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Photoinduced absorption and photoinduced reflectance
in conducting polymer/methanofullerene films: Nonlinear-optical changes
in the complex index of refraction
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We report photoinduced absorptiglA) and photoinduced reflectand®IR) spectra of poly3-octyl
thiopheng/methanofullerene films. As a result of the efficient photoinduced intermolecular charge transfer, the
PIA and PIR spectra of the composite films are significantly enhanced in magnitude over those in either of the
component materials. From the PIA and PIR spectra, the corresponding changes in the complex refractive
indexAN=An(w)+iAk(w) are obtained. The results indicate that the PIA spectra are dominat&e(by;
the subgap electronic absorptions peak at approximately 0.1 and 1.6 eV. The PIR spectra are dominated mainly
by An(w), which exhibits a derivative spectral shape with zero crossing at 0.1 eV. The implications of these
photoinduced changes in the index resulting from photoexcitations are discussed in terms of potential opto-
electronic and nonlinear-optical applications of these matefig&163-182@06)05439-2

I. INTRODUCTION We have utilized steady-state infrar€dR) photoexcita-
tion methods to measure the photoinduced absorgiba)

The recent discovery of photoinduced charge transfer imnd photoinduced reflectand®IR) spectra of composite
composites of conjugated polymers and fullere(@g) has  films of poly(3-octyl thiopheng P30T, mixed with metha-
attracted considerable interéstime-resolved measurements nofullerene. The data allow direct evaluation of the corre-
revealed that the photoinduced charge transfer is ultrafagiponding changes inn(w) and Ax(w). As a result of the
(within 300 f9, with a quantum efficiency approaching efficient photoinduced intermolecular charge transfer, the
unity. Although reversible, the charge-transferred state isnagnitudes ofAn(w) and Ax(w) are significantly enhanced
metastable with the back-charge-transfer rate many orders @fer those in either of the component materials, withand
magnitude slower than the forward-charge-transfer ate. Axk~1072in the IR (0.01-0.5 eV at a laser pump intensity
Because of the high quantum efficiency and the metastabilityf only 50 mw/cnf. Moreover, the photoinduced absorption
of photoinduced charge separation, the photoinduced chargghows features at 1.2 and 1.6 eV, both of which are associ-
transfer mechanism could be a route to high-performancgted with excited-state absorptions of the methanofullerene
nonlinear Optlca(NLO) materials. Indeed, nonlinear abSOI’p- anion. The measureﬁn(w) and AK(U)) |mp|y that conduct-

tion and optical limiting have been demonstrated. ~ing polymer/methanofullerene films are promising as high-
The mechanism reSponSIble for the NLO response n th%erformance nonlinear optica' materia's_

conjugated polymer/gs blends is inherently different from

that of co_nvennonal NLO matenaf‘;‘f The nonlinear re- Il. EXPERIMENTAL DETAILS
sponse arises from efficient photoinduced charge transfer
from conjugated polymers ontoggfollowed by absorption Reflectancéand photoinduced reflectanameasurements

from the charge-separated excited state, thereby leading to @amthe IR require films with sufficient thickness that transmis-
enhanced density of photocarriers and to creation of addision and/or reflectance from the back surface are negligible.
tional excitation channels with high absorption cross secin addition, optical quality surfaces are necessary. However,
tions. The retarded back electron transfer, arising from thdecause of the tendency fogf3o phase separate and crys-
metastability of the charge-transferred state, causes thallize, it is difficult to process the conducting polymerg;C
excited-state absorption to persist to a longer time scaleomposite into thick free-standing films. This limited proces-
(even on the order of millisecond® Thus measurements of sibility has been overcome by use of the recently developed
the photoexcitation spectral profilghe photoinduced ab- methanofullerenes: i.e., soluble functionalized 4, C
sorption) over a wide range of time scales are of fundamentaberivatives Utilizing phenyl-G;-butyric acid cholesteryl es-
importance. A deeper understanding of the photophysicater, denoted hereafter 46,6)PCBCR, we obtained homoge-
phenomena requires detailed studies of steady-state photoexeous, stable films with good optical quality containing 1:1
citation spectra to determine the corresponding changes ioy weight methanofullerene@pproximately one acceptor
the frequency dependence of the complex index of refracfor every five repeat units of P3QTIn addition solid films
tion, AN=An(w) +iAx(w), wheren(w) and x(w) are the of pure(6,6PCBCR and pure P30T were prepared for com-
real and imaginary parts of the index, afd(w) and Ax(w) parative studies. Each material was dissolved in xylene.
are the corresponding photoinduced changes.Altig) and  Films of proper thicknes&6—7 um) were cast from filtered
Ax(w) data provide information on the location of spectral solution onto proper IR substrates as described in previous
windows appropriate for optoelectronic and NLO applica-publications’

tions of these materials. A comprehensive characterization of the composite films
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(6,6)PCBCR compositésolid ling) films from 0.01 to 1.7 eV at 50

