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Direct observation of junction formation in polymer light-emitting electrochemical cells
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ElectroabsorptiofEA) measurements are used to determine the electric fields in polymer light-emitting
electrochemical cell§LEC’s). The EA signals are measured as a function of the dc bias and are found to
increase abruptly above a threshold voltage. The EA measurements are compared with the capacitance-voltage
and current-voltage characteristics. Calculations using a model based on electrochemical junction formation are
in agreement with all of the experimental observations. These results show unambiguously that the picture of
electrochemical junction formation in LEC's is corre$0163-182@9)51204-9

Polymer light-emitting electrochemical ce(kEC’s) are  ture, the dc electric field in the device remains small with the
a recently invented organic light-emitting devic€ A LEC  applied bias dropping at the contatts.
consists of a polymer layer, which is a mixture of a lumines-  In this paper, we present electroabsorptig#) measure-
cent, electronically conducting polymer and an ionically con-Ments as a function of dc bias at the fundamental and second

ducting polymer containing an ionic sdit solid electrolytg ~ narmonic of an applied ac bias to determine the electric
contacted by two metallic electrodes. Polymer LEC's aref'elds in the LEC. As the dc bias is increased, both the dc and

fundamentallv distinct from oraanic liaht-emittina_ diodes ac electric fields in the cell are_found to_ increase abru_ptly
(LED’s) &1 %/hey offer a numk?er of p?)tential adg\{/antagesabove a threshold voltage. The increase in the electric fields

. e L L o '~in the structure is due to the formation of an electrochemical
over organic LED'’s including insensitivity to variations in jnction, These results are compared with the capacitance
device thickness and to the type of metal used to form thenq cyrrent of the cell, both of which also increase abruptly
contacts. _ _ _ when the voltage threshold is exceeded. Calculations using a

The initial papers reporting the invention of LEC’s argued model based on electrochemical junction formation are in
that the fundamental operating principle of the device in-agreement with all of the experimental observations. These
volved the formation of an electrochemical junctiof.In measurements of the electric fields in LEC’s demonstrate
this picture, the device operates as follows: when the distriunambiguously that the original picture of electrochemical
butions of dissolved salt ior(positive and negatiyeare spa- junction formation in these devices is correct.
tially separated by a sufficiently large bias, the ions dope the The electrochemical cells were fabricated using a blend
electronically conducting polymex type near the anode and of poly[2-methoxy, 5¢2'-ethyl-hexyloxy-1,4-phenylene vi-

n type near the cathode making each region electronicallyylend (MEH-PPV) and an electrolyte consisting of
conductive. Thus, an electrochemical junction forms be<is-dicyclohexano-18-crown-6(CE) and lithium imide
tween thep-type andn-type -doped regions. Electrons in- (Li imide). The LEC’s were fabricated as follows® glass
jected from then-type side of the junction recombine with substrates were coated with 15-nm-thick gold films by radio-
holes injected from the-type side of the junction and light frequency sputter deposition to serve as a transparent con-
is emitted. tact; polymer blend layers 260 nm thi¢kneasured by pro-

Recently, it has been suggested that electrochemical jundometry) were spin cast onto the gold coated substrates
tion formation is not the essential operating principle of afrom a p-xylene solution consisting of MEH-PPVMy,
LEC.12 The operating characteristics of LEC'’s are attributed=10°), CE, and Li imide in a weight ratio of 4:2:1. Alumi-
to ionic space-charge effects that do not involve electronicoium films 75 nm thick were thermally evaporated onto the
doping of the conducting polymer. In this picture, the devicepolymer layer to serve as a top contact. The aluminum was
operates as follows: the dissolved salt ions accumulate at thdeposited through a shadow mask to produce cells with ac-
contact interfaces under the influence of the applied bias; thitve areas of 4 10~ 2 cn?. The devices were fabricated and
accumulation of ions at the contacts makes them Ohmic; theested in an inert atmosphere at room temperature.
large density of electrons supplied by one contact and of The crown ether/Li-imide electrolytewas used rather
holes supplied by the other contact creates large carrier dethan polyethylene oxide/Li sdlf in the LEC's because the
sity gradients inside the device; electrons and holes arfim optical quality is significantly bettefthe phase separa-
driven by diffusion into the center of the device where theytion occurs on length scales below the wavelength of visible
recombine and emit light. An essential difference betweenight). The better optical quality is especially important for
the two pictures is their contrasting descriptions of the elecEA measurements where the signal strength is relatively
tric fields inside the LEC. In the electrochemical junction weak. The LEC’s used for these measurements showed typi-
picture, there is a large dc electric field in the device aftercal behavior, including low turn-on voltage and bipolar light
junction formatiot whereas, in the ionic space-charge pic-emission.
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Lamp (@) (2 f.+fy) as a reference. The electroabsorption signal was
— LEC AC Bias, f, also measured at higher ac bias frequencies, up to 2 KHz.
LA DC Bias The higher frequency results were similar to the results pre-

