u

) <

The University of Osaka
Institutional Knowledge Archive

. Electroabsorption spectroscopy of luminescent
Title ; X
and nonluminescent m-conjugated polymers

Author(s) |Liess, M.; Jeglinski, S.; Vardeny, Z. V. et al.

Citation Physical Review B - Condensed Matter and
Materials Physics. 1997, 56(24), p. 15712-15724

Version Type|VoR

URL https://hdl. handle.net/11094/75859

Copyright (1997) by the American Physical

rights Society

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



PHYSICAL REVIEW B VOLUME 56, NUMBER 24 15 DECEMBER 1997-II

Electroabsorption spectroscopy of luminescent and nonluminescent-conjugated polymers
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We have measured the quadratic electroabsorffi#y) spectrum of a variety of soluble luminescent and
nonluminescentr-conjugated polymer films in the spectral range of 1.5—-4.5 eV. The luminescent polymers
include MEH and DOO derivatives of pdlghenylene-vinylene poly(phenylene ethylene and poly-
thiophene; the nonluminescent polymers include (@héthynyl silangé and monosubstituted polyacetylene. All
EA spectra show a Stark shift of the low-lying odd-parity excitoB()l and imply the presence of phonon
sidebands. There are also higher-energy bands due to transfer of oscillator strength to even-parity exciton states
(Ag), the strongest of whichnfAy) is located at an energy about 1.3 times that of tBg &xciton in both
luminescent and nonluminescent polymers; in the luminescent polymers the EA spectra also show a second
prominentA, state kAy) at an energy of about 1.6 times that of thg,1 We have successfully fitted the EA
spectra by calculating the imaginary part of the third order optical susceptibilify*(mw;®,0,0)], using a
summation over states model dominated by the ground state Bthexciton, two strongly coupled states
(mA, andkA,), and their most strongly coupled vibrations, using Frank-Condon overlap integrals. A distri-
bution of conjugation lengths, which results in a distribution of excited state energies, was also incorporated
into the model. The decomposition of the EA spectra due to the conjugation length distribution was then used
to calculate the B, exciton polarizability Ap) using first derivative analysis. For the longest conjugation
lengths in our films, we foundp to be of order 16 (A)2 in luminescent polymers and 1@ in nonlumi-
nescent polymers, respectively, in good agreement with recent subnanosecond transient photoconductivity
measurements. We also found that the Huang-Rhys parameter dBthextiton varies between 0.25 and 0.9,
being in general smaller for the luminescent polymers. The consequent exciton relaxation energies were
calculated to be of order 100 me}50163-182807)03948-9

. INTRODUCTION films of PDA derivatives?~3® The first EA spectroscopy in
conducting polymer films was applied to the structurally
ElectroabsorptiofEA) spectroscopy, measured using ansimplest polymer, namely, the trans and cis isomers of poly-
electric field to modulate the absorption, enhances the “finecetylene (CH);3%~%°later studies have focused on its oli-
structure” in a material's optical absorption spectriAn  gomers such ag-carotené®*! Other conducting polymers
electric-field perturbation applied to the material under in-have since attracted much attention and numerous EA stud-
vestigation creates small changes in the electron wave fundes of various conducting polymer fildfs*’ and u
tions accompanied by small changes in the electronic energgrystalé®4®were made.
levels, that can consequently be measured as changes in ab-Localized excitonic states with large binding energies are
sorption. Early works formulated the theory of electric-field characteristic of low-dimensional systems with strong elec-
perturbation in semiconductor materiafé. These theories tron correlation effect®?>° In general, theoretical descrip-
were developed further and evolved into relatively completdions of conjugated polymers support binding energies on the
treatments of the Franz-Keldysh band-edge effect and excprder of 0.5 eV, indicating that electron correlation plays an
ton Stark shif®=2* During the same period, electromodula- important role in these syster$:*° The result of these ex-
tion spectroscopy was developed and applied to semiconducitonic models is a description of the electronic excited states
tors such as Si and G&:1825%The first application of EA in conducting polymers in terms of a manifold of localized
spectroscopy tom-conjugated polymers was reported on excitons with large binding energies, the symmetries of
samples of crystalline polydiacetyledBDA),?’~* and the  which are restricted either to even parit4) or odd parity
strongest spectral feature was explained in terms of the banB,). It is interesting to note that in principle the existence
edge(Franz-Keldysh effect®>3! Later work focused on the of a single, isolated3, exciton (1B,) in the excited-state
lower-energy derivativelike features of the EA spectrum;manifold should give rise to an EA blueshift, but this has not
these features were interpreted in terms of the Stark shift dieen observed experimentally. Using a straightforward appli-
isolated excitongbinding energy 0.5 e} pointing to the cation of perturbation theory, the existence of strongly
role of disorder in diminishing the band-edge effects of thincoupled additionak states, lying above the energy of the

0163-1829/97/5@4)/1571213)/$10.00 56 15712 © 1997 The American Physical Society



56 ELECTROABSORPTION SPECTROSCOPYFO. . 15713

Electrode array (gold surface)

Luminescent n-conjugated polymers

Contact surface Contact surface

2,5-substituted

poly {(p-phenylene vinylene) ( \

- MEH PPV

- DOO PPV X
Poly (p-phenylene e thynylene) %@5}
- PPE X

Poly(3-alkylt hiophene) ( s 3 Sapphire
- P3DT
. paoT s I substrate e

Blectrode Finger

Width: 20 microns  [e=———

Nonluminescent nr-conjugated polymers

. s Gaps: 20 microns  e——
Poly(diethynyl silane) NW
- POES L )

FIG. 2. The electrode configuration used for the EA spectros-

Poly(thienylenevinylene) copy. The electrodes, of 2Am spacing, were evaporated on the
- PV C sapphire substrate and photolithographically patterned. The poly-
mer film is spincast on top of the electrodes.

