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The absorption spectrum of polythiophene and its derivative (Béigxylthiopheng (P3HT) is usually
described in terms of an intrachain exciton coupled to a single phonon mode. We show that this model is too
simplistic for highly ordered, regioregular P3HT and that, analogous to the case of charged polarons in this
material, interchain interactions must be taken into account to correctly describe the absorption spectrum. We
show that the lowest energy feature in thew* region of the absorption spectrum is associated with an
interchain absorption, the intensity of which is correlated with the degree of order in the polymer. Correspond-
ingly, we show that the emission from P3HT also exhibits contributions from both interchain and intrachain
states, in a manner similar to that recently shown for mignylenevinylene Having reinterpreted the
physical origin of the features in the absorption and emission spectra of P3HT, we then model these spectra and
show how they evolve as the degree of order in the polymer is changed by varying several physical parameters
including temperature and regioregularity of the polymer.
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I. INTRODUCTION completely bleached and also remained at a constant energy.
The same changes in the absorption spectra were noted when
The synthesis of highly regio-regular 2-%ead-to-tail the coil to rod transition was induced by varying the amount
coupled poly3-hexylthiopheng (P3HT; see Fig. 1 for the of “poor” solvent in a well dissolved solution of
structuré'~3has advanced the technology of polymeric field- poly(3-alkylthiopheng!®1819
effect transistor$sFETS to the extent that field-effect mobili- Second, the spacing of the fine structure features in the
ties now reach 0.1 cfiV's (Refs. 4 and § approximating -7* region of the solid-state, thin-film absorption spectrum
that of a-Si. This is three to four orders of magnitude higherof regioregular P3HT is not regular. Previously reported
than the original polythiophen@T) FET? and has been at- charge modulation spectroscop@MS) datd® (which can
tributed to the high degree of intra and interchain order in theachieve greater resolution of the fine structure than bulk ab-
films. X-ray analysis has interpreted the structure of thesorption spectroscopyuts the separation between the nomi-
polymer films as being composed of microcrystalline do-nal 0-0 and 0-1 features at 0.17 eV, but at only 0.13 eV
mains embedded in an amorphous matrix; inside these mbetween the 0-1 and 0-2 features. This may be passed off as
crocrystalline regions the polymessstack in one direction, just coupling to two or more phonon modes, however other
and form lamella of interlocking side chains in the othér. authors have noted that this spacing in the solid-state absorp-
Thesesr-stacked polymer chains provide an environmenttion and emission spectra of PT with reduced interchain in-
for increased interchain interactions and optical spectroscopieractions are regular, and therefore that the spectra of PT
has shown that polarons in P3HT can no longer be considshould be modeled by only one phonon mode coupled to the
ered as quasi-one-dimensional entities isolated on single-7* transition'>2°~?*|t is important to note that only one
chains; rather they are quasi-two-dimensional species influlP3HT chain is present in the unit cell and so there are no
enced by the presence of neighboring polymer chilfs. features in the absorption spectrum that are attributable to
The explanation of the bulk absorption spectrum, howeverDavydov splitting.
still employs an intrachain excitonic model of isolated chains  Further, as will be shown in this paper, if the absorption
such that the fine structure in the-7* absorption band is spectrum of P3HT is subjected to a Franck-Condon analysis,
attributed to an optically excited state Franck-Condonassuming the first feature is the 0-0 transition, then the relax-
coupled to a phonon modé-*3A more detailed analysis of ation energy of thes,— S, transition is found to be similar
this simple model reveals that this cannot be the completéo, and sometimes greater than, those calculated for an iso-
picture. lated stilben& (0.27 eV} or bithiophené®?” molecule(0.25
First, the nominal 0-0 feature appears to have a differengV). This would appear to contradict quantum chemical cal-
temperature dependence from that of the other fealifé8. culations and fits to experimental data which suggest that
Indeed, some authors have explicitly commented on this beincreasing the conjugation lengtrand the magnitude of in-
havior, notably Salaneckt al'* and Ingana et al!® They  terchain interactiorf§ should significantly reduce the relax-
showed that when a P3HT film is heated from room temperaation energy.
ture towards the glass transition temperature the polymer un- In the light of the modifications required when modeling
dergoes a rod to coil transition, generally resulting in a bluepolarons in an environment experiencing strong interchain
shift and broadening of the maim-7* absorption band. interactions, it is reasonable to ask whether similar modifi-
However, these authors also noted that the least energettations are required to fully characterize excitons in P3HT.
absorption feature did not follow this trend in that it was notWe submit that the observations outlined above are evidence
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soluble hexane fraction of 81% regioregular P3{pfepared
via the McCullough routy undergoing purification via the
Soxhlet process.

