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Excited-state photoelectron spectroscopy of excitons inggand photopolymerized G, films
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Laser-excited states in films of pristingsgCand photopolymerized &g (pp-Cgo) prepared in ultrahigh
vacuum have been characterizadsitu with pump-probe photoelectron spectroscopy using both synchrotron
radiation and picosecond laser sources. Photoelectron spectra of s@glend triplet (T,) excitons overlap
because of vibrational broadening in the photoemission final state. The spectra have been individually isolated
in pp-Cgp with time-resolved methods and are split by 0.33 eV. Signals from pristigeu@ weaker but are
spectroscopically similar. The origin for exciton transitions for botjy &d pp-Cg is found to be properly
located near the maximum of the highest occupied molecular orbital. Increasing excitation densitylfavors
production ovelS; such that, at high exciton concentratiofig,states predominate, even at times much shorter
than the unimolecular intersystem crossing time, measured toh8 ns forpp-Cq, at 81 K. A weaker
photoemission band located0.5 eV aboveS; is also observed and is attributed to charge carriers and/or
charge-transfer excitons.
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I. INTRODUCTION Here we describe in some detail the photoelectron spec-
troscopy of excitons in films of £ and photopolymerized
In molecularly based electronic devices, the simultaneou€gg prepared in ultrahigh vacuum and studiedsitu. Here-
presence of localized excitations, such as singlet and tripleafter we will designate the pristinas depositedilms as G
excitons and polarons, complicates photophysical behavio@nd the photopolymerized films ag-Cso. Treatment of the
and might degrade performance through mutualdynamical behavior is postponed for a later publication but
annihilation? Considerable effort has therefore been directeddoth the spectroscopy and dynamics were described briefly
towards understanding the nonequilibrium species in moin a prior submissio! We treatpp-Cgo more extensively
lecular materials. Numerous techniques have been em-because it yielded larger excited-state signals. We used to
ployed, including transient optical absorption, luminescenceadvantage two different setups, one based on a copper-vapor
photoconductivity, and optically detected magnetic resolaser pump and synchrotron radiati®R) probe’® the other
nance. However, comprehensive studies of the interactior@mploying laser-radiatioLR) harmonicgNd:YAG lase) as
among excited states are in general limited by the difficultypoth pump and probe.
of simultaneously detecting the various excited species with The SR setup not only provided pulsed operation with
comparable sensitivity and time resolution. Hence even for gubnanosecond resolution, but also allowed effective cw op-
material as well studied ass§ questions remain concerning eration with gated detection at microsecond delays between
the nature of the photoexcited states and their dynamicdéser pump and SR probe. This permitted a spectrum of the
interactions' lowest-energy triplet excitor; to be isolated and unam-
Excited-state photoelectron spectroscdEBPES offers  biguously identified on the basis of its long lifetime. The SR
distinct advantages in that it can provide a direct means o$etup also provided placement of the exciton spectrum rela-
probing all nonequilibrium species containing an electrontive to the highest occupied molecular orbittlOMO), as
With ESPES, one first photoexcites a nonequilibrium elecshown in Fig. 1. With the~90-ps resolution provided by the
tron population and then photoemits a portion of it into LR setup, a spectrum of the lowest-lying singlet exci®@n
vacuum, where its energy distribution and amplitude arewas isolated by probing at times less than the unimolecular
sampled with an electron spectrometer. By using pulsedhtersystem crossing time-2.5 ns inpp-Cg at 81 K. We
sources and following the amplitude as the delay betweethus were able to identify botf; and T, features with high
pump and probe is varied, dynamical information can beconfidencgFig. 1). The LR experiment also revealed a tran-
obtained. Molecular materials are especially amenable to thisient population of higher states near the bottom of the low-
technique because the magnitudes of exciton binding eneest unoccupied molecular orbitdlUMO), ~0.5 eV above
gies and singlet-triplet splittings are, in many cases, largés;. These states probably originate from free or trapped car-
enough to observe with ordinarily available spectral resolutiers or, possibly, charge transfer excitons.
tion. The spectral features we have observed generally corre-
Early applications of ESPES to molecular films includedspond to those of recent femtosecond investigations of
cw experiments on polyacetylehand pulsed experiments pp-Cg films ¢ However, our assignments to particular ex-
on several materiafsSubsequently, ESPES has been appliectited states differ by being offset by one component. For
primarily to covalent semiconductors and metals as recentlgxample, our long-lived’; feature was attributed t8, in the
reviewed’® However, its application to excited states in mo- previous work. Also, we have located the orig for exci-
lecular films is presently attracting increasing attenfioli,  ton transitions at an energy near the top of the HOMO rather

particularly for the case of fullerends!!416 than the center.
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Energy relative to S, (eV) S, decaying more rapidly. Complex transient decays in
T T T pp-Cgo have been noted previously on the basis of four-wave
(a) Polymerized mixing experiments sensitive to a composite of excited-state
hv=8.5 eV specie€? By spectroscopically distinguishing the popula-
- 84K tions of S, and T, excitons, we are able to characterize their
dynamics independently.

These measurements have provided extensive data con-
cerning the temporal and pump-fluence dependencie of
and T, exciton concentrations. This has facilitated develop-
ment of a dynamical model, expressed through coupled rate
equations, that incorporates annihilation interactions among
the three primary excited species, nam8lyandT, excitons
and free carriers, and thus goes beyond previous, simpler
models. This model has been described briéfiynd will be
reported in detail in a subsequent manuscript.

