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Spectroscopic Studies of Photoexcitations
in Regioregular and Regiorandom
Polythiophene Films**
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By XiaoMei Jiang, Ronald Osterbacka, Oleg Korovyanko,
Chong P. An, Baruch Horovitz, René A. J. Janssen,
and Z. Valy Vardeny*

Using a variety of optical probe techniques we studied the steady state and transient dynamics of charged and neutral
photoexcitations in thin films of poly-3-alkyl thiophene with regioregular order, which forms self-assembled lamellae
structures with increased interchain interaction, as well as regiorandom order that keeps a chain-like morphology. In
regiorandom polythiophene films we found that intrachain excitons with correlated photoinduced absorption and
stimulated emission bands are the primary photoexcitations; they give rise to a moderately strong photoluminescence
band, and long-lived triplet excitons and intrachain charged polarons. In regioregular polythiophene films, on the
contrary we found that the primary photoexcitations are excitons with much larger interchain component; this results
in lack of stimulated emission, vanishing intersystem crossing, and a very weak photoluminescence band. The long-
lived photoexcitations in regioregular polythiophene films are interchain excitons and delocalized polarons (DP)
within the lamellae, with very small relaxation energy. The characteristic properties of the DP species are thoroughly
investigated as a function of the alkyl side group of the polymer backbone, film deposition conditions and solvents
used, as well as at high hydrostatic pressure. The quantum interference between the low energy absorption band of
the DP species and a series of photoinduced infrared active vibrations, which give rise to antiresonances that are
superimposed on the electronic absorption band is studied and explained by a Fano-type interference mechanism,
using the amplitude mode model.

McDiarmid, and Shirakawa. For many of their optoelectronic
applications, the degree of structural order of the PCP active
layer has been recognized as one of the key parameters govern-
ing the photophysics and consequently also its specific applica-
tion for the optimal device performance. Whereas interchain
interactions are usually detrimental for PCPs used in LEDs
due to weak optical coupling to the ground state,!! charge
transport in the other applications requires good contacts be-
tween neighboring conjugated chains in the film. In addition,
the traditional one-dimensional (1D) electronic structure in
PCPs results in strong self-localization of the electronic excita-
tions, which may also limit the carrier mobility to values of the
order of 10™* cm?/volt s.”

1. Introduction

Interest in luminescent m-conjugated polymers (PCPs) has
recently increased due to the potential optoelectronic applica-
tions including light-emitting diodes (LED), solar cells, and
field-effect transistors (FET). The interest in PCPs attracted
the 2000 Nobel prize in chemistry that was given to Heeger,
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Much higher mobilities, of the order of 0.1 cm*/volt s have
been recently obtained with regioregular substituted poly-3-
hexyl thiophene (RR-P3HT) (Fig. 1b, inset) in FETs.”! Such
films were also successfully used in FETs to drive LEDs based
on PCP, which demonstrated an all-organic display pixel.m
Moreover, semiconductor to metal transition as well as super-
conductivity at a temperature of about 2.5 K have been re-
cently demonstrated with RR-P3HT FET, where the carriers
were injected into a thin polymer layer below the gate elec-
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Fig. 1. The room-temperature absorption and photoluminescence spectra of
RRa-P3HT (a) and RR-P3HT (b) films. The respective polymer regio-order
structures are given in the insets. From Korovyanko et al. [8] with permission.

trode into the transport channel.”! The reason for the dramatic
increase in carrier mobilities is that self-organization of RR-
P3HT chains results in a lamellae structure perpendicular to
the film substrate.”] In such lamellae two-dimensional (2D)
sheets are formed having strong interchain interaction due to
the short interchain interlayer distance of the order of 3.8 A.
Delocalization of the charge carrier among the lamellae has
been invoked to be the reason for the high interlayer mobility.
Recent optical studies of RR-P3HT films, where delocalized
polaron excitations on adjacent chains have been measured
using charge induced optical techniques in FETs,*® as well as

|
™~ |
! (a) 40 pr——r—r7TT—r——T7 1T+ 15 direct photogeneration in thin films,” have confirmed this as-
E sl RRa-PHT ST, ] sumption. On the contrary, P3HT films casted from polymer
< E chains having regiorandom (RRa-) order (Fig. 1a, inset) form
(7] g WF ordered lamellae to a lesser degree and the obtained field-ef-
[ 5 %L ™A fect carrier mobilities in FETs based on this polymer are conse-
E £ b 1 &  quently much smaller.®’! The main reason for the reduced car-
- | = 20t 1 ©  rier mobility is the lack of sufficiently strong interchain/
E € 5E ] interlamellae interaction that is caused by the chain-like film
= ik 105 morphology.
= In this work, we review our spectroscopic studies of the stea-
5F dy state’ and transient!®! photoexcitation dynamics in films of
g Fuics e - ] s RR-P3HT compared to those measured in films of RRa-P3HT.
For these studies we have used a variety of optical techniques
(b) a —_——— e —— 520 covering the time domains from 100 femtoseconds (fs) to 200
’ f  RR-P3HT picoseconds (ps), as well as photomodulation and magneto-op-
F tical measurements under steady state conditions. We found
® 8 F 1.5 that the photoexcitations in RRa-P3HT films are similar in
5_ 5 E many respects to those found in many other luminescent PCP
5 films."* The primary photoexcitations in the ps time domain
£ 4r 1.08 are intrachain excitons with correlated photoinduced absorp-
;E af tion (PA) and non-overlapping stimulated emission (SE)
E 5 bands. At longer times we identified long-lived triplet excitons
s 0.5 with a near-infrared PA band, which are formed via intersys-
1F tem crossing to the triplet manifold that competes with the
ok Jo moderately strong (8 % quantum efficiency) photolumines-
1 15 2 25 3 a5 cence (PL) band. The long-lived charged photoexcitations in

