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Comparative study of space-charge effects in polymer light emitting diodes by means of reflectio
electro-optic and electroabsorption techniques
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We used two nonlinear optical techniques, single wavelength ellipsometry and electroabsorption spectros-
copy, to study the creation of space charge distributions in an Al/polymer/ITO organic light emitting diode. The
polymer is OXA1-PPV, a derivative of poly(p-phenylene-vinylene) in which oxidiazole groups are grafted as
side chains to improve electroluminescence efficiency. Both the techniques are sensitive to the spatial profile of
electric field via the nonlinear effect in the bulk of the polymer. Results indicate the creation of an asymmetric
charge distribution with depletion region close to the ITO electrode. The comparison between ellipsometry and
electroabsorption measurements is an original feature of this work. Such an integrated analysis shows as a
further result that the mostly used electroabsorption setup, working with wavelengths in the spectral region of
maximum absorption, modifies the spatial charge distribution optically reactivating trapped carriers.
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I. INTRODUCTION

Organic semiconductors represent a modern class of
terials for optoelectronics applications such as lighting p
els, thin film transistor, solar cells, laser microcavities, a
large-area flat-panel displays. At the moment, most of st
ied devices among these are organic and polymer light e
ting diodes~OLED and PLED!, representing the functiona
units to manufacture organic matrix displays.1 Different ma-
terials and configurations have been proposed and studie
that first commercial lighting displays are made possib
Anyway, lifetime and stability are limited, due to the insu
ficient comprehension of mechanisms related to space ch
formation and device degradation.2,3

Conventional techniques, like static and transientI /V
measurements, photoluminescencePPL(l) and electrolumi-
nescencePEL(l), impedance spectroscopy and different
capacity are indispensable and currently used for the PL
characterization. Besides these, nonlinear optical techniq
represent a powerful tool to have a direct insight of mate
specific parameters, like nonlinear dielectric susceptibilit
x (2), x (3), and of internal electric field distribution.4–8

We used two independent experimental configurati
belonging to such family of techniques, respective
single wavelength electro-optic ellipsometry~EO! and
electroabsorption spectroscopy~EA!, for probing charge
distributions in poly(p-phenylene-vinylene)~PPV! single
layer PLED. The investigations follow a previous work7

in which we studied devices of the same kind w
thicker active layer only by means of the ellipsometric set
The integrated analysis based upon both technique
an original feature of the actual work. It requires an accur
theoretical and experimental study, which leads
putting into evidence the differences between the two an
relevant results about the features of space-charge dist
0163-1829/2004/69~5!/054201~10!/$22.50 69 0542
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tions. In the following we will show the principles commo
to both EO and EA.

II. SAMPLE PREPARATION

The active layer of the studied PLED is a PPV derivativ
with oxadiazole groups linked as side chains to the P
backbone~OXA1-PPV! to improve electroluminescence e
ficiency ~see the inset in Fig. 1!. The OXA1-PPV was dis-
solved in 1,1,2-tetrachloroethane and spun on a glass
strates previously coated with an ITO transparent anode.
Al cathode was sputtered on the top surface, after protec
the contact points with an insulating PMMA intermedia
layer, to prevent short circuits. Sample preparation is
scribed more in detail elsewhere.9 The thickness of the
OXA1-PPV active layer is 210(610) nm, smaller than tha
of samples used in the precedent reported measurem
~285 nm!.

FIG. 1. Time dependence of the EO signal detected in one of
two bias point (CA) after thatVs is switched from17 to 27 V.
©2004 The American Physical Society01-1
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III. PRINCIPLES OF THE TECHNIQUES

Both the setups make use of standard PLED devices
the measurements, with a typical structure of stacked la
deposited on glass substrates, as described earlier. Fu
mental to both techniques used is the application of a mo
lated voltage of the formV(t)5Vs1Vm cos(Vt) between the
diode terminals, giving rise to an internal electric fie
E(z,t)5Es(z)1Em(z)cos(Vt). A light beam at frequency
v@V, impinging on the sample from the substrate side
reflected by the multilayer structure and modulated both aV
and 2V through the quadratic electro-optic responsex (3),
with power amplitude that is proportional to the spatial ov
lap integrals ofEs(z) andEm(z) in the active layer:10

DP(V)}E
0

h

Es~z!Em~z!dz5G1
(V) , ~1!

DP(2V)}E
0

h

@Em~z!#2dz5G2
(2V) . ~2!

The sketches of the two experimental setups have b
described in previous works.4,7,8,11Since it is possible to con
sider the theory of EA as a particular case of the more co
plex EO, we will show the equations describing them in t
frame of a unified theory.

