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Photoexcitations dynamics are investigated dirsexithienyl nanocrystalline films using transient
photomodulation in a spectral range from 0.4 to 2.5 eV and time domain from 200 fs to 50 ms.
We identify intrachain and interchain excitations. The former are even parity excitons with ultrafast
dynamics, whereas the latter are long-lived charge transfer excitons generated within 300 fs, which
separate into uncorrelated polaron pairs in the submicrosecond time domain. [S0031-9007(97)04247-6]

PACS numbers: 78.47.+p, 72.20.Jv, 78.55.Kz, 78.66.Qn

Organic molecular materials based on linear conjugatede investigate the earliest stages of the CPG process by
systems are considered to be good candidates for photsllowing the dynamics of the charge transfer (CT) exciton
voltaic and optoelectronic applications [1,2]. In particu- separation into long-lived polarons. A relatively sharp and
lar, thin films of short thiophene oligomers have highly long-lived photoinduced absorption (PA) band at 1.6 eV is
ordered structures [3] with high carrier mobility. Us- identified as due to CT excitons, which are formed within
ing the six-ring-membered compound;sexithienyl(Ts), 300 fs. We have also identified the lowest lying intrachain
carrier mobilities as high a&075 cn?V~!s™! have been excitons inT as even parity Frenkel excitons.
measured i field effect transistors [4]. The interplay  Ts films with thickness of about 1500 A were evapo-
between electrical and structural propertiegirfilms has  rated in vacuun§10~’ Torr) onto heated quartz substrates
been widely discussed [4]. Despite their fundamental imat a deposition rate of 0.2—1/A. Structural character-
portance, the optical properties and, in particular, chargeation has shown [8] that such films are polycrystalline.
photogeneration (CPG) process have received much le3he nanocrystals have a monoclinic lattice with the long
attention. CPG is a fundamental process in the class axis of the unit cell perpendicular to the substrate [9].
conducting polymers which is directly related to photo- PA spectra were measured at 300 K in the range from
voltaic applications and indirectly, as an important non-0.7 to 2.5 eV using two ultrafast laser systems: (i) Ti-
radiative deactivation path, to electroluminescent devicesapphire chirp pulse amplified system with 1 kHz repe-
performance. tition rate [10]. The excitation was at 3.2 eV with

Ts films are molecular solids in which the oligomer 20 nJ per pulse. The cross correlation time was about
units are bound by weak intermolecular interactions200 fs throughout the entire spectral range (0.82—-2.5 eV).
Using above-gap excitation, charges are photogeneratéil) Two dye lasers synchronously pumped by a frequency-
in T with an estimated quantum yield 03 [5]. CPG  doubled mode-locked Nd:YAG laser at a repetition rate of
is thus expected to be an indirect process, and the primafg6 MHz. A NaCIlF2+)H color center laser was also used
excitations inTg films are therefore neutral, tightly bound in place of one of the dye lasers. The pump-probe system
Frenkel type excitons [6]. The details by which CPGhad a cross correlation time of about 10 ps and the maxi-
occurs, especially at the earliest stages, have not yetum pump-probe delay time was 3 ns. The PA spectra
been elucidated. I films, where relatively sharp were obtained at a fixed pump photon excitation of 2.3 eV,
optical transitions have been associated with the longin the probe spectral range of 1.2—2.3 eV (dye laser) and
lived charged states [5,7], it may be easier to follow the0.74—0.84 eV (color center laser) [11]. The PA related
CPG dynamics than in relatively disordered conductingo photoexcitations with lifetime in thes time domain
polymer films spun from solutions. was obtained by photomodulation spectroscopy at 1 MHz.