. . K obtained by pumping with an Arlaser at 2.41 e\{514 nm with
FIG. 1. Linear absorption spectrum of P3@d,6)PCBCR com- 50 mWicn?. The PIA spectrum of a purés,§PCBCR film is

posite ﬂlm (solid Iine). obtained from KK analys.is OR(w). The .shown under the same experimental conditions. The molecular
absorption spectrum is compared with that obtained from transm't'structure 0f(6,6PCBCR is shown in the inset
tance through a spin-coated thin fillgashed ling The inset shows ' '
the R(w) of composite film up to 6 eV.
transfer band or states below the-7* gap (<2 eV).

in the ground state was carried out through linear transmis- The PIA spectrum of a P30W,6PCBCR composite is
sion (T) and reflectanceR) measurements over the wide shown in Fig. 2, together with those of pure P30T and
spectral range from 0.01 to 6 eV. Because of the high opticai6,6PCBCR films, in the energy range from 0.01 to 1.7 eV
density of the thick films, absorption speciéw) above 2  (photoexcitation with the 2.41-eV line of an Mdion laser at
eV (a 77 gap of P30T cannot be obtained from transmis- 50 mW/cn?). The molecular structure ¢6,6)PCBCR is also
sion measurements. Therefor&w) of the composite films shown in Fig. 2.
were determined from the Kramers-Kror(igK ) analysis of Consistent with previous results usingq€ the PIA spec-
the reflectance spectra; details are described elseWhere. trum of the P30OT/methanofullerene film has two subgap

Photoinduced absorptiofIA) spectra were obtained by €lectronic absorptions; a lower-energy feat{iseperposed
measuring spectral changesT) in the IR transmission be- ©0n the enhanced IR-active vibratio#RAV ) modeg with a
tween 0.01 and 1.7 eV in response to the external pumping€ak around 0.1 eV and a higher-energy feature which onsets
source(2.41-eV line of an Af-ion lasej incident on the at approximately 1.1 eV. The PIA is significantly enhanced
sample. Photoinduced reflectan@R) spectra were deter- in magnitude over that in either of the component materials.
mined by measuring the change in specular reflectaA ( In previous studies, the spectral signature associated with
at near-normal incidende=10°) for incident photon energies @ Cgo anion was observed as a prominent peak at 1.15 eV.
from 0.05 to 0.5 eV. Identical laser pumping conditions wereThe 1.15-eV absorption was assigned to the allowed highest-
used for PIA and PIR measurements. A Nicolet Magna 75®ccupied-molecular-orbital—lowest-unoccupied-molecular-
Fourier transform infrared system was used for all measurerbital [HOMO(T,,)-LUMO(T4)] transitions of G, . The
ments;AT (or AR) was measured by recording spectra forcorresponding absorption of the methanofullerene anion is
10-s intervals with the excitation source on and then with thedbserved as the relatively strong shoulder at 1.2 eV.

sample in the dark. By taking ratios, one obtatr& T/T (or The photoinduced changes in the reflecta@d®&/R) of -
AR/R). All measurements were carried out with samples aP3OT and P30T6,6PCBCR composite films are shown in
50 K in vacuum(10~® Torr). Fig. 3 for the spectral range between 0.08 and 0.5 eV. The
laser pumping conditions were identical to those used for the
IIl. RESULTS AND DISCUSSION PIA measurements. The PIR signal of the P3OT-