The main differences between the EA and the EO con
in the use of unpolarized and incoherent light from a la
with monochromator, instead of an elliptically polarized l
ser beam (l50.6328mm in our case!. This makes that EA is
quite simple to handle experimentally and theoretically, a
makes possible to change the wavelength of the meas
ment beam. On the other side EO allows one to obtain hig
sensitivity, as will be clear in the following.

In the case of EO, the average power detected by
photodiode can be written as

Pdc~Cc!5 1
4 P0ur su2@11~ tanF!222 tanF cos~Cps1Cc!#,

~3!

whereP0 is the input beam power, the anglesF andCps are
defined by the relationr p /r s5tan(F)ejCps and r p and r s are
the Fresnel reflection coefficients for thep and s polariza-
tion, while the phase differencesCc andCps are due to the
liquid-crystal retarder and to the active layer.
Upon application of the voltageV(t)5Vs1Vmcos(Vt), the
intensity of the reflected beam is modulated both atV and
2V, due either to a phase or an amplitude modulation of
p ands components. In a general approach, the power mo
lation at frequencyqV (q51,2) can be obtained by differ
entiating the Eq.~3! with respect to the field-depende
quantities:
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(qV)~Cc!5d (qV)Pdc

5
1

4
P0ur su2H @11~ tanF!222 tanF cosC#

3
d (qV)ur su2

ur su2 12@ tanF2cosC#d (qV) tanF

12@ tanF sinC#d (qV)CpsJ . ~4!

In Eq. ~4!, d (qV)Cps is the component atqV of the differ-
ential of the phase difference betweens and p components
and is related to the bulk anisotropic modulation of the or
nary (no) and extraordinary (ne) refractive indices of the
polymer, known as the Kerr effect; similarlyd (qV) tanF is
linked to the bulk anisotropic modulation of the absorpti
coefficient and

d (qV)ur su2

ur su2

accounts for any possible change of the whole structure
flectivity due to Kerr modulation of the polymer refractiv
indices.7 Thed (qV)Cps andd (qV) tanF can be obtained con
sidering the derivatives ofno andne with respect toE(z,t)
and then integrating all over the sample thickness. Tak
into account bulk effects only, and neglecting interferen
effects, due to multiple reflections at the glass/ITO, IT
polymer, and polymer/Al interfaces, one obtains, under a l
birefringence approximation:12

d (qV)Cps52L~a!Rebxzzzz
(3) cGq

(qV) , ~5!

d (qV) tanF52L~a!Imbxzzzz
(3) cGq

(qV) , ~6!

whereL~a! is an angle-dependent prefactor:

L~a!5
2k0

n2

sin2 a

An22sin2 a
, ~7!

wherek0 is the vacuum wave vector andn is the average
linear refractive index.

Equations~5! and ~6! were obtained assuming comple
disorder of the polymer film, so that the second-order n
linear susceptibility x (2) is identically zero andxzzzz

(3)

53xxxzz
(3) ,13 and the absence of dispersion ofx (3) betweenV

and 2V.
Experimentally, the measurements are performed det

ing the ac signal in the two bias pointsCc
A andCc

B defined
by Cc

A,B1Cps56p/2. The following quantities may then
be evaluated:

D (qV)5
Pac

(qV)~CA!2Pac
(qV)~CB!

2Pdc~CA,B!
5

2 tanF

11~ tanF!2 d (qV)Cps

>d (qV)Cps , ~8!
1-2
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COMPARATIVE STUDY OF SPACE-CHARGE EFFECTS . . . PHYSICAL REVIEW B 69, 054201 ~2004!
S (qV)5
Pac

(qV)~CA!1Pac
(qV)~CB!

2Pdc~CA,B!
5

2 tanF

11~ tanF!2 d (qV) tanF

1
d (qV)ur su2

ur su2 >d (qV) tanF1
d (qV)ur su2

ur su2
, ~9!

where the approximations are valid for tanF>1, valid in our
experimental conditions.14

In EA, the light beam is not polarized and can be rep
sented by the superposition of two mutually incoher
beams of equal amplitude, polarized in two directions
thogonal each to the other and to the propagation direct
In this way it is still possible to consider two independe
wavess andp, transporting half of the total power for eac
Formula ~3! can be adapted to EA by deleting the interfe
ence term due to the presence of the two polarizers:

Pdc[P0R5 1
2 P0ur su2@11~ tanF!2#, ~10!

where the mean reflectivity of the structureR5 (ur su2

1ur pu2)/2 is the parameter usually considered in literature
the EA measurements. Differentiating Eq.~10! leads to the
expression for the modulated power:

Pac
(qV)5d (qV)Pdc5P0d (qV)R5

1

2
P0ur su2H @1

1~ tanF!2#
d (qV)ur su2

ur su2
12 tanFd (qV) tanFJ .