For studying photoexcitation dynamics T flms we  PA in the ms time range was studied using a standard cw
have used here a variety of cw and transient opticaphotomodulation apparatus [12]. All PA spectra are given
probes in a time domain from 200 femtosecond (fs) tain terms of —AT /T, whereT is the transmission anAT
milliseconds (ms) and spectral range from 0.3 to 2.5 eVis the induced transmission change at the probe photon
For the first time in the field of conducting polymers energy.
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A typical absorption spectrum df, film at 300 K is In Fig. 1(b) we show the PA spectra obtained using
shown in Fig. 1(a), inset. The vibronic replica at thethe ps setup with initiak =~ 10'® cm™3 for pump-probe
absorption onset merge into a broad shoulder at 3.2 e\delays of O (i.e., within 10 ps of the excitation pulse) and
This is in contrast to the absorption spectrum of isolate@® ns, respectively. The ps spectrum now consists of three
Ts molecules [13], and suggests the existence of dipol®A bands: a steep rise at 0.8 eV, a sharp PA band at
forbidden states with “false origin” at the absorption 1.6 eV, and a shoulder at 1.85 eV. The correspondence
edge and a strong dipole allowed state at 3.2 eV [14]of the 1.6 eV PA band to PAcannot be fortuitous, and
Importantly, a second optically allowed state is apparentve conclude that these two PA bands are due to the
at about 4 eV (Fig. 1, inset). same photoexcited species. Moreover, in both fs and ps

In Fig. 1(a) we show the fs PA spectrum at pump-probespectra we see a PA band at higher energy with faster
delaysAt = 0 and 4 ps, respectively, obtained with initial dynamics. We therefore associate the shoulder at 1.85 eV
excitation densityn, of 10! cm™3. The PA spectrum at in Fig. 1(b) with PA in Fig. 1(a). The steep rise at
At = 0 is dominated by a prominent PA band at 1.77 eV0.8 eV indicates a third PA band (RAwhich is probably
(PA,), which displays a shoulder at 1.55 eV (A At  quite sharp. Figure 3 shows that PAnd PA display
At = 4 ps PA is considerably reduced, whereas;F8 the same dynamics up to 2 ns indicating that they are
more apparent. Spectral dependent transient PA decayprrelated, and we conjecture that they are due to the same
provides a means of separating the sloweg BAm the  photoexcitation.
dominant PA. In Fig. 2 we show PA dynamics at probe In order to account for the three observed PA bands
energiesfiw, ranging between 1.4 and 1.8 eV; a slowerwe assume, as a crude approximation, thaffilms are
decay aroundiw = 1.6 eV is apparent. By plotting the ensembles of noninteracting molecules. In this case the
weight of the slow PA component, as obtained fromphotoexcited state is just a sum of the isolated molecule
plateau-to-peak ratios of decays such as in Fig. 2, wexcited states. However, measurements of ps P&sin
obtained the data shown as crosses in Fig. 1(a). Thisolecules dissolved in solution [15,16] are not consistent
procedure, though qualitative, indicates that there is avith our results, indicating that theollective nature of
rather sharp long-lived PA band at about 1.6 eV {PA the excited state (molecular exciton) has to be taken into

account.
We first discuss the long-lived R/dand at 1.6 eV. A

25 A possible assignment could be optical transitions of iso-
2o lEl PA, (@) lated molecules within the disordered regions of the film.
' I Two observations, however, contradict this conclusion:
E 5lBt (i) Radiative recombination is highly efficient in iso-
= Y lated T¢ molecules (about 40%) [17], while it is very
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FIG. 1. (a) PA spectra of; nanocrystalline films at pump- 00
probe delayAr = 0 (filled circles) andAr = 4 ps (open circles).
The excitation energy is 3.2 eV and density'® cm™3. | . l . l .
Crosses are obtained as explained in the text. Lines through 0 2 4 6

the data points are guides to the eye. Inset: ground state TIME (ps)