Films of these polymers were prepared by spin coating at
a speed of 1500 rpm for one minute from a solution of chlo-
roform at a concentration of 2—10 mg/ml depending on how
thick a film was required~30-80 nm. The films were
annealed at 100 °C in a vacuum ok20 ® mbar for 12 h to
drive off any residual solvent and to promote a further self-
ordering of the films. The substrates required for each experi-
mental technique were rendered hydrophobic by methylating
the surface, induced by exposure to hexamethyldisilazane
(HMDS) at 175 °C for three hours.

UV-vis absorption spectroscopfbsorption spectra were
obtained using a Hewlett Packard 8453 uv-vis spectrometer.
The samples were spin-coated spectrosil substrates.

Raman spectroscopiRaman spectra were obtained using
a Renishaw 2000 Raman Microscope. Spin-coated spectrosil
samples were illuminated in a 180° backscattering geometry
by the 633-nm line of a He-Ne laser; spectra accumulation

FIG. 1. Structure of regioregular head-to-tail coupled f®ly times were 5-10 s. Note that low laser powerl mW) was
hexylthiopheng required to avoid the fluorescence background and to reduce

possible photo-oxidation.
for the invalidity of the isolated chain, one-dimensional ex-  Spectroscopic ellipsometrn M-2000 ellipsometer from
citon model. These themes will be expanded upon in thigl. A. Woollam Co. Ltd. was used to obtain the refractive
paper, eventually demonstrating that the first feature in théhdex of the polymers as a function of photon energy.
m-7* absorption spectrum cannot be the 0-0 transition of arBamples were either spin-coated spectrosil or SYS@T
intrachain exciton. Indeed, the conclusion of this paper isubstrates.
that it is most likely due to an optical transition between Photoluminescence (PL) spectroscofL spectra were
states of an interchain nature and that the second feature @#btained by irradiating spin-coated spectrosil samples using
the main absorption band is the true origin of ther* an Ar-ion laser. The emitted light was collected by an optical
intrachain absorption in P3HT. fibre coupled to an ORIEL Instaspec IV which measured the

Recently Hoet al?® showed that emission from an inter- €nergy density spectrum in units bW cm™?nm™']. The
chain exciton state was present in the photoluminescencg@mples were placed in a continuous flow He cryostat from
(PL) spectrum of precursor route pophenylenevinylene  Oxford Instruments; the temperature of the samples was
Complementary to this work, we shall demonstrate that thignonitored using a Si diode sited nearby in good thermal
emission feature is also present in the PL spectrum of P3HTONtact.

Further, we shall show that the energies of the interchain 0-0 Charge modulation spectroscapbhis experimental tech-
absorption and emission features are largely independent #ique is described in detail elsewhéfe®as is the analysis
intrinsic or extrinsic influence, whereas the correspondingf the features expected in the spectra of P3HBriefly, an
features of the intrachain exciton are greatly dependent ofi¢ gate bias modulates the amount of charge in the accumu-
the degree of intrachain order of the polymer chains. lation layer of a metal-insulator-semiconductlS) diode;

Finally, by using this model to fit to charge modulation this results in a modulation of the subgap, charge-induced
spectra of P3HT, a detailed analysis of how various physicapolaronic optical absorption features that can then be de-
parameters depend on small variations in the local order dfcted using lock-in techniques. The devices required for this
the polymer chains will be discussed. Additionally, an im-experiment are identical in design to those described by this
proved analysis of the position and intensities of the chargegroup previously® CMS is useful for studying the detail in
induced, subgap polaronic optical transitions will be ob-the absorption spectrum of a polymer as it yields greater
tained. This may allow a comparison to theoretical models ofesolution of the fine structure than normal UV-vis spectros-
the charged species in P3E. copy.

