) level of the polymer and the Fermi level of Al is
above the highest occupied molecular orbitafOMO) level

of the polyme). By expanding the current plot of Fig. 4
below threshold, a close to exponential behavior is $E&n

5). This can be well explained by the lowering of the barrier
height seen by charge carriers in their emission from the
conductive electrodes to the polymer when an electric field is
applied. The dependence corresponds to an effect that was
explained many years ago by Walter Schottky when electron Holes
emission into vacuum was studied. For this reason the barrier aagy
lowering is indicated as “Shottky effect” in literatut®and T~
is schematically reported in Fig. 6. The effective bargérg

is lowered by the combined effect of the electric field and of [

the image charge force. By fitting the experimental data with a0 || region of earciers diffusion and drift
an exponential curve and comparing it with the expression T
for thermionic injection from the conductor to the polymer,
we can estimate the effective barrier loweriag (V):

The high potential barrierésee Fig. 1 at the interfaces

region of carriers diffusion

electrons
injection

Egn2.7 eV

J=A~ex;<—w , (1)

V>>28V

wherek is the Boltzmann constant aridthe absolute tem-
perature. This results to hed (V)=16 meV for every volt
applied to the LEC. This value is a little larger than what is  FIG. 7. Schematic energy-band diagrams of the LEC based on
found in inorganic metal-semiconductor junctions, becausen-LPPP(a) biased around the threshold ail biased well above

in the case of LEC the barrier lowering effect is enhanced byhe threshold.
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together with the local electric field, so that the width of thewhich depends on the gradient of the charge carriers and on
potential barrier at the interface is steadily decreased. the diffusion constant®, andD,, of the two types of carri-
ers (n denotes negatively charged polarons gngositively
charged polarons
In steady-state conditions, in which E@) applies, the
In the regime between 2.7 and 3.6 V the current increasestrong increase of the injected charge with the external volt-
rapidly with applied voltage. For voltages above 2.7 V theage, as given by Ed2), has another important consequence
energy levels of the electrodes are higher in potential thaih addition to the mentioned increase of carrier concentration
the conduction and valence bands of the bulk material angradients along the device that give rise to the diffusive
the barrier width is already so thin that carrier injection be-transport mechanism. The additional effect is related to the
comes important and can be well described by a field inaccumulation of charge into the bulk of the device produced
duced tunneling proces$ which follows the equaticit by the external voltage variation. For the sake of simplicity,
consider a linear gradient distribution of one of the two car-
riers within the polymer in the shape of a triangle. By in-
2 oa creasing the external voltage, the height of the triangle in the
) e~ 27PI3AE (2)  injecting side increases while the concentration of the same
carriers at the collecting interface does not change. This has
two consequences: the first is that the gradient increases, and
this is mirrored in the increase of the steady-state current
where E is the electric field, andy is a parameter which flowing along the device, as measured in Fig. 4. The second
depends on the shape of the barrigt, material parameter, consequence is that the area increases, and there is an accu-
and® the potential barrier heighThis fast increase in cur- mulation of carriers within the device. This effect is indeed
rent can hardly be attributed to a drifting mechanism in thean increase of charge deposited into the device as a conse-
LEC since the mobility of the charge carriersimLPPP is quence of an increase of external voltage, and therefore
only weakly field dependent in that regifi@. Figure 1  manifest itself as a capacitive behavior. By performing a
shows that one can expect rather high valuesdfoat both ~ C-V measurement, we very neatly mirror this effect, as can
interfaces polymer/electrodes, in the range of 2 and 1.4 e\he seen by the experimental plot of Fig. 3. When the thresh-
respectively. Since in the low-voltage regime the whole ex-0ld is reached, the small signal capacitance undergoes a fast
ternal voltage drops across the ion accumulation zone at tHecrease and gives a well precise signature of the threshold
interfaces, one can estimate an effective electric field at théself. This capacitive effect is typical of devices in which the
interfaces equal to carrier transport mechanism is diffusion and is therefore
called “diffusion capacitance?®?° The diffusion capaci-
tance adds to the geometrical capacitance of the déFige
3 givesCyeon=2.2 NP and shows up for external voltages
exceeding 2.7 V. The&C-V measurement is performed by
biasing the LEC to a given voltage and superposing a small
voltage signal(of about 50 mV amplitude and 10 kHz fre-
C&ﬁency in our cageand measuring the current signal at 90°
out of phase. The ratio of the two quantities leads to the

€apacitance value at that biasing voltage. The procedure is
explained if the width of the potential barrielz is rather regeated for each bias voltage. g g P

small, so that high electric fields are present at the interfaces,
which generate effective charge-carrier injection according
to Eq.(2).

The exponent of Eq(2) can be determined by fitting the
equation to the-V curve, so thatly can be calculated by the ) _
fit, if Eq. (3) is inserted into Eq(2) and the nominal values  For applied voltages above the electrochemical redox po-
from Fig. 1 are inserted fobg . Under that approximation a téntial, ap andn doping of the polymer near the interfaces
value fordg in the range between 0.5 and 0.6 nm is obtainedWill occur due to the interaction of the charge injected on the
This extremely low value fodg fits quite well with that Polymer chain and the surrounding ions. This doping can be
predicted by deMell@t al® As the carriers are injected, the €videnced by a strong polaronic absorption feature in the
concentrations gradients for each type of carflégh con- ab;orptlon spectrum of the .LEC qperated_ at these vc_)ltag_es,
centration of electrons on the cathode side, where they af¥hich oceurs at an energetic position typical for doping in
injected, and none on the anode side where electrons af@LPPP-" As soon as this electrochemical doping occurs,

swept away by the contact; high concentration of holes orihe electric field will not be screened anymore in the small
the anode side and none o’n the cathode)sidiee a diffu-  &rea close to the interfaces since the doped polymer together
sion current: with the ion form neutral species. p\and an doped zone are

therefore generated adjacent to the electrodes with an insu-
lating layer in the middle, where the applied electric field
mainly drops[see Fig. )], so that ap-i-n junction comes
ﬂ’ 4) into existence. A theoretical description of that scenario is
Pdx presented in Ref. 7. By referring to the energy diagram of

