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Comparative study of space-charge effects in polymer light emitting diodes by means of reflection
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 polp¢ 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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[. INTRODUCTION tions. In the following we will show the principles common
to both EO and EA.

Organic semiconductors represent a modern class of ma-
terials for optoelectronics applications such as lighting pan-
els, thin film transistor, solar cells, laser microcavities, and
large-area flat-panel displays. At the moment, most of stud- The active layer of the studied PLED is a PPV derivative,
ied devices among these are organic and polymer light emiwith oxadiazole groups linked as side chains to the PPV
ting diodes(OLED and PLED, representing the functional backbone(OXA1-PPV) to improve electroluminescence ef-
units to manufacture organic matrix displdyBifferent ma-  ficiency (see the inset in Fig.)1 The OXA1-PPV was dis-
terials and configurations have been proposed and studied, §elved in 1,1,2-tetrachloroethane and spun on a glass sub-
that first commercial lighting displays are made possiblestrates previously coated with an ITO transparent anode. An
Anyway, lifetime and stability are limited, due to the insuf- Al cathode was sputtered on the top surface, after protecting

ficient comprehension of mechanisms related to space char?'ée contact points with an insulating PMMA intermediate
formation and device degradatidn. ayer, to prevent short circuits. Sample preparation is de-

Conventional techniques, like static and transiéht scribed more in detail elsewheteThe thickness of the
measurements, photoluminesceritg(\) and electrolumi- OfXAl'PIIDV aCt'Vj I_ayt;:rz is 210¢ 30) tnm, sr?a(;Ier than that i
nescencePg (\), impedance spectroscopy and differential © 855a;nn'; es used in the precedent reported measurements
capacity are indispensable and currently used for the PLEI'_()2 '
characterization. Besides these, nonlinear optical techniques

Il. SAMPLE PREPARATION

represent a powerful tool to have a direct insight of material 10

specific parameters, like nonlinear dielectric susceptibilities

x?, x®, and of internal electric field distributich’® 15
We used two independent experimental configurations

belonging to such family of techniques, respectively, S 20

single wavelength electro-optic ellipsometfEO) and 2

electroabsorption spectroscog§eA), for probing charge LF s

distributions in polyp-phenylene-vinylene)(PPV) single ]

layer PLED. The investigations follow a previous wdrk, _3_0f

in which we studied devices of the same kind with

thicker active layer only by means of the ellipsometric setup.

The integrated analysis based upon both techniques is 0 200 400 800
an original feature of the actual work. It requires an accurate
theoretical and experimental study, which leads to
putting into evidence the differences between the two and to FIG. 1. Time dependence of the EO signal detected in one of the
relevant results about the features of space-charge distribtwo bias point @*) after thatVy is switched from+7 to —7 V.

time[s]
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I1l. PRINCIPLES OF THE TECHNIQUES pglcﬂ)(qfc) = 5(qﬂ)|:>dc

Both the setups make use of standard PLED devices for 1
the measurements, with a typical structure of stacked layers =ZPO|rS|2 [1+ (tan®)2— 2 tand cosV ]
deposited on glass substrates, as described earlier. Funda-
mental to both techniques used is the application of a modu- 5|y |2 @)
lated voltage of the fornv(t) =V+ V,, cosft) between the sz_ +2[tan® —cos¥] 5" tan®
diode terminals, giving rise to an internal electric field
E(z,t)=E¢(2) + E,(2)cost). A light beam at frequency .
0>}, impinging on the sample from the substrate side, is +2[tan® S'nq,]g(qﬂ)\lfps]' @)
reflected by the multilayer structure and modulated bot at
and 2) through the quadratic electro-optic respongd,  In Eq. (4), 89W s the component aqQ) of the differ-
with power amplitude that is proportional to the spatial over-ential of the phase difference betwegmandp components
lap integrals ofE(z) andE(z) in the active layel? and is related to the bulk anisotropic modulation of the ordi-

nary (n,) and extraordinary r{c) refractive indices of the
polymer, known as the Kerr effect; similari§t® tan® is

h linked to the bulk anisotropic modulation of the absorption
AP®)c f Es(2)En(2)dz=T{Y, (1) coefficient and
0
5991 |?
[re?
h S|
AP« f [Em(2)]2dz=T§". 2
0 accounts for any possible change of the whole structure re-