Substiuted (OH) \{\C Y ;;\ understood from direct derivative analysis dfiv).3*>4¢
X

The polymers studied in this work are either luminescent
or nonluminescent soluble conducting polymers films, shown
Si(CHg)3 in Fig. 1. Solubility is obtained by using polymers having

large side groups, since unsubstituted conjugated polymers

are often insoluble. The emissive properties of the lumines-

cent polymers depend on the decay route of tBg éxciton

to the ground state. This is not the case in nonluminescent

) . polymers, where a dipole forbidden stated2 lies below

1B, is then necessary to model the observed EA red%h!ft. the 1B, exciton, supplying a strong alternative nonradiative
In principle, EA spectra can be analyzed by comparisotyecay path routé®

with the first derivative of the linear absorption since thg, 1 This paper is organized into five sections. Section Il de-
Stark shift leads to a derivativelike featdfe’®®*Unfortu-  gcribes the experimental methods, including film casting,
nately, the existing disorder in most polymer films leads to &jectrode configuration on the substrates, and a brief descrip-
distribution of polarizabilities and energies of thBlexci- tion of the electrical and optical setups. Section IIl discusses
ton, so that a first derivative analysis of the EA spectrum ishe experimental EA spectra in detail. Section IV contains
not possible in many casésstill it is possible to model the  the EA model and is divided into three subsections: the three
lowest-energy part of the EA spectra by including deriva-most dominant effects included in the EA calculation are
tives of higher ordeTaylor series expansionbut such a giscussed separately. In Section IV A the EA spectrum is
phenomenological approach often leads to unrealisti¢e|ated to the Imy®) spectrum with three or four essential
interpretations!“*In this paper, we will show that a decom- gtates. Section IV B introduces phonon sidebands, and Sec.
position of the EA spectrum, with first derivatives like Stark |/ ¢ is devoted to the effect of the conjugation length dis-
shift features for the individual B, components, leads t0 yipytion in the films. In Sec. V A the model calculation is
realistic values of the exciton polarizability. This decompo-ysed to fit the EA spectra and to extend the discussion of the
sition requires an appropriate modeling of the EA spectranost strongly coupled phonons, conjugation length distribu-
and its conjugation length distribution. tion, and the excited-state energies derived from the fits. Sec-
The EA modelling of a summation over states to calculatgjon v B presents the application of the model calculation for
the third-order nonlinear optical susceptibiligy®) (Refs. 63 gecomposition of the absorption and electroabsorption spec-
and 64 is especially useful because it allows us to potenyra in order to evaluate theB], polarizability and its
tially apply the EA spectroscopy to probe both optically al- gisorder-induced spectral dependence. The exciton polariz-
lowed (B,) and forbidden &) states. Fitting the calculated apjlity estimated from the EA spectra is then compared to

EA spectrum with the experimental results therefore addghat inferred from picosecond transient photoconductivity
information not only about the B,, exciton properties such measurements.

as polarizability, energy, configuration space, and phonon

FIG. 1. Some of the studied luminescent and nonluminesce
m-conjugated polymers. Their backbone structures are also showi

sidebands, but also about the most strongly couplgstates Il. EXPERIMENTAL METHOD
and the effects of disorder. This highlights an additional '
weakness of the simple derivative interpretation, siAge Electrodes for the application of an electric fiekd)(were

states do not contribute to the linear absorptigiw), and  deposited on a 0.625-in.-diameter sapphire disk in an “inter-
therefore their contribution to the EA spectrum cannot bdocking finger” geometry, as shown in Fig. 2. A 2am gap
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FIG. 3. The optical setup for the EA spectroscopy. Light from a
xenon source is wavelength selected by a monochromator and
passes through the sample, which is modulated by an AC electric
field. The changes in the light transmission are recorded by a
lock-in amplifier.

between adjacent electrodes allowed the use of relatively low 15 2 25 3 35 4
voltage(hundreds of voltsto achieveF of order 18 V/cm. Photon Energy (eV)

The films cast on these electrodes were fabricated from poly- . .

mer solutions in chloroform or toluene solvents. Care was_ "G 4. The optical absorption and EA spectra of a MEH-PPV
taken to make the films sufficiently thipeak optical density film at 80 K at various electric field strengths in the range of 3

~0.1) to allow measurements at energies of strong absor X 10°~1C° Vicm. Various absorption band$-IV) and EA spec-
tion. tral features(1B,,, mA,, andkA,) are assigned.

The experimental setup for the EA measurements ipolymers?”%2AT was then normalized tAT/T, which was
shown in Fig. 3§1A small sine-wave source was connectedfree of the spectra| response function. To a good
to a custom-built step-up transforméurns ratio of about approximatiorf* the EA signal is related to the imaginary
1:130, the output of which was connected to the electrodepart of the optical third-order susceptibility:

The electrodes were contained inside a cryostat for measure-
ments at low temperatures. The electric-field modulation fre-
guenciesf were controllable in the range from 250 Hz to 1
kHz. A mechanically chopped light sourcgypically a
200-W) tungsten lamp for broadband visible and near infra
red, and a 300-W Xe lamp for broad band visible and ultra
violet) was focused on the entrance slit of a computer
controlled 0.25-mf/3.5 monochromator. Long-pass optical
filters (to eliminate second-order scattering effe@ad neu-
tral density filters(to eliminate excessive incident energy
fluence and prevent detector saturatiavere used at the
monochromator output as needed. The light was refocus
on the sample with a mirror, and detected by a UV-enhanced
silicon photodiode operated in the photovoltaic mode. This
configuration was used to minimize any photodegration The soluble PPV derivative, MEH-PPV, exhibits a typical
and/or heating of the polymer films. The amplified photodi-EA spectrum of luminescent conducting polymers and was
ode electrical output was directed to a computer-controlle¢hosen as representative of this group of polyni€ig. 1).
lock-in amplifier. The absorption and EA spectra of MEH-PPV are shown in

For each EA spectrum, the transmissiof) (was mea- Figs. 4a) and 4b), respectively. The absorption spectrum,
sured with the mechanical chopper in place and the electrie(w), is composed of four bands: a low-energy band that
field off. The differential transmissionA(T) was subse- peaks at 2.4 eMpeak ), two additional small bands with
quently measured without the chopper, with the electric fieldbeaks at 3.7 and 4.7 elypeaks 1l and llI, respectivelyand a
on, and with the lock-in amplifier set to detect signals atstrong broad band centered at 5.9 @é¢ak V). Very similar
twice the electric-field modulation frequency. Thé @pen-  absorption spectra have been observed in other PPV
dency of the EA signal is due to the quadratic nature of EAderivatives®~*®as well as in derivatives of P{Ref. 46 and
in materials with definite parity, such as theconjugated PPE (Fig. 1).”° We therefore consider the absorption spec-