Photoemission signal (arb units)

Il. EXPERIMENT

The combined SR-laser syst&ti' was located at beam-
line X24C at the National Synchrotron Light Source,
Brookhaven National Laboratory. There the pump-laser
source was a copper-vapor laséwE 2.43 eV) operating at
6 kHz and configured with competing cavities to produce
5-ns pulses full width at half maximurfFWHM). The laser
was triggered with a signal derived from electrodes sensing
- the electron bunches circulating in the storage ring. Spatial
-3 2 0 1 and time overlap of the SR pulses and laser pulses were

Energy relative to triplet 0-0 (eV) aided with use of visible SR obtained by operating the mono-
g_hromator grating in zero order. Spatial overlap was
Wachieved visually by steering the weakly focused3-mm

diameter laser spot to overlap the zero-order SR spot. To
picosecond lasefinsets. In the bottom axis, zero energy is the CheCk_ spot overlap aiperatingwavelengths, a 1-mm diam-
estimated 0-0 line of thd, exciton; in the top axis, zero is the etgr_ p'_nh()le was _Centered on the 1-mm2-mm SR spot by
inferred origin of transitions%,) discussed in the texta) Photo- ~ Minimizing the pinhole’s photoemission, and then the laser
polymerized Gy (pp-Ceg). Note pureT, spectrum accumulated 0.3 SPOt was adjusted to the pinhole. Laser fluence was cali-
to 10.3 US after the 5-ns pump pu|se_ The 0.5-ns Spectrum Combrated by measuring the pOWer transmitted through the Cali'
prises bothS; and T,. (b) Pristine G, The dashed HOMO was brated area of the pinhole. Time overlap was aided by using
acquired with higher energy resolution than all other spectra. Inset@n avalanche photodiode to simultaneously sample both the
(a) pp-Cqo comparing normalize®, at low fluence and nearly pure  5-ns laser pulse and the subnanosecond, zero-order SR pulse,
T, remaining after high-fluence dynamic interactiofis). Unnor-  after both beams had passed through the pinhole. Coinci-
malized pristine G, exciton spectra at two time delays. dence was then obtained by observing an oscilloscope while

adjusting the timing of the laser trigger with an electronic

We also discuss the dependence of the exciton spectra @felay generator in combination with passive delays. These
pump-laser fluence and on the delay time of the probe aftefielays were subsequently varied to map out excited-state de-
the pump. An interesting result is that as fluence increasegays.
and excited-state concentrations exceetd**cm3, the T, A SR photon energiv of 8.5 eV was selected to produce
concentration is enhanced for times much less than the intethe largest excited state signals within the range tested, 7.5—
system crossing time while th®, population tends to satu- 10.5 eV. The selectethv reflects primarily the beamline
rate. Previously, to explain room-temperature measurementgansmission, including that of a LiF filter inserted into the
of transient absorption in & films exposed to air, an in- beam to eliminate higher-order grating harmonics. Without
creased rate of; production at high fluence was proposed, the LiF filter, emission from these harmonics would over-
but the roles 0B, and T, could not be separatédRecently, whelm the weak ESPES signals, which typically produced
a similar preferential growth ifT; states at high excitation count rates less than 1 Hgee Fig. 2. Attempts were made
density was reported for the conjugated oligomerto employ larger's in order to record spectra with more
para-hexaphenyf. surface-sensitive photoelectron energies for comparison and

Accompanying the enhancédd production at high exci- in order to exploit possible photoemission resonariéés.
tation densities in g andp p-Cgo, We find complex transient Above the LiF cutoff, second-order grating harmonics were
behavior, which includes an increase in the decay rates cfuppressed by edge absorption in Sn or In thin-film transmis-
both T, andS; with excited state concentration, always with sion filters and by reflection from a critical-anglew-pas$

FIG. 1. Photoelectron spectra of valence states and backgroun
subtracted excited states, probed at the specified delays with t
sources: hanosecond synchrotrgnain panels, 2.8 mJ/ctand
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switched at a 2-kHz repetition rate. A Pockels cell plucked
P C) PP-Ceo _ for use the most intense mode-locked pulse from each
—_ Probe hv=8.5 eV . .
< 300 K Q-switched envelope. The harmonics were generated by
) 1.5 mdiem? incident three crystals placed sequentially after the Pockels cell:
B CD* A to produce the second, KTP the fourth, and BBO the
14 — fifth in a 4+ 1 mixing schemé® A fused silica prism sepa-
% rated the harmonics. From autocorrelation measurements of
o the plucked fundamental pulse, we infer FWHM durations of
75 ps for the pump and 50 ps for the probe. Pump and probe
e L beams were independently attenuated and focused, respec-
300 4 pp-Cp | tively, to 380 and 8Qum FWHM. Pump-laser fluences were
(b) o Probe hv= 5.84 eV calibrated by measuring the power transmitted through a pin-
1 ) cbooo 81K . 1 hole of measured area. Spatial overlap was optimized by
) 200 - °o° ° mJjem*incident | steering the pump beam for maximum excited—s@ate signal.
g & o The relative timing of the probe was controlled with an op-
5 o ] tical delay line.
@ ° o For both the SR and LR setupsgGilms were sublimed
100 7 ° ° 1 in ultrahigh vacuum onto room-temperature substrates from
] ° o ] powdef® outgassed at 100 to 200 °C for several hours prior
801_': ) to each evaporation. The substrates were made of oxygen-
0 free high-conductivity copper polished to a mirror finish and

15 1.0 0.5 0.0 0.5 10 15 cleanedin situ by Ar-ion bombardment until a sharp Fermi
Energy relative to T1 0-0 (eV) edge resulted. The deposition rate was typically 2 nm/min.
Film thickness was varied from 42 to 84 nm as measured

FIG. 2. Solid lines: background emission measured with pumpwith a quartz crystal oscillator. Films were polymerizied
laser off. Symbols: total emission with pump and probe coincidensitu by exposure at room temperature to the pump-laser ra-
in time. (a) Synchrotron radiation probe; count rate is normalized todiation at doses from 15 to 20 kJ/éndelivered with flu-

100 mA of current in the storage ring, the maximum available in theences from 1.6 to 3 mJ/c2r1p)er pulse. At NSLS, polymeriza-
special single-bunch operating mode best suited for maximizingion was monitored by characteristic changes in the valence
signal at high time resolutiofRef. 18. Error bars givetone stan-  pand?’ At both NSLS and NRL similar doses were em-
dard deviation from counting statistic&) Probe is the Nd:YAG ployed and polymerization was verified by the insolubility of
laser fifth harmonic. exposed spots in toluene. Because polymerization proceeded

too rapidly at room temperature to allow data to be obtained
mirror of oxide-free silicorf* For detailed spectroscopy, from unmodified material, pristine films had to be studied at
however, the metal filters reduced signals to impractical lev81—84 K, where polymerization rates proved undetect&ble.
els and the mirror was unable to suppress the second-ordeoblymerized films were investigated at both room tempera-
grating harmonic sufficiently. ture and 81-84 K.

