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We study the effect of an electric field of up to 100 kV/cm on photoexcitations in pristine gpdofed
m-conjugated polymers by electromodulated photoinduced absor@RA). In EPA, we measure changes in
the photoinduced absorption of a polymer film induced by an electric field. The dominant effect is a change in
the photoexcitation recombination kinetics, which leads to reduction or enhancement of the PA bands. We
found that the electric field increases the decay rate of charge-transfer excitations; exciton dissociation near
defects and impurities was also enhanced. A Stark shift of the photoexcitation energy levelg-dop&d
poly(para-phenyleng was also detected. From the EPA we calculate that the polarizability of the charge-
transfer excitations in this blend is of ordeix3a0’(A)3. This is two orders of magnitude larger than the
polarizability of the B, exciton in most luminescent conjugated polymé¢&0163-182809)10715-X

I. INTRODUCTION tric field can also be used to elucidate the nature of photoex-
citations responsible for the PA spectrum.

Electromodulation spectroscopy is a valuable tool for We have developed a kind of electromodulation spectros-
studying photophysics of organic semiconductor. In particucopy to study charge-transfer photoexcitations in
lar, electroabsorptiofEA) and electroreflectance have been sr-conjugated polymers: electromodulated photoinduced ab-
widely used to understand the electronic structure of molecusorption (EPA). In EPA the sample is continuously illumi-
lar semiconductors and-conjugated polymers:® The EA  nated by an above-gap pump beam and a probe beam; the PA
spectrum has been ascribed to a combination of a Stark shift modulated by an applied electric field. While we observed
and symmetry breaking of molecular excitons by the electrimo effect on triplet excitons and isolated polarons, the PA of
field perturbation. The Stark shift produces a spectrum proeharge-transfer excitations was found to be quite sensitive to
portional to the first derivative of the absorption spectrumthe applied electric field. In combination with complemen-
and symmetry breaking induces absorption bands from nottary spectroscopies, EPA aids us in elucidating the origin of
mally forbidden transitions. Oscillatory features have beerthe PA spectrum. Our measurements emphasiged@ed
obseved in the EA spectra of crystalline films of 7-conjugated polymers, as doping produces a high concen-
polydiacetylentand explained by a Franz-Keldysh effect at tration of long-lived photoexcitations. Excitons which dif-
the band edge. Electromodulated fluorescence has showffise close to a g molecule transfer a negative charge to the
that an e]ectnc fle!d alters both thg dynamlc_s anq rgd|at|v1t60 molecule, leaving a positive polaron on the polymer
yield of smglet_excno_nédue to fleld-lnqluced dissociation of -hsin. These charge-transfer excitations are similar to po-
molecular excitons into charge carriers. Electromodulateqiaron paird* in that their absorption signature is a combina-

Iluorescfen(; frl? mhgtrganllc ;n_oltfa_c?égs dhas 3?” un.d(irstoofd fldn of the absorption spectra of intrachain polaron pairs and
erms ot a Stark shiftor electric ielo Induced dissociation ot 4 nionst®16 we present a detailed study of the effect of

excitons into mobile charge carriéf€ in different configu- o
; ) L o electric fields on these charge-transfer complexes.
rations and materials. Models combining migration of mo- : . )
Photoinduced charge transfer ipgtloped=-conjugated

lecular excitons combined with either intramolectiaor | i 4 in 1992 and lained by ul
intermoleculal? dissociation mechanisms have been pro-POYMer fims was reported in and expiainead by k-
trafast charge transfer toggCfrom the polymet Sari-

posed form-conjugated polymers. ala 20222 . )
Photoinduced absorptigiPA) spectroscopy has been em- ciftci et al. measured blends containing equal weights

ployed to understand the nature of photoexcitations in semief Ceo and poly2-methoxy,5¢2’-ethyl-hexyloxy-para-
conductors. When ultrafast pulsed lasers are used, the dphenylene vinylene(MEH-PPV), roughly one G, molecule
namics and spectra of singlet excitons with subnanosecor@er three polymer repeat units. The fluorescence lifetime was
lifetimes can be measured. Photoexcitations such as tripl¢éeduced to below the 60 ps system resolution, the PL quan-
excitons, polarons, and polaron pairs have lifetimes greatedum yield was reduced by three orders of magnitude, and the
than a microsecond and can be studied with a cw lighphotoconductivity was comparably enhanced. As a conse-
source. As the PA spectrum includes contributions from mul-quence of the high electron affinity ofs§; photogenerated
tiple photoexcitations, it can be difficult to interpret the PA excitons on the polymer chains dissociate when encountering
spectrum. Magnetic resonance spectroscopy is one way 0z, molecules. Based on the fluorescence lifetime, they esti-
separate out contributions of different excitations to the PAmate charge transfer occurs within a picosecond. Breuning
spectrunt? In this paper we will show that an applied elec- and Friedman proposed a model for the charge transfer pro-
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FIG. 2. A schematic diagram of the energy levels and optical
monochromator transitions of isolated polarorifar left and far right and a polaron