~11!

At this point, it should be noted that the normalized refle
tance variation measured in EA,

d (qV)R

R
5

d (qV)ur su2

ur su2 1
2 tanF

11~ tanF!2 d (qV) tanF5S (qV)

~12!

corresponds exactly to the normalizedS (qV) signal of
the EO.

Both in EO and EA the signals at frequencyV and 2V are
proportional toG1

(V) andG2
(2V) , respectively. Such integral

must be evaluated with care, as already shown elsewh7

Here, we shall extend the analytical model previou
introduced7 to account for the new experimental features o
served. Resuming the main considerations we can say t

~1! A charge distribution can be created inside the OXA
PPV film. This charge is altered by an external sta
voltage applied for a certain time and contributes to
termine the total internal electric field profile.

~2! The insulator model is not satisfying. Large offsets of t
zero signal condition are observed in the measurem
with both techniques and suggest some mechan
modifying the shape ofEs(z) andEm(z).

~3! The signalD (V) comes from the bulk of the polyme
S (V) comes from the bulk in the case of the EA (S5
2DR/R) and mainly from an interface contribution i
the case of EO, depending on the particular wavelen
range used in each experiment.
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~4! The probe light interacts with the charge distribution
the case of the EA, activating the detrapping/ejection
charge carriers.

In the model, screening of the electric field is taken in
account by using the Debye–Hu¨ckel approach, with a uni-
form screening lengthl. Such approach is consistent with
model for the polymer material in which the low macr
scopic mobility of carriers is due to the hopping mechani
from a conjugation segment to the other, requiring a cert
activation energy, whereas the movement of the charge a
a conjugation length is fast enough to follow the field
frequencyV, resulting in a screening of the electric field.

The charge profiler(z,t;Vbias) induced by the application
of a bias voltageVbias, depends on the positionz inside the
polymer layer (z50 ITO, z5h Al ! and, in our previous
work, was modeled, in a first-order approximation, with
step-like distribution of positive carriers located close to t
ITO electrode. Here we extend this model to the case
which positive charges are uniformly distributed in the po
mer film except two depletion regions close to the injecti
electrodes, with different widths. This according to the fa
that the previously computed electric field7 close to the
polymer/ITO interface is of the order of 109 V/m and can be
sufficiently large to eject carriers from the very first layer
the polymer film. Thenr(z,t;Vbias) is modeled by a three
parameter step-like function defined as:

r50, 0<z<d1 ,

r5r0 , d1<z<d2 , ~13!

r50, d2<z<h,

wherer0 , d1 , andd2 depend slowly ont for a givenVbias.
Under these hypotheses the potential and electric field

pendencies in the film and the integralsG1
(V) andG2

(2V) can
be easily calculated,15 when taking into account screenin
with a screening lengthl. We obtain

G1
(V)5

g1Vm

4l H g1g3~Vs1Vbi!1
l2r0

« F2
g2g3

2
1g42g5G J

5k
Vm

h
~Vs1Vbi1VDH!, ~14!

G2
(V)5

g1
2g3Vm

2

4l
5k

Vm
2

h
, ~15!

where

g3[12e2 2h/l12
h

l
e2 h/l, ~16!
1-3
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g4[2
d1

l
e2 d1 /l2

1

2
e2 ~h2d1!/l1

1

2
e2 ~h1d1!/l

2
h2d1

l
e2 ~h2d1!/l2

1

2
e2~ d1 /l!1

1

2
e2 ~2h2d1!/l,

~17!

g5[2
d2

l
e2 d2 /l2

1

2
e2 ~h2d2!/l1

1

2
e2~ h1d2!/l

2
h2d2

l
e2~ h2d2!/l)2

1

2
e2~ d2 /l!1

1

2
e2~ 2h2d2!/l,

~18!

k[
g1

2g3

4

h

l
, ~19!

VDH5
l2r0

« S 2
g2

2g1
1

g42g5

g1g3
D . ~20!

We remark that, due to the fact that ther(z,t;Vbias) is
time and bias dependent,G1

(V) is slowly dependent on time
and bias too and that theVs voltage that is necessary to app
to make it zero depends on the additional termVDH , that is
related in a complicated manner material’s parameters
particular VDH is identically zero if there is no screenin
(l5`). In this case the modulating fieldEm(z) will be uni-
form across the film thickness, depending exclusively onVm

and not on the charge densityr, and theG1
(V) factor can be

more simply evaluated carrying outEm from the integral of
Eq. ~1!:

G1
(V)5E

0

h

Es~z!Emdx5
Vm

h E
0

h

Es~z!dx5~Vs1Vbi!
Vm

h
.