RRa-P3HT are intrachain polarons with two symmetric subgap
PA bands, and a series of photoinduced infrared active vibra-
tions (IRAVs). On the contrary, we found in RR-P3HT films
that the primary photoexcitations are excitons with much larg-
er interchain contribution. This leads to a weaker optical tran-
sition to the ground state that results in much weaker PL
(< 0.5 %), lack of SE, and also to a vanishing intersystem cross-
ing that prevents the formation of long-lived triplets. In addi-
tion, we also identified the precursor to polaron photogenera-
tion in these films; these are geminate polaron pairs with
ultrafast dynamics. The long-lived photoexcitations in RR-
P3HT are delocalized polarons (DP), which have very small re-
laxation energy, as well as two asymmetric subgap PA bands,
where the low energy band is red-shifted and much stronger
compared to that of regular intrachain polarons. We found that
the DP relaxation energy is intimately related to the film mor-
phology; it can be easily changed using different solvents and
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spin-cast conditions, as well as high hydrostatic pressure. The
overlap between the PA band and the photoinduced IRAVs of
the DP excitation in RR-P3HT results in quantum interference
between the electronic and vibrational absorption bands that
gives rise to a series of anti-resonances superimposed on
the electronic PA. We explain these anti-resonances with a
Fano-type model using the amplitude mode theory in the non-
adiabatic approximation. We show that the photoinduced anti-
resonances phenomenon exists in many ordered PCPs, and
therefore is as generic as the photoinduced IRAVs with posi-
tive absorption lines.

2. Results and Discussion

The optical studies were performed using fs and ps transient
spectroscopy as well as a variety of cw spectroscopies, on thin
films of RR- and RRa-P3HT that were spin casted from solu-
tion. The time-resolved technique was the pump-probe correla-
tion with 100 fs time resolution and spectral range from 1.1 eV
to 2.2 eV, whereas the cw techniques include absorption, PL
emission, PA and PA-detected magnetic resonance (PADMR)
spectroscopies in the spectral range from 0.05 eV to 3.5 eV.
These techniques are described in more detail in the experi-
mental section attached at the end of this paper.

Figure 1 shows the absorption and PL spectra of RRa-P3HT
and RR-P3HT films at room temperature.®! The strong absorp-
tion band at photon energies over the energy-gap is due to
n—t* transitions, and according to Kasha’s rule, the PL emission
comes from the lowest exciton in the system. We note the red
shift of the RR-P3HT absorption and PL bands respect to those
in RRa-P3HT, which is caused by the superior order in the la-
mellae structures.’! The planar order leads to polymer chains
with longer conjugations with fewer defects, such as twists and
radicals on the chains. In addition, the absorption and the PL
bands of the RR-P3HT film show pronounced structures due to
phonon replica, indicating that the polymer chains in this film
are more homogeneous than those in RR-P3HT films. In spite
of the superior order, we measured in RR-P3HT an order of
magnitude decrease in the PL quantum efficiency, #; in RRa-
P3HT we measured # = 8 %, whereas in RR-P3HT we measured
1 < 0.5 %. The quantum efficiency decrease in RR-P3HT can-
not be explained by an increase in the non-radiative decay rate,
because this film contains fewer defects, and intersystem cross-
ing to the triplet manifold is absent. We conjecture, therefore
that the PL decrease in RR-P3HT is due to a weaker radiative
transition of the lowest lying excitons in this film. Similar con-
clusion was also reached for excitons in RR-P3HT chains that
form aggregates when dissolved in a poor solvent.!"®! The weak-
er optical transition in the RR-P3HT films may be due to a larg-
er interchain contribution for the lowest excitons in the lamel-
lae compared to the usual intrachain excitons in RRa-P3HT.
Indeed an interlayer separation of 3.8 A in RR-P3HT lamellae
causes a stronger interchain-interlayer interaction, as recently
calculated using numerical quantum-chemical methods.!"!”! For
an H-aggregate chain configuration this interaction leads to
splitting of the HOMO and LUMO levels, so that the lower,

red-shifted LUMO level becomes optically forbidden.!! The
weak PL that is still detected in RR-P3HT may be due to de-
fects that are present in the film, which relax the optical selec-
tion rules. This model may explain the weak PL in RR-P3HT, as
well as its red shift. The higher splitted LUMO level is optically
allowed in this model,""! and may be directly seen in absorption,
which should be blue shifted respect to the PL. Hence from the
Stokes shift of the 0-0 transition in absorption and PL spectra
(Fig. 1b) we obtain an upper limit for the LUMO splitting in
RR-P3HT of 250 meV,'*l in good agreement with recent model
calculations.[!”!

2.1. Femtosecond/Picosecond Spectroscopy

The fps dynamics studies in P3HT films with various regio-
orders may further elucidate their excitons characteristic prop-
erties. Figure 2 shows the transient PA spectra of P3HT with
both regio-orders measured at =100 fs and r=5 ps, respective-
ly following the pulse excitation.®! The transient PA spectra of
both films show two PA bands (PA, and PA3), but only the fs
spectrum of RRa-P3HT contains a SE band that is due to the
photogenerated intrachain excitons. We explain the lack of SE
in the RR-P3HT film as due to the much smaller oscillator
strength for the photogenerated excitons in this material, con-
firming the above conclusion that the lowest lying excitons in
RR-P3HT films are, in fact optically forbidden.
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Fig. 2. The transient PA spectra of RRa-P3HT (a) and RR-P3HT (b) measured
at 100 fs (full diamonds and circles) and 5 ps (full and empty circles), respectively
following the pulse excitation. The PA, SE, and PB bands are assigned. From
Korovyanko et al. [8] with permission.
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To better characterize the primary excitations in RRa-P3HT
that are revealed in the ultrafast PA spectra, we studied the
transient dynamics of each PA band and compared it with that
of the SE band. Figure 3al®! shows that the dynamics of PA, is
similar to that of SE; both bands initially decay together, but
the SE band disappears from the spectrum at 15 ps (Fig. 2a)
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Fig. 3. Transient PA and SE decays in RRa-P3HT (a) and RR-P3HT (b), up to
6 ps. From Korovyanko et al. [8] with permission.

that is caused by the competing effect of PA;. Due to their cor-
related dynamics at several different excitation intensities we
conjecture that PA, and SE belong to the same species, namely
intrachain excitons. Similar conclusion was drawn before for
the correlated excitonic PA and SE in several other PCP
films.* ) Moreover in some of the previous studies,™”) an-
other correlated PA band (PA;) was also detected in the near
infrared (NIR) spectral range and was assigned to photogener-
ated excitons. In view of this, we anticipate that another exci-
tonic PA band exists in RRa-P3HT in the near IR spectral
range. This however will be confirmed in future studies.