absorption ofTy films. (b) PA spectra offy nanocrystalline

films obtained using ps excitation at 2.3 eV and density ofFIG. 2. PA dynamics i nanocrystalline films at different
10'® cm™3 at A+ = 0 ps (filled squares) and: = 2 ns (open probe photon energies. Excitation conditions are the same as
squares). Lines through the data points are guides to the eyefor Fig. 1(a).
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is inversely proportional to the energy difference between
these states [6]; this energy difference may be small in
PA_ (2 eV) T because of the low ionization potential and the small
M nearest-neighbor distance of about 4.9 A. The coupling
wew between Frenkel and CT states gives rise to an hybridiza-
tion which allows the CT state to become quickly popu-
lated [22]. The PA at 1.6 eV is due to the internal optical
transitions related to the ion pair composing the CT state;
it may correspond to the 1.54 eV transitiéR,) of iso-
lated polarons [shown in Fig. 4(a)], whereas the second
polaron transition(P;) is pushed to lower energies and
may be outside of our experimental spectral range [19].

The CT excitons either recombine (mostly nonradia-
0.001 ‘ S ‘1'0 ‘ tively) to the ground state or separate into uncorrelated,
' isolated charged polarons. These are long-lived species,

which can be observed in the ms time domain [5,7].
FIG. 3. PA and PL dynamics iffs nanocrystalline films. The long-lived PA spectrum df at 140 K is shown in
Excitation conditions are the same as for Fig. 1(b). Fig. 4(a) for a pump modulation frequency of 200 Hz.

There are two PA bands @8 (P;) and1.55 eV (P,). P

weak in polycrystalline films. Moreover, comparing and P, correspond to the respective absorption bands of
PA; decay to the photoluminescence (PL) decaypolarons in doping induced absorption measurements [23],
(Ref. [11]) we find that the two decays ar®t corre- and also based on their spiff2l signature in PADMR
lated in the ps-ns time domain. (ii) The PA spectrumspectroscopy [7] they can be readily assigned to pho-
for isolated molecules in solution shows a single bandogenerated charged polarons. Photoexcitationg ssc
[assigned toS;(B,) — S.(A,) transitions] at 1.39 eV times were detected by photomodulation measurements
[15] in disagreement with PAat 1.6 eV. A triplet-triplet
transition can also be ruled out because; P formed
in less than a ps, whereas the intersystem crossing time
is estimated to be within a few hundred ps [10]. Optical
transitions of uncorrelated charged polarons can also
be disregarded because PMoes not match the PA
bands of chargedls molecules, observed at 0.8 and
1.54 eV, respectively [5,7].We therefore assign RAn
Tes nanocrystals to optical transitions of correlated po-
laron pairs[18,19],i.e., a charge transfer (CT) staf20].

We now discuss the CT formation mechanism. The
comparison between the ps and fs PA data is instruc-
tive because of the very different excitation conditions.

. . . . . Sl 40 0.80 1.20 1.60 2.00
Bimolecular generation via exciton-exciton annihilation Energy (eV)
may in principle take place at the high excitation den-
sity used with the fs laser systefn = 10" cm™3) [21],
but it is probably insignificant for the ps excitation den-
sity (n = 10'® cm™3). We note that the CT exciton is
generated with similar relative probability with both ps (at
2.3 eV) and fs (at 3.2 eV) excitation. Since the optical
cross sections for CT and intrachain excitons are compa-
rable in strength [20], we can estimate from the ps PA
data the quantum efficiency for CT generation of about
10%. We then speculate that the CT excitons are pro-
duced via the lowest lying excited state, in contrast to hot 0.0 0.80 0.82 0.84 0.86
excited state branching. Furthermore, our results indicate ' Energy (eV) '
that the CT state is formed within 300 fs, which is ap—FIG 4. (2) PA spectrum i, nanocrystalline films af’ =
proximately the initial decay time of PA Based on these 140K in the ms. time dom6ain. (b} PA irT, nanocrys-

observations, we propose the fo_IIowing CcT gen_eratioir}a”ine films in the near infrared region and different time do-
process. We assume that delocalized Frenkel excitons ifnains: 10 ps (squares); 2 ns (crosses); 250 ns (circles)s10

teract with nearest-neighbor CT states with a strength thdtriangles).
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