FIG. 1. A schematic diagram of the PA and EPA spectrometer.'oalr (centey.

For PA measurements, the lock-in amplifier is referenced to an . . .
optical modulator placed in the laser beam path. charge to the polymer chain by chemical doping or photoex-
citation, a structural relaxation shifts the HOMO and the now
cess for a polymer chain coupled to gy@olecule?® They  singly occupied SOMO level into the gap, resulting in the
describe oscillatory behavior with a charge-transfer time ofnergy diagram for a negative polaron on the far left of Fig.
200 to 300 fs, in agreement with the experimental estimate2. There is a similar shift of energy levels for a positive
The paper has the following outline. In Sec. Il, we de- polaron, shown on the far right of Fig. 2. This combination
scribe the experimental techniques used in this work an@f charge and structural distortion is referred to as a polaron
explain how we interpreted the spectra. EPA measuremengnd is analagous to anions and cations for molecil@he
of pristine and G-doped MEH-PPV are discussed in Sec. Ill parity of these levels alternates between even and odd, re-
and we show that the EPA spectrum can be explained bgulting in two allowed transitionsR; andP,) and one for-
field-assisted tunneling of charge from thg,@nion to the  bidden transitiorf® The energy of theP; transition may be
polymer chain. Sections IV and V describe EPA measureslightly different for positive and negative polarons due to
ments of polythiophene and of ggdoped dialkoxy Ccharge conjugation symmetry violatiéh.When two po-
poly(para-phenyleng (RO-PPBP, respectively. We then sum- larons of opposite sign interact, the mutual Coulomb attrac-

marize our results and conclude. tion shifts the energy levels of the two polarons, resulting in
the schematic diagram shown in the center of Fig. 2. The
Il. EXPERIMENTAL METHOD higher-energy transition of the paiP@,) is blueshifted with

respect to thd®, transition of polarons. While a new transi-
tion could appear, this transition is likely to be weak for a
Our study encompasses three related technigues: PAgng-lived polaron pair. Transitions of triplet excitons from
EPA, and PA-detected magnetic resonatPADMR). A  the lowest triplet stateT;) to higher lying triplet statesT(,)
schematic diagram of the PA spectrometer used in this studgan also contribute to the PA spectrum. Studies of
is shown in Fig. 24 PA spectroscopy uses two beams; pho-7-conjugated polymers have shown that only fhe—T,
toexcited states are generated by an above-gap pump bearansition lies below the optical gap282°
and the probe beam measures the chamgesn the trans- For EPA spectroscopy, the sample substrate was patterned
missionT. The pump beam was generated by an argon iomwith an array of interpenetrating gold electrodes before spin-
laser, the 353 nm line was used to excite RO-PPP, and thaing of the polymer film. The spacing between the electrodes
488 nm line was used to excite all other samples. The sampleas 40um and a potential difference was applied to produce
was placed in a cryostat equipped with sapphire or ,CaFan electric field between f0and 16 V/icm. The sample is
windows to permit measurements over a wide wavelengtltontinuously illuminated by both the pump and probe beams
range at temperatures between 80 and 300 K. By the use ahd transmission of the probe beam is modulated by the ac
multiple monochromator gratings and IR detectors, we coulelectric field. The signal is detected by a lock-in amplifier
measure PA in the spectral range from 0.1 to 3.5 eV. Transreferenced to the second harmonit &f the electric field
mitted light from the probe beam and fluorescence from thenodulation frequencyf(=217 Hz). As with PA, this signal
sample is dispersed through a 1/4 meter monochromator onts then normalized by the unmodulated transmission spec-
a photodiode. The normalized changes in transmissiotrum (— 8T/T). We note a related paper which showed an
—AT/T=<Nod, whereN is the photoexcitation density; is  optical switch could be built by modulating intersubband ab-
the absorption cross section, adds the sample thickness. sorption of photogenerated electrons and holes in multiple
The pump beam intensity is modulated by an acousto-optiquantum wellg’
modulator and the use of standard phase-sensitive lock-in PADMR measures the change in PA due to magnetic
techniques yields a signal resolution as low as®0n a  resonancé® The sample was mounted in a high-micro-
typical experiment, the absorbed flux from the laser is aboutvave cavity equipped with optical windows and a supercon-
2X 10" photons/crisec and the modulation frequency was ducting magnet. As with EPA, the sample is continuously
400 Hz. The samples used are thin polymer films spun-casiuminated by the pump and probe beams. Microwave reso-
on sapphire or quartz substrates. nant absorption leads to small changes in the transmission of
We are interested in the optical transitions of chargedhe probe beam. Small changéhl in the photoexcitation
photoexcitations inr-conjugated polymers. Upon adding a density N are produced by microwave-induced transitions