On the contrary, PA; decay in RRa-P3HT is much slower
than that of SE and PA, (Fig. 3a) and therefore, it does not in-
volve intrachain excitons. In fact it decays only by a factor of
about two from its initial, “¢#=0” value within the maximum
time delay of our apparatus (200 ps). We conjecture, therefore
that PA; is due to interchain, trapped polaron pairs. Similar
conclusion was drawn previously in ps studies of several other
PCP films.”Y Such excitations may also be instantaneously
generated onto two adjacent chains at a place on the chains
close to their “contact-point”, where the interchain distance is
the smallest. Actually “contact points” may be also formed on

the same chain between different chain segments, due to the
chain molecular “cylindrical conformation” recently found in
MEH-PPV using polarized PL.”") This may explain the recent
ps PA studies in some PPV-based PCP films, which were con-
ducted in the mid IR spectral range (8-12 um), where instanta-
neously generated infrared active vibrations (IRAV) were de-
tected.”'*? From this it was conjectured® that separated
polarons are the primary excitations in PCP films. In view of
our present results it is clear that in PCP films simultaneously
with intrachain excitons, polaron pairs on adjacent chains or
neighboring chain segments may be also generated. If the po-
larons reside on different chains or different segments of the
same chain, then the polaron pair species can also give rise to
IRAVs. However, as a result of the Coulomb attraction be-
tween the oppositely charged polarons, the polaron pair species
are trapped near the “contact-point” of the adjacent chains (or
neighboring segments) at which they had been originally gener-
ated, and thus would not contribute to transient photoconduc-
tivity. This may explain PA; slow dynamics.

We studied the transient dynamics of the two PA bands in
the ps time domain also in RR-P3HT films (Fig. 3b).®) As in
RRa-P3HT films we also found that the ps transient decays of
PA, and PA5 in RR-P3HT films are not correlated. Moreover,
the decay dynamics of PA, depends on the excitation intensity
(1) showing faster decay at higher [ that is perhaps due to exci-
ton-exciton annihilation.”®! On the contrary, the decay dy-
namics of PAj; is independent on (/). From this and the similar-
ity with the PA transient spectrum in RRa-P3HT discussed
above, we conclude that PA, and PAs; in RR-P3HT are, like-
wise due to excitons and geminate polaron pairs, respectively.
The lack of fs SE band in RR-P3HT shows that the primary
photoexcitations in the lamellae are not regular intrachain ex-
citons. This may explain the reason why the excitonic PA band
in this film, namely PA, (Fig. 2b) is much broader than that in
RRa-P3HT (Fig. 2a). The observed broadening may be due to
the splitting of the even parity states (A,) that are optically
coupled to the lower lying excitons (or “1B,’). Similar as for
the LUMO level!! these A, states may also split due to the in-
creased interlayer interchain coupling in the lamellae that
causes excess broadening of their optical transitions.

The band PA; in RR-P3HT (Fig. 2b) is substantially stronger
than that in RRa-P3HT (Fig. 2a). This shows that the polaron
pair generation process is more efficient in RR-P3HT films.
This is not surprising since the polymer chains in the lamellae
are longer and closer to each other, so that the “contact-
points” between any two adjacent chains in two neighboring
lamellae layers are therefore more extended. Moreover, the
extended “contact-points” for the polymer chains in adjacent
lamellae leads to a more mobile polaron pair species in RR-
P3HT compared to that in RRa-P3HT. The higher polaron pair
mobility results in a faster PA; decay in RR-P3HT (Fig. 3b)
compared to that in RRa-P3HT (Fig. 3a). We could fit PA;
transient decay in RR-P3HT with a two-component decay
function;®®! a fast component using a 2 decay with a 0.5 ps
lifetime, and a slow component. The r? decay that we found
for the geminate polaron pair in RR-P3HT is in agreement
with the diffusion-limited geminate recombination considered
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before for the photogenerated geminate soliton-antisoliton
pair recombination in trans polyacetylene [t—(CH),].** Similar
as in RRa-P3HT, the slow PA; component in RR-P3HT decays
only slightly during the 200 ps time interval of our measure-
ments. We interpret the two respective PA; decay components
as polaron pairs that are generated in the lamellae, which are
more mobile and consequently have faster dynamics; and
polaron pairs that are generated in the disordered portions of
the polymer film, where the lamellae are not perfect. The latter
polaron pair excitations, similarly as in RRa-P3HT are less
mobile and consequently have slower dynamics.

2.2, Steady State Spectroscopy

The long-lived photoexcitations in the P3HT films with
different regio-orders were studied by cw PA and PADMR
spectroscopies. These spectroscopies are based on a standard
photomodulation [PM] set-up, and a FTIR spectrometer. The
PM set-up is sensitive to photoexcitations having lifetime,
7 < (2nf)”!, where f is the modulation frequency of the laser
beam. On the contrary, the FTIR PM set up mainly shows very
long-lived photoexcitations with 7 of the order of a second or
longer.

2.2.1. RRa P3HT

Figure 4b shows that a strong PA band, 7 at 1.45 eV domi-
nates the PM spectrum in RRa-P3HT films.”! At larger ampli-
fication (x30) we also observed a PA band P; at 0.5 eV. This
band is correlated with a series of narrow lines below about

RRP3HT
2-D Lamellae

DP,
t
= 1-D Chai N |
o b - ains K a
= 3t { _{ RRaP3HT
ol L.

0.0

Fig. 4. Cw PA spectra of RR-P3HT (a) and RRa-P3HT (b) at 80 K. Various PA
bands are introduced where DP, and DP, are for delocalized polarons, P; and P,
are for intrachain polarons, IEX is interchain excitons and 7 is for the triplet
excitons. The lamellae and isolated P3HT chains are also shown in the insets.
From Osterbacka et al. [7] with permission.