Iy sented but had lower signal-to-noise ratfddhe relatively
Spectrometer  CROPPET l large bias did not degrade the device during the measure-
Detector  Lock-in ments; EA spectra acquired sequentially over a period of 1 h

—>:|—-|:| were equivalent.

hv The EA signal measured at the two reference frequencies
Spectrometer (et o) Signal ) can be used to determine the dc and ac electric fields in the
(2f + f;) Frequencies cell. The EA signal from the LEC consists of contributions
from the spatially varying electric fields in the LEC inte-
grated across the device. The electroabsorption signal at the
) fundamental [Ex(w)] and second-harmonic frequencies
] [Ea(2w)] of the ac electric field E,{z)cost)] in the pres-
ence of a dc electric fielfEy(z)] is proportional to the
integral (over the thickness of the filpof the square of the
total internal electric field. Thus,

Electroabsorption Signal (arb. units)

L
Ea(w)>*2 fo Ea(2)Ead2)dz, (1a
L
EA(zw)ocl/zf [Ead2)]%dz, (1b)
. ;. . 0
20 2.1 22 . . )
Photon Energy (eV) where total internal electric field E(z)=EyJ(2)

+E {z)coswt), o=27f,, and the integrals are across the
FIG. 1. (a) Schematic illustration of the experimental setup usedLEC of thicknessL. If, for simplicity, we consider a bias-
for the electroabsorption measurements dndelectroabsorption ~ dependent region of thickness) over which the applied

spectrum from the MEH-PPV in the LEC. potential is uniformly dropped, the electroabsorption signals
are
Figure Xa) shows a schematic of the electroabsorption
experiment. A tungsten lamp and a spectrometer were used Ea(@)*[2V4Vac/d], (23
to select the wavelength of the incident light which was me- 2
chanically chopped at frequencf,. The incident light Ea(2w)[1/2AVa0/d]. (2b)