A. Spectroscopy
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larly modulated. In case of a modulation Nfby the applied

OCgH, 7 electric fieldF, the EPA signal £ 5T/T) divided by the PA
o) CgHy7 signal (—AT/T) gives the relative sensitivity of the photo-

,(_@_\}» _@ excitations toF
Q stz 5T ON
ATN .
OCgHy3. ,OCeH13
Si
MM)_ Therefore, Eq.(4) can help to distinguish the contribu-
S S s’ g tions of various photoexcitations to the PA spectrum since

. . the ratio 6T/AT should be constant for the same excitation
) FIG. 3. Chemical structures of th&conjugated polymers stud- over a given photon energy range. Consider an EPA spec-
ied. trum made up of contributions from several different photo-

) o excitations. If a given EPA band is due to the electromodu-
that change spin-dependent recombination rates. Thgtion of the recombination kinetics of a given

PADMR spectra were measured.at .10 K at a miCrowavg,hotoexcitatiori, then the phase;(w) of the EPA band is
frequency of 3 GHz and magnetic fiel#s~500 GAms  re|ated to the excitation lifetime, . If 7;<1/f, wheref is the
=2) for triplet excitons andH~1070 GAms=1) for  moqulation frequency of the electric field, no phase shift will
charged photoexcitations. The measurements allow us to dgg opserved. In other word, will follow the electric field
terr_nine the spin8 quantum number of photoexcitations angh,oqulation. A phase shift ofs(w)= /2 is reached ifr,
their PA spectrd’ _ >1/f (N lags the electric field In general, the phase does
We studied pure or grdoped films of MEH-PPV, ot only indicate the procegelectromodulated enhancement
poly(3-octylthiopheng ~ (P30T), silicon-bridged  poly-  qf the absorption ikp(w) <, electromodulated bleaching if
thiophene (PTS), and p(_)l;(2,5—d|alkoxy para-phenyleng _ ¢(w)>m], but it also gives information about the excitation
(RO-PPR. The repeat units of these polymers are shown iNtetime. The phase information can also help to correlate
Fig. 3. Films were prepared by dripping solution containingjtferent PA bands with one another. If the two PA bands are

the polymer alone or a mixture containing 0.3 m@hGNto gy to the same excitation, then the EPA bands should have
a sapphire substrate and evaporating the solvent in a vacuugpe same phase.

Since these measurements were done in the IR spectral rangeThe EpA spectrum can be disturbed by artifacts due to
where the intrinsic absorption of most polymer films is weak, qgistive heating, a Stark shift of the absorption edge due to
films of an optical density of up to 2 could be used. After 5, ejectric field (electroabsorption and Thomas-Fermi
fabrication th% sample is kept in the dark in a dynamicgcreening of the electric field by charge carriers. We neglect
vacuum of 10~ Torr to avoid photo-oxidation. the effect of resistive heating of the film, since thin films
with a good heat contact to the substrate and a high resis-

B. Analysis of the EPA spectrum tance were usetl. We have seen the Stark shift of the ab-
A small changesT in transmissiorT can be expressed to sorption edge in several films, but comparison of the EPA
first order as spectrum to the EA spectrum allows us to account for this
effect. This means that a pure EPA spectrum can be observed
oT oT only below the absorption edge. Similar difficulties lie in
oT= on on+ ﬁ&ﬂ (1) observing a pure PA spectrum abdig,,as charged photo-

excitations generate an internal electric field which in turn
wheren and« are the real and imaginary parts of the refrac-produces a derivative-shaped spectidi® Thomas-Fermi
tive index of the material, respectively. Normalizing the screening does not alter the EPA spectrum, but modulates its
change in transmissioéiT by the transmission signdl, we  magnitude. A screening effect can lead to a sublinear depen-
get® dence of the EPA signalT on the pump intensity.>