The storage ring was operated in two modes. In single- In both setups, photoelectron energy distributions were
bunch mode, with which most of the data were taken, onlymeasured with a double-pass cylindrical mirror analyzer
one electron bunch circulated in the storage ring, producingCMA) operating with constant energy resolution. Resolu-
~0.6-ns SR pulses at a 1.76-MHz repetition rate. This modeion was determined by fitting the Fermi edge that was rou-
maximized the number of SR photons per pulse5( tinely recorded from the copper substrates. Resolution in the
X 10*/pulse) and hence maximized the number of photong R experiments ranged between 0.16 and 0.20 eV in the SR
coincident with the exciting laser pulse. For pump-probe exexperiments, the pass band was increased to 0.18 to 0.22 eV
periments, single-bunch operations also enabled the bebecause of the weaker signals. Samples were biased-fom
time resolution, which was limited by laser jitter t00.5 ns.  to —10 V to ensure collection of the low-energy electrons;
In the second mode of operation, 25-bunch mode, the lasapectral shapes were unchanged over this bias range.
was desynchronized so that, in effect, SR served as a c®amples were oriented with the surface normal directed into
source. In this mode, time resolution was limited+d2 ns  the acceptance annulus of the CMA. Angles of incidence
by transit-time dispersion of the various electron trajectorieselative to the normal for the prodpump beams were 33°
within the electron spectromet®Y.For times greater than (35° in the SR setup and 4&5°) in the LR setup. All
~50 ns after the pump pulse, this mode could provide arbeams werg polarized. Data acquisition with SR employed
improved data rate because larger currents were stored in tlzetime-to-digital converter to histogram the time that each
ring and because longer gate times could be used withoythotoelectron arrived within a specified period around each
distorting the slower decays in this time regime. laser pulsé® Concurrently, photoelectrons were also counted

The picosecond laser setup at the Naval Research Labi a 100us window ending just prior to the laser pulse in
ratory (NRL) used the Nd:YAG laser second harmonity(  order to acquire “laser-off” spectra. With the LR setup, pho-
=2.33eV) as pump and the fifth harmontty(=5.84eV) as  toelectrons were simply counted within a 500-ns window
probe. The laser was mode-locked and simultaneo@sly that bracketed the probe pulse to reduce dark counts.
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In the LR experiments, probe fluence was maintained beerdination of three in our samplé5.Given the statistical
low 0.7 wJicnt to prevent self-pumping, detectable as aprocess by which rotating g molecules come into proper
weak superlinear dependence on probe fluence of a backfignment for 2+ 2 cycloadditior® uniform coordination is
ground signal discussed below. For the SR experiments, linanlikely andp p-Cg, should exhibit covalent intermolecular-
ear conditions prevailed because the incident probe fluenagonding disorder that is absent ingdC Some additional in-
was orders of magnitude weakier 4 x 10° photons/criper  homogeneous broadening rp-Cy is consequently likely.
pulse in single-bunch operations as calibrated from the phon spite of the significant differences between the valence
tocurrent emitted from a sputtered gold 8l spectra of G, and pp-Cqo, the excited-state spectra are

Pump beams, and the probe beam in the LR setup, weligarkedly similar, as described below.
variably attenuated by using a half-wave plate to rotate the |n Fig. 1, a weak background has been subtracted from
plane of polarization relative to the plane of transmission ofeach excited-state spectrum. The background was present for
a polarizing prism. Comparable pump fluences were emhoth LR and SR probes acting alone, as illustrated in Fig. 2,
ployed in both setups: 0.04 to 2.8 mJ/fcin the SR setup and has been subtracted in all other spectra reported here.
and 0.017 to 1.6 mJ/chiin the LR setup. Temperature tran- Although the background has not been studied in detail, we
sients in the films were calculated with a finite-elementremark on it as follows. At low temperatures, it slowly in-
codé® that incorporated the temperature-dependent thermajreased with ultravioletUV) exposure and so was recorded
properties of G (Refs. 30, 31 and the spatial profile of periodically. That part of the background emission that grew
volumetric absorption determined with thin-film optical with UV dose could be substantially annealed away by
calculations’? At the highest fluences, the maximum tran- warming the film to room temperature and may represent
sient temperatures for the SR data were calculated to be 34hetastable surface or bulk traps created by UV exposure and
and 117 K for initial temperatures of 295 and 84 K, respec-stabilized by low temperature. The emission often extended
tively. For the LR data, the maximum temperatures were 33%1boveEF a few tenths of an eV and fell off more gradually
and 185 K for initial values of 295 and 81 K. than expected for a Fermi cutoff. Emission abd&e might

Use of SR permitted checking the valence band for theeflect slow equilibration times for some trapped electrons.
presence of transient photovoltagé&he pump pulse pro- At low temperature, the background grew with UV exposure
duced small photovoltages that varied among films frommgre rapidly in G thanpp-Cg,, Suggesting that some traps
—40 to +10 meV, but in the great majority of cases wasmight arise from light-induced disordering of the orienta-
about—20 meV. In Figs. 1 and (@), ground state emission tjonal order that freezes in at90 K.3® Also, in contrast to
from the valence band is shown at the energy it appearegp_ceo, the background in g was transiently perturbed

during the pump pulse. during laser pumping with the LR setup. This effect is re-
sponsible for negative features in the baseline of the
Ill. RESULTS AND DISCUSSION background-subtracted, 200-ps spectrum in the inset of Fig.
1(b).