~21!

Under such conditions the EO and EA signals would be z
for Vs52Vbi , where the built-in voltage dropVbi is due to
the difference between the two electrodes’ work function

Even in the presence of screening, theG1
(V) factor can get

zero, for a uniformr(z) distribution across the film thicknes
or for a r(z) symmetrical respect to thez5h/2 position. In
general, if the total positive charge present in one half of
film thickness near the ITO anode is larger than that in
half near the Al cathode, thenVDH is negative, otherwise
VDH is positive.

IV. EXPERIMENTAL RESULTS

We measured the EO and EA signals when changing
ther theVs or theVm voltage amplitudes in order to chara
terize charge injection at the electrode–polymer interfac
In the following we report the results of the measureme
for each of the two techniques.

Measurements of the signalPac versus the static voltag
Vs , for a fixedVm and frequencyV, show a complex and no
always repeatable behavior. Some preliminary considerat
can be done starting from a time-dependent EO measure
05420
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of the signal for a sample undergoing a switch of the sta
voltageVs from 17 to 27 V, shown in Fig. 1. It is possible
to observe a long transient that lasts more than 10 min. S
lar features, common to EA transient measurements, are
to the same carriers injection/ejection phenomena resp
sible of hysteresys cycles inI /V measurements. With such
premise, it is correct to expect from the measurements aV
vs Vs a result that is dependent on the speed of the meas
ment itself. The two most relevant cases are: measureme
the signal after the complete exhaustion of the transient,
measurement of the signal immediately after an abr
change ofVs .

A. EO measurements as a function ofVs

We report in Fig. 2 the measurement forS (V) and D (V)

obtained whenVs is scanned from27 to 12 V and then
back from12 to 27 V, with a step of 1 V, while the othe
parameters are set as follows:V/2p51680 Hz, Vm53 V,
a545°. The measurements were performed by changingVs
and then keeping it fixed for 15 min so as to wait for com
plete exhaustion of the transient shown in Fig. 1. At the e
of the waiting time the signal is measured in both the b
points before switchingVs to the subsequent value. In th
way the signals in the two bias points refer to the same sp
charge distribution, depending onVs , allowing one to evalu-
ateS (V) andD (V).

It is possible to make two main considerations from d
reported in Fig. 2. First, theD (V) signal, attributable to the
bulk electro-optic effect, is absolutely not linear onVs . The
two branches of the measurement result in a strong hys
esis, indicating that the waiting time used~15 min! is not
sufficient for the charge profiler(z,t;Vs) to reach a station-
ary conditionr(z,`;Vs). Second, theS (V) signal is approxi-
mately linear onVs . The smaller offset between the tw
branches of the cycle indicate that this signal is less sens
to the dynamics of charge redistribution inside the act
layer, as if arising mainly from some interface effect contr
uting to the reflectivity termdur su2/ur su2.

FIG. 2. EO static measurements ofD (V) and S (V), calculated
with Eqs.~8! and ~9! at V, whenVs is scanned from27 to 12 V
and then back from12 to 27 V, for fixed Vm53 V, V/2p
51680 Hz,a545°. The solid lines are guides for the eye.
1-4
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Measurements can be carried out in a different way t
allows one to better probe the effective charge distribution
the polymer layer.7 The sample is initially biased to a fixe
voltageVbias for a prolonged timeDt in51 h, in correspon-
dence of which it reaches a stationary charge distribu
r(z,`;Vbias). The offset voltage is then switched to a me
surement valueVs for a very short time interval during
which the signal is measured; after that the voltage is
turned toVbias and it is kept at such value forDtbias before
switching again to the subsequentVs . The aim is to measure
the signal response to the static external voltageVs , and its
associated electric field, while keeping the charge distri
tion frozen tor(z,`;Vbias). During the measurementVs is
scanned from27 to 17 V and then back from17 to 27 V,
with a step of 1 V and with aDtbias520 s, repeating and
averaging five times for both points and for each valueofVs
while the other parameters have been set atV/2p
51680 Hz,Vm53 V, a545°.