- g =Cy6n+C,80a+ dad, 2 Ill. EPA SPECTROSCOPY OF MEH-PPV

) . . A. Experimental results
whereC; andC, are constantsj« is the induced change in

the absorption coefficient arttiis the thickness of the film. It~ Theé PA spectra of pristine  MEH-PPV and the
can be showit that the effect of the first two terms, which MEH-PPV/Gy composite are shown in Fig(&. The domi-
are induced by a modulation of the refractive index, is smalf"@nt PA band of pristine MEH-PPV arises from optical tran-
compared tosad and thus can be neglected. This is espe_smons in triplet manifoldT; — T,.“® The PA band associated

cially true in the spectral region below the optical gap. Con-With charged photoexcitatiogg in pristine MEH-PPV below
sequently, 0.5 eV is very weak (%10°°), as seen previousf?. In

contrast, the PA spectrum of MEH-PP\ds dominated by
two bands with onsets at 0.25 e\ E) and 1.18 eV(HE),
— & = dad=6Nad, (3)  respectively’® These two PA bands have the same intensity
and modulation frequency dependence and are hence
where N is the density of photoexcitations ansd is their  correlated®* The strong photoinduced infrared-active vibra-
absorption crosssection. Not all photoexcitations are simition (IRAV) modes below 0.2 eV are also correlated with the
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FIG. 5. Transient photocurrent in MEH-PP\gat three differ-

FIG. 4. Top, left axis: PA spectra of MEH-PPgolid line) and ' .
; . . ent field strengths. The decay of the photocurrent is measured after
MEH-PPV/G, (dashed ling Bottom, right axis: EPA spectrum of the pump beam is shut off &t 10 ms.

MEH-PPV/Gy.

LE and HE bands. As IRAV modes are due to the presenc&he PA spectrum is of order 18 and the EPA signal in
of charge on the polymer chaifsthen the PA spectrum of MEH-PPV/G, is two orders of magnitude weaker than the
Ceo/ MEH-PPV is due to charged photoexcitations. IndeedPA itself. Hence, while we cannot exclude the possibility of
previous PADMR measurements have shown that these exny EPA in MEH-PPV, the signal is too weak to be detected.
ciations are polaron®. The derivative-shaped features witha We must also eliminate the possibility that the electro-
zero crossing at 2.2 eV has the same line shape as the BAodulation signal is related to an effect of the electric field
spectrum of MEH-PPMRef. 6 and is thus due to electric on the photocurrent(PC). The transient PC in the
fields of photogenerated charged excitations. Despite thMEH-PPV/Gy, composite generated by a 200 ms pump pulse
high concentration of g, we do not see the sharp PA band of 100 mW at 488 nm is shown in Fig. 5. The PC decay was
of Cgg at 1.15 eV?’ measured with fields of 0, 25, 50, and 75 kV/cm and the PC
The EPA spectrum of the MEH-PPV{g composite, decay curves are normalized to one another to permit direct
shown in Fig. 4b), consists of bands at 0.4, 1.18, and 1.65comparison. The PC decay is independent of the electric
eV, respectively. All three EPA bands are correlated by theifield strength, whereas the EPA signal is proportional to the
dependence on the electric field strength and modulation fresquare of the electric fielee below. Hence, the lifetime of
quency, as well as the pump beam intensity. Notably, th@ptically induced charge carriers is not influenced by an elec-
EPA bands are much narrower than the PA bands. The twtsic field in MEH-PPV/G,. These measurements show that
high-energy EPA bands are distinct whereas the PA bandée density of mobile charge carriers, and consequently their
are spread out over a broader energy range. Above 2 eV, tHA spectra, is not influenced by the applied electric field. In
EPA spectrum is dominated by electroabsorption. In order t@ddition, charge transfer from the polymer tg,@ppears to
be certain that the EPA spectrum results from electromodube independent of an applied field.
lated PA, we measured the EA spectrum at photon energies Finally, we show that the EPA signal is due to an electro-
above and below the optical gap. No signal was observed anodulation of the photoexcitation recombination kinetics in
energies below 2.2 eV; the signal above this energy resultthe MEH-PPV/G, composite. Figure 6 shows the transient
from EA and has been discussed in detail elsewhate  PA of Ceo at 1.18 eV, plotted as IT) vs time (in milli-
tentatively assign the EPA bands at 0.4 and 1.65 eV to trarseconds for dc electric field strengths of 0, 25, 50, and 75
sitions of positive polarons on the polymer chains and théV/cm. As the field strength increases, the PA decays more
EPA band at 1.18 eV to &G. quickly due to a reduction in the lifetiméand hence the
We also attempted to measure EPA in undopediensity of immobile G,. The time constant for the initial
MEH-PPV!® but detected no signal below the gap and thedecay (within 1 m9 decreases from 1.4 to 1.2 ms as the
usual EA spectrum above the gap. This is not surprising aslectric field strength increases. Taken together, all of these
the PA spectrum of MEH-PPV shown above is dominated by
triplet excitons. Warmaret al3 recently compared the po-