A. Spectral features and assignments Care must be exercised when regarding the lowest kinetic

Figure 1 summarizes ESPES spectra fgg &d photopo- energies of the excited-state spectra. The SR measurements
lymerized pp-Cqo) films recorded with synchrotron radia- show that the HOMO emission slopes steeply with energy
tion (SR; main panejsand laser radiatiofLR; inset3. Be-  where it merges with the lowest laser-induced emis§iag.
cause of its higher proberv, SR produces emission from 2(a)] and this slope decreases slightly during laser pumping.
both valence and excited states, so that a common ener@elow about—0.7 eV in Fig. 1, this line shape change intro-
axis obtains. The bottom axis of the plot has its zero ofduces additional sensitivity to small errors in accounting for
energy at the 0-0 photoemission transition of fhestate, the weak photovoltage shift when subtracting laser-off from
located as described below. Included at the top is a secorldser-on spectra. In the case of LR, details at the lowest en-
scale with its zero at th&, origin, obtained by subtracting ergies were affected by the vacuum cutoff. In spite of these
from the T,0-0 position an energy of 1.54 eWldiscussed complications, line-fitting analysis indicates the presence of
below) for the S;— T, transition. Laser-excited states appeara third pumped componeiin addition toS; andT,) below
at energies above the HOMO. The strongest excited-staf€; which blends into the HOMO. This component may rep-
emission occurs below the Fermi levél, which fell be-  resent ground state molecules perturbed by nearby excited
tween 0.3 and 0.4 eV for all SR and LR experiments. Forstates as discussed below.

nonequilibriumstates falling well belovEg , excitonic char- The T, exciton spectrum was identified by using SR to

acter is implicated. accumulate the excited state signal during the period 0.3 to
The polymerization-induced changes in thg, @alence  10.3us after the 5-ns laser pulse. These times far exceed the

band shown in Fig. 1 have been discussed previdisiie  ~1.3-ns unimolecular lifetime measured %y, so that only

changes are consistent with calculatinsf the electronic triplets could possibly be present in quantity at energies be-
structure for a G, dimer formed through a four-member low Er. The unimolecular lifetime of ; was measured to be
ring, the bonding arrangement of the-2 cycloaddition re- ~15 us for our pp-Cgq films at 81 K. As the inset to Fig.
action believed to be responsible for photopolymerization. 1(a) shows, an almost purg, spectrum was also obtainable

In a three-dimensional film, multiple coordination becomesafter only ~1.5-ns delay with the LR setup if large enough
possible. For instance, analysis of G-fihotoemission line- pump fluences were used. This circumstance was brought
shapes in films identically polymerized suggest a mean coabout by the enhanced production ©f over S; at high
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FIG. 3. Symbols: background-subtracted excited-state spectr 1 [EF 1
for various incident fluences of the 75-ps pump laser when coinci- 0 *ﬂegf-?%&qﬁeﬁs’rw S |
dent with the probe pulser&0). Spectra are offset vertically for T T
clarity. T, predominance at high fluence is evident as the increasing
peak at 0.5 eVEg gives the measured Fermi level. The emission Energy relative to T, 0-0 (eV)
band aboveée is located approximately at the LUMO. Curves: fits
of S; and T, contributions using an identical model line shape for ~ FIG. 4. Background-subtracted exciton spectra of a polymerized
both excitons as described in the text. Inset: Symbols give fluencBlm at room temperature for various incident pump-laser fluences

dependence o8, and T, from the fitted components. Curves give (Symbolg. Pump and probe were coincident in time. Spectra are
results of a rate-equation mod@ef. 17. offset vertically for clarity. Note similarity to behavior at 81 K, Fig.

3. Curves give fitted decomposition inflo, and S; contributions
concentrations, together with a much more rapidlecay at  and an exponentially falling componemot shown for lowest three
high concentrations. The close similarity of the spectra in  spectra that may reflect ground state molecules perturbed by adja-
Fig. 1, whether photoemitted with 5.84-eV LR or 8.5-eV SR, cent excited molecules. The 0.017 mJfcspectrum is purs; .
indicates that any differences in the photoelectron final state
do not materially affect our results. . _

It also proved possible to observe an isolagedspectrum A fourth, weak, transient photoemlsspn band centered
if two criteria were satisfied. First was the need to probe~0-5 €V aboves, was also observetsee Fig. 3, e.g. This
before intersystem crossing could populate the spectrallgn€rgy is near the lower edge of the LUMO, which is ex-
overlappingT, population. Second, it proved crucial to use pected near 2.3 e\Ref. 41 on thetop axis in Fig. 1. Itis
small enough pump fluences in order to avoid thelikely these states originate from mobile or trapped electrons
concentration-induced production @f, during the 75-ps or from weakly bound charge-transfer excitdhs® The
pump pulse. For example, in Figs. 3 and 4, which were reweakness of this component in our data precluded a detailed
corded at zero time delay, the spectra for incident fluencegharacterization. Its magnitude suggests that the concentra-
below 0.05 mJ/cihare essentially pur&,. However, from tjon of free or weakly bound electrons is significantly less
the decomposition of the spectra irp and T, COMPONENtS 4 that of excitons. This is consistent with the small effi-
(obtained as described belnwit is evidentin Fig. 4 that by oo of photocarrier production in fullerene films, which
0.14 mJ/crh someT; contribution occurs in the middle of has b laind4*3 within th text of the O
the spectrum. At 1.6 mJ/cithe T, component is clearly as girs%exp ain within the context of he nsager
predominantFig. 3. model>*** However, a quantitative comparison must ac-

IsolatedT, andS, spectra recorded at 300 K with LR are knoyvledge that the photoemls_5|on cross section for mobll_e
normalized and compared in the inset to Figp)land again ~ carriers or charge-transfer excitons relative to Frenkel exci-
in Fig. 5. Measurements at 81 K yielded identical shapes. Byons is unknown and may depend strongly on the degree of
shifting the spectra for closest coincidence, we fidlies  localization. For example, within a model based on hydro-
0.33 eV belows, for pp-Cg. This value is consistent with a genic wave functions, the optical-absorption cross section for
splitting of 0.34 eV determined for pristine films with optical polarons falls markedly as the electron wave function be-
methodd” and is slightly more than the 0.28—0.30 eV in- comes delocalizetf, consequently the efficiency for photo-
ferred by comparing electron energy loss and opticaemission from mobile or weakly bound carriers may be
spectroscopie®~*° smaller than from more localized excitons.

-1 0 1
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FIG. 5. Comparison of th&, and T, photoemission line shape Eor

to that of the HOMO from a 0.2 monolayer deposition qf;©n
graphite(Ref. 53. No scaling of the energy axes has occurred but

spectra have been aligned by eye and Thespectrum is offset  F|G, 6. Relevant transitions schematically represented by a con-
vertically fgr clarity. Vgrtlcal fiducial at 0.95 eV marks the approxi- yentional Frank-Condon diagra.is a generalized molecular con-
mate 0-0 line determined for the gas-phase HONRef. 53. figuration coordinate antiv, andhw, are probe photon energies.