4w
—AT/T=Aad=—— Im[ x® (- w;,0,0]F%d, (1)

‘whereF is the electric field strength is the film thickness,
andn is the refractive index. The zero-frequency compo-
nents in Eq.(1) are from the low-modulation field frequen-
cies which are negligible compared to the frequenayf the
optical field. We note that, in principle, other effects, such as
induced changes in refractive index, thermal and film thick-
ness may contribute taT/T. We found, however, that the
spm of all these effects is at most only 5%&T/T.%

IIl. EXPERIMENTAL RESULTS
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trum in Fig. 4a) as characteristic of the class of luminescent 6
m-conjugation polymers, with the side groups affectiv(g)

only weakly’! Band | is due to the main delocalizet =
transition and is most probably the result of an inhomoge-
neously broadenedA,-1B,, transition followed by several
phonon sidebands. The phonon sidebands are not well re-
solved in Fig. 4a) due to the existence of a relatively broad
conjugation length distribution in this film. In better, less
disordered MEH-PPV films, these vibrational satellites were
well resolved ina(w).”® The origin of the 3.7-eV absorption
band(ll) has been a matter of controversy, assigned either to
charge-conjugation symmetry breaking caused by the substi-
tution, or to the existence of short PPV chains in the
film.5®7374 No such controversy exists for the remaining
bands. Bands Ill and IV are due to transitions between local-
ized and delocalized stat&.

Figure 4b) shows the MEH-PPV EA spectra up to 5.3
eV, at field values in the range of 16-10 Vvicm. It was
determineff' that EAxF?, showing the dominance of the
guadratic field term in conducting polymers. The EA spec-
trum is composed of strong features in the range of band I in
a(w), followed by weak features in the region of bands Il and :
[ll. Since it is known that localized states have a weak con- — . r
tribution to the EA spectra due to their low polarizabifffy, 2 25 3 3.5 4
the EA result indicates that localized states are indeed in- 054
volved in bands Il and Ill. This, however, cannot resolve the 3
controversy related to the origin of band¥1”3since band II
in the leading models is partially due to localized states. 2 0

There are three main EA spectral features in the energy |
range of band | inv(w): (i) a derivativelike feature with zero 1 4 25 3 35 &
crossing at 2.17 eV, followed bfi) three well-resolved vi- ] o
brational satellites at 2.2, 2.4, and 2.6 eV, respectively, and 0 ~\/

10°4 (AT/T)

(iii) an induced absorption band at 2.8 eV. Featiieand
(i) are the results of a redshifted] exciton energy, and its
phonon sidebandsStark shif). These features are more eas- T i T
ily observed in EA than in absorption because of the depen- 2 25 3 35 4
dence of the exciton polarizability on the conjugation length . Energy [eV]
(Sec. V). These samples are disordered and show a prepon-
derance of shorter conjugation lengfisSince absorption FIG. 5. EA spectra of three luminescemtconjugated polymers
probes all conjugation lengths, the dominance of the shorteiP3DT, PPE, and DOO-PBVmeasured at 80 K withF
chains leads to a mostly featureless absorption spectrura:10° V/cm (full lines) and their theoretical fitédashed lines The
Electroabsorption, on the other hand, i@ process, and insets show in more detail the EA featur@sA, andkA,) at high
therefore preferentially probes the remaining longer conjugaphoton energy.
tion lengths’® This gives rise to the sharper spectral features
and also explains the emergence of the phonon side bandshonon sidebands followed by a relatively strong, positive
The EA bandjii) at 2.8 eV does not have any correspondingEA band at higher energies. In all cases a second, weaker
spectral feature inv(w), indicating that it is most probably band is seen at even higher energies, which we attribute to
due to an even parity staten(d;). Such a state would not the kA, state.
show up ina(w) since the optical transitionAg—mAy is As explained above in the Introduction, the most signifi-
forbidden. We relate ban(i) in EA to transfer of oscillator cant difference between the classes of luminescent and non-
strength from the allowed A;— 1B, transition[band | in  luminescent conjugated polymers is the presence of an even-
a(w)] to the forbidden Ag—mAy transition, caused by the parity (2A;) state below the B, exciton in the latter class
symmetry-breaking external electric fi€fd. A similar,  of polymers® Nevertheless, the EA spectra of three nonlu-
smaller band is seen in the EA spectrum at 3.4 eV. We atminescent polymers, PDA-4BCMU, PDES, and((H),
tribute this band to a secondl, state kA,;) with weaker  (shown in Fig. 6 are not qualitatively different from those of
polarizability, related to a weaker coupling to the lowé,1  the luminescent polymers shown in Fig. 5. We note, how-
state. ever, the existence of an EA low-energy tail below thg, 1
Similar spectral features as in Figbd are seen in the EA feature, which, in principle, may be due to either a broader
spectra of other luminescent polymers, such as DOO-PP\Gonjugation length distribution, or the effect of a weakly
DBO-PPE, and P3DT, shown in Fig. 5. All exhibit a sharp coupled 2\, below the B, state!>">We also note the lack
derivativelike feature at low energy, followed by a series ofof a kA, feature in the EA spectra of this polymer class.

PPV-DOO
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the first allowed B, and a particularly strond, state, the
mA,, seems to account fory® spectrum of many

201 molecules’®® For the one-dimensional centrosymmetrial
conducting polymers the SOS model faf® takes the
o form®®
X®~K (= pgDa+ ugauDs), )
-20 1 where u;; is the transition dipole moment between states
andj; 0 is the 1A, state, 1 is the B, state, 2 is thanA
15 35 state,uq, is identical to zero, an®, andD,, each represents

four terms with energy denominators that depend on the pho-
ton energyiw. The factorK is a result of intrinsic permuta-
tion symmetry requirements. Whéiw is less tharE(1B,,),

the D terms in Eq.(3) are all positive.