larizabilities «, of singlet and triplet excitons by time- A1 ------ 0 kV/cm
resolved microwave conductivity measurements. They found é fgg

that the polarizability change of singlet excitons in MEH- > N -

PPV AVp=2000 A%, whereas for triplet excitons in poly- < XN

thiophene derivativedVp=25 A3, This is consistent with = RS <

ODMR studies which have shown that triplet excitons are g S
highly localized®, with the triplet localized to a single phe- '

nyl ring. As the response to an applied electric field is pro- 0.1% ; 3 3 p

portional to the difference in polarizability between the Time (ms)

ground and excited states, we expect any EPA from triplet

excitons to be small. No EPA spectrum related to charge FIG. 6. Transient PA of MEH-PPV/g for electric fields be-
photoexcitations or charge transfer complexes was detectetlveen 0 and 75 kV/cm.
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positive polaron.(b) The potential well in the presence of an ap-
plied electric field. Field (kV/cm)
measurements are consistent with our conclusion that thfe |dF|G. 8. Dependence of the EPA signal at 0.35 eV on the electric
EPA signal is due to electromodulation of photoexcitations'©'“"
in the MEH-PPV/G, composite, i.e., electromodulated
photoinduced absorption. An EPA signal can only be seen i
the MEH-PPV/G, composite under illumination. In this case
a large number of charge transfer complexBs (Cqo) are
present in the material. Absent doping or illumination, there _ eFacosd
will be no charge transfer complexes. Figure 5 showed that INnT=— \/8ma7V0/ﬁ2 1+ ——]|.
o o . 4V,
the effect of an electric field on the lifetime of mobile charge
carriers and thus their contribution to the EPA spectrum cafye can rewrite Eq(8) in terms of T, the tunneling prob-
be ignored. We therefore conclude that the EPA signal musipjjity absent the electric field:
be due to charge transfer complexes.

|si)bviously much smaller than the height of the potential bar-
rier. Therefore, we perform a Taylor's series expansion to
get

®

T=T,exp — yeFacos#), 9)

] ~ wherey=Jma?/2V%2. We must take into account that the
We now proceed to show that the increased recombinacharge transfer complexes in a real film will be oriented ran-

tion rate of charge transfer complexes in MEH-PPM/C  domly with respect to the electric field. As the electric field

blends is due to an electric field enhanced tunneling of thes 3 small perturbation to the potential, we can expand Eq.

negative charge on thegghack to the polymer chain. Figure (9) in a Taylor's series and integrate over all possible

7 illustrates our model for an electron tunneling from thg C angles. Any odd terms must vanish by parity and to lowest

through a potential barrier back to the polymer chain. Theorder:

potential barrier has a heighty\&nd widtha and the angle

B. Field-induced tunneling in the MEH-PPV/Cg, composite

between the electric field and the dipole moment of the F-F 14 ma'e? F2 (10)
charge-transfer complex & The potentiaM(x, §) can then -0 4V h2 :
be written