Exciton stateEx is shown in its vibrational ground state, as indi-

The individual S; and T, line shapes measured for cated by the Gaussian nuclear wave function. Two of many possible
pp-Cgo are much broader than the50 meV width predicted final photoemission states are showr(@sand(b). In final state(a),
for free excitoné,8 even after considering our200 meV  the photoholén, is left on a molecule in its vibrational ground state
instrumental broadening. Inhomogeneous broadening shouknd the outgoing photoelectron has enesgy. In (b), the molecule
not be significant since vibrationally broader®dphotolu- s left in vibrational staten (n=4 in the diagram of energyiw,
minescence from disorderec&@ilms”*“andpp- Ceo (Refs. and as a result the outgoing photoelectron has reduced kinetic en-
49-5) exhibit an excess broadening relative to ergyeon=e€ego— fiw, . In this way, a monochromatic probe produces

Crystal§7’48’52that is minor on our energy scale. In addition a vibrationally broadened photoelectron energy distribution as

unlike ESPES spectra from semiconductors, which show inSnoWn at the upper right

creasing signal to lower energies as electrons equilibrate at

conduction or surface-state band edgésese frompp-Cs,  cause lattice relaxation around the photohole offsets the final
exhibit a distinct decrease to lower energy, indicative of astate inQ to Q, as drawn, giving finite vibrational matrix
vibrationally broadened line shape. elements(hg|h,). In this way, a monochromatic probies,

As shown in Fig. 5, eacs; and T, photoemission spec- produces a vibrationally broadened exciton photoelectron en-
trum closely resembles the vibrationally broadened HOMCQergy distribution, as illustrated in the upper right corner of
spectrum ofsolatedCg, molecules in a 0.2-monolayer depo- Fig. 6.
sition on graphitgthat, in turn, closely resembles the spec- In Fig. 6, the total energy curve for the ground st8ges
trum of gas-phase &).%° The similarity demonstrates that also shown offset irfQ from the exciton, as is known to be
the localized description of photoemission fromgo@nol-  the case for solid g because of vibronic structure in ti$
ecules also pertains to low lying excitons: the photohole iphotoluminescenéé #°*152and in the electron-energy-loss
localized primarily on one molecule and broadening of thespectroscopyEELS) of T,.3%%¢%8The vibrational structure
exciton’s photoemission final-state results primarily fromobserved in photoemission from isolated molectiiéisy, in
coupling of the hole to intramolecular vibrations. The situa-Fig. 6) and its similarity to the exciton specttgig. 5, com-
tion is illustrated by the conventional Frank-Condon pels the interpretation implicit in Fig. 6: both photoemissions
diagram*®° of Fig. 6, which schematically plots the total create a similar, final hole state that is localized around one
state-energies as a function of a generalized molecular comnolecule. If the exciton curve is displaced @by a small
figuration coordinat€). Photoemission from an exciton state amount relative to the photoemission final states, as shown,
|Ex) leaves the system in one of a number of possible vibrathen the vibrational broadening can be approximately the
tional final states, two of which are shown. In sté& is same forS, and excitons as experiment requires, Fig. 5.
depicted the final state produced by a 0-0 transition. Here thEurthermore, this arrangement, wit{—Q,)~(Q,— Qo)
hole is left on a molecule in its vibrational ground staie > (Qx— Q), leads to a vibrationally broadened photolumi-
and the outgoing photoelectron has kinetic enesgy. In nescencgfor which the 0-0 transition is forbiddernthat is
(b), the hole is left on a vibrationally excited molecule and much narrower than the vibrationally broadened photoemis-
the outgoing photoelectron, to conserve energy, bgs sion, as observed for both disordered,Gilms**® and
=ggo—hw,, Wherefiw, is the vibrational energy. Nonzero pp-Cg, films.*® The arrangement i is also consistent with
transition moments occur betwedBx) in its vibrational the expectation that a relatively localized hole is more
ground staténg and the vibrationally excited final states be- strongly coupled to nearby atoms than is a neutral exciton.
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FIG. 8. Similarity of exciton spectrédackground subtractgfbr
) films of pristine (symbolg and photopolymerizegsolid line) Cg,.
Energy refative to T, 0-0 (eV) In both cases collision interactions have produced a signifitant
contribution at zero probe delay The Fermi level for both films
FIG. 7. Background-subtracted exciton spectra of a polymerizegccurred aEr .
film at 81 K for various probe delays after the pump. Spectra are

offset vertically for clarity. Decomposition into components is by . . .
fitting as in Fig. 3. Collision interactions produce a significant Secondary electrons were also approximately included in

population even at 0 probe delay and lead to the los3; gfopula-  f(E) by incorporating a “Shirley” backgrountf. When fit-

tion much faster than its unimolecular lifetime at low concentra-ting the full exciton band, the line shape parameters, includ-
tions of ~1.3 ns. ing the relative strength of the background, were held fixed

and only the amplitudes of th®, and T, components were
varied, except that a smal(~20% maximum additional

Among the final states available for photoemission fromGaussian broadening was allowed as fluence increased. The
the HOMO in the solid state are those that dominate photof g ’

ission f th on i localized hol d titting could be improved by introducing an additional
emission from the exciton, 1.€., a localized hole and an ou fluence-dependent emission at the lower energies, modeled