Linear molecules and polymers can be grouped according

to which term in Eq.(3) dominates the three essential states
model. The first term in E(3) gives a negative, nonresonant
x® that has not been found to dominate the optical nonlin-
earities of polymers. Moreover, as shown in Figa)7 this
-1 term results in a blueshift EA Stark effect of th& 1state,
15 2 25 3 which has not been observed in conducting polymers. The
second term in Eq(3) is positive and results in EA redshift
substituted of the 1B, [Fig. 7(b)], in agreement with the data. Since both
(CH)4 D, andD,, contribute toy®), we conclude from the data that
theD,, term dominateg® in conducting polymers. This can
be explained only ifu,> o and the energy difference
[E(mAy) —E(1B,)]<E(1B,). These are already meaning-
ful conclusions that can be drawn from limited inspection of
the data in Figs. 4—6.

With the simplifications of Eq(3), the eight terms of the

1074 (AT/T)

014 . complete SOS mod&® can be written as
15 2 25 3 35 \
Energy [eV] X (— 0, 01,0),03)= 73 P(wy,03,03)[M1(D1+D;
FIG. 6. Same as in Fig. 5 but for three nonluminescent polymers
[PDA-4BCMU (Ref. 34, PDES, and substituted (CH) +D3+Dy)~My(Ds+De+ D7
+Dg)], (4)

IV. MODEL CALCULATIONS

To apply a model for the polymers EA spectra based ovhere fiw, is the “test” phOtg” cnergy.og 0 w; are
@, we assume that AT/T is equal to the change in the ©l€ctric-field frequenciesM; = uoy1s Mo= ko, [Eq. (3)],

absorption coefficienA ad. It can be showft that and

D1=(Esg, = wy) (Emp,~ w1~ 02)(Ezg,~w1),  (5)

AT
_T:C]_An+C2ACY+Aa’d, (2)

D, *=(Ef, + w3) (Emp,— @1~ 0)(E1p —@1), (6)
whereC,; andC, are optical constants that express a field-
modulated change in transmission due to a field-induced -1_ % *
) e D, =(Ejg + Ern Tt Eig — , 7
change in reflectivity of the sample. These terms can be ne- 3 = (Elp, t 01)(Emp t 01t 02)(Byp, ~wg), (7)
glected in conducting polymer filnfS, so that —AT/T

= Aad for the films studied here. D, '=(Efg,+ 01)(Epp o1t o) (Blg T w,), (8
A. Essential states iny® calculation Ds'= (Ema,~ @o) (Ema,~ @3) (E1p,— 1), 9
The summation over state€SOS model by Orr and L .
WardP® was used for the calculation of the third-order optical De "= (Ema,~ @3)(Eig t ®2)(E1g,~ 1),  (10)
susceptibility y®)(— w, ;w1 ,w,,w3). This particular model
is useful because its formulation is not affected by singulari- D§1:(E’rqugﬂLwa)(EE%erg)(E’{Bquwl), (11

ties as are some other common formulatiths.
Progress in organic nonlinear optics has recently estab-

-1_ /% _ *
lished that a limited three-level model of the ground state, Dg = (Ema,* @3)(E1g,— @2)(Eip T 1), (12)
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-5 used in the SOS modélA,, 1B,, andmA,) shown in the con-
| figurational coordinated) space. The shiftdq, for 1B, andAq;,
for mAy are assigned.

where the terms associated with, are for pathwayb) and
) the terms associated witkl, stand for pathwaya) in Eq.
c) Energy shift (3), P(wy,w,,w3) in Eq. (4) is the permutation operator, and
distribution Eip,= w1, Til, EmAg:wmAg'HFa wherel is the excited-
state energy broadening due to the finite lifetime and inho-
mAg mogeneous broadening caused by disorder in the film.
1By Together with the permutation operatB({w;,w,,ws),
1 5 the 8 denominators in Eq4) produce 48 different terms.
1A The most resonant denominators, however, which make the
g strongest contribution to the EA spectrum, BreandD, for
/\ pathway(b) and D5 and D¢ for pathway(a). The terms in
Egs.(5)—(12) were modified to include the effects of vibra-
tional contributions and conjugation length distribution. This
is demonstrated below fdb; and D5 terms only, although
-1 4 all 48 denominators were used in the complete model calcu-
lation.

LA B S S B A S S e LA S e

2.0 2.5 3.0 3.5 4.0 B. Vibrational effects
To include the effect of the strongly coupled vibrations in
Energy [eV] the SOS model, each electronic transition is associated with
a possible change in the number of coupled phonons. We use

FIG. 7. Various SOS approximations for calculating EA spectrathe adiabatic approximation in which the transition ampli-

(see text for details (a) EA spectrum using SOS with two elec- Ude between stat& with n; phonons and staB with n,
tronic states1A, and 1B, shown in the ins¢t where only SOS ~Phonons is a product of the electronfé|«[B) and the
path(a) in Eq. (3) is allowed.(b) Same as irfa) but for three states *Phononic” <!71|AQ|n2> transition amplitude. Heréq is
(1A, 1B,, andmA, as shown in the insgtwhere pathga) and the relative displacement of the excited electronic state pa-
(b) in Eq. (3) are now allowed(c) Same as irfb) but the BB, and  rabolas(Fig. 8) in the configuration coordinate space, which
mA, states are shifted in configuration coordinate spémeer in-  was introduced to the modffig. 7(c)]. The Franck-Condon
se) and a distribution of energy statéspper insétis considered. faCtoanl’nZ (Ref. 79 is used to calculate the phononic tran-
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sition amplitude frorm; to n, phonon states=, n, depends HereAq; andAq, are the shifts in the configurational space
on the overlap integral between the two respective vibra{Fig. 8 of 1B, andmAy, respectively, relative toAy.
tional states: In Eq. (15), all D terms are modified to include the re-
spective vibrational states; for examp2;gz and D5z are
o now given by
Fnl,nz(Aq):<nl|Aq|n2>:f qizl(q)‘Pnz(q_AQ)er
- Dl_B'l:(ElBu+ N1V =) (Ema,+N2v— 01~ @)