Thus, the application of an electric field always increases
V(X,0)=Vy+efxcosh. (5)  the tunneling probability and the effect is proportional to the
~ square of the field strength. We experimentally verified this
The tunneling probabilityl” for an electron through this po- result by measuring the EPA signéT as a function of the

tential barrier is given by the WKB approximation voltage across the samplEig. 8). This relation holds over
two orders of magnitude of different pump illumination in-
~ B8mfa tensities and is independent of the pump power, and hence,
InT=— Tfo dxyVo+eFxcosd, 6) the photoexcitation density.
wherem is the effective mass of the electron. It is possible IV. ELECTROMODULATION SPECTROSCOPY
that the width of the charge transfer complex itself may be OF POLYTHIOPHENE DERIVATIVES
modulated by elastic deformation. In the following simple
model, we neglect these considerations. Integration of Eq. A. P30T
(6) yields The PA and EPA spectra ofggdoped P30T are shown
& in Fig. 9(a). Both spectra consist of a band below 0.8 eV, a
m ;
F_o_ 312_\/3/2 second band at 1.25 eV, and a third band at 1.7 eV. The
InT 3ehF cose[(vo+ eFacoso) Vol (™ signal above 1.8 eV is due to a combination of electroabsorp-

tion and thermal effects. The resemblance of the spectra to
For a separation of a few nm, the difference in potentialthose shown in Fig. 4 for MEH-PPV/g suggests the same
due to the electric field V=<eFais of order 10 meV. Thisis assignments as before, i.e., two PA bands due to polaron
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FIG. 10. (a) The PA spectrum of PTSib) The spin-1/2(solid
L 0.8 line) and spin-1(dashed linge PADMR spectra of PTSi.

m B. PTSi
s -0.6 | - . . .
B & The PA spectrum of pristine PT$Fig. 10a)] is domi-
= = nated by a broad band between 0.9 and 1.4 eV with a peak at
6 -0.4 4 1.1 eV; PA extends up to 1.8 eV and there is also a distinc-
=

tive band at 0.3 eV. We attribute the sharp zero-level cross-
ing at 1.8 eV to electroabsorption from charged photoexcita-
tions as before. The PA between 0.9 and 1.8 eV contains
contributions from optical transitions of triplet excitons, po-
laron pairs, and free polarons. PADMR spectroscopy permits
us to decompose the PA spectrum into its constituent parts.
Energy [eV] The PADMR spectrum of triplet excitorj&ig. 10b)], mea-
sured with the magnetic field set to the half-field resonance

FIG. 9. (a) Comparison between the PA and the EPA signal in . . . B
P30T/Gy. (b) The phase of the EPA signal and the relative SenSi'Z;(?%?(t(e;ﬁgi?ls 3S|trég£egbg\r}d_m;hsa irr?-?L)/(lsztJ ;\nDal\l/thl é‘ e]Etzr u?]\{
tivity of the photoexcitations indicate two related transitions at 1.15 gup ) ) P P

and 1.7 eV [Fig. 10b)], measured at G, contains bands at 1.1 and 1.7 eV
' ' as well as a band below 0.5 eV. The cryostat windows did

pairs (0.4 and 1.7 eY and one PA band due togG The not permit measurements below 0.4 eV. In accord with our
discrepancy between the PA band at 1.25 eV ar?d the PA dionclusions on PA and EPA in P30T, we attribute the band
Cgo iIn MEH-PPV/Gyo suggests that this is not the case. Al ,1'1 &V to p(élarrlons Rzé’bthle b%ng at1.7ev t(t)).polgronf
more complete analysis of the data includes the phase of tHeR!rS (PP.), and the band below 0.8 eV to a combination o

EPA spectrum and the relative sensitivity of the photoexciP0larons and polaron pair(+PP,). The weak positive
pectru Y vty b XC ADMR between 0.9 and 1.0 eV is probably due to spinless

tations to an electric field. Since the phase of the signal is ' 6 !
sensitive to the lifetime of excitations, it can be used to cor- ipolarons’® Comparison of the PA and PADMR spectra

relate bands that belong to the same excitation. The reIativ%ho,WS thaththe E A Sped{\“”& of PTSifi:/l(é?_'mILnPa\t/ed by triplet
sensitivity of the PA bands to an electric fieldT/AT) exgllthonTE,PtAoug ?Ot tOtf € (te_greg_lt_)s . h " Fig. 11
serves the same purpose. We apply both of these analys\iﬁ € spectrum of pristine 1S shown in Fg. 11

techniques to the PA and EPA ofsgdoped P30T as the € were able 1o d_etect an EPA spectrum of u_ndoped PTSi,
presence of multiple overlapping bands means that EP ossibly because its PA_ is an order of magnitude stron_ger
alone is insufficient to separate the excitations. than that of MEH-PPWFig. 4. The EPA spectrum of PTSi

The spectra of the EPA phase and the ratio of the EP {s quite different than that observed previously; the electric
(ST/AT) and PA are shown in Fig.(B). The absorption ield generally enhances the PA intensity and so we must

band of G, anions at 1.15 eV is visible in both spectf&?