200 meV that are considered to be IRAVs, which are made IR-
active due to the induced charges on the chains. The two PA
bands have different dynamics as measured by their distinctive
different dependencies on the laser excitation intensity (/), and
modulation frequency (f). Whereas the band T, has a linear
dependence and a well defined lifetime (of about 1 ms), the
band Py, in contrast has a sublinear / dependence, and does not
have a unique lifetime. Actually it has a wide distribution of
lifetimes ranging from a few ms to a few seconds. We conclude,
therefore that the two PA bands are due to two different types
of photoexcitations. Similar PA bands have been found in
many other PCP and are thus very well understood. The T,
band is due to a strong optical transition in the triplet manifold
that is from the lowest lying triplet into the continuum band,
and is therefore a signature of triplet excitons. For this assign-
ment we have strong experimental evidence using the PADMR
technique.

We measured (Fig. 5a) the -PADMR spectrum at resonant
magnetic field, Hy, =430 G corresponding to g = 5.1, which is
due to microwave transitions between two triplet sublevels
with a substantial zero-field splitting (dubbed “half-field”>).
We found®! that the PADMR spectrum contains a single nega-
tive AT band at 1.45 eV, which is similar to the PA spectrum.
This unambiguously shows that the band T, is due to triplet

(a) 3 T L B e e e s T ™
RRa-P3HT
2 .
-<—PA
ﬂ_\1 B
=
S0
E
_'1 r
.2 -
. ] IO R L M S TR
b 4 T S PO P . =TT ™TT
(b) RR-P3HT ! ' .
2 1
— D G
S L -
I 3
=g R
4 -2
glam v v v e v o1y %
0 0.5 1 15 2
Photon Energy(eV)

Fig. 5. Cw PA and .-PADMR spectra of RRa-P3HT (a) and RR-P3HT (b) films
measured at 10 K. The 2-PADMR in (a) was measured at Hy,=430 G, which
corresponds to transitions among spin 1 triplet sublevels at g = 5.1, whereas in (b)
it was measured at H=1006 G, which corresponds to transitions among spin 1/2
doublet sublevels at g = 2. Several PA bands are assigned. From Korovyanko et
al. [8] with permission.
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excitons. The long-lived triplets are formed via intersystem
crossing to the triplet manifold with a time constant longer
than our ps measurements limit of 200 ps. In fact typical inter-
system crossing time in PCP films were determined to be of the
order of 5 ns.”” This long decay time would not be seen in our
ps transient measurements.

In addition to the band T, we also measured a weak PA band
(Py) in the mid IR spectral range. The PA band P; is the low
energy absorption band of intrachain polarons (Fig. 4b), and its
correlation with the photoinduced IRAVs shows that the un-
derlying photogenerated species are indeed charged. The high-
er polaron band (P,) should appear in the vis-NIR spectral
range, but is not observed here. This happens since the much
stronger band T, in the PM spectrum probably overshadows it.

Schematic Energy Levels of Polarons

Single Chain 2-D Lamellae Single Chain
LUMO LUMO
e — LUMO =
TR
[ 2_3 ¢ [ ) ——
P, DP,
P ' ?"_ for
1 i 1
-H——« == HOMO ) -
HOMO =, —ﬂ-——-—-—-— HOMO

Fig. 6. The model for the gap energy levels and related allowed optical transitions
of intrachain polarons and delocalized polaron excitations. 24, is the DP level
splitting and the relation E(DP,) + E(DP,) = E(P) + E(P,) holds.

2.2.2. RR-P3HT

The cw PA spectrum of RR-P3HT films (Fig. 4a) is much
richer. It contains two PA bands DP; at 0.1 eV and DP, at
1.8 eV, respectively that are due to 2D delocalized polarons in
the lamellae (Fig. 6),*7 as well as PA bands P; at 0.35 eV
and P, at 1.25 eV, respectively that are due to localized intra-
chain polarons in the disordered portions of the film.”! In
agreement with this assignment the two DP bands have the
same dynamics; also the two P bands have the same dynamics,
which is not correlated to those of the DP bands. We note that
DP; is red-shifted respect to Py, whereas DP; is blue-shifted re-
spect to P,. Moreover the sum rule: E(DP;) + E(DP,)=E(P,)
+ E(P,) approximately holds."?®! An interaction model de-
picted in Figure 6 explains both the energy shift of the DP
bands respect to the P bands, and the experimentally demon-
strated sum rule. In this model the strong interchain interaction
of the DP species splits the two intrachain polaron levels in the
gap in such a way that the lower (upper) optical transition
becomes optically allowed. Another feature in the PM
spectrum (Fig. 4a) is a PA band dubbed IEX at 1.1 eV that was
tentatively identified”?! as due to trapped interchain singlet
excitons in the lamellae.

The A-PADMR spectrum measured in RR-P3HT at resonant
field that corresponds to g = 2 due to spin 1/2 carriers is shown
in Fig. 5b,® and confirms the previous assignments of the var-
ious PA bands."! This spectrum shows that, except for the IEX
band, all other PA bands in the PM spectrum are associated
with spin 1/2 carriers. In particular DP,, which spectrally over-
laps with PAj; in the ps transient spectrum (Fig. 2b), may be
now associated with spin 1/2 polarons. This indicates that PA;
in RR-P3HT is a precursor to the formation of long-lived po-
larons in the film, in agreement with its assignment in the tran-
sient spectra above. In fact the band DP, may be due to the
long-lived tail of the species associated with PAj; in the ps time
domain. It is also seen in Fig. 5b that IEX is not associated with
any spin 1/2 excitation, in agreement with its previous assign-
ment®® that it results from trapped spin singlet excitons. We
note that IEX spectrally overlaps with PA, (Fig. 2b) indicating
that these two bands, in fact belong to the same species; except
that the IEX represents the long-lived tail of the photogener-
ated excitons associated with PA;.