(13
whereW,, and¢,, are the respective harmonic wave func- X(Eqg,tNgv—wy), (18
tions expressed in the configuration coordingteThe inte- .
gral [Eq. (13)] can be solved in a closed form in the har- Dsg = (Ema, T Nav— 0g) (Ema, T Ngv— w3)
monic approximation with identical curvatures for the two
coupled electronic states, so that the two vibrational eigen- X(ElBu+n5”+“’1)' (19)
states¥ ,(q) and¢,(q—Aq) are based on the same phonon
frequencies? C. Conjugation length distribution
—(AQ)%4 r=min(ny ;ny) Mechanical distortion of the polymer chain limits the con-
e . ; S . .
Fr. n(AQ)= — > jugation length, which figures in the related electronic wave
12 V2t 2n iny,l 7=0 functions, to be a certain fraction of the chain. It is then

_ _ common practice to assume that the excited-state energies
2'(=1) ™ "Ag" 220N, ny! depend on this conjugation lengthThe excited electronic
rt(ng—r)l(nz—r)! ' energies do not appear as discrete steps in the polymer spec-
(14) trum, since the disordered environment broadens the ener-
gies of any individual conjugation leng®. Therefore, a
The introduction of phonon levels extends the SOS mode$mooth distribution function for the shifted excited energy
to include summation over different phonon pathways. Thdevels AE is usually assumed. It has been observed Ehat
vibrational levels were introduced by modifying the energydepends on the conjugation length according to the
levelsE; with additional phonon energies hv wheren, is  relatiorf*® Ey=E..+AEy where AEy=CN™*, E., is the
the number of the excited phonons of staie’™and hv is excited-state energy of the infinite chalv,is the number of
the phonon quantum energy. In a similar fashion, the transitepeat units within the conjugation length, a@ds an em-
tion dipole momeniy;; was modified to include the phonon pirical parameter. To include the effect of conjugation length

transition amplitudé=, , [Eq.(13)]. Depending on the po- on the energy of each excited state, a weighted integral over

. . ,
sition of the states in the configuration space, we have obin€ Shifted energy states with energies around the mean

. . i 3 (3) ;
served that for <1 summation over the four lowest vibra- €Xcited state ene;g@)l)En, was performed fory®. x§ is
tional states for each electronic state covers 75% to 95% dfen modified toyc” as follows:
the total transition strength. Summation over additional vi- 5
brational states was then omitted in our calculation in order _(3),_ = . _f N (3) ,

W, 0, 05,03)= W(E E.g +E';E
to save computing time. When vibrational effects are in- XS~ 0giw1,02,03) -5 (EDxs 1By mAy
cluded, 8 of Eq. (4) is modified tox$ as follows:

+E' —w,;w,0,,03)dE’,
(20)

where Zis theE’ distribution width arounde,, andW(E")
is a weight function. The integral over the energy is in
2 M1g(D;1+D> fact equivalent to an integral over a distribution of conjuga-
Npinging=0--3 tion lengths with an inhomogeneous energy broadening tak-
ing into account thak,,+ §=E. +I". A description in terms
+D3+Dy)— X My(Ds  of the latter model can be found in Ref. 61. Since the relative
NaiNg =03 contributions of the energy states & depends ofE’, the
numerical computation of Eq20) cannot be simplified by
+Det D7+ Ds)} , (19 modifying the field frequencies rather than the real energy
levels such a&;g +E’ andEmAng E’. The functionW(E'")

where in Eq. (20) not only depends on the conjugation length dis-
tribution, but is also influenced by the dependence of the

M1B=Miz/-‘“élFO,nl(Aql)Fnl,nz(AqZ)Fnz,n3(_qu) electronic polarizability in such a distribution. Conjugation-
length distributions that resemble log-normal functions have
XFno(—Ady) (16 peen shown to be consistent with resonant Raman
scattering> "8 and can be argued to be correct on physical

grounds. Moreover, we nc\)l\;st)hat third-harmonic-generation

42 2 measurements have sho to exhibit a superlinear
M2g= 101F 0, (A1) Fong(Ady). 17) power-law dependence on the conjugation lengtf{ 2" Al-

3 )
X(B)(_wmwlawza(%):gg Plw;,w;,03)

X

and
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1 } f t f } 1 >
0.0 0.5
Energy (eV)

FIG. 9. The asymmetric Gaussian weight funct\WE') used
in the SOS mode[Eqg. (21)], where the conjugation length distri-
bution is accounted for. The averagé is zero, and the andb
parameters causing the asymmetr¥hare assigned.

1.13 exp{—[E'/B—¢&(u)]?)
"B 1+exp{—u[E'/B—&uW)]}’
In _Eg. (21) §(u)=0.95[1+exp()]-0.475, so that
J2W(B,u,E’) dE'=[GW(B,u,E') dE'=1/2. Hence, the
parameterd8 andu in W can be varied without changing
either the position of the mean energy or the integral contri-
bution of all states t®). The FWHM y and asymmetryy

are then numerically evaluated frovd(E').

W(B,u,E")=

(21)

V. MODEL APPLICATIONS

The SOS model calculation used to simulate the various
EA spectra in both luminescent and nonluminescent
polymer$® includes thregor four essential states, namely,
the states Ay, 1B, andmA, (alsokAy has been used for
luminescent polymers only four phonon replicas and a
chain length distribution function, as described in E@s,