While the PA band at 1.7 eV is correlated with thg,Gand, 4 EPA
the bands below 0.5 eV and at 1.25 eV are clearly not. We 3 1

therefore identify the band at 1.7 eV as the higher-energy E 5

band of the positive component of the polaron pairs. This w [
leaves the PA bands at below 0.5 eV and at 1.25 eV. These 'S 1 ~>7'Simulation
bands are not correlated with the lifetimes of thé/Cg, T

complexes, but are sensitive to an applied electric fiEld.

9(a)]. In two recent papers, we showed that the PA spectrum -1 5 o5 X s >

of polarons in w-conjugated polymers consists of two

bands® and that the high-energy polaron pair PA band is
blueshifted with respect to the high-energy polaron PA FIG. 11. The EPA spectrum of PT&olid line) and a simula-
band'* We therefore assign these two PA bands to isolatedon of the EPA spectrunidashed ling The simulation is the dif-
polarons(Figs. 1 and @ ference between the polaron and triplet PADMR spectra.

Energy (eV)
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FIG. 12. (a) The PA spectrum of PTSifg. (b) The EPA spec-

trum of PTSi/Gy. The inset shows the EPA on a magnified vertical ~ FIG. 13.(a) The PA spectrum of PPP{g. (b) The derivative of
scale. the PA signal with respect to energfc) The EPA spectrum of

PPP/G,.
find a different explanation than field-induced tunneling. A
fairly good simulation of the EPA spectrum can be generatedtrong negative band with a maximum at 1.6 eV. The signa-
by taking the difference between the spin-1/2 and tripletyre of G, is seen in the positive band, indicating that the
PADMR spectra §Tsim= 6Ts-1,— 6Ts=1) and is Shown as  gtect of the electric field is to increase thg,@ensity. Tak-
a dashed line in Fig. 11. The ele_ctrlc field thus appears t‘ihg the PA band at 1.7 eV as due to polaron pairs, these

m red EPA Tum m fise from contribution fbieby an electric field. This is consistent with the results on
easure Spectru ay afise from co utions o pristine PTSi (exciton dissociation at defects such as

polarons to the PADMR spectrutfi. o
We suggest that the EPA signal is due to field-induced i, dobantsand on MEH-PPVIg, (electric field as-
) . . T isted tunneling
enhancement of singlet exciton dissociation into polarons
and polaron pairs. This has two effedtg:the fraction of the
singlet excitons that may decay into the triplet manifold is v, STARK SHIFT OF CHARGE TRANSFER COMPLEXES
reduced andii) the number of polarons and polaron pairs is IN Cgo/RO-PPP
increased. Hence, the PA of triplet excitons is decreased and
that of polarons and polaron pairs is enhanced. The agree- Figure 13 compare&) the PA spectrum(b) the deriva-
ment between the EPA spectrum and the simulated spectrufiye of the PA spectrum, andc) the EPA spectrum of
composed of the difference of the triplet and doublet PARO-PPP/G. As can be seen in Fig. (& the PA of
(Fig. 11) can be explained this way. This hypothesis is sup-RO-PPP/G, shows distinct features at 0.5, 1.1, 1.7, and 2.4
ported by our observation that simultaneously the PL inteneV. We assign the PA band at 1.1 eV tg,@nd the remain-
sity is reduced by an electric field. At a field of°L0//cm,  ing PA bands to polarons and polaron pairs as above. Figure
the PL is reduced by a factor of>610"4.3! For our field 13(b) shows the derivative of the PA signal with respect to
strengths, similar reduction were not seen for MEH-PPV orthe energy. The EPA signal shows spectral features that re-
P30T. Due to high exciton binding energies, electric fieldsemble the PA derivative roughly 0.1 eV below each of the
enhanced dissociation of excitons happens close to impurfespective spectral features in the PRg. 13c)]. The de-
ties that tend to dissociate excitons to form charge transfeiivativelike shape is a clear indication that the EPA spectrum
complexes. is dominated by a Stark shift of the state energies rather than
The PA spectrum of PTSijgis shown in Fig. 123). The  changes in the photoexcitation lifetimes. The gradually slop-
spectrum closely resembles that of the spin-1/2 PADMRNg line in Fig. 13c) is to provide a zero line for the deriva-
spectrum of PTSi[Fig. 10b)] and can be attributed to tive interpretation. The PA band at 2.4 eV and the related
charged photoexcitations. The sharp PA signaturegfa@-  derivative shaped feature in the EPA spectrum is due to the
ions at 1.15 eV is also visible. If present, the PA signature ofbsorption of the positive polaron bound to thg Counter-
triplet excitons is weak. The EPA spectrum of PTGj/{Fig.  ion (P*/Cgy. Unlike in MEH-PPV/G,, the electric field
11(b)] is quite different from that of PTSi. There are positive causes a significant redshift of the polaron pair absorption
bands below 0.5 eV and between 0.8 and 1.2 eV and a versignature. Since the features in the EPA spectrum are shifted
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in energy below the respective features of the PA signal, thephotoexcitation lifetime due to an electric field contributes to
we conclude that the longer conjugation lengths of the polythe signal and obscures the Stark shift. In addition, the pres-
mer dominate the EPA spectrum. This effect is known forence of mobile charge carriers leads to Thomas Fermi
EA spectra, which are proportional to the imaginary compo-screening. Thus the electric field is not continuously distrib-
nent of the third-order dc nonlinear optical susceptibility uted between the electrodes, but larger close to the electrodes
(- w;0,0,0)° and smaller further away. Therefore the information obtained