flectivity due to Kerr modulation of the polymer refractive
indices! The 5“YW¥ ¢ and 5(%") tand can be obtained con-
The sketches of the two experimental setups have beesidering the derivatives af, andn, with respect toE(z,t)
described in previous works 11Since it is possible to con- and then integrating all over the sample thickness. Taking
sider the theory of EA as a particular case of the more cominto account bulk effects only, and neglecting interference
plex EO, we will show the equations describing them in theeffects, due to multiple reflections at the glass/ITO, ITO/
frame of a unified theory. polymer, and polymer/Al interfaces, one obtains, under a low
The main differences between the EA and the EO consideirefringence approximatioft:
in the use of unpolarized and incoherent light from a lamp

with monochromator, instead of an elliptically polarized la- S =2A ()R XD, IV, 5
ser beam X =0.6328um in our casg This makes that EA is
quite simple to handle experimentally and theoretically, and 5aQ) tan<D=2A(a)Im[X§§)ZJngm, (6)

makes possible to change the wavelength of the measure-
ment beam. On the other side EO allows one to obtain highefhere A(«) is an angle-dependent prefactor:
sensitivity, as will be clear in the following.

In the case of EO, the average power detected by the

. . 2k in?
photodiode can be written as Ala)= _20 25'—6:]2 (7)
n* Jnc—sirf «
_1 2 2 wherekg is the vacuum wave vector amdis the average
PadWe) = & Polrs| 1+ (tan®)*~ 2 tan® cog W+ Wo) , linear refractive index.

)

Equations(5) and (6) were obtained assuming complete
disorder of the polymer film, so that the second-order non-

. T . . . 3
wherePy, is the input beam power, the anglésand ¥, are  linear susceptibility ? is identically zero andy(y,,

defined by the relation, /r=tan@)e"ss andr , andr are =3 )\ "2 and the absence of dispersiondf between()

the Fresnel reflection coefficients for tipeand s polariza- and 2). .

tion, while the phase differencals, and W ¢ are due to the _ Experimentally, the measurements are perfgrmeq detect-
liquid-crystal retarder and to the active layer. ing the ac signal in the two bias points;’ and W ; defined

Upon application of the voltag¥/(t) =V +V,cosQt), the by WeB+W =+ /2. The following quantities may then
intensity of the reflected beam is modulated botf)aand ~ be evaluated:
2(), due either to a phase or an amplitude modulation of the

) )
p ands components. In a general approach, the power modu- pgg‘ (WA — Pgﬂf (P8 2 tan®

lation at frequencyg) (q=1,2) can be obtained by differ- A@Y= 2P (UAE) = 1+ (@nd)? S
entiating the Eq.(3) with respect to the field-dependent ¢
quantities: =500y (8)
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) PUD (pA) + plAD (pB) 2 tan® - (4) The probe light interacts with the charge distribution in
3= AB = 709 tan® the case of the EA, activating the detrapping/ejection of
2Pad ™) 1+ (tan®) charge carriers
5| |2 S| |2 '
r =59 tand + T (9 In the model, screening of the electric field is taken into
S S

account by using the Debye—kkel approach, with a uni-
where the approximations are valid for t&e=1, valid in our ~ form screening length. Such approach is consistent with a
experimental condition¥ model for the polymer material in which the low macro-
In EA, the light beam is not polarized and can be repre-scopic mobility of carriers is due to the hopping mechanism
sented by the superposition of two mutually incoherentfrom a conjugation segment to the other, requiring a certain
beams of equal amplitude, polarized in two directions or-activation energy, whereas the movement of the charge along
thogonal each to the other and to the propagation directiora conjugation length is fast enough to follow the field at
In this way it is still possible to consider two independentfrequency(}, resulting in a screening of the electric field.
wavess andp, transporting half of the total power for each.  The charge profile(z,t;V,;,9 induced by the application
Formula(3) can be adapted to EA by deleting the interfer- of a bias voltageV,,s, depends on the positianinside the

ence term due to the presence of the two polarizers: polymer layer £=0 ITO, z=h Al) and, in our previous
work, was modeled, in a first-order approximation, with a
Pa=PoR= 3 Py|r{ 1+ (tan®)?], (10 step-like distribution of positive carriers located close to the

ITO electrode. Here we extend this model to the case in
which positive charges are uniformly distributed in the poly-
"mer film except two depletion regions close to the injecting
electrodes, with different widths. This according to the fact
that the previously computed electric fiéldlose to the