methanofullerene film is negativédecreased reflectance

Figure 1 shows the linear absorption spectrum of a comabove 0.11 eV, with a minimum around 0.15 eV. There is a
posite film evaluated from the KK analysis of the reflectancezero crossing at 0.11 eV, withR/R positive and increasing
spectrum(0.01-6 eV shown in the inset. The absorption with decreasing frequency. As in the PIA spectra, the PIR
spectrum is compared with that obtained from a thin spinspectra exhibit spectral features associated with the IRAV
cast film of the same composition; for the thin film(w) was  modes between 0.1 and 0.2 eV. The magnitude of the photo-
determined directly by transmission measurements alonénduced reflectance of the composite film is significantly en-
The spectra are in satisfactory agreement, demonstrating the@nced over that of the pure P3OT film, consistent with the
validity of characterization of films by reflectance measure-PIA measurements.
ments. Thew-7* absorption of P30T is clearly observed  The subgap spectral response resulting from photoexcita-
with a peak at 2.6 eV along with the first dipole-allowed tion (both PIA and PIR arises from self-localized charged
transition in(6,6)PCBCR at 3.75 eV. Consistent with previ- excitations typical of conjugated polymer systems. In conju-
ous studies, the spectrum is a simple superposition of thegated polymers with a quasi-one-dimensional electronic
two components without any indication of either a charge-structure, the dominant elementary excitations are strongly
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FIG. 3. PIR spectra of P30Tdashed ling and P30T/ tive index An(w) (soli_d Iine) and AK(_w) (dgshed ling for P3OT/
(6,6PCBCR compositésolid line) films in the IR range from 0.08 (6:6PCBCR composite film as obtained directly from the RFAg.
to 0.5 eV at 50 K with a laser pump intensity 50 mW/cat 2.41 2 and PIR(Fig. 3) spectra through Eqg1) and(2).
eV. The inset shows details below 0.14 eV.

SinceR is quite small in the IR rangéR~0.08; see Fig.
coupled to the molecular structure, creating local chain disl) for the semiconducting samples used in the PIA and PIR
tortions around charge carriété\s a result, the symmetrical measurements, the PIA spectra are dominated by the absorp-
(Raman-activemodes become IRAV modes, and electroniction contribution(second termrather than reflectance con-
states are self-localized and split off into the energy gaptribution (first term) in the Eg.(1). Thus Eq.(1) can be
leading to photoinduced electronic absorption at photon en@pproximated as-AT/T~2dw Ax/c. Also, in semicon-
ergies less than the energy dap. ducting materials with no contribution from free carriers in

The large increase in oscillator strength of the photointhe ground state, the magnituderofs much larger than that
duced signals and the appearance of the 1.2-eV feature as$¥-« in the IR (for the P30T/methanofullerene film~1.8,
ciated with the(6,6PCBCR anion in the composite film un- While x~0.018 for iw<2 eV), so thatA(n,k)>B(n,k).
ambiguously prove the existence of photoinduced chargdhus the PIR response is dominated &y rather thanAx,
transfer from P30T ont¢6,6)PCBCR. The increase in oscil- 1-€., opposite to the PIA which is dominated hy.
lator strength arises from a combination of enhanced quan- Figure 4 showsAn and A« obtained from the PIA and
tum efficiency for photogeneration of charge carriers and exPIR spectra through Eqél) and(2). As expected, the spec-
tended lifetime of excited states. tral response oAk resembles the PIA spectrum, remaining

In principle, determining both PIA and PIR spectra en-positive over the energy range below 0.5 eV with a peak at
ables one to obtain the corresponding changes in the real afdl €V; whereadn has a derivativelike spectral shape with
imaginary components of the index of refractidm(w) and @ zero crossing at 0.1 eV, similar to the PIR spectrum.
Ax(w), without any additional calculatioisuch as KK In general,An(w) and Ax(w) are connected through the
analysi3. The modulated transmittance of a filithickness KK relation'®
d) can be expressed®as
2 (= w'Ak(w")

An(w)=—f ﬁdw’. (4)
T Jo

w —w

2dwAk
—

—AT [ 2R |[AR
( )

— ==+
T (1-R)\ R
Using Fresnel’s equation for reflectance at normal incidenceQua“tat'Vely' the spectral shapes &h and A« are consis-

the modulated reflectance can be expressed in terrdsof ten_t with Eq. (4): A.K (.axhi.bits a resonance "fﬂ‘?mo'l ev,
and Ax as® while An has a derivativelike shape in the vicinity @§=0.1

eV. To check the self-consistency of the data, we compared

AR An measured directly by the PIR and PIA spectra vl
& ~AMKAn+B(n,k)Ak, (2)  obtained from the KK transformation df«x as obtained only
from the PIA spectrum(0.01-1.7 eV using —AT/T
where theA(n,k) andB(n,k) coefficients are functions of  ~2dwA«/c. In the KK calculation, the PIA spectrum above
and «: 1.7 eV was approximated using photomodulation spectro-

> 2 . . scopic resultg0.6—-2.5 eV on the same sample. The two
A(n, k) =4(n"= k*= R[N+ 1)*+ «“][(n—1)"+ «°]}, spectra are in good agreement, demonstrating explicitly that
(33 An andAx are KK consistent. Even the details of the IRAV
B(n, k) =8nx/{[ (n+ 1)2+ KZ][(n— 1)%+ Kz]}_ (3b) Tr?t;:]edsAar: energies between 0.1 and 0.2 eV are consistent for
KK -