Il. EXPERIMENT IlI. RESULTS AND DISCUSSION

96% regioregular head-to-tail coupled P3HRereafter A. Absorption of poly (3-hexylthiophend

rrfP3HT) was obtained from Aldrich Chemical Company and The UV-vis absorption spectra in the region of ther™

was synthesized via the Rieke roGt®egiorandom P3HT absorption of regioregular and regiorandom P3HT are shown
(hereafter rraP3H)Twas obtained from the group of Prof. in Fig. 2@); complementary to this, refractive index spectra

ReneJanssen at the Technical University of Eindhoven, theof these polymers obtained by ellipsometry are shown in Fig.
Netherlands. The polymer was obtained from the mosB(b). The differences in the absorption spectra are marked:
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FIG. 3. CMS spectrum of rrfP3HT in the visible range taken with

25 71— T T T T T T T T an applied bias of 0¥ 1V a.c. at a modulation frequency of 37

L 1 Hz at room temperature. The dashed and solid lines are fits to the
data using modelsaland 2a, respectively, as described in the text.
Only every second data point is shown for clarity.
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) dependence of solution spectfal®This is a clear indication
o rraP3HT . . S
£ that the feature has a different physical origin than the other
2 absorption features, indeed it also suggests that the origin is
B i common to both polymers with only the intensity of the fea-
5 15 ture dependent on regioregularity and thus local order.
14

The fine structure in the absorption and emission spectra
of conjugated molecules is described by Frank-Condon cou-
. pling. Frank-Condon coupled vibronic features are discussed
" P S S S T SO P in detail elsewherd? but, in summary, the relative intensities

14 16 18 2 22 24 26 28 3 of the features coupled by a single phonon are described by

(b) Energy [eV]

loy, Se°
FIG. 2. (a) UV-vis absorption spectra of rr and rraP3HT, nor- lo ~n!

malized to the maxima of the spectfh) Refractive index spectra
of rr and rraP3HT, obtained using spectroscopic ellipsometry.

, @

wherel, is the total intensity of the individual transitions.
. _ . lo_.n (shorthand for the transition from the O vibronic level
the absorption of rrP3HT is well structured with resolvedin the S, electronic state to thath vibronic level inS,), is
features at~2.09 (shouldey, 2.27, and~2.37 eV, whereas defined by

rraP3HT is broader and less well resolved with a low-

intensity shoulder at-2.09 eV, a maximum at 2.72 eV, and a *

further shoulder at-3.0 eV. Broadly speaking, it appears as lo= E lon- (2

if the rraP3HT spectrum is blueshifted with respect to the n=0

rMP3HT absorption, and this is usually attributed to a de-Sjs the Huang Rhys parameter and is defined by

crease in the effective conjugation lengths of the chain seg-

ments in the amorphous rraP3HT, localizing the wave func- k(AQ)?

tion of the exciton to a greater extent and therefore T Yho )
increasing its energy. The less well-resolved fine structure in P

the rraP3HT spectrum can be attributed to an inhomogeneowgherek is the spring constartessuming a two masses on a
broadening of the electronie-7* transition caused by a spring model for phononsAQ is the change of the configu-
relatively wider distribution of conjugation lengths at a lower ration coordinate fron§, to S; and w,, is the angular fre-
mean length. quency of the phonon mode of energy .

The interesting point about these spectra is that the feature A typical CMS spectrum of rrP3HT is shown in Fig. 3.
at ~2.09 eV, indicated by an arrow in Fig(&, appears to The features characterized kyT/T<0 at energies lower
behave independently of the other features. Although it ighan 1.97 eV, labeled a€3" and C3, are charge-induced
less intense in the rraP3HT spectrum, with respect to thgolaronic absorption features, discussed in detall
higher energy features, it does not appear to blueshift at alelsewheré®*° Features characterized yT/T>0 are the
This is similar to the behavior reported previously in thefine structure of thew-7* absorption described above,
temperature dependence of solid-state spectra and the solvdai¢ached by the presence of a polaron on the polymer chain.
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TABLE I. Best fit of the free parameters after modeling the
CMS spectrum of rrP3HT taken at 0V1 V a.c., and 37 Hz, room
temperature. The peak labeled™is the least energetic feature in
the fine structure of the bleaching signal, as shown in Fig. 3. The
uncertainty in the values are obtained from the standard deviation of
the parameters after fitting. Also listed is the relaxation energy,
E=SE,, extracted from each model.