1 polymer/ITO interface is of the order of 1&/m and can be
PlD = 5aDp, =P 5AVR= —P0|rs|2[ [1 sufficiently large to eject carriers from the very first layer of

2 the polymer film. Thernp(z,t;Vy.d is modeled by a three

where the mean reflectivity of the structui@= (|rg/?
+|rp|2)/2 is the parameter usually considered in literature i
the EA measurements. Differentiating E40) leads to the
expression for the modulated power:

PCOIIE parameter step-like function defined as:
+(tan®)?] T |25 + 2 tand 54 tanfb].
S
(11) p=0, nggdl,
At this point, it should be noted that the normalized reflec-
tance variation measured in EA, p=po, d;sz=d,, (13
SR 5Dy 2 2 tand
= (a€2) =3 (aQ)
R rZ 1+ (tan®)2° tan® =2 p=0, dp=z=h,
(12)
corresponds exactly to the normalized(@® signal of Wherepo, d;, andd, depend slowly ort for a givenVpigs.
the EO. Under these hypotheses the potential and electric field de-

Both in EO and EA the signals at frequer@yand 22 are ~ Pendencies in the film and the integrdlg” and '$*®) can
proportional toF(lm andl“(zm), respectively. Such integrals b(_a easily calgulateHS, when takmg into account screening
must be evaluated with care, as already shown elsewherg/ith @ screening length. We obtain
Here, we shall extend the analytical model previously
introduced to account for the new experimental features ob-

Y A2
served. Resuming the main considerations we can say that:l“(lm= yj”\m Y1Y3(Vst Vp) + spo[_ 72273 + ya— 'y5“

(1) A charge distribution can be created inside the OXA1l- v
PPV film. Th|s charge is glte_red by an ex.ternal static :K_m(vs+vbi+VDH)a (14)
voltage applied for a certain time and contributes to de- h
termine the total internal electric field profile.

(2) The insulator model is not satisfying. Large offsets of the 2 2 2
zero signal condition are observed in the measurements ROM Y173Vm _ KE
with both techniques and suggest some mechanism 2 4N h'
modifying the shape 0Eg(z) andE,(2).

(3) The signalAY) comes from the bulk of the polymer. \yhere
> comes from the bulk in the case of the EA£
—AR/R) and mainly from an interface contribution in
the case of EO, depending on the particular wavelength
range used in each experiment.

(15

h
ys=1—e" Zh’k+2xe* nx (16)
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_ d —dy /A 1 — (h=dy)/x 1 — (h+dp)/x 2 ?
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<« [
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s
2
. Y173 E (19 FIG. 2. EO static measurements &f? and 3, calculated
T4 0\ with Egs.(8) and(9) at ), whenVj is scanned from-7 to +2 V
and then back from+2 to —7V, for fixed V,=3V, Q/27
)\Zpo Vo Ya— Vs o0 =1680 Hz,a=45°. The solid lines are guides for the eye.
Vpu= - .
PR ¢ 2y, 7173 20

of the signal for a sample undergoing a switch of the static
We remark that, due to the fact that théz,t;V,,9 is  VvoltageVfrom +7 to —7V, shown in Fig. 1. It is possible
time and bias dependerIf,(lm is slowly dependent on time o observe a long transient that lasts more than 10 min. Simi-
and bias too and that thé voltage that is necessary to apply lar features, common to EA transient measurements, are due
to make it zero depends on the additional térgy, thatis O the same carriers injection/ejection phenomena respon-
related in a complicated manner material's parameters. |g§ible of hysteresys cycles IV measurements. With such a

particular Vpy is identically zero if there is no screening Premise, itis correct to expect from the measurement3 at
(A=%). In this case the modulating fiell,(z) will be uni- VS V, a result that is dependent on the speed of the measure-

form across the film thickness, depending exclusivelygn —Mmentitself. The two most relevant cases are: measurement of
and not on the charge density and thep(lﬂ) factor can be the signal after the complete exhaustion of the transient, and

more simply evaluated carrying of, from the integral of measurement of the signal immediately after an abrupt
Eq. (1): change ofvg.

Vi A. EO measurements as a function o¥/g

h
rgm:JO Eo(2)Endx=—

h
f ES(Z)dX:(VS‘I‘Vbi)E.
0 h We report in Fig. 2 the measurement Y and A(Y
(21) obtained whenVg is scanned from-7 to +2V and then
Under such conditions the EO and EA signals would be zer®ack from+2 to =7V, with a step of 1V, while the other
for V¢= —V,,;, where the built-in voltage drop,; is due to ~ Parameters are set as follow&/277=1680 Hz, V=3V,
the difference between the two electrodes’ work functions. @=45°. The measurements were performed by changing
Even in the presence of screening, TH& factor can get and then keeping it fixed for 15 min so as to wait for com-
zero, for a unifornp(z) distribution across the film thickness Pléte exhaustion of the transient shown in Fig. 1. At the end
or for ap(z) symmetrical respect to the=h/2 position. In of .the waiting tlme the signal is measured in both the p|as
general, if the total positive charge present in one half of th?0ints before switching/s to the subsequent value. In this
film thickness near the ITO anode is larger than that in théVay the §|gr.1als.|n the two b.|as points refgr to the same space
half near the Al cathode, theXpy is negative, otherwise chargg dlstrlbugon, depending o, allowing one to evalu-
Vpy is positive. ateX ) andA(®. _ o
It is possible to make two main considerations from data
reported in Fig. 2. First, tha(® signal, attributable to the
bulk electro-optic effect, is absolutely not linear ¥g. The
We measured the EO and EA signals when changing eitwo branches of the measurement result in a strong hyster-
ther theV, or theV,, voltage amplitudes in order to charac- esis, indicating that the waiting time us¢t5 min) is not
terize charge injection at the electrode—polymer interfacessufficient for the charge profilp(z,t; V) to reach a station-
In the following we report the results of the measurementsry conditionp(z,%;V,). Second, th& (Y signal is approxi-
for each of the two techniques. mately linear onVg. The smaller offset between the two
Measurements of the signBl,. versus the static voltage branches of the cycle indicate that this signal is less sensitive
Vs, for a fixedV,, and frequency), show a complex and not to the dynamics of charge redistribution inside the active
always repeatable behavior. Some preliminary considerationayer, as if arising mainly from some interface effect contrib-
can be done starting from a time-dependent EO measuremeuting to the reflectivity terms|r¢?/|r 2.

IV. EXPERIMENTAL RESULTS
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FIG. 3. Flash measurementsf®), calculated with Eq(8), vs FIG. 4. Flash measurements®f?), calculated with Eq(9), vs
Vs_at V=3V, Q27=1680 Hz, a=45°. The solid lines are Vg at V,,=3V, Q/27=1680 Hz, a=45°. The solid lines are
guides for the eye. guides for the eye.

Measurements can be carried out in a different way that ] ) ] ]
allows one to better probe the effective charge distribution inVbias and in theVs range for whichA® deviates from lin-
the polymer layef. The sample is initially biased to a fixed €arity and from the common slofgee., when a space charge
voltage Vs for a prolonged timeAt,,=1 h, in correspon- redlstn_buno_n is sypp_osed to_ take place during the measure-
dence of which it reaches a stationary charge distributiofn€nt time, involving interfacial layer too
p(2,%;Vyiad . The offset voltage is then switched to a mea- Measurements of the signBl,; at frequency) versus the
surement valueV, for a very short time interval during Mmodulating voltage/r, follow the linear dependence of Eq.
which the signal is measured; after that the voltage is re(14)- Atthe same time, the parameters &k @re independent
turned toV,;,c and it is kept at such value fakt,, before ~ Of Vs and quadratic orvy,,, as predicted by Eq(15); these
switching again to the subsequerg. The aim is to measure Measurements however are not reported here.
the signal response to the static external voltgge and its
associated electric field, while keeping the charge distribu- B. EA measurements as a function of wavelength

tion frozen top(z,%;Vyjad. During the measuremeivs is Measurements of the signat SR/R versus the wave-
scanned from-7 to +7 V and then back from-7 10 =7V, jength) of the light beam were performed both@tnd 2).

with a step of 1 V and with a\tya=20's, repeating and  The glectroabsorption spectra@t reported in Fig. 5, were
averaging five times for both points and for each valuéof  eagured for different values of the static voltage while

while the other parameters have been set (27  ihe other parameters were set as follof§27= 1920 Hz,

=1680 Hz,V,=3V, a=45°. : _ V,=6v2 V, a=45°. The curves are similar, with a primary
In Fig. 3 we report the measurements fof® obtained  peak that occurs fok =490 nm, while it is evident that the
with such method for five different values W, Differ-  intensity of the signal is proportional ¥s. This agrees with

ent_ly f_rom measurements shown in Fig. 2, the dependence gfj¢ relationship of Eq(21), though the dependence bf is
Vs is linear. The common slope of the curves depends on thgjearly not linear and the difference between the two ex-
intensity of the bulk electro-optic response, while the mutualremal curves cannot be due exclusively to the built in po-

offset depends on the charge profile inside the active layefenia| v,;= —0.4 eV, and charge redistribution has to be
According to the model of Eq.22), the offset voltage nec-

essary to null the signal should be equaltg=0.4 V, while 0.0003
it may reach values less than20 V for negativeV,,,s. The
most striking result is not the absolute value of this offset,
but its sign, being opposite to that obtained for the thicker 0.0001
samples studied previously.

In Fig. 4 it is reported the calculatex(®) parameter cor-
responding to the same measurements of Fig. 3. The curves% -0.0001

are substantially horizontal and independenVgf This be- "'l. s :

havior is consistent with our interpretation, in which we as- 1 r v V= 2V
cribe most of the observed?) signal to the §9*|r|?)/|r4|? -0.0003 A : v V=2V
term, related to a modulation of the polym@verage re- "'l. . a V=6V
fractive index close to the polymer/ITO interface due to the 10,0005 “ = V=0V
filling/emptying of surface states, and independent from the 777350 400 450 500 550 600 650
electric field in the bulk of the polymer. In this sense, to Alnm]

different Vy,s correspond different levels of surface states

filling. Further, the curves deviate from horizontality for the FIG. 5. EA spectra obtained for different values\f.
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FIG. 6. EA spectrum obtained f&f;=6 VV compared to a func- ) ) )
tion of the linear absorption coefficient. FIG. 8. EA transient measurements obtained for different values
of Vgp.

considered. From Fig. 5 it can be noticed that at the wave-

length of the He—Ne laser used in the EO setiyy ( measurementsQ/27=1920 Hz, V,=6v2 V, a=45°. It
=632.8 nm) the signal is too weak to be appreciated with thgan be noticed that the signal is not linear ¥g, and a
EA setup, being far away from the optical resonance regionmarked hysteresis is present. Similar curves have been ob-
Comparison of the measured EA spectra with theserved previously with the same experimental technique on
—N\?(daand I\ function, obtained from the measurement of other organic polymer sampl8sThe V cycles were mea-
the linear absorption spectrum of OXA1-PPV in solution, issured for different intensitie$, of the probe light beam,
reported in Fig. 6, and shows that electroabsorption spectrgbtained by means of a neutral density filter (ND.7),
in the low energy region can be interpreted exclusively inshowing a dependence of the hysteresis amplitude on the
term of neutral excitations, analogous to what is reported inmpinging light power. This, together with the fact that the
the literature for other PPV derivated polymé?sTo our  offset is notably smaller with respect to the analogue electro-
extent this confirms that the electroabsorption signal derivegptic measurements, makes it interesting to investigate fur-
from the bulk of the active layer, through a modulation of thether the dependence of the signal on the intensity and the
absorption coefficient. wavelength of the light beam.
Spectral measurements di zre not reported here since  The deviation from the linear behavior predicted by the
they are similar to the ones and, as expected from Eq. simplified insulator modelEq. (21)], can be ascribed to an

(16), do not depend on the static voltaye. additional internal electric field due to the charge trapped
inside the polymer film, and the hysteresis to the different
C. EA measurements as a function o¥/ dynamics in the injection/ejection of the charge carriers.

Measurements of the signal SR/R versus the static volt-
ageV were performed at the peak’s wavelength of the elec- D. EA transient measurements for differentV ., and V
troabsorption spectra,o=490 nm. In Fig. 7V, is scanned
from —10 to +10 V and then back te- 10 V with a step of
1V, while the other parameters are set as in the previou

Transient measurements represent a tool to investigate the
dynamics of charge redistribution. They are performed by
ﬁeeping the sample under a static volt&dge=V,,>0 V for a
. definite time intervalt,,, and then switchingV/s to a Vi
=<0V and starting to measure the EA signal during a time
intervalt.s . The general behavior is that of a double expo-
nential decay of the signal, due to the ejection of the charge
from the active layer.

In Fig. 8 we report two transient measurements obtained
for different values oV,,,, when the other parameters are set
as follows: A=490 nm, Q/27=1920 Hz, V&'=6V, «

=45°, Vo@z=0V, t,;,=40s,t,4=90s. It is clear that for
— 8 veZ ;‘1%\’/—::]8‘\2 “B:g each curve the signal starts decaying from a different value
s—s (3) Vi=-10 V- +10 V, ND=0.7 corresponding to the respective valueW, (i.e. to a differ-
=—= (4 V=+10V>-10V, ND=07 ent charge profile while after the time interval,;; relaxes
-10 5 0 5 10 to zero.
V. [V) In Fig. 9 it is reported a second series of transient mea-
: surements obtained by switchiig,, from + 7 V to different

FIG. 7. EA signal vsV, obtained for different intensities of the values ofV;, while the other parameters are set identically

probe beam. to the previous series. In this case the signals start decaying

-AR/R 10
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] ) ] FIG. 11. Transient measurement signalMsobtained for two
FIG. 9. EAtransient measurements obtained for different valuegjigrerent wavelengths of the pump beam compared with the tran-
of Vit sient in the absence of the pump.

from the same point for all the curves and relax to constant

X . a=45°, Vo, =+7V, V=0V, 1,,=50 s, t,+=90 s. Mea-
values, each corresponding to a differsfg. surements for seven different values of the pump beam

wavelength\, varying from 550 and 400 nm were per-
formed, plus two control measurements in the absence of
pump at the beginning and at the end of the series. In Fig. 11

A third series of transient measurements was obtained fowe report the three most significant pump—probe measure-
different intensities of the light beam, by means of neutralments, the others being intermediate or overlapping to these
density filters placed at the exit of the monochromatqris  curves. It can be noticed that the presence of the pump has an
switched fromV,,= +7 V to V=0V, while the others pa- effect similar to that of changing the intensity of the probe
rameters are set as in the previous series. Figure 10 showsam, accelerating the detrapping/ejection of charge carriers.
that in the curves corresponding to a lower probe beam inThis effect is enhanced whex), crosses the maximum elec-
tensity the signal decays to upper levels, indicating a slowetroabsorption response =490 nm). The initial and the fi-
dynamics of internal electric field redistribution and a resi-nal curves obtained in the absence of the pump overlap, in-
due of trapped charge in the polymer film. Such a behaviodicating that the sample was not damaged during the
suggests that the measurement light beam activates the dexecution of the pump—probe transient series.
trapping and ejection of charge carriér., holes.

To further investigate this mechanismpamp-probe se- V. DISCUSSION
ries of transient measurements has been performed. To this
aim the electroabsorption setup has been modified introduc- In this section, we shall first analyze the EO data using the
ing a second lamp and a monochromator, and a neutral def?odel introduced to get some quantitative evaluations on the
sity filter (ND=1) on the path of the probe beam to ensurespace-charge distribution. Then we shall analyze the EA data
that its effects would be negligible with respect to those dud0 further investigate the redistribution phenomena, and to
to the pump beam. The other parameters are set in the fopbtain more information on the nature of the charge by
lowing way: =486 nm, (/2r=1920 Hz, V&f=35Vy, means of a comparison between the two techniques.

As already seen, tha™® vs V. curves of Fig. 3 show a
linear behavior indicating that the corresponding charge dis-
tributions are effectively kept fixed during the measurements.
The offset voltage/py to null the signal is very large in the
present caseh(=200 nm,Vpy=+8V to +20 V), as in the
samples previously studiech€285 nm, Vpu=—10V to
—20V), but with opposite sign. According to the analytical
model, it is necessary to assume that a net positive charge is
resident in the second half of the active layer, near to the Al
cathode.

Substituting the expressions derived with the analytical
model for'{" andI'{*®) (14) and (15) in Egs.(5) and (8)
for the phase shift terd @)W . and for the signala (4%,
one obtains

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

ARR 107

time [s]

. . . . \V/
FIG. 10. EA transient measurements obtained for different in- (Q)— (3) m
AV =A(a)R —(Vs+Vit+Vpu), 22
tensities of the probe beam. (a)Re Xz22dx h (Vs+ Vit Vor) (22
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TABLE I. Values of the prefactor in Eq$22) and(23) (column 3 are reported for three successive EO
measurements a(?) vsV,, similar to those reported in Fig. 3, for different values/gf,s. In column 4 we
report the ratio of such values to the same quantities evaluated from the fit of an indepgfidénts V,,
measurement. In columns 5—7 estimated for the offset voNggge charge density, and depletion width
obtained by the fits are reported.

Series  Vpas(V)  A(a)RexL]x (MV?) B Vou()  pele(m ¥ d; (nm)
c +3.5 2.01x 10+ 1.01 +9.6 0.74x 1074 100
c +7 1.97x10° 0.99 +8.1 0.74x 1074 70
d +3.5 2.05x 10" 1.03 +14.4 1.1x10% 100
d +7 1.89x10 0.95 +12.9 1.1x10% 75
f +3.5 2.05x10™ ¥ 1.03 +13.5 1.2x 107 71
f +7 2.03x10 4 1.02 +11.0 1.2 107 57

2 retically Vpu=po [EQ. (20)] and that the measured values

1
A(29)=ZA(Q)R€[X§SZ)ZJKTm- (23)  decrease a¥y,s gets larger, the injected charge is more
likely reducingd; (i.e., filling the superficial layejsthan

Both expressions contain the same prefam()a)RqX(S) Ik, increasing thep, in the bulk. Besides, there are larger varia-

Z7Z. . . - . .
which can be evaluated separately by independent measurréﬁns of Vpy between different series, showing consistent

: - charge redistribution on the long term. On this basis, Egs.
?negr:;s of the signals & and 21, for the same incidence (14)—(20) can be used to estimate the spatial charge distri-

In Table | we resume the results obtained from fitting bution, in terms 0py, d;, andd,. We optimized the values

three different series of measuremetsb, and & similar to of the parameters, setting the penetration depth equal to the

O thickness of the active layerd¢=h), consideringp, con-
that reported in Fig. 3 an(_j perfo_rmed one after_ the other. FO{:tant in each series and determinimg necessary tg obtain
each measurement we fitted with a straight line the curve

. p o - | the correspondiny/py . The results for the charge concen-
obtained forVyjas=+3.5V andVyjas=+7 V. In column 3 ya6ion o, are consistent with data reported in literatife.

the fitted values ofA (a)Re[x\3,]« are listed. In column 4 The charge distribution in the bulk of the polymer shows
the ratiog of such values to the corresponding factor evalu-a low mobility behavior, and is probably due to carriers
ated from the fit of theA®*®) vs V,, measurementnot re-  trapped in deep levels. However, the depletion region near
ported hergis listed. 8 is always about one, showing that the the ITO electrode could still be due to the contemporary
agreement is good and ensuring that the three series of megresence of OH ions diffused from the surfackAs a con-
surements af) and theVpy obtained are consistent. sequence the static electric field, negative and large, close to

From Table | it can be noticed that in each series thehe ITO electrode is quite stable over time and limits the
changes ofVpy induced byV,,s are always smaller than performances for PLED made out of OXA1-PPV. The nature
Vpy itself, suggesting the presence of a stable charge distrf the stable charge distribution can be identified by analyz-
bution, with density larger than the injected one. Since theoing the EA data.

TABLE Il. Parameters obtained by fitting the EA transients with a double exponential law given by Eq.
(25). The data refer to the transients executed for different valuég,pandV ; reported in Figs. 8 and 9.

a+b;+b,

Von (V) Ver (V) a(107%) by (107%) by (107%) (109 (s 72 (9
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 8.0 234 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 0.9 185 9.3 28.7 2.8 21.9
7 0 0.6 16.1 8.1 2.7 21.4
7 -1 2.0 18.7 8.9 2.8 20.1
7 -2 3.8 224 9.1 2.7 18.9
7 -3 6.1 26.3 8.7 25 20.8
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TABLE lll. Parameters from the fit of the EA transients for different intensities of the probe beam in standard relaxation measurements
and of the wavelength in the pump—probe measurements. All the measurements are perfaxme®@nm switchingVg from V=
+7Vto V=0V, while for the pump—probe experiment N1 for the probe beam to ensure its effects would be negligible with respect
to that due to the pump beam.

ND a (104 b, (1074 b, (104 71 (9) 75 ()
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 45 28.0
0.2 1.2 14.3 10.0 35 24.2
0 0.7 15.4 8.25 3.1 233

Ap (nm) a (107% by (107%) b, (107%) 71 (9) 72 (9)
No pump 2.0 4.6 45 8.4 49.1
550 2.0 4.2 5.0 7.3 45.9
530 2.0 45 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 34 29.8
450 1.8 45 4.6 4.6 32.9
400 15 45 4.7 4.9 33.7

We wish to remark that in the EON&E632.8 nm), the ments. As a conclusion, the charge distributions observed
3@ = s@MR/R  signal is mainly due to the with the two techniques must be different.
(891 |?)/|r|? term, dominated by a strong reflectivity  To further investigate such differences, we fitted the EA
modulation term. This is suggested by th€? vs Vi mea-  transients with a double exponential function:
surements reported in Fig. 4, which show an independence
from the static electric field in the bulk. Measurements as a SR t t
function of the incidence angler (not reported hepe R (D=a+h, EXF{ - T—) +b, exp( - T—), (24)
strengthen this interpretatidn. ! 2

In the EA, the signal originates mainly from a modulation \hich describes the temporal dependence better than a single
of the absorption coefficient in the bulk of the polymer film, gynonential. In Table 1l we report the parameters of the fits

as introduced in Sec. IVB. The 3|gﬂnal due to this effeit 5 the first two series of transients, executed, respectively, at
proportional to the overlap integrBk™ through the constant different values of the/,, and of theV, reported in Figs.
|m|_X§§)ZJ, which is not negllglble in the absorption band and8 and 9. The Signa| dR/R) (t:O):a+ bl+ b2 is propor-
leads to a linear dependence gy, similar to what happens  tional toV,,, and saturates at high voltage. Besides, the value
for AY, However the static measurements $f)R/R vs to which the signal decayssR/R) (t=«)=a is proportional
Vs show smaller hysteresis effects and offset respect to thg v . This is consistent with the fact that after the negative
EO analogue. Further, the EA transients induced by a step @fep inV, the charge is totally ejected and the signal keeps
Vs are faster than the corresponding EO dynamic measurgyroportional to the internal static electric field. Moreover, the
time constants are nearly identical for all the measurements

0.05 0.50 of the two series, and notably smaller than the analogue EO
ones.

_ oo The differences in the behavior of the EO and EA mea-
K 0.25 surements lead us to conclude that at least one of the two
- 008 g techniques influences sensibly the spatial charge. The smaller
= e offset and the faster dynamic observed with EA can be ex-
g o2 o & plained attributing the stable charge to carriers trapped in
= . 1) deep levels that are reaqtlvgteq by the absorpyon of the light
0.01 . in, beam. To support these indications we report in Table Il the

g, (SOMUTION) fit parameters of the EA transients obtained for different

%50 200 250 500 550 PN probe intensitiesFig. 10 and of the pump—probe transients

(Fig. 11). It is clearly seen that at higher pump beam inten-
sity the time constants decrease, indicating that the probe
FIG. 12. Time constants of the pump—probe EA transients exbeam itself accelerates the decay. On the other side we ob-
pressed as decay rates vs the wavelength of the pump and absofgrve a dependence of the relaxation time constants on the
tion spectrum of OXA1-PPV in solution. wavelength of the pump beam. Such behavior is better evi-

Alnm]
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denced in Fig. 12, if we plot the values of and 7, reported  riers. The presence of Debye—tkel screening is taken into
in Table Il as a function of the wavelength of the pump account together with a new feature of the charge distribu-
beam and if we compare such data with the absorbance often, consisting in superficial depleted regions near the ITO
solution of OXA1-PPV. and Al electrodes, generated by the strong field associated
with the inner charge distribution.
VI. CONCLUSIONS

We reported here the comparative interpretation of
electro-optic and electroabsorption measurements on oxadia-
zole based PPV electroluminescent films. As a main conclu- The authors gratefully acknowledge Z. Bao for providing
sion, the larger offset and slower dynamics observed with théhe OXA1-PPV samples and M. Bertolotti, S. Paoloni, A.
EO setup operating outside the absorption band, with respe&elardini, and M. C. Larciprete for useful discussions. The
to the EA results, indicate that the latter nonlinear techniqueesearch has been partially supported by the Italian Institute
alters the space-charge distribution inside the active layer, bgf Physics of the Matte(INFM) and European Community
means of optical reactivation of trapped or low mobility car- (Contract No. IST-2000-28018
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