going photoelectron. Hence the exciton data support the vieWg e a5 g falling exponential and shown in the highest-
that vibrational broadening contributes significantly to theqence traces of Figs. 4 and 7. Time-resolved data taken
width of HOMO photoem|35|o?3f'57'59|n add|tl|on toany dis-  wjth SR, where the entire HOMO was accessible, indicated
persive broadening from band structdfé™® this component could be ascribed to a fluence-dependent
The evolution of the exciton spectra with pump fluencechange in the shape of the upper limb of HOMO emission as
and probe delay can be reproduced as a linear combination gfscussed above. This change in shape is distinct from the
identically shapeds; and T, components, as illustrated in small, rigid photovoltage. The association of this component
Figs. 3, 4, and 7. The component line shape was obtained hyith the tail of HOMO suggests it represents emission from
fitting the isolatedS; spectrum with a model functioh(E). ground-state molecules perturbed by proximal excited states.
As a convenient means of introducing a suitable asymmetry, Although low exciton concentrations ingghave not been
we basedf(E) on the low temperature thedRyof optical  investigated because of small signals, the high-fluence spec-
transitions that are vibrationally broadened as describetrum for G, is essentially identical to that gip-Cgo, as
above in the context of the Frank-Condon picture, Fig. 6:shown by Figs. 1 and 8. The pristingd®pectrum in Fig. 8
f(E)=2,9{[E—(ggo—nd)/W}S"/n!, where g is the can be satisfactorily fit with components shaped identically
Gaussian function of widthV, & is the energy of the vibra- to those used in fitting p-Cgq in Figs. 3, 4, and 7. The time
tional mode,eqq is the 0-0 energySis the Huang-Rhys fac- dependence of theggspectrum also shares general similari-
tor, andn runs from 0 to infinity. The functiorf(E), with  ties with pp-Cgo. As in pp-Cgp, the higher energy compo-
W< 6, is sketched in the upper right corner of Fig. 6. Notenent in G, decays more rapidly, leaving a spectrum that
that because the vibronic modes excited iy By a photo- behaves ag;, as shown for LR in the inset to Fig(d).
emission event are in fact more numerduhan the single  Similarly, the shapes of the exciton emission measured with
mode contained irf(E), this model function, while useful SR for G at 0.5 ns and 7.5 ns resembles those fpoprCe
for extractingS; and T, amplitudes with a justifiable line at the same time delaysee Fig. 1; 7.5-npp-Cg Spectrum
shape, produces other parameters that are not intended fisrnot shown. We conclude that th&, and T, components
guantitative interpretation. for Cgg correspond closely to those fpmp-Cgo. This corre-
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spondence is consistent with the resemblance of photolumpp-Cg, a magnitude near that of¢gis probable since, as
nescence spectra, for whighp-Ceo shows a very similar  noted above, the fluorescence spectrunppfCe, is similar

0,51 N e : _ ! :
shape™®” and only a~40 meV redshift(with comparable 4 that from disordered & films and is redshifted by only
broadening?® compared to disordered pristine films. Evi- ~40 me\f05L

dently the states ipp-Cgq responsible for broadening both There is greater uncertainty in the enetty, of the 0-0

the HOMO and LUMO to higher ener§$>* perturb the ex- - - .
v 6s*'p transition for Sp—T,. (A number of distinct triplet states

citon energies and splittings only slightly relative to our sen-, o i
sitivity. identified through magnetic resonance and phosphorescence

Note, however, that details of the exciton dynamics differh@ve been reviewétibut are too closely spaced to be distin-
in the two forms. In particular, at higher pump fluences theguished in the present experimepthosphorescence from
Tl popu'ation in QO decays Signiﬁcant'y faster than in CrySta|S at1.2 K |nd|Ca.tes trlplet states at 1.44 and 1563eV
pp-Ceo Our analysis indicates this is a consequence of moré Ao of 1.50 eV has also been reported for phosphores-
effective interparticle annihilation collisiorisee Sec. IlI¢  cence from films, presumably at room temperafirs,
among excited species inggat high concentrations, consis- — T; transitions have also been identified in EELS?66-68
tent with a higher mobility.” A higher mobility for excited A Ay, of 1.55 eV was reported for films at room
states in @, compared topp-Cg, may be attributable to temperaturé® A weak temperature dependence has been
greater disorder ipp-Cgo Which exhibits varying intermo- noted for the(111) surface of ordered films, witAy in-
lecular coordination and consequent bond disorder as noterteasing from 1.53 eV at 300 K to 1.55 eV at 100°K.
above. Smaller exciton-exciton annihilation ratepip-Cg,  Finally, for similar ordered films at 107 K, distinct energies
due to reduced exciton mobility may also explain why wehave been proposed for surface and bililk state&’ (see
found excited-state signals to be largerpgp-Cgy than in below).

Cso- Given the range in reported values fdbgy andA+g, it is
reasonable for present purposes, though somewhat arbitrary,
B. Location of origin S, to infer from the above measurements values /of,

Our combined valence and exciton spectra provide an op= 1.87 €V andAo=1.54eV, with uncertaintiest0.05 eV.
portunity to determine the enerd, within the HOMO that ~ These choices preserve our measuBge T, splitting of
serves as the origin of transitiorB;=eoo— Ay, Whereso,  0-33 €V. The resulting energy of the origin, i.€g=g5,
is the energy of the 0-0 photoemission line within the exciton— Ao, is labeled in Fig. 1 a§,. It occurs at-1.54 eV since
spectrum, determined below, ard, is the 0-0 transition Wwe reference our energiesééO located in the upper limb of
energy for creating an exciton, which is available from thethe long-livedT; spectrum as discussed above. The origin
literature. While the 0-0 photoemission line is spectrally un-falls on the high-energy side of the HOMO, which is empha-
resolved, the vibrationally broadened line shapes of the exsized when the HOMO photoemission obtained with higher
citon spectra indicate it should occur near the high-energgnergy resolution is considerddee dashed data in Fig.
limb. Indeed, a detailed analy3iof photoemission from the 1(b)]. (A shift in the apparent position o:‘go, if exciton data
HOMO of gas-phase & located the 0-0 line at the approxi- were taken with the same high energy resolution, is expected
mate midpoint of the upper limb, as marked in Fig. 5, andto be small since the 0-0 line is taken near thiglpoint of
reasons were given for suspecting that the 0-O line mighthe upper limb of thel; spectrum. The location ofS; is
actually be somewhat higher in energy. On the basis of thexpected in the upper portion of the HOMO if significant
similarities in the shape and width of the exciton spectravibrational broadening in the final state, comparable to that
compared to the HOMO spectrum from isolategh,G~ig. 5, which broadens the exciton spectra, contributes to the
and the likelihood that excitons are localized primarily onHOMO photoemissioR® Our location ofS, is inconsistent
one molecule, it is reasonable to expect the 0-0 line of amwith a recent interpretation of femtosecond ESPES Hata.
exciton to occur in the same relative position within its pho-This interpretation, by assuming an origin at fheakof the
toemission spectrum as does the 0-0 line for the gas-phas¢OMO, rather than in itsipper limh identified asS; what is
HOMO. We take this to be the case for bd®h and T, in  actually the long-livedrl'; spectrum.
both pristine and polymerized samples. Hence the zero of Because ESPES is both bulk and surface sensitive, as with
energy employed in Figs. 1, 2, 4, and 7, which are referencedny photoelectron spectroscopy, the question arises as to
to egg0f T4, is taken at the midpoint of the upper limb of the whether surface and bulk excitons can be distinguished. In
T, spectrum. van der Waals bonded materials, which generally lack strong

The 0-0 transition energg, for Sy—S; is available  one-electron surface states, several factors may still alter the
from a number of measurements for pristing, @s crystals surface exciton transition enerdy,; compared to that of the
and disordered films. One- and two-photon optical specbulk, A.2 A tendency forAg; to exceedAy, should ac-
troscopies givel 5o=1.846 eV for crystalline g at 10 K*°  company the larger surface band gap that is expected when
Second harmonic generation in evaporated films givgs the decreased coordination at the surface narrows the HOMO
that varies from 1.81 eV at 295 K to 1.83 eV at 27°K. and LUMO widths>*®° On the other hand, seducedA
Analyses of fluorescence from films and crystals have alswould accompany the increased exciton binding energy ex-
yielded, respectively, 1.84 e\temperature not reportgtd  pected for less effective screening at the surf&¢81n van
and 1.871 eMRef. 47 at low temperatures. While specific der Waals materials studied with optical methods, valence
measurements ak g, appear not to have been reported for excitons have been reported with surface transition energies
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~0.04 eVgreaterthan the bulkianthracen&) and~0.2 eV C. Fluence and time dependence

lessthan the bulkrare gas 50"(@72)3 as reviewed by Pope |5 Figs. 3 and 4, the shapes of the exciton spectra for
and Swenberg.In the EELS experiment noted aboVea pp-Cqo are shown evolving with increasing incident pump

weak loss at l.§4 eV was attributed to a bilk state be-  f,,ance as measured with LR at O time detdyetween pump
cause, at low primary beam energl.9 eV) where electron 5 prohe. Fluence-dependent data were routinely checked

penetration and escape depths increase, it exceeded in ampli; jrreversible laser-induced changes by periodically return-
tude the 1.55-eV feature. However, such a large bulk energy,q 14 |ow-fluence conditions. Occasionally, changes in am-
appears to be inconsistent witliro~1.50 eV measured by it de up to~20% were observed over the course of several
phosphorescence, which is bulk sensitive. hours. Since these changes could be either positive or nega-

In photoemission, another shift occurs inherently betweery,e - experimental instabilities are a possibility. Systematic
surface and bulk features. The shift arises because the POgjiases due to possible changes in sample condition were re-
tively charged photohole induces different electronic polar-,,ced by varying the pump fluence nonmonotonically in any
ization energies in the sample depending on the hole’s Iocagiven series of measurements.
tion relative to the surfac€’® Because of this polarization The similarity of the fluence-dependent spectra recorded
difference, the electrostatic energy of any charged specieg g1 k and room temperature is evident by comparing Figs.
insidea dielectric rises as the charge approaches the surfacg,;q 4T, andS, components, obtained through line fitting
much as the energy of a chargetsidea dielectriclor meta) 55 gescribed above, are shown as dashed and solid lines,
decreases as described approximately in terms of an imaQ@spectiver. In Fig. 3, the intensities of these fit&dand
charge’>"® The surface polarization shift for g films has T, components are plotted in the inset as symbols. In both
been treated experimentally and theoretically by Rotenbergigs_ 3 and 4, the spectrum at lowest fluence is almost en-
et al, who found that surface features shifted.1 eV to- t|re|y Sl' The Concentration1 in the low-to-mid mm73
ward smaller kinetic energy, as expectédote that ESPES  range, is too small for excited-state interactions to introduce
of unbound electroné.e., molecular anionss subject to an  significant nonlinearities. However, as the concentration of
oppositeshift between surface and bulk. In this case, thenonequilibrium species increases, it is evident that a prefer-
final state of the material is neutral but the negativelyential conversion of incident energy to tig population
chargedinitial state possessed increased electrostatic energyccurs until, at the highest fluence, Bgpopulation exhibits
at the surface. For surface sensitive ESPES, this energy i saturating behavior while thg€; population continues to
crease for electrons near the surface would have to be cogfow.
sidered when comparing the relative energies of exciton and In the inset to Fig. 3, the measur& and T, fluence-
electron spectra. Note that this polarization repulsion awaglependent intensitissymbols are reproduced, respectively,
from the surface for charged species inside a dielectric mapy solid and dashed curves. These curves give the fluence
decrease the sensitivity of ESPES to free electrons in modependence as predicted by a model comprising three rate
lecular materials and semiconductors. The degree depends 8Auations to account for interacting populationsSef T,,
temperature, photoelectron escape depth, material dielectrfd free carne;éF?. The model, which has been discussed in
constant, and, in experiments that transiently pump the suf letter fqrmall, will be elaborated elsewhere.. In addition to
face region, on dynamic parameters such as hopping timd€Producing thes, andT, fluence dependencies, the model
and mobility that control movement away from the surface &lso reproduces complex fluence-dependent transient decays
Hence two effects may reduce ESPES sensitivity to bulk freé)f .S.l andT, that were recorded after the pump pulse. The
electrons: polarization repulsion from the surface, and p|l|ty of E.SPE.S t.o spectrally Sepafa‘e BeandT, tran_—

. . . . sientbehaviors is illustrated by the time-dependent series of

smaller cross section accompanying delocaliz8fias dis- P : S . i
cussed above. spectra in Fig. 7, which was initiated by a relatively high

. . incident fluence1l mJ/cnd) that produced substantial triplet
The present data were acquired with photoelectron esca " ) P P

Ffﬁszulation even at zero delay.

depths that should emphasize bulk features over surface 1o rate-equation mod@l’®is also able to reproduce the

ones. The combined, andS, exciton spectra acquired with ennanced production of triplets observed at high fluence.
LR were centered at a kinetic energy about 0.7 eV above thgiere we briefly note that this enhancement occurs through
vacuum level, for which the photoelectron attenuation lengthpe spin-conserving manifolds of the interactiofis S+ S
exceeds 2 nm according to measurements of the attenuation T+ T or (i) S+F—T+F. The former reaction(i) is

of substrate core levéand to measurements reported by analogous to well documented singlet fission in polyacenes,
Goldoni et al*® Using a lower limit of 2 nm for an electron which differs in that one of the singlets is a ground state
attenuation length, and a 0.8-nm separation betw@é®)  molecule® An enhanced production of th&; population
planeg’ as a gauge of the spacing between molecular layermay still ensue if the two triplets formed in close proximity
parallel to the surface, we find that surface molecules wouldy interaction(i) subsequently annihilate through the channel
represent less thah of our signal if all other factors were T+ T—T+S,.? Reaction(i) was previously suggested to
equal. However, we find no evidence of distinct surface anaperate in G to account for a transient absorption signal
bulk exciton components although the existence of suclthat decayed more rapidly as excitation fluence increased but
components with small relative amplitudes or splittingsthat left a long-lived transient residue attributed 1q
cannot be ruled out. absorptiont? Those experiments were carried out on films
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exposed to air and were unable to separate overlappjng significant vibrational broadening in the photoemission final
andT; contributions, as our ESPES results do. Interacfipn state. Vibrational broadening is verified by the close corre-
has also been invoked to explain increa3gdoroduction at  spondence in shape and width between our exciton spectra
high excitation densities observed by transient absorption iand vibrationally broadened photoemission spectra from iso-
para-hexaphenyl films, in which separate absorptions fromated G, molecules’® The correspondence guided our place-
S;, T,, and polarons were followed. ment of the 0-0 photoemission transition on the upper limbs

In reaction(ii), S+ F—T+F, a spins mediated intersys- of the exciton spectra.
tem crossing’ is induced by a free electron or hole. This  For pump fluences that create exciton concentrations
interaction may be viewed as analogous to (#®ergetically =10""cm 3, we found the unexpected result that tfig
disallowed back reaction of the annihilation interactiofi  population predominates over ti8 population on a time
+F—Sy+F, which also results in an effective spin flip of scale faster than our 50-ps probe resolves. This time is much
the free carrier. The reactioB+F—T+F is energetically less than the-2.5-ns intersystem crossing time we measure
allowed, with energy conserved either by creation of vibra-at lower exciton concentrations. Similar behavior has been
tions or by the free-carrier taking up the0.3 eV of S;-T; previously suggestéd for incompletely characterized films
splitting. The back-reaction rates @f) and (i), S+S—T  of Cggand has also been discovered in model compounds of
+T and S+F«T+F, require~0.6 and~0.3 eV, respec- conjugated polymerSExcessT, production at high concen-
tively, and are energetically unfavorable at our temperaturesrations may have ramifications for potential devices operat-
The model finds that nongeminate recombination of elecing at high concentrations, such as polymeric lasers. When
trons and holes, for which spin statistics favor triplet forma-the separate dynamics of bof, and T, populations are
tion asF+F—0.75T +0.255, contributes tol; production  followed over wide fluence and time regimes, we have found
only slightly, in part because free carriers are formed ineffi-it necessary to adopt a more comprehensive rate-equation
ciently in Ggo.***3 The slight contribution discounts the ef- model than previously applied, one which incorporates inter-
fect of any adjustment in the spin-statistical branching raticactions among all three primary excited species, nangly,
that cross section effects may imp&tt. and T, excitons and charged carriers.

Biparticle interactions also cause a rapid decaySpfat The weaker spectra from pristing;Overe examined at
high concentrations. This is clearly evident in Fig. 7 for our higher incident pump fluences where, aspip-Cgq,
pp-Cep at 81 K pumped with 1 mJ/ctn Only 10% of the  excited-state interactions led to the unavoidable predomi-
peak$S; population remains after 200 ps, a time much lessance of triplets. The resulting exciton spectrum frogy C
than the unimolecular decay time of1.3 ns we measure at was indistinguishable frorp p-Cg, within noise constraints.
low fluence. Very similar behavior was measured for films atThe two forms also exhibited similar transient behavior but
room temperature. Contributing to the rafddecay are the with faster bimolecular decays ingg attributable to larger
annihilation interactionsS+S—Sy+S and S+ T— S+ T, mobilities and correspondingly larger interaction rates. By
the latter of which drives th&, population to low values as employing the reported transition energies for creatg
the T, population is enhanced at high excitation density. andT; states in G, and noting the similar spectral charac-

teristics of excitons in the two forms, we are able to locate
IV. SUMMARY the apparent origin of transitions in photoemission spectra of

both G and pp-Cg, to be within the upper limb of the

By employing excited-state photoelectron spectroscopyiopmo, rather than its center. This result is consistent with
(ESPES, we have investigated laser-pumped exciton state§jpational broadening making a significant contribution to

in films of Cgo and photopolymerized g5(pp-Ceo) . Use of  he width of the HOMO photoemission spectrum in addition
both synchrotron and laser probes permitted time scales tg any dispersive broadening.

extend from 10’s of picoseconds, much less than the unimo-
lecular lifetime of the lowest lying singlet excitorg(), to
more than 10us, when only triplet statesT() remain.
Larger signals irpp-Cgo enabled detailed studies, including
the temporal isolation of each of the identically shafggd We gratefully acknowledge important contributions to the
andS,; spectra and their identification that corrects a previ-synchrotron experiments from Bruce ltchkawitz, Thomas
ous assignmerit: Our assignments of; and S, spectra is Schedel-Niedrig, Roger Klaffky, Bill Hunter, and Jack Rife.
supported by(i) their widely disparate lifetimes being in ac- We are also indebted to Bill Hunter for thin-film optical cal-
cord with general expectations and the literatuii¢,a split-  culations. This work was supported by the Naval Research
ting in accord with the literaturdjii) identical line shapes, Laboratory which is funded by the Office of Naval Research.
and (iv) location of both below the Fermi level. The National Synchrotron Light Source at Brookhaven Na-

The T, state was measured to lie 0.33 eV bel®yvin  tional Laboratory is supported by the U.S. Department of
pp-Ceo but the two spectra nevertheless overlap because dnergy.
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