In Fig. 3 we report the measurements forD (V) obtained
with such method for five different values ofVbias. Differ-
ently from measurements shown in Fig. 2, the dependenc
Vs is linear. The common slope of the curves depends on
intensity of the bulk electro-optic response, while the mut
offset depends on the charge profile inside the active la
According to the model of Eq.~22!, the offset voltage nec
essary to null the signal should be equal toVbi50.4 V, while
it may reach values less than220 V for negativeVbias. The
most striking result is not the absolute value of this offs
but its sign, being opposite to that obtained for the thic
samples studied previously.7

In Fig. 4 it is reported the calculatedS (V) parameter cor-
responding to the same measurements of Fig. 3. The cu
are substantially horizontal and independent ofVs . This be-
havior is consistent with our interpretation, in which we a
cribe most of the observedS (V) signal to the (dqVur su2)/ur su2
term, related to a modulation of the polymer~average! re-
fractive index close to the polymer/ITO interface due to t
filling/emptying of surface states, and independent from
electric field in the bulk of the polymer. In this sense,
different Vbias correspond different levels of surface stat
filling. Further, the curves deviate from horizontality for th

FIG. 3. Flash measurements ofD (V), calculated with Eq.~8!, vs
Vs at Vm53 V, V/2p51680 Hz, a545°. The solid lines are
guides for the eye.
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Vbias and in theVs range for whichD (V) deviates from lin-
earity and from the common slope~i.e., when a space charg
redistribution is supposed to take place during the meas
ment time, involving interfacial layer too!.

Measurements of the signalPac at frequencyV versus the
modulating voltageVm follow the linear dependence of Eq
~14!. At the same time, the parameters at 2V are independen
of Vs and quadratic onVm , as predicted by Eq.~15!; these
measurements however are not reported here.

B. EA measurements as a function of wavelength

Measurements of the signal2dR/R versus the wave-
lengthl of the light beam were performed both atV and 2V.
The electroabsorption spectra atV, reported in Fig. 5, were
measured for different values of the static voltageVs , while
the other parameters were set as follows:V/2p51920 Hz,
Vm56& V, a545°. The curves are similar, with a primar
peak that occurs forl5490 nm, while it is evident that the
intensity of the signal is proportional toVs . This agrees with
the relationship of Eq.~21!, though the dependence onVs is
clearly not linear and the difference between the two
tremal curves cannot be due exclusively to the built in p
tential Vbi520.4 eV, and charge redistribution has to

FIG. 4. Flash measurements ofS (V), calculated with Eq.~9!, vs
Vs at Vm53 V, V/2p51680 Hz, a545°. The solid lines are
guides for the eye.

FIG. 5. EA spectra obtained for different values ofVs .
1-5
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considered. From Fig. 5 it can be noticed that at the wa
length of the He–Ne laser used in the EO setup (l0
5632.8 nm) the signal is too weak to be appreciated with
EA setup, being far away from the optical resonance reg

Comparison of the measured EA spectra with
2l2( ]aabs/]l function, obtained from the measurement
the linear absorption spectrum of OXA1-PPV in solution,
reported in Fig. 6, and shows that electroabsorption spe
in the low energy region can be interpreted exclusively
term of neutral excitations, analogous to what is reported
the literature for other PPV derivated polymers.16 To our
extent this confirms that the electroabsorption signal der
from the bulk of the active layer, through a modulation of t
absorption coefficient.

Spectral measurements at 2V are not reported here sinc
they are similar to theV ones and, as expected from E
~16!, do not depend on the static voltageVs .

C. EA measurements as a function ofVs

Measurements of the signal2dR/R versus the static volt-
ageVs were performed at the peak’s wavelength of the el
troabsorption spectra,l05490 nm. In Fig. 7Vs is scanned
from 210 to 110 V and then back to210 V with a step of
1 V, while the other parameters are set as in the previ

FIG. 6. EA spectrum obtained forVs56 V compared to a func-
tion of the linear absorption coefficient.

FIG. 7. EA signal vsVs obtained for different intensities of th
probe beam.
05420
-

e
n.
e
f

ra

in

s

-

s

measurements:V/2p51920 Hz, Vm56& V, a545°. It
can be noticed that the signal is not linear onVs , and a
marked hysteresis is present. Similar curves have been
served previously with the same experimental technique
other organic polymer samples.8 The Vs cycles were mea-
sured for different intensitiesI 0 of the probe light beam,
obtained by means of a neutral density filter (ND50.7),
showing a dependence of the hysteresis amplitude on
impinging light power. This, together with the fact that th
offset is notably smaller with respect to the analogue elec
optic measurements, makes it interesting to investigate
ther the dependence of the signal on the intensity and
wavelength of the light beam.

The deviation from the linear behavior predicted by t
simplified insulator model@Eq. ~21!#, can be ascribed to an
additional internal electric field due to the charge trapp
inside the polymer film, and the hysteresis to the differe
dynamics in the injection/ejection of the charge carriers.