passed through the transparent contact and the active layer ©hus we expect the EA signals to increase if the region over
the LEC, reflected off the thick top contact, and passedvhich the applied potential is dropped decreases due to junc-
through the active layer and the transparent contact a secottidn formation in the LEC.
time. The reflected light was directed into a second spec- Figure 4a) shows the measured current density and ca-
trometer and detected using a photodiode. An ac kéds pacitance as a function of dc bias for the LEC. Both the
frequencyf,) and a dc bias were applied to the LEC. For dccapacitance and the current density increase dramatically
voltages both the ions and electrons respond to the applieabove a threshold voltage. To ensure that the cell was in a
potential whereas electrons dominate the response to the ateady-state condition, tHeV andC-V characteristics were
voltage™*** The signal from the photodiode was measuredmeasured after allowing the cell to equilibrate for 30 sec at
using a lock-in amplifier. The EA signal at the fundamentaleach voltage point. Data were acquired with voltage steps of
frequency of the applied ac bias was detected using the ref.05 V starting at 0 V. The cell capacitance as a function of
erence frequencyf(+fgy), and the signal at the second- bias was measured using small signal impedance techniques.
harmonic frequency was detected using the reference freA 35 mV amplitude ac signal superimposed on a dc bias was
guency (2f.+ fp). The modulation of the incident light and used to measure the cell impedance as a function of ac fre-
the use of an additional spectrometer to filter the reflectedjuency and dc bias. The capacitance was determined using
light prior to detection were necessary in order to measurémpedance data in the frequency range from 10-100
the EA signal in the presence of the strong electrolumineskHz.*!* The impedance was least squares fit to a circuit
cence from the LEC. model consisting of a resistor and capacitor in parallel rep-
The EA signal as a function of photon energy is shown inresenting the electrochemical cell and a small series resis-
Fig. 1(b). The EA from the MEH-PPV in the active layer of tance representing the doped regions and the thin metal con-
the LEC (Ref. 15 is not significantly effected by the pres- tacts. The zero bias capacitance is the geometric capacitance
ence of the other components in the mixed layer. The shapef the structure. From the polymer film thickness and the
of the EA spectrum was found to be independent of both theero bias capacitance of these structures, the dielectric con-
dc and ac bias applied to the cell. In all of the EA resultsstant of the doped polymer blend is found to be about 4.2.
presented, the incident light was chopped gt 330 Hz, the  The inset in Fig. 2a) shows the charge separation distadce
ac amplitude was 2 V, and the ac bias frequency was 165 Hderived from the capacitance measurements assuming a par-
when using {.+ fy) as a reference and 82.5 Hz when usingallel plate capacitor model so that=c&,/C, wheree is the
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FIG. 2. Experimental results for a 260-nm-thick LE@) Ca- FIG. 3. Device model results for a 260-nm-thick LE@) Ca-

pacitancegsolid line) and current densitydashed lingas a function  pacitancgsolid line) and current densitydashed lingas a function
of dc bias. The inset shows the lengttderived from the capaci- of dc bias. The inset shows a schematic illustration of the amplitude
tance using a parallel plate modéh) Electroabsorption signal at of the ac(dashed lingand dc(solid line) electric fields as a func-
the fundamentalsolid line) and second-harmonidashed lingfre- tion of position in the cell before and after junction formatigb).
quency of the applied ac bias as a function of dc bias. The inseElectroabsorption signal at the fundamertsallid line) and second-
shows the ac¢dashed lingand dc(solid line) electric fields calcu- harmonic(dashed lingfrequency of the applied ac bias as a func-
lated using the length derived from the capacitance measurementson of dc bias. The inset shows the calculateddashed lingand

dc (solid line) electric fields in the junction region.
dielectric constant of the doped polymer blerg, is the

permittivity of free space, an@ is the measured capacitance. whereG is a constant determined from calibration measure-
Figure 2b) shows the EA signals at the fundamental andments made on the test layer without salt. Both the dc and ac

second-harmonic frequencies of the applied bias as a funedectric fields increase dramatically and become quite large

tion of the dc bias. Both EA signals increase sharply at arpnce the junction is formed above a threshold of about 2 V.

applied dc bias of about 2 V. The EA signals were measured Based on the concept dh situ junction formation, a

at the high photon energy peak of the electroabsorption spegnodel that describes polymer LEC’s has been presented in

trum, at about 2.14 eVsee Fig. 1b)]. They were acquired Ref. 17. Current density, capacitance, the junction width, and

with voltage steps of 0.01 V starting & V with a 10 sec  the dc potential drop across the junction were calculated

delay between each stépelov 1 V the signals remain un- within this model. To calculate the EA signals it is also nec-

changedl The EA signals are normalized to the electroab-essary to find the ac field in the junction. In Ref. 17, the

sorption signal at @ and zero dc biagi.e., at zero bias increase in the field at the junction center due to an ac bias