(15), (20), and(21) above. The three essential states of our
SOS model are shown in the configuration coordinate space
in Fig. 8. There are all together eight free fitting parameters
in our SOS model as described in Tables | and Il. These are
the exciton energieE(1B,) andE(mA,) and their relative
displacementaq in the configuration coordinaig, namely,

though EA is equivalent to the dc Kerr effect and not to thepg(1B,) and Ag(mAy). One dominant phonon modein

third-harmonic generation, it is neverthelesy@ process

the excited states, the two parametgi@nd » describing the

[Eq. (1)], and so the assumption of a power-law dependencepain length distribution functioW/(E'), and the ratio of the

of x® on N is justified. The combination of chain length
distribution effects on the excited-state energy afd con-
spiresW(E') to saturate at both ends of tké interval. This
can be effectively described by an asymmeYi¢E’) func-

dipole moment transitiong.1,/ 9. We fixed the broaden-
ing T in the excited-state energy to be 30 m&vand
1ol pmio= 2218 The initial values of most fitting parameters
were estimated from other measurements. For example,

tion, where the functional dependence of the conjugatiorg(1B ) was evaluated fromu(w) spectra,E(mA,) (and

length distribution and thg(® dependence oN is mapped
into the energy spack’ (Fig. 9. The functionW(E’) is

kAg) was taken from two-photon absorptighPA) spectra
measured in our laboratory,and v was established from

then determined by two free parameters, namely, the fulpyplished resonant Raman scattering spectra. Excellent fits

width at half maximum(FWHM) v [y=(a+b)] and the
asymmetryn [ n=(b/a)], wherea andb are defined in Fig.

between the theoretical and experimental EA spectra have
been achieved for both luminescent and nonluminescent

9. The parameterg and » can be adjusted to provide a good polymers as seen in Figs. 5 and 6, respectively. The SOS
fit between the SOS model and the experimental EA spectragnodel best-fitting parameters are summarized in Tables | and

For the polymers studied he®/(E’) is conveniently ap-

proximated by an asymmetric Gaussian functithas de-
scribed in Fig. 9, where

Il for luminescent and nonluminescent polymers, respec-
tively.
Important information can be inferred from the EA spec-

TABLE |. The best fitting parameters for the EA spectra of several lumineseeonjugated polymers

shown in Figs. 4 and %see text for detai)s

PPV-MEH PPV-DOO PPE P3DT
E(1B,) (eV) 2.20 2.30 2.56 2.01
Ag;=q(1B,)—q(1Ay) 0.77 0.90 0.70 1.25
E(mAy) (eV) 2.80 3.00 3.18 2.67
mA, relative strength{%) 60 40 68 30
E(kAg) (eV) 3.55 3.55 3.50 3.27
kA, relative strength(%) 40 60 32 70
Ag,=q(mAy) —q(1B,) -0.4 -0.9 -0.8 -0.7
hv phonon(meV) 190 190 208 173
Chain distribution widthy (eV) 0.11 0.20 0.14 0.10
Distribution asymmetryy 4.5 12 12 20

8ue to the triple bond in PPE we fitted the EA with two phonons; the additional phonon energy was

determined to be 275 meV.
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TABLE Il. The best fitting parameters for thEA spectra of
several nonluminescent-conjugated polymers shown in Fig. 6.
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TABLE IV. Same as in Table Il but for nonluminescent poly-
mers given in Table II.

4BCMU? PTV® s-(CH), PDES 4BCMU  PTV  s(CH), PDES
Ag;=q(1B,)—q(1A,) 2.29 1.83 1.98 2.01 E(mA)/E(1B,) 1.27 1.31 1.33 1.26
Aq(1B,) 0.8 1 1.3 1 S 0.32 0.5 0.85 0.5
E(mAy) (eV) 2.9 2.4 2.52 254 E, (meV) 86 90 100 83
Agy=q(mAy) —q(1B,) 0.4 0.8 0.0 02 E,(eV) 0.6 0.6 0.5 0.5
hv (meV) 270 181 120 167
Distribution 0.17 0.09 0.18 0.10
width y (eV) Ep=E(mAy) —E(1B,). (22
Distribution 1 1.8 1 12 . . . . .
asymmetryz Ey, defined this way is also given in Tables Il and IV for
various polymersE, is seen to be between 0.5 and 0.7 eV
%From Ref. 34. for most polymers? showing the important role of the long-

bFrom Ref. 42.

tra and their fits. First, a continuum band at an endegy

aboveE(1B,) is not observed in the EA spectra. This differs

from the EA spectra in polydiacetyled®DA) single crys-

range electron-electron interaction, regardless of whether the
polymer is luminescent or not.

In all EA spectra of luminescent conducting polymers we
see a second even-parity state, namely, kg, which is
apparent at energiés(kAg) >E(mAy). We also note that a

tals, where sharp oscillations at approximately 0.5 eV abov&econd, relativity strong, state appears above theA,

E(1B,) were identified with the Franz-Keldy$FK) electric
field effect at the continuum band ed@fe®3?The reason for

in the TPA spectra of luminescent conducting polynt&is.
fact, theA states in the TPA spectra are in excellent agree-

the lack of EA oscillation aE, here may be the existence of Ment with those measured by EA in this work, strengthening
disorder and inhomogeneity, which tend to shorten the freeth® interpretation of the positive EA bands seen aboBg 1
carrier coherence lengfR35 This, in turn, eliminates a sharp S being due @\, states. We definéE as

band edge energy &, which results in the suppression of
the FK oscillation. We note that in the case of PDA, the FK
oscillation feature, which dominates the EA spectrum of
single crystals, gradually changes into a positive EA band

mAy when the disorder in the film increasésihen gener-

alizing these results to include other conducting polymers we

suggest thaE(mA;) may mark a lower limit for the con-

tinuum band threshold. With this in mind, it is interesting to

note that in all samplegTables Ill and I\j we found

E(mAy)/E(1B,)=1.3+0.06, regardless of whether the
polymer is luminescent or not. This is significant since

theory predicts thatn Ay is much closer to B, in nonlumi-
nescent polymers with small effective dimerizatiri* This
may indicate that what is dubbed hamd,, with a positive

band in the EA spectra, may in fact be related to a continuu
band threshold. Assuming that a positive band in EA re

places the FK oscillation due to disorder in these fiftha,
lower limit for the exciton binding energ\g,, may be di-
rectly found from the EA analysis, where

TABLE lll. Additional characterization of the electronic excited

states obtained from the fits to the EA spectra of lumineseent
conjugated polymers given in Table $.is the 1B, Huang-Rhys
parameter,E, is the 1B, relaxation energy,E, [=E(mA)
—E(1B,)] is the exciton binding energy, andE [=E(kA,)
—E(mAy)] is the continuum bandwidth.