D. EA transient measurements for differentVon and Voff

Transient measurements represent a tool to investigate
dynamics of charge redistribution. They are performed
keeping the sample under a static voltageVs5Von.0 V for a
definite time intervalton, and then switchingVs to a Voff
<0 V and starting to measure the EA signal during a tim
interval toff . The general behavior is that of a double exp
nential decay of the signal, due to the ejection of the cha
from the active layer.

In Fig. 8 we report two transient measurements obtain
for different values ofVon, when the other parameters are s
as follows: l5490 nm, V/2p51920 Hz, Vm

eff56 V, a
545°, Voff50 V, ton540 s, toff590 s. It is clear that for
each curve the signal starts decaying from a different va
corresponding to the respective value ofVon ~i.e. to a differ-
ent charge profile!, while after the time intervalto f f relaxes
to zero.

In Fig. 9 it is reported a second series of transient m
surements obtained by switchingVon from 17 V to different
values ofVoff , while the other parameters are set identica
to the previous series. In this case the signals start deca

FIG. 8. EA transient measurements obtained for different val
of Von.
1-6
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from the same point for all the curves and relax to const
values, each corresponding to a differentVoff .

E. EA transient measurements for different probe intensities
and in the presence of a pump beam

A third series of transient measurements was obtained
different intensities of the light beam, by means of neut
density filters placed at the exit of the monochromator.Vs is
switched fromVon517 V to Voff50 V, while the others pa-
rameters are set as in the previous series. Figure 10 sh
that in the curves corresponding to a lower probe beam
tensity the signal decays to upper levels, indicating a slo
dynamics of internal electric field redistribution and a re
due of trapped charge in the polymer film. Such a behav
suggests that the measurement light beam activates the
trapping and ejection of charge carriers~i.e., holes!.

To further investigate this mechanism, apump–probese-
ries of transient measurements has been performed. To
aim the electroabsorption setup has been modified introd
ing a second lamp and a monochromator, and a neutral
sity filter (ND51) on the path of the probe beam to ensu
that its effects would be negligible with respect to those d
to the pump beam. The other parameters are set in the
lowing way: l05486 nm, V/2p51920 Hz, Vm

eff53.5 V,

FIG. 9. EA transient measurements obtained for different val
of Voff .

FIG. 10. EA transient measurements obtained for different
tensities of the probe beam.
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a545°, Von517 V, Voff50 V, ton550 s, toff590 s. Mea-
surements for seven different values of the pump be
wavelengthlp varying from 550 and 400 nm were pe
formed, plus two control measurements in the absence
pump at the beginning and at the end of the series. In Fig
we report the three most significant pump–probe meas
ments, the others being intermediate or overlapping to th
curves. It can be noticed that the presence of the pump ha
effect similar to that of changing the intensity of the pro
beam, accelerating the detrapping/ejection of charge carr
This effect is enhanced whenlp crosses the maximum elec
troabsorption response (l05490 nm). The initial and the fi-
nal curves obtained in the absence of the pump overlap
dicating that the sample was not damaged during
execution of the pump–probe transient series.

V. DISCUSSION

In this section, we shall first analyze the EO data using
model introduced to get some quantitative evaluations on
space-charge distribution. Then we shall analyze the EA d
to further investigate the redistribution phenomena, and
obtain more information on the nature of the charge
means of a comparison between the two techniques.

As already seen, theD (V) vs Vs curves of Fig. 3 show a
linear behavior indicating that the corresponding charge
tributions are effectively kept fixed during the measuremen
The offset voltageVDH to null the signal is very large in the
present case (h5200 nm,VDH518 V to 120 V), as in the
samples previously studied (h5285 nm, VDH5210 V to
220 V), but with opposite sign. According to the analytic
model, it is necessary to assume that a net positive charg
resident in the second half of the active layer, near to the
cathode.

Substituting the expressions derived with the analyti
model forG1

(V) andG2
(2V) ~14! and ~15! in Eqs. ~5! and ~8!

for the phase shift termd (qV)Cps and for the signalsD (qV),
one obtains

D (V)5L~a!Re@xzzzz
(3) #k

Vm

h
~Vs1Vbi1VDH!, ~22!

s

-

FIG. 11. Transient measurement signal vsVs obtained for two
different wavelengths of the pump beam compared with the tr
sient in the absence of the pump.
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TABLE I. Values of the prefactor in Eqs.~22! and~23! ~column 3! are reported for three successive E
measurements ofD (V) vs Vs , similar to those reported in Fig. 3, for different values ofVbias. In column 4 we
report the ratio of such values to the same quantities evaluated from the fit of an independentD (2V) vs Vm

measurement. In columns 5–7 estimated for the offset voltageVDH , charge density, and depletion widthd1

obtained by the fits are reported.