Energy [meV]
165 170 175 180 185 190 195

T T 7 T T T T

Raman Signal [Arbitrary Scale]

Parameters Modeld Model 2a
] HeightC3’ (x10%) —0.600+0.03 —0.56+0.02
PositionC3’ (eV) 1.303+0.003 1.302-0.002
CP3HT LYy . FWHM C3’ (eV) 0.168-0.010 0.154:0.007
a Y Height C3 (x 10%) —1.334-0.014  —1.3189+0.0098
. . L L L PositionC3 (eV) 1.663+0.004 1.6570.003
Wavenumber [cm™'] Heighta (x 10% 1.30+0.03
Positiona (eV) 2.034+0.002
FIG. 4. Raman spectra of rr and rraP3HT. FWHM a (eV) 01165 0.004
he f | h lo (X10% 5.156+0.098 3.480.08
The eatu_res are at 2.Gfabeleda), 2.21, and 2.34 e_V, these 5 (€V) 2 047+0.002 2 199-0.003
are redshifted and far better resolved compared with the bul 1.41+0.02 0.75-0.02
absorption features as the field-induced charges occupy t ) ' ' '
. . P (eV) 0.164+0.002 0.176:0.002
lowest available energy states which correspond to the mo
ordered regions of the polymer in the microcrystalline do- HM (eV) 0.148-0.003 0.1710.005
E,o (€V) 0.231+0.004 0.128:0.004

mains. It is worth emphasizing again that there are no Davy-
dov components in the absorption spectrum of P3HT as there
is only one chain per unit cell. the narrowest features in the spectjum lifetime of 7
Assuming only one phonon mode is coupled to ther® X 10 '° s is required, four to five orders of magnitude faster
transition in rrP3HT(this shall be discussed in detail later in than the lifetime of excitons in similar conjugated
this section and that the 0-0 transition is the least energeticmaterialst®2*
absorption feature, labelein Fig. 4, this spectrum may be The best fit of the experimental data, obtained by allowing
described as the sum of all the parameters to fit freely, is shown in Fig. 3, with the
(1) one Gaussian corresponding@8’ [three parameters: values of the parameters listed in Table I. It can be seen that
height, position, and full width at half maximutfWHM)],  the fit is not ideal as the structure in the bleaching signal is
(2) one Gaussian corresponding@@ (three parameteys exaggerated and many of the peak positions poorly match the
and experimental features. An important parameter that can allow
(3) a series of four Franck-Condon coupled Gaussiangurther examination of the model is the relaxation energy
with the 0-0 transition corresponding to the feature at 2.04 E,a=SE,. @

eV (five parameters: total intensity;, energy of 0-0 transi-
tion Eg, Huang-Rhys paramet& phonon energf,, and  E is the average amount of energy by which the molecule
relaxes to the lowest vibronic level of the upper electronic

the FWHM of features

This model shall be referred to as model ftom here on.  state upon absorption. From the valuesSadnd E, derived
Gaussians were chosen to model the features as it is widefyom model 1a, it can be seen thd, is 0.23 eV.
reported that strong electron-phonon coupling in conjugated Cornil et al. performed extensive calculations on phenyl-
polymers and other effects, such as inhomogeneous broadetapped pol{phenylenevinylene(PPV) oligomers, and were
ing, result in a Gaussian lineshape for transitithso check  able to extract the relaxation energy for several systems. The
this, the imaginary dielectric constant spectrum of the bulkresults can be summarized as follows: as the length of the
polymer, obtained from spectroscopic ellipsometry, was exeoligomer chain increases, decreases, for PPV@&tilbeneg
amined using both Lorentzians and Gaussians. While it wag,,=0.27 eV, and for PPVE,,=0.17 eV; this was ex-
not possible to perform a full Franck-Condon analyéie  trapolated to 0.14 eV for the isolated polymi&r®In a poly-
theory is defined for intensities onlya line-shape analysis mer context this implies thd, decreases as the degree of
revealed