PPV-MEH PPV-DOO PPE  P3DT
E(MmA,)/E(1B,) 1.27 1.30 1.48 1.33
s 0.17 0.4 0.25 0.78
E, (meV) 70 65 50 140

E, (eV) 0.6 0.7 0.6 0.6
SE (eV) 0.7 0.6 0.4 0.6

SE=E(kAy) —E(mA,)

and calculate from the EA spect&E for luminescent poly-
ers as shown in Table Ill. For most polymers we found
SE=0.6 eV. At this point we may speculate as to the origin
f kAg. Some theoretical models predict the existence of a
second A, state with energy abovéE(mAg), which is
strongly coupled to the B, exciton®! Other§>"*identify it
as the biexciton statd3 X. However, it is not clear whether
such a state would directly contribute to the EA spectrum
since it is composed dfvo excitons, which therefore cannot
be generated by a single photon even if parity is not con-
served due to a strong external electric field, as in EA. An-
other possibility for the origin of th&A, is the shape of the
Tontinuum band density-of-state function(E). It is well
known thatD(E) in one dimensior{1D) has two Van Hove
singularities peaked at the two continuum band edgds; at
andE.+ SE, respectively, wheréE is the width of the con-
tinuum band®® As we have discussed above, a continuum
band is not a proper description of the electronic states in our
conducting polymer films due to disorder, finite-size effects,
and inhomogeneity. However, a groupAf states may still
mark the two suppressed 1D singularities of the continuum
band, wheremA; marks the lower-energy limit. We specu-
late then thak Ay marks the upper Van Hove singularity; in
this caseSE measures the width of the continuum band.
From the EA and TPA spectra and our SOS model, it is
seen that twd\, states aboveB, are strongly coupled to the
1B, exciton in luminescent polymers, namely, tmed, and
the kAq, with approximate energies 0.7 and 1.3 eV, respec-
tively, above the B,,. This may explain the transient photo-
induced absorptioPA) spectra recently measured in lumi-
nescent conducting polymet§Since the primary excitations
in luminescent conducting polymers ar8 ttype excitons,

(23



56 ELECTROABSORPTION SPECTROSCOPYFO. . 15721

their strongest optical transitions should be to thé, and 0.15
kA, states, aE, andE,+ 6E, respectively. Indeed, the pi- a £\ Experi-
cosecond transient PA spectra of luminescent polymers con ;
tain two strong PA bands at 0.8 and 1.4 eV, respectiVéiy, 010 ,"’ _______
good agreement with our prediction from the EA spectra. B ] Y

Two important parameters characterizing thB,lexci- ;
tons can be calculated from the best fitting parameters of the g 1
EA spectra; they are also given in Tables Il and IV. The first 0.05 4 \
parameter is the Huang-Rhys parame®+1/2(Aq;)2, \
which directly influences the shape of the optical absorption \
1A,— 1B, through phonon replica. In facg determines the J -
strength of the successive phonon replicarim), where — S T g

154 0 —— EA - 3

sP 1
a(w)=AImle uf >

A — G
5 ol (Epptpr—w)| 2¥

2l
‘\
HE
104 Ik - 2
BRI
)
Ay
AY

0.5 1

1043( 0D/ oE

We foundS<1 for all polymers studied here, explaining the
appearance of only three phonon replicas in many of their - -
o(w) and PL spectr& The second parameter, which can be -0.5 - L4
calculated from the fitting parameters, is thB lrelaxation
energyE, = Shv. E, determines the apparent PL Stokes shift e LI m
and figures in many theoretical models. We folydo be of single component spectra: L .
order 100 meV for most polymer§lables Ill and IV in EA
good agreement with the experimefs®We also founcE, 2040 . 2ODE L 5o
to be somewhat higher for nonluminescent polymers.

Other treatments of EA spectra through calculatioy Gt
via SOS modef€"®are not as complete as ours here, since
they either do not include phonon couplffig®or they use a
simpler model based on the Huang-Rhys parameter &fone.
These models are not sufficient since the phonon coupling of
the 1B,— mA, transition cannot be described in this way. If L 100
the configuration coordinate position ofA, is not equal to -4.0 1
that of 1B, (which is the case in most polymers studied in 2 2.5 3 3.5 4
this work) the amplitude of all phonon sidebands in the path- Energy [eV]
way 1A,— 1B,—mA;— 1B,— 1A, for evaluatingy®) can-
not be properly calculated by the Huang-Rhys approximation _ .
and may even have the wrong sign. In other treatments, the F!G: 10- The optical absorptiof), EA (F=10° V/iem) (b) and
conjugation-length-related energy distribution is oversimpli-On€ component EAc) spectra of an MEH-PPV film at 80 Kull

fied to a plain Gaussidhor not used at alf® The latter case lines) compared with model calculatioidashed lings The model
might lead to a misinterpretation of the EA spectral features!" (& uses the WEigEt functiow® (E") tt)o calcula[tze tr]lte)‘(“’.) Speij'
Both conjugation length distribution and application of vi- gu/r{r; (S(ﬁehtteg(i's)ns( )ec&tlr;c?rsnrri?;ggnangt\ilzgeg c (ﬁﬁ a?i);ls)na(;‘ a
brational levels show essential influence on the EA spectrd, - ® 9 P . - P

. . . one-component EA anél/dw is made forE(1B,)=2.2 eV.
The analysis presented in this paper allows a more complete

treatment of disordered polymer films with broad conjuga-

EA 104 (-AT/T)

EA 104 (-aAT/T)
o
-
(=)
1043( 0D/ 3E

-2.0 4

tion length distributions. 1 , da
AaEA—E ApF (9_E (25)
VI. EXCITON POLARIZABILITY CALCULATION L . . . . .
More sophisticated orientational averaging yields a similar