Series Vbias ~V! L(a)Re@xzzzz
(3) #k (m/V2) b VDH ~V! r0 /e (m23) d1 ~nm!

c 13.5 2.01310214 1.01 19.6 0.7431024 100
c 17 1.97310214 0.99 18.1 0.7431024 70
d 13.5 2.05310214 1.03 114.4 1.1131024 100
d 17 1.89310214 0.95 112.9 1.1131024 75
f 13.5 2.05310214 1.03 113.5 1.2131024 71
f 17 2.03310214 1.02 111.0 1.2131024 57
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D (2V)5
1

4
L~a!Re@xzzzz

(3) #k
Vm

2

h
. ~23!

Both expressions contain the same prefactorL(a)Rebxzzzz
(3) ck,

which can be evaluated separately by independent mea
ments of the signals atV and 2V, for the same incidence
angle.

In Table I we resume the results obtained from fitti
three different series of measurements@a, b, and c#, similar to
that reported in Fig. 3 and performed one after the other.
each measurement we fitted with a straight line the cur
obtained forVbias513.5 V andVbias517 V. In column 3
the fitted values ofL(a)Re@xzzzz

(3) #k are listed. In column 4
the ratiob of such values to the corresponding factor eva
ated from the fit of theD (2V) vs Vm measurement~not re-
ported here! is listed.b is always about one, showing that th
agreement is good and ensuring that the three series of
surements atV and theVDH obtained are consistent.

From Table I it can be noticed that in each series
changes ofVDH induced byVbias are always smaller than
VDH itself, suggesting the presence of a stable charge di
bution, with density larger than the injected one. Since th
05420
re-

or
s

-

ea-

e

ri-
-

retically VDH}r0 @Eq. ~20!# and that the measured value
decrease asVbias gets larger, the injected charge is mo
likely reducing d1 ~i.e., filling the superficial layers! than
increasing ther0 in the bulk. Besides, there are larger vari
tions of VDH between different series, showing consiste
charge redistribution on the long term. On this basis, E
~14!–~20! can be used to estimate the spatial charge dis
bution, in terms ofr0 , d1 , andd2 . We optimized the values
of the parameters, setting the penetration depth equal to
thickness of the active layer (d25h), consideringr0 con-
stant in each series and determiningh1 necessary to obtain
the correspondingVDH . The results for the charge conce
tration r0 are consistent with data reported in literature.17

The charge distribution in the bulk of the polymer show
a low mobility behavior, and is probably due to carrie
trapped in deep levels. However, the depletion region n
the ITO electrode could still be due to the contempora
presence of OH2 ions diffused from the surface.3 As a con-
sequence the static electric field, negative and large, clos
the ITO electrode is quite stable over time and limits t
performances for PLED made out of OXA1-PPV. The natu
of the stable charge distribution can be identified by anal
ing the EA data.
y Eq.
.

TABLE II. Parameters obtained by fitting the EA transients with a double exponential law given b
~25!. The data refer to the transients executed for different values ofVon andVoff reported in Figs. 8 and 9

Von ~V! Voff ~V! a (1024) b1 (1024) b2 (1024)
a1b11b2

(1024) t1 ~s! t2 ~s!

3 0 0.1 7.4 4.3 11.8 3.4 23.4
4 0 0.2 10.3 6.1 16.6 3.0 21.3
5 0 0.3 13.3 6.9 20.6 2.7 21.8
6 0 0.5 14.9 8.0 23.4 2.7 20.9
7 0 0.6 17.1 8.3 26.0 2.8 21.7
8 0 0.6 18.8 8.6 28.1 2.8 22.4
9 0 0.8 19.3 9.3 29.4 2.7 21.8
10 0 0.9 18.5 9.3 28.7 2.8 21.9

¯

7 0 0.6 16.1 8.1 ¯ 2.7 21.4
7 21 2.0 18.7 8.9 ¯ 2.8 20.1
7 22 3.8 22.4 9.1 ¯ 2.7 18.9
7 23 6.1 26.3 8.7 ¯ 2.5 20.8
1-8
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TABLE III. Parameters from the fit of the EA transients for different intensities of the probe beam in standard relaxation measu
and of the wavelength in the pump–probe measurements. All the measurements are performed atl5490 nm switchingVs from Von5
17 V to Voff50 V, while for the pump–probe experiment ND51 for the probe beam to ensure its effects would be negligible with res
to that due to the pump beam.