EA(2w)=1]. At zero bias, the EA signal at«2is due to the was evaluated as

ac bias voltage being dropped uniformly across the thickness

of the LEC. This was verified by measuring the signal from

a test film that consisted of the LEC polymer blend without dE(W/2)  f(y(0)) @

the Li imide salt. This structure behaved as a parallel plate av. =~ w

capacitor as determined from impedance measurements. The

EA signal from the test structure was equivalent to the signal . o . L

from the LEC at zero bias. In the inset to FigbR we have )[/;/]hexai;%W/ szhls .thr? ];Iielr? |nntg(n:[hce?tenr g;rt(heéu;]?t'o‘?\f ";

plotted the electric field in the LEC calculated using the. © of ™he junction, a e functidity(0)) is give

separation distance obtained from the capacitance and them Ref. 17. To calculate the ac electric-field distribution, the
P . ) P cell is approximated as consisting of two distinct regions,
measured EA signals:

inside and outside the junction. The ac electric field is writ-
ten asE,{z)=E, outside the junction region anB,{z)
=E, +E, inside the junction region so tha&,L+E, W
=V,. For small ac bias, the increase of the ac field in the
Eac=[2GEA(2w)/d]Y?, (3b)  junction is taken from Eq(4)

Edc=[Ea(@)/4]{G/[2dEx(2w)]}*? (39
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f(y(0)) of dc bias. The essential features of the calculated EA signals
h="w Vac 5 are the same as the measured EA signals shown in fy. 2
S Both the calculated and measured EA signals begin to in-
The electroabsorption signals are then crease rapidly above a threshold voltage. The values of the

calculated voltage thresholds are similar to those observed
Ea(w)2[BE\(Vae V) (Bx+ B0V, 63 experimentally. The relative magnitudes of the sigrihlsth
Ea(20)x L2 (E,)2(L— W)+ (E, +E;)?W],  (6b) the experiments and (?alculations are normalized to the EA
signal at 2» and zero bigsare comparable to those observed
whereV; is the dc potential dropped across the juncfibn. experimentally. The inset in Fig.() shows the calculated
The three important parameters in the model are the energy: (dashed lingand dc(solid line) electric fields in the junc-
gap of the electronically conducting polymer, the charge cargon region which are similar to the experimental results
rier mobility (the model assumes equal electron and holgpnown in the inset of Fig. (B).
mobilities), and the salt dissociation free energy. In the cal- |, summary, we presented EA measurements of the elec-
CU"”‘“E’QS presented here, an energy gap of 2.4 eV, a mobility;c fie|ds in polymer light-emitting electrochemical cells.
of 10 szNiyﬂa”d a salt dissociation free energy of 0.6 The EA signals at the fundamental and second-harmonic fre-
eV were used? _ quency of an applied ac bias were used to determine the
Figure 3a) shows the calculated current density and ca-nternal de and ac electric fields. The EA signals were mea-
pacitance as a function of dc bias for the LEC. The essentialreq as a function of the dc voltage bias applied to the cell.
features of the calculated current density and capacitance aggin the ac and dc electric field in the cell increase sharply
the same as the measurements; both begin to increase rapidliove a threshold voltage as the dc bias is increased. The
above a threshold voltage. The absolute values for the calCiricrease in the electric fields in the structure results from the
lated capacitance and current density are comparable to thoggmation of an electrochemical junction. The EA results are
observed experimentally. The insets in Figa3show sche-  compared with the measured capacitance-voltage and
matic representations of the spatial dependence of the dg,irent-voltage characteristics of the cell. Calculations based
(solid line) and ac(dashed ling electric fields in the cell oy 3 model involving electrochemical junction formation are
before and after junction formation. Before junction forma-;, agreement with all of the experimental observations.
tion there is a dc electric field only in a narrow region nearthese results show unambiguously that the picture of elec-

the contacts and the ac electric field is uniform across thegchemical junction formation in these devices is correct.
bulk of the device. After junction formation there is a dc

electric field in the junction region of the device in addition ~ We thank D. R. Brown for technical support. The work at

to the thin regions near the contacts and the ac electric fieldos Alamos was partially funded by the Los Alamos Na-

in the junction region is larger than in the remainder of thetional Laboratory LDRD program. The work at UCSB was

device. supported by the National Science Foundation under Grant
Figure 3b) shows the calculated EA signals as a functionNo. NSF ECE-9528204.
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