Using PADMR at Hj,, that corresponds to g = 5.1 of triplet
species,’® long-lived spin 1 excitations have not been found in
RR-P3HT films. This shows that long-lived triplet excitons are
not easily generated in RR-P3HT lamellae. In RR-P3HT solu-
tions, on the contrary long-lived photogenerated triplets do
exist, and an intersystem crossing (ISC) time constant of about
5 ns was determined.”””! We therefore conjecture that the delo-
calized interchain interlayer excitons in the lamellae do not
easily turn into localized intrachain triplet excitons in RR-
P3HT via ISC. This is another strong evidence that the primary
photoexcitations in RR-P3HT are not the ordinary intrachain
excitons, as found in many other PCP films. Instead, they are
delocalized among adjacent layers, similar to the delocalized
polarons in the lamellae studied before,>*7! with a consequent
suppression of ISC into the triplet manifold. We note that ISC
suppression was also observed recently in aggregates of long
oligo-thiophenes below the aggregate formation tempera-
ture.”® ISC suppression might therefore be a general conse-
quence of enhanced interchain interaction.

3. The Polaron Relaxation Energy

Polaron excitations in PCPs have two correlated optical
bands below the gap;pg] these are Py in the mid-infrared and P,
in the near-infrared spectral range (Fig. 7, inset). P; for a posi-
tive polaron is an optical transition from the HOMO band into
the lower polaron ingap level, whereas for a negative polaron
it is a transition between the upper polaron ingap level into the
LUMO band; Py is thus directly related to the polaron relaxa-
tion energy, E.. P,, on the contrary is the optical transition be-
tween the two polaron levels inside the gap and is thus related
to the separation between them® (Fig. 7, inset).

Figure 77! shows the PA spectra of two regioregular poly(3-
alkyl-thiophene) [P3 AT] that were measured at 20 K; one is
RR-P3HT (Fig. 7a) and the other is RR-P3 AT that has a very
long alkyl side group (Fig. 7b). We note that whereas RR-
P3HT forms lamellae in the film,”! the second polymer chains
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Fig. 7. PA spectra in the mid-IR spectral range for films of RR-P3HT (a) and
RR-P3 AT with long attached alkyl side group (b). The inset schematically shows
the two polaron levels in the gap and associated optical transitions, where the
polaron relaxation energy is defined. From Osterbacka et al. [30] with permission.

do not form lamellae because of the very long attached side
group. One of the pronounced differences between the two PA
spectra in Figure 7 is the PA band marked DP; and Py; in RR-
P3HT DP; peaks at about 1000 cm™ (Fig. 7a), and is due to the
DP species,m whereas P, peaks at about 3000 cm™ in the less
ordered polymer film (Fig. 7b) and is due to intrachain polar-
ons, similar to the case of RRa-P3HT discussed above. We
therefore conclude that the polaron relaxation energy, E, is
substantially smaller in the more ordered film.

In fact, the peak, Ey,,x of the DP; band is very sensitive indi-
cator for the polaron relaxation energy and thus can be closely
monitored to study the film morphology. We assume that E; is
smaller the more ordered are the polymer chains in the film;
this is caused by the stiffer environment in the ordered films.
For example, the size of the alkyl size group may determine E,
in RR-P3 AT films through the chain stiffness. In Figure 8 we
show the DP; band in several P3 AT films, (CH,),,.;CH; with
n=6ton=12."1tis seen that DP, blue shifts as n increases, in-
dicating that larger polaron relaxation occurs in lamellae
formed with P3 AT with larger side group. One explanation for
the larger E, with #n is the increase of the interlayer distance b
with nl’! as depicted in Figure 8 inset. In fact, very long side
groups destroy lamellae formation as for the P3 AT film shown
in Figure 7b.

Different solvents may also play an important role in con-
trolling the interchain interaction, which in turn controls lamel-
lae formation in the film. The order and size of the lamellae de-
termine E,, and therefore RR-P3HT films spun from different
solvents may show slightly different E,,.x for the DP; band.
This is shown in Figure 9, where the obtained DP; band in
films spun from different solvents is depicted.®! It is seen that
films prepared from solution of solvents with high boiling tem-
peratures, Ty such as p-xylene (7 =138 °C) has a lower E.x
compared with that of films prepared with solvents of low Ty
such as chloroform (T =61°C).’" Bao et al. have found in
their FET fabrication made of RR-P3HT polymers that the

T T b T
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E!.? ! (CHg)y, 4CHy
J AR
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Fig. 8. The DP; PA band in RR-P3 AT films for alkyl side chains (CH,),,_;CHj3 of
various length n. The antiresonances (ARs) features are assigned and the maxi-
mum energy En,y in DPy for each polymer chain is marked by an arrow. From
Osterbacka et al. [7] with permission.
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Fig. 9. The DP; PA band in RR-P3HT films casted from solutions of different
solvents. E.x for the various DP; bands are marked with arrows. From Jiang et
al. [31] with permission.

film quality and field-effect mobility are strongly correlated
with the choice of solvents.’?! Also in the ps work of Nguyen et
al.B¥ it has been shown that the PCP film morphology changes
with the solvent and spin casting speed. Similarly, the RR-
P3HT polymer chains in our case are probably more planar
and neatly arranged in p-xylene solutions, resulting in more or-
dered lamellae and consequently smaller polaron relaxation.
On the contrary, the RR-P3HT chains tend to be more coiled
in chloroform solutions, thus the lamellae in films casted from
this solvent are less ordered, and consequently E, is larger.
High hydrostatic pressure may also influence the properties
of the DP species. The interlayer distance b may decrease at
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high pressures thus directly influencing E,. High hydrostatic
pressure may also increase the chain stiffness further reducing
E.. We have devised an IR PM set-up at high hydrostatic pres-
sures using the FTIR spectrometer. It is based on a diamond
anvil cell, where the pressure is calibrated by the shift of the IR
active C-H stretching vibration frequency in the polymer
chain. Figure 10 compares the DP; PA band in RR-P3HT ob-
tained at 30 Kbar and ambient pressures. It is seen that the
sharp features related to the photoinduced IRAVs blue shift at
high pressures, which is usually the case for vibrational lines.
Although it is difficult to observe a shift in E,,, at high pres-

r —

—P= 0 kbar
— P =30 %3 kbar |

2xi0?