We can calculate the polarizability, of the (P*/Cq)  Will only give an order of magnitude estimate of the photo-
charge-transfer complex from the PA and EPA spectra. Thi€xcitation polarizability.We divided the EPA spectrum by
calculation is performed similarly to the calculationa$ for ~ the derivative of the PA spectrum and calculated the change
the 1B, exciton3:*!In order to ensure the same number of in ap to be approximately 3 10" A3. This is approximately
photoexcitations during the PA and EPA measurement foR00 times larger than the polarizability change between the
both spectra, the film thickness and the illumination intensitylA; and 1B, states of most luminescent-conjugated poly-
must be the same for both measurements. For the PA me#ers. Asap of the ground state is of order 1043, ap of
surement, the modulation periodf Ihust be much smaller charge-transfer complexes inggioped RO-PPP is roughly
than the photoexcitation lifetime so that the PA signal re-the polarizability difference. Fromrp one may calculate the
flects the photoexcitation density. The EPA sigadlis re-  diameter of the charge-transfer complax=3/ap/4m. We
lated to the PA signaAT by find thata is approximately 10 nm, which is six times larger

thana of the 1B, exciton.
ST(w)=AT(F,0)—AT(0,w), (11

wherew is the state energy. If a Stark shift is the only rel-
evant modification of the spectral PA signal due to an elec- EPA is a technique used to investigate photoexcitations in
tric field, we can write conjugated polymers. An electric field was found to have
three major effects on photoexcitations in conjugated poly-

VI. CONCLUSIONS

AT(F,0)=AT(0w+AE), 12 mers and polymer/ & blends.
whereAE is the Stark shift of the excitation energy due to an (1) The lifetime of charge-transfer complexes was re-
electric fieldF, duced by an applied electric field. We developed a model for
electromodulation of the tunneling probability of the nega-
AE=—-mF+p;FiF;, (13)  tive charge on the & anion back to the polymer chain. In

combination with PA and PADMR spectroscopy, we mea-
sured the energies of PA bands associated with polarons,
laron pairs, and triplet excitons in all the systems studied.
(2) An electric field can enhance the dissociation of the
A(AT) 1Bu singlet excitons. This effect decreases the PL intensity,
6T(w)=AT(0+AE)-AT(w)~—=—AE (14 increases the populations of polarons and polaron pairs, and
decreases the triplet exciton population. The effect domi-
to lowest order. The photoexcitations are randomly orienteghates the EPA spectrum of PTSi.
so the average Stark shift duertocancels out but broadens ~ (3) A Stark shift of charge-transfer complexes dominates
the PA band when an electric field is applied. This additionathe EPA spectrum of RO-PPRjCblends. The derivative
broadening can be neglected as the PA itself is quite broashaped spectrum allows for the calculation of the difference
due to the conjugation length distribution. We can then writein polarizability between ground and excited state of charge
transfer excitations. The charge transfer complex is roughly

wherem; is the permanent dipole moment apgl the polar-
izability tensor. Taking the difference between the PA sig-
nals with and without the applied fields yields the following: P°

AE= Easz- (15) 0 nm in diameter
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