ND a (1024) b1 (1024) b2 (1024) t1 ~s! t2 ~s!

1 3.8 4.2 11.9 6.6 41.4
0.7 2.6 8.5 11.8 5.9 33.4
0.4 1.9 11.9 10.8 4.5 28.0
0.2 1.2 14.3 10.0 3.5 24.2
0 0.7 15.4 8.25 3.1 23.3

lp ~nm! a (1024) b1 (1024) b2 (1024) t1 ~s! t2 ~s!

No pump 2.0 4.6 4.5 8.4 49.1
550 2.0 4.2 5.0 7.3 45.9
530 2.0 4.5 4.8 6.6 42.4
520 2.0 4.3 5.0 6.2 39.0
510 2.0 4.5 4.9 5.4 36.7
500 1.8 5.0 4.9 3.4 29.8
450 1.8 4.5 4.6 4.6 32.9
400 1.5 4.5 4.7 4.9 33.7
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We wish to remark that in the EO (l5632.8 nm), the
S (qV)5d (qV)R/R signal is mainly due to the
(d (qV)ur su2)/ur su2 term, dominated by a strong reflectivit
modulation term. This is suggested by theS (V) vs Vs mea-
surements reported in Fig. 4, which show an independe
from the static electric field in the bulk. Measurements a
function of the incidence anglea ~not reported here!
strengthen this interpretation.7

In the EA, the signal originates mainly from a modulatio
of the absorption coefficient in the bulk of the polymer film
as introduced in Sec. IV B. The signal due to this effect18 is
proportional to the overlap integralG1

(V) through the constan
Imbxzzzz

(3) c, which is not negligible in the absorption band a
leads to a linear dependence onVs , similar to what happens
for D (V). However the static measurements ofd (V)R/R vs
Vs show smaller hysteresis effects and offset respect to
EO analogue. Further, the EA transients induced by a ste
Vs are faster than the corresponding EO dynamic meas

FIG. 12. Time constants of the pump–probe EA transients
pressed as decay rates vs the wavelength of the pump and ab
tion spectrum of OXA1-PPV in solution.
05420
ce
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e
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ments. As a conclusion, the charge distributions obser
with the two techniques must be different.

To further investigate such differences, we fitted the E
transients with a double exponential function:

dR

R
~ t !5a1b1 expS 2

t

t1
D1b2 expS 2

t

t2
D , ~24!

which describes the temporal dependence better than a s
exponential. In Table II we report the parameters of the
for the first two series of transients, executed, respectively
different values of theVon and of theVoff , reported in Figs.
8 and 9. The signal (dR/R) (t50)5a1b11b2 is propor-
tional toVon and saturates at high voltage. Besides, the va
to which the signal decays (dR/R) (t5`)5a is proportional
to Voff . This is consistent with the fact that after the negat
step inVs the charge is totally ejected and the signal kee
proportional to the internal static electric field. Moreover, t
time constants are nearly identical for all the measureme
of the two series, and notably smaller than the analogue
ones.

The differences in the behavior of the EO and EA me
surements lead us to conclude that at least one of the
techniques influences sensibly the spatial charge. The sm
offset and the faster dynamic observed with EA can be
plained attributing the stable charge to carriers trapped
deep levels that are reactivated by the absorption of the l
beam. To support these indications we report in Table III
fit parameters of the EA transients obtained for differe
probe intensities~Fig. 10! and of the pump–probe transien
~Fig. 11!. It is clearly seen that at higher pump beam inte
sity the time constants decrease, indicating that the pr
beam itself accelerates the decay. On the other side we
serve a dependence of the relaxation time constants on
wavelength of the pump beam. Such behavior is better

-
rp-
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denced in Fig. 12, if we plot the values oft1 andt2 reported
in Table III as a function of the wavelength of the pum
beam and if we compare such data with the absorbance
solution of OXA1-PPV.

VI. CONCLUSIONS

We reported here the comparative interpretation
electro-optic and electroabsorption measurements on oxa
zole based PPV electroluminescent films. As a main con
sion, the larger offset and slower dynamics observed with
EO setup operating outside the absorption band, with res
to the EA results, indicate that the latter nonlinear techniq
alters the space-charge distribution inside the active layer
means of optical reactivation of trapped or low mobility ca
W

nd
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rn

m

e
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riers. The presence of Debye–Hu¨ckel screening is taken into
account together with a new feature of the charge distri
tion, consisting in superficial depleted regions near the I
and Al electrodes, generated by the strong field associ
with the inner charge distribution.
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