- ATIT

500 1000 1500
Frequency (cm™)

Fig. 10. The DP; PA band in RR-P3HT film at ambient pressure and high hydro-
static pressure of 30 kbar. The solid smooth lines are fits to the electronic PA
bands emphasizing its red shift at high pressure; note the sharp ARs blue shift at
high pressure.

sure, still the overall shift in the DP; PA band is to lower ener-
gies. This may be quantitatively observed when the DP; band
is fit using a 2D model (Fig. 10). At the higher pressure it is
easy to see that the low-energy tail of DP; increases, whereas
the high-energy shoulder decreases. These changes indicate
that indeed the DP species becomes even more delocalized at
high hydrostatic pressure, presumably because the increase in
the interchain interlayer interaction.

4. The Spectral Antiresonances

The most striking difference between the two PA spectra
illustrated in Figure 7 is the sharp photoinduced features at fre-
quencies below about 1600 cm™ that are due to photoinduced
IRAVs. Whereas in the less ordered film the photoinduced IR-
AVs appear as positive absorption lines (Fig. 7b), they appear
as dips, or anti-resonances (AR) superimposed on the DP; PA
band in the ordered film (Fig. 7a).”! These AR dips are appar-
ently caused by the overlap between the IRAV lines and the
DP; band. Moreover, the AR spectrum (Fig. 7a) contains
much sharper dips and consequently is much richer than the
positive photoinduced IRAV spectrum.

Photoinduced AR lines are not unique to RR-P3HT, which
happens to form lamellae in the casted films."*! In fact we found
that ARs are quite a generic phenomenon in ordered films,

where the polaron P; band overlap with the IRAVs. Fig-
ures 11a to d shows the PA spectra of several other ordered
polymer films.* In all of them photoinduced ARs superim-
posed on Py are apparent. In some polymers the separation be-
tween positive IRAVs and negative ARs is difficult, especially

' " (a)PDPA
H/W“Jf/\ M

ﬂ (b) mLPPP
‘-ﬁ;’ {d) PPE
E
=]

(e) RRPHT
m‘*ww—\@
W
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Fig. 11. PA spectra in the mid-IR spectral range in various ordered PCP films. In
(f) the calculated spectrum for RR-P3HT is shown (see text), and compared to
the data (e). From Osterbacka et al. [30] with permission.

where the overlap with the P; band is less pronounced
(Figs. 11a to c). We also note that in PPE there exists a promi-
nent AR at much higher frequency (at about 2100 cm™) than
in the other polymers, which is probably related to the modi-
fied C=C triple bond stretching vibration associated with this
polymer chain. We also note that the literature contains other
examples of photoinduced ARs in the PA spectra, such as in
polydiacetylene single crystals,™ for example, and other poly-
mer films where the AR phenomenon was not recognized.[35]
We conclude that photoinduced ARs are as common as photo-
induced positive IRAVs and therefore an appropriate model to
describe them is in order here.

We analyze the AR spectrum using the amplitude mode
(AM) model,***" which has had spectacular success in explain-
ing the resonant Raman scattering (RRS) dispersion as well as
photoinduced and doping induced IRAVs in PCPF 1n all of
these previous applications of the AM model it has been expli-
citly assumed that the adiabatic approximation holds true. This
was correct since the Raman line frequencies are much smaller
than the optical gap, and the IRAV frequencies were much
smaller that the energy of the photoinduced or doping-induced
electronic bands. This approximation, however, does not hold
in our case since the IR-active lines overlap with the electronic
transition; we thus modified the AM model to include the non-
adiabatic limit.®" In this case, we took into account both vibro-
nic and electronic transitions, as well as the quantum interfer-
ence between the two types of photoexcitations.

An important ingredient of the AM model is that all IRAVs
are interconnected and contribute to the same phonon propaga-
tor.®” This case is unique to ARs in polymers, and substantially
differs from the more regular Fano-type resonance treatments in
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other materials.’**?! We therefore start by defining the pinned,
many-phonon-propagator, D,(w) = Dy(w)/[1-a,—Do(w)], where
ay, is the polaron-vibrational pinning parameter and Do(w) is the
bare phonon propagator. The latter is givenl® by:
DO(w) = z‘4nd0,n(w)7 and dO,n(w) = ln//‘L{(wno)z/[wz_(wno)z_ién]}>
where w,’, 8,, and 1, are the bare phonon frequencies, their
natural linewidth (inverse lifetime) and electron—phonon (e—p)
coupling constant, respectively, and >4, =4, which is the total
e—p coupling. In the non-adiabatic limit, for a polaron current
coupling to phonons, flw) that influences the conductivity,
o(w) (and hence also shows up in the absorption spectrum,
since imaginary(o) = «), there is a correlated contribution,
g(w) from the most strongly coupled phonons via the e-p cou-
pling. The function g(w) is given in the random phase (RPA)

approximation by:**#!

8(@) = 01 E[AD (@) (0)/[1424D (@) ()] 1)

where I1, (w) is the phonon self mass correction due to the
electrons, which can be approximated for charge density wave
(CDW) by the relation:

20 () =1+ c(w) ()
In the CDW approximation ¢(w) is given by:
c(w) =20’ f(@) E’ 3)

but since for w > E;, flw) changes slowly over the phonon line-

width, we may take it to be a constant, C. The RPA terms in

Equation 1 contain the sharp structure of D (), whereas addi-

tional non RPA terms contribute a smooth background term.
In general the conductivity spectrum, o(w) is given by[44]

0(0) = (0 l4mi0)[d() + g(@) - 1] @

where w, is the plasma frequency, which is proportional to the
photoinduced carrier density, and [d(w) — 1] is the response in
the absence of phonons that also includes non RPA terms. In
the CDW approximation d(w) = flw).1**) Hence the sharp struc-
ture of Equation 4 can be written as

o(w) = [1+ Do(w)(1-a")/[1+Do(w)(1+C-a)] 5)

where o’ is a constant that replaces a smooth electronic re-
sponse; in the CDW approximation*! we have a’ = ap, which
was defined above for the trapped polaron excitation.