Therefore, Eqs(1) and(2) allow direct evaluation oAn and The measured x and the KK calculated ny are shown

Ak from the PIA and PIR spectra, usinfw) and x(w) as  in Fig. 5 through the near IR up to 1.7 eV. The spectral

obtained from the linear spectra. features inAk are associated with the high-energy subgap
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and 1.6 eV. This is consistent with the resonantly enhanced
nonlinear absorption at 1.63 e760 nm reported by Cha
et al,* and observed in picosecond time-resolved measure-
ments on this systemThe nonlinear absorptidris consis-
tent with the results reported here. As shown in FigAk,

“

4 Q

= = [=cAa/(2w)] is relatively large in the near IR while, for

o a” hw<1.7 eV, the linear absorption remains sufficiently small

3 L

Iy = to enable good transparency but large enough to initiate pho-

= toexcitation. Thus the spectral range from 1.2 to 1.7 eV is a
promising energy range for optical limiting, as demonstrated
by Chaet al?

-0.2 1 I { I
1.0 12 14 16 18 20

Energy(eV)
IV. SUMMARY AND CONCLUSION
FIG. 5. Photoinduced\k(w) (solid line) determined from the
PIA spectrum of the composite film and the corresponding
(dashed lingobtained by the KK transformation of the«(w) in the
near IR are shown together with the linediw) of a composite film
(right vertical axi$.

In summary, photoinduced absorption and photoinduced
reflectance  spectra  were obtained for P30T/
methanofullerene composite films in the IR. The data enable
direct evaluation of the corresponding changes in the com-
ponents of the complex refractive indeXn(w) and Ax(w).

) ) ] . As a result of efficient photoinduced charge transfer and
electronic absorption of P30T superimposed on the eXC'tedcharge separation, the magnitude of index changes which

state absorptions of the methanofulleretie 1.2 and 1.6 8V regyit from photoexcitation are significantly enhanced, and
features, consistent with — the  quantum-chemical yqgitional absorption features associated with the methano-
calculations” fullerene anion are observed. The results are consistent with
The data in Fig. 5 imply that the energy range 1.58\Mv  he nonlinear absorption and optical limiting observed in the
<1.2 eV will b_e a_good spectral window for optoelectronic gqme system, and they provide insight into the charge-
and NLO applications using P30T-methanofullerene comyansfer approach to enhanced optical limith@eneraliza-
posites:An is large, Ax is small, andfiw is less than the  (ion of the photoinduced absorption and photoinduced reflec-
energy gap, so that there is reasonable transpar€ficy tance measurements to other charge-transfer systems can
>80%. On the other hand, when nonlinear absorption isserye as an efficient method of determining spectral windows
important, such as in optical limiting or photochromic grat- o potential interest for nonlinear absorption and for photo-
ings, the energy range arOL_md 1.6 €X60 nm is attractive  jnquced changes in the real part of the index.
because\« is large, andAn is small. , As a result of the efficient photoinduced intermolecular
As inferred frqm third-harmonic-generatidifHG) mea- charge transfer, the magnitudes/ufi(w) and Ax(w) are sig-
surements on this systefithe THG spectra for P3OT and pficantly enhanced in the P30T/methanofullerene compos-
the composite films are essentially identical. Thus the photo,»[eS' with An and Ax~10"2 in the far IR at a laser pump
induced changes in the complex index do not arise from th?ntensity of only 50 mW/cr With the much higher pump-
third-order nonlinear optical susceptibili;sy3>. This conclu- ing powers available from pulsed lasessn and Ax>1
sion is confirmed by the pump intensity)(dependence of - gnoyig be achievable in the far IR and perhaps even in the
the photoinduced signals; we find aff* intensity depen-  illimeter wave regime. Thus, the P30T/methanofullerene

dence of the PIA signal over a wide range of intensities fromcomposites offer potential as fast, optically driven
5 to 300 mW/crf, implying bimolecular recombination of “switches” for far-IR radiation.

the photoexcitation$,in contrast with ay'® effect where a
linear dependence on pump intensity would be expetted.

the P30T/methanofullerene system, the NLO response is a
consequence of efficient photoinduced charge transfer from
the conjugated polymer onto the methanofullerene, followed We thank Professor M. Cha and Dr. D. McBranch for
by absorption in the charge-separated excited state. helpful discussions. This work was supported by the Air

Access to the long-lived excited state opens additionaForce Office of Scientific Researdr. Charles Lee, Pro-

excited-state absorption channels which yield features at 1.gram Officey under Grant No. AFOSR 95NL231.
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