B. Strong carrier injection at the threshold

_ A*T?[qE
T @ |\ kT

E=V/2dg, 3)

wheredg is the width of ion accumulation zone at the inter-
face and has been assumed to be symmetric at both interfa
in a first approximation. Since the values fbrare compa-

C. High-voltage operation

dn
J=0Dp—>

ngx 4P
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mE ' ' ' ' i value has been measured to be aboutBaue to the high

; Rg resistance-per-square of the ITO electroGgson is the geo-
metrical capacitance of the device, measured to be 2.2 nF
from Fig. 3; R gc is the internal resistance of the LEC and
. Cgirs Is its diffusion capacitance.

.......................... . Well below the thresholdcurves indicated with “0 V" in
the figure$, the device behaves like a capacitor, whose value
is almost purely given by geometrical considerations and
therefore equal t&€ e,y The linear dependence of the ab-
100 B solute value of the impedance on the frequency in the low-
. s frequency range certify that the internal resistafgec of
100 1k 10K 100k B oM the device is higher than 10 W
FREQUENCY (Hz) The reduction of the internal resistance when carrier in-
O , . . . = jection takes place is quantitatively reflected in the graphs by
the flat behavior of the absolute value at low frequencies
[Fig. 8@)] and by a corresponding angle shift in the phase
plot [Fig. 8b)]. At very weak injection {¥=2.2V) the value
of R gc=100 K2 can be, for example, calculated.

Well above the threshold=4.4V), the internal resis-
tance drops down t& =5 k() and, with reference to the
circuit model in the inset, the diffusion capacitance can be
extracted from the measurements to be about 6.5 nF, in good
[ agreement with the value obtained in eV plot of Fig. 3.

100 . . . : The onset of this capacitance, which addsC@,m, is re-

100 1k 10k 100k ™ oM sponsible of the shift to the left of the phase curve at high
(b) FREQUENCY (Hz) frequency[Fig. 8b)], while the lower value oR g is re-
sponsible of the smaller phase angle at low frequencies.
v of e LEC mpadancs 1 unton of e reency oy [1E ML D001 i@ and o re e vaeesr
three different applied voltages. In the inset is the circuit model o S -
the device. The dotted line is obtained by simulating the model withvalue‘?‘ for the circuit e'eme”ts- The good .agreement with
the following values for the components: F&=0 V: R ec experiments leads to confidence to the physics that generated
=20MQ, Cuy=0nF, Rs=800Q, Cyepn=22nF; for v= "€ model
—2.2V: Rgc=100K, Cy=0 nF, Rg=800, Cyeon=2.2 nF;
for V=—4.4V: Rygc=5KQ, Cyr=6.5nF, Rs=80, Cgyeom
=2.2nF.

100k po___ Ry S Cgeom Cogr

©
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=
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FIG. 8. Measured absolute valiabove and phasebelow

VI. CONCLUSIONS

Fig. 7(b), we may consider the barrier for the carrier injec- The electrical characteristics of LEC’s basedroi.PPP
tion so thin that tunneling from the contacts into the polymer

) : . g as a representative of high band-gap conjugated polymers
is freely possible(Ohmic contacts and that the additional have bepen analyzed. In gependen?:epof thje gapplieg v)(/)ltage

voltage applied to the device necessarily drops across thgee gifferent regimes have been identified, which deter-
bulk layer. . - . mine the working principle of these LEC's.

The effect of this electric field is that the current flow v first regime the current flow is very low and deter-
through the LEC is no longer governed only by carrier dnc'mined by thermionic emission over a barrier whose height is

fusion but also has a drift component that increases as t Bwered by Schottky effect. At higher applied voltages in the

external voItage is increased. Sin.ce' it is mainly due to driftrange of the optical band gap, the current flow through the
of charge carriers, thie V characteristic of the LEC based on LEC strongly increases due to field induced tunneling injec-

mLPE_Pr?boI\_/e .3'2 \gse?] Fig. 8)] thWS an Ohfmir:: behav- ion of charge carriers from the electrodes through the thin
lor, which is limited by the internal resistance of the more or o ntia| parrier at the interfaces into the active layer. A

less insulating undoped bulk polymeR+{5 k(2). third, Ohmic regime is observed, if the applied voltage is
increased above the electrochemical redox potential of the
active conjugated polymer layer, where an electrochemical
V. LEC MODEL WITH IMPEDANCE MEASUREMENTS doping of the polymer occurs.

The different regimes of operation of the LEC and the
onset of a dominant diffusion capacitance above threshold
are well mirrored in the impedance measurements, as shown
in Fig. 8@ (absolute valugand Fig. 8b) (phase relation- We are indebted to U. Scherf and K. Mn for denoting
ship). The insert in the figure is a circuit model of the LEC the mLPPP powder. We gratefully acknowledge the finan-
based on the physical characteristics of the device as higltial support of the Italian MURST and CNR, and of the
lighted in the previous paragraphRg is a series resistance Sonderforschungsbereich Elektroaktive Stoffe and the TMR
due to the contacts between the wires and the electrodes. Ipgoject EUROLED.
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