The poles of Equation 5, which can be found from the relation:
D(w)=~(1-a, + C)™', give peaks (or IRAVs) in the conductivity
(absorption) spectrum. On the other hand, the zeros in Equa-
tion 5, which can be found by the relation: Dy(w)=—(1-a,)™",
give the indentations (or ARs) in the conductivity (absorption)
spectrum. It is thus apparent that the ARs are due to the forma-
tion of quantum interference between the phonons and the elec-
tron optical transitions in the conductivity spectrum.

To see the effect of the non-adiabatic limit on the PA spec-
trum we calculated® the conductivity spectrum, including the

IRAVs for polarons with both low and high E., as seen in Fig-
ure 12. For these calculations we used the phonon parameters
of RR-P3HTM! with 13 strongly coupled vibrational modes
and approximated the electronic band contribution, f(w), by

Re[o{0)] [arb. units]

0 1000 2000 3000 4000
Frequency [cm]
Fig. 12. Calculated PA spectra (solid lines) using the CDW response function f(w)

[45] (broken lines) with onset 24 at: a) 24 =3600 cm™' and FWHM of 2400 cm™,
b) FWHM and 24 =800 cm™. From Osterbacka et al. [30] with permission.

the CDW response function,”! where the CDW gap 24=FE,,
and E, is associated with the polaron relaxation energy that
governs the P; band. It is seen that when w <« E,, then only
IRAVs with positive peaks can be observed (Fig. 12a); this
happens since C in Equation 3 is negligible small, and conse-
quently ARs are not formed. However, when E, is small so that
the CDW band overlaps with the IRAVs, then quantum inter-
ference occur that gives rise to ARs in the spectrum (Fig. 12b);
in this case the ARs are more dominant than the IRAVs that
occur on their high energy side. We note the qualitative similar-
ity of the experimental data (Fig.7a) with the model
(Fig. 12b), which shows that our approach catches the essence
of the ARs phenomenon.

To have a more quantitative fit to the experimental PA spec-
trum of RR-P3HT we used both resonant Raman scattering
(RRS) and doping induced absorption spectra of this polymer
film to determine the 13 bare phonon frequencies and their
corresponding e—p couplings.[3°’46] The advantage of using the AM
model is that the same phonon propagator, Dg(w), which
determines the photoinduced AR and IRAV frequencies, also
determines the RRS and doping induced IRAV frequencies.”””!
The RRS frequencies are the solution of the equation:
Dyo(w)=-(1-22)"", where 1 is the effective e—p coupling, whereas
the doping induced IRAV frequencies are correspondingly given
by the equation: Do(w)=—(1-0,)", where ay is the pinning
parameter associated with the doping-induced polarons.[36] The
obtained phonon parameters of RR-P3HT have been published
before**! and were used to calculate, via the AM model, the
doping induced IRAV, RRS and photoinduced IRAV and AR
frequencies.*”

The actual fit to the RR-P3HT photoinduced ARs spectrum is
seen in Figure 11f and can be compared with the measured spec-
trum (Fig. 11e). The excellent agreement between theory and
experiment was obtained by using the CDW absorption band®!
to represent the polaron P; band with E,=24=900 cm™. For
this fit a distribution in 24 of about 60 % and a distribution in «
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of 12 % around a = 0.38, with C =-0.08 was necessary. The disor-
der and inhomogeneity that still exist in RR-P3HT films in spite
of the lamella formation justify the parameter distributions.

In view of the excellent agreement between theory and ex-
periment that is seen in Figure 11e and f, we conjecture that
the AM model and a continuum electronic band for P; such as
the CDW, can quantitatively describe the AR phenomenon in
ordered PCP films. This conclusion strongly indicates that the
photoinduced polaron band in such materials is continuous.
Since the polaron PA band involves optical transitions between
a localized level in the gap and the HOMO or LUMO levels in
the charge manifold of these polymers (Fig. 7, inset), we con-
clude that these levels in ordered polymers are, in fact continu-
ous bands.*"*! In such bands electrons can be readily acceler-
ated due to external forces, as in inorganic semiconductors, and
thus the treatments of ordered polymers in OLEDs and FETs
via band bending to form depletion and accumulation layers[49]
as in more regular semiconductors are, a-posteriori justified.

S. Summary and Conclusions

In this work, we reviewed the optical properties of P3 AT
polymer films with two regio-orders, namely regioregular that
forms lamellae in spin-cast films, and regioregular that forms
lamellae to a lesser degree. The photoexcitations in films
casted from solutions of these two polymers are very different
from each other because of the different film morphologies
that influence the interchain interaction. In RRa-P3HT we
found that intrachain excitons are the primary photoexcita-
tions, which give rise to a prominent PL band with about 8 %
quantum efficiency; these properties are similar to many other
PCP films, where the polymer chains are isolated from each
other. The intrachain singlet excitons show SE and PA bands
that do not overlap and therefore RRa-P3HT can be used to
obtain laser action in neat films. In the nanosecond time do-
main there is substantial intersystem crossing to the triplet
manifold and this gives rise to long-lived triplet excitons. A tiny
portion of the intrachain excitons separates into polaron pairs
and later into isolated, long-lived intrachain polarons. These in-
trachain polarons show two subgap absorption bands with ap-
proximately equal intensity, which are correlated with IRAVs
having positive absorption lines.

In contrast to RRa-P3HT, the primary photoexcitations in
RR-P3HT films are delocalized among neighboring lamellae
layers in the film. Thus, in this case the photogenerated exci-
tons have larger interchain component and this reduces the PL
strength by an order of magnitude, to less than 0.5 %, and this
does not allow a SE band to appear in the fs time domain. The
interlayer interchain excitons cross to the triplet manifold to a
lesser degree and thus long-lived triplet excitons are not ob-
served in RR-P3HT films. Because the enhanced interchain
character in RR-P3HT the excitons may dissociate more into
polaron pairs, which later separate into isolated polarons. Simi-
lar to the excitons in the ps time domain, the long-lived
charged polarons in RR-P3 AT are also delocalized among ad-
jacent lamellae forming delocalized polaron (DP) excitations.