The exciton polarizabilityAp can, in principle, be calcu- result®"° Unfortunately, Eq(25) cannot be directly used in
lated from the EA spectrum using the first derivative specimost films. An example of the spectidw), da/dE and EA
trum of «(w) andda/dE.?"?87%In our EA measurements the is given for MEH-PPV in Fig. 10. Clearly, the EA and
electric field was applied perpendicular to the direction ofda/JdE spectra do not match at high energ[€$g. 10b)].
light propagation and the polymer chromophores were ranThe reason for this discrepancy is the conjugation length
domly oriented in the film. Averaging over all orientations of distribution in the film and in particular, the dependence of
the polymers and assuming thiap and the transition dipole Ap on the conjugation length. Frop® dependence ohl
moments are parallel to the polymer backbone direction, it isve know thatAp is not constant but increases with the num-
foundP® for the change\ ag, of the exciton absorption spec- ber of repeat units in the chain. Thus, even if E2p) holds
trum (the EA Stark shift of the exciton for the excitons of each conjugation length, sinkp de-
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105 Appmax for the two polymers, MEH-PPV and P3DT, are
especially interesting since other measurementa pfexist
MEH-PPV in the literature, using an entirely different experimental
104 technique, namely, subnanosecond transient photoconductiv-
ity (TPC). In these measuremeritsan ultrafast TPC com-
~ ponent was observed for the first 100 ps, which was in-
terpreted as due to hot-carrier contributions to the
photoconductivity. An alternative explanation was also
given, where the ultrafast TPC was interpreted as due to a
S-(CH)x displacement current of the photogenerated excitdris.
this case, it was possible to calculate the exciton polarizabil-
ity using the TPC data from the photoexcitation density, as-
suming that the quantum efficiency of exciton generation is
of order unity. Importantly, the estimated valuesAgé from

FIG. 11. The calculated electronic polarizabiliy for the 1B,  TPC measurements using these assumptions are in excellent
exciton in several luminescefMEH-PPV, P3DT, and PPEand  agreement withA p,,,.« €xtracted from the decomposition of
nonluminescents-(CH), and PDE$ 7-conjugated polymers, as a the EA spectra in this workAp was estimated from TPC
functioq of E(1B,). Ap was estimated from the decomposition and (Ref. 98 to be 1¢ (A)3 and 8x 10® A3 for MEH-PPV and
comparison between the EA add/dw spectra(see text P3DT, respectively, whilé\ ., extracted from EA spectra
of these polymers is 1:210* (A)2 (Fig. 11). This agreement
strongly indicates that the fast TPC component in conducting
polymer films is indeed caused by the displacement current
of photogenerated excitons, rather than by hot carriers. This
may further justify the use of the exciton motfebver the
band modé!’ to describe the electronic states and photoex-
citations ins-conjugated polymer thin films.

Polarizability [A3]
o
w
) /
)
)

-
o
[\V]

T T T
18 2 22 24 26 28
Energy [eV]

pends onN, the correlation between EA anék/JE ex-
pressed in Eq(25) for the entire polymer conjugation en-
semble, is lost.

To overcome this difficulty, we may use two distribution
functions_representing the polymer conjugation length en
semble:W?)(E") describing the EA spectrurtpreviously
discussed in Sec. IWVand W(E') describing a(w). For
each conjugation Iength_ withBl, energyE’ we calculated VIl. CONCLUSIONS
the spectrum EA (w), via the SOS modeglSec. IV Q and
the absorption specti@g, (w) via Eq.(24), using the proper A SOS model was developed describing the measured EA
parameters from Tables | and II. The b@¢{!)(E’) was thus ~ SPectra in a variety of luminescent and nonlumineseent
determined to fit the entire(w) spectrunisee, for example, conjugated polymers. It consists of the third-order optical
Fig. 108 for MEH-PPV]. We then calculated the spectrum Susceptibility Inix®(—w;®,0,0)], three essential states and
of (dal JE), for eachE’ and used Eq(25) above to calcu- their strongly coupled vibrations, and a conjugation length
late Ap(E’) by comparingda/JE to the EA spectrum from distribution of the excited-states energies. This SOS model
eachE’.*2 An example for this procedure is given for MEH- allows us to fit equally well the experimental EA spectra of
PPV in Fig. 1Gc), where we indeed found that the calculated/Uminescent and nonluminescent conducting polymers. This
spectra EA/ (o) and (Ja/ JE)g fit each other for the energy @Pproach is strengthened by the fact that the conjugation-
E’=2.2 eV used in this example. In general, we found thafength distribution can be used to simultaneously explain not
EAgz: and (@a/JE)g: spectra match each other for energiesOnlY the rich, feature-laden EA spectrum, but also the rela-
E’ in an energy interval of 0.1 eV from the minimulf in  tively broad and featureless absorption spectrum. We found
the\TV(E’) distributions. thatE(mAg)/E(lBu)zl.S for both luminescent and nonlu-

The functionsAp(E’) thus obtained for three luminscent m_mescent conducting polymers. The electron-phonon cou-
polymers(MEH-PPV, P3DT, and PPEand two nonlumines- pllng (Huang-Rhys paramet&) was found_to be smaller for
cent polymergs-(CH), and PDE$ are shown in Fig. 11. luminescent polymer_s than fori nonluminescent _po]ymers.
The functionAp reaches its maximum valudp, ., at the The 2A, state, Whlch is re_sp0n5|ble_for the nonradiative de-
smalleste’ for each polymer, which should be related with cay pathway of excitons in nonluminescent polymers, does

: ; L . : ot play any important role in the EA spectra of the materials
the longest respective conjugation in the conjugation Iengtl’? ; ; )
distribution. Away fromE’ minimum, Ap(E’) steeply de- examined. We demonstrated that the understanding of disor-

creases for all polymers. We note thp, . in luminescent dered polymer thin films requires a conjugation length re-

polymers (= 10° A) is about two orders of magnitude larger lated energy and polarizability dlstrlb_utlon for the excitons.
: . The treatment presented here provides a rather complete
than Ap,.x inferred from the EA spectra of polysilanes

[ AP, =180 (A)F],% and an order of magnitude larger than analysis of the EA spectra in disordered polymer films.

Ap measured in PDA single crystfiAp=1500 (A)%].*2
This shows thatm-electron delocalization in luminescent
conducting polymers is surprisingly larger than both polysi- We acknowledge P. Lane for his help with the experimen-
lanes and nonluminescent-conjugated polymers, even in tal setup and various discussions. This work was supported
the form of single crystals. in part by the DOE, Grant No. FG-03-96 ER 454900.
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