The DPs also show two subgap PA bands, but they are shifted
respect to those of isolated polarons, and their intensity is quite
asymmetric; in this case the lower energy PA band is much
more intense than the higher energy PA band. This is very
good for laser action applications obtained with carrier injec-
tion, since in this case the high energy PA band of the injected
DP excitations cannot compete with the PL band. Unfortu-
nately, however, the PL of this material is very low and there is
no SE in the ps time domain.

Since the DP relaxation energy is very low, there is overlap
between the electronic and vibrational bands that leads to
quantum interference between a group of strongly coupled
photoinduced phonons and the lower energy polaron band in
the photoinduced absorption spectrum. This phenomenon also
occurs in several other ordered m-conjugated polymer films,
where the lower energy polaron PA band appears at very low
energy due to small polaron relaxation energy. The Fano-like
interference leads to anti-resonances superimposed on the low-
er energy polaron PA band, which appears due to the fre-
quency overlap between the lower polaron band and the
photoinduced IRAVs in these materials. An excellent quantita-
tive agreement between the experimental data and a theoreti-
cal model calculation using the AM model and CDW conduc-
tivity band, leads us to infer the existence of a continuum band
in the charge manifold of these ordered polymer films.

Experimental

In our optical measurements we have used both fs transient as well as steady
state spectroscopies.

FS Spectroscopies: In the ps time-resolved measurements the short pump
pulse creates photoexcitations in the film and a time-delayed probe pulse mea-
sures the resulting change in transmission as a function of the pump-probe delay
time. We used pulses from an amplified Ti:sapphire laser system operating at a
repetition rate of 1 kHz. Pulses 50 fs in duration centered at 800 nm were
doubled into the UV (400 nm, or 3.1 eV) using second harmonic generation in a
BBO crystal. Probe pulses of variable wavelength were produced by using a por-
tion of the amplified 800 nm beam to generate a femtosecond white light super-
continuum in a 1 mm thick sapphire plate. Wavelength resolution of about 6 nm
in the probe beam was achieved by a 0.3 met monochromator having a 200 um
exit slit, that was placed in the probe beam after it had passed through the film.
The pump beam was modulated mechanically at exactly half the repetition rate
of the Ti:sapphire laser system (= 500 Hz) [8,14], and the resulting change, Al in
the probe beam energy, / was detected with phase sensitive technique using lock-
in amplification. Our ps spectrometer had about 100 fs time resolution with mea-
surements sensitivity, AI/l = 10™.

For the present studies all measurements were carried out at room temperature
in a cryostat providing a dynamical vacuum of 100 utorr to prevent the polymer
degradation with strong laser illumination at ambient conditions [15]. We used the
time-resolved differential transmittance technique with time delays ranging from
100 fs to 200 ps. For each sample film, measurements were carried out over a
range of pump fluences that correspond to a range of initial photoexcitation densi-
ties from 5x10'7 to 10" cm™. Photoexcitations resulted in PA, which is represent-
ed in the spectra as negative differential transmittance, —~A7/7, where AT is the
change in transmittance, 7 due to the action of the pump pulse. Pump induced SE
and photobleaching (PB) of the optical absorption in the ground state with AT >0
were also measured. In the small signal limit, A7) is expected to be proportional
to the photoexcitation density, N(f), which for an optically thick film is given by
the relation: AT/T = Noa,, where o is the photoexcitation optical cross section of
and ay_is the absorption coefficient at the laser excitation wavelength.

Steady State Spectroscopies: For the cw PA measurements we used a standard
photomodulation (PM) set-up as well as a modified Fourier transform IR (FTIR)
spectrometer at 10 K. In the PM technique the spectrum of A7/T is measured in a
much broader spectral range than in the ps time domain. We utilize a number of
solid state detectors, a lock in amplifier referenced to a modulated cw Ar" laser
beam used for excitation, and a dispersed beam from an incandescent light source
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as a probe. The PL spectrum is recorded without the probe beam on the sample in
order to eliminate pump-related emission that interferes with the AT measure-
ments. For the PM using the FTIR we measured the sample transmission with very
high accuracy (approximately 5000 scans) in a broad spectral range of 100 to
5000 cm™' in the dark, and when the sample was illuminated with an Ar" laser. The
modulated AT/T spectrum was then calculated with a sensitivity of 107, For the
PM measurements at high pressure a high-pressure diamond anvil cell was intro-
duced into the sample chambre of the FTIR; the high pressures were calibrated
using the shifts of the IR-active C-H vibration frequencies with pressure.

Usually a variety of photoexcitations contribute to the A7/T spectrum, and
therefore we have to use other means to separate their contributions in the PM
spectrum. For example we have applied the PADMR spectroscopy [50] to sepa-
rate the various photoexcitations contributions according to their spin-related re-
combination kinetics. This is usually related to the photoexcitations spin-state. In
this way we could separate spin 1 from spin 1/2, and spin 0 photoexcitations in
the PA spectra. For the PADMR spectroscopy [50] the sample was mounted in a
high Q microwave cavity at 3 GHz equipped with a superconducting magnet and
illuminated by the cw pump and probe beams and the microwaves. We measured
the H-PADMR spectrum, in which the resonance-related changes, AT in T is
monitored at a fixed probe wavelength, 1 as the magnetic field, H is varied, as
well as the -PADMR spectrum where AT is measured at a fixed magnetic field,
while the probe beam is varied.

Sample Preparation: The samples were thin films of RR-P3HT (92 % RR re-
gio-order, M,, of 28 kg/mol) that were grown in our laboratory as well as RR-
P3HT and RRa-P3HT that were purchased from Aldrich [51]. The films were
cast from different solutions such as chloroform, benzene, and xylene (usually at
a concentration of a few mgmL™) onto sapphire or quartz substrates. Special
care was taken to minimize contamination of the powders and films by oxygen
and water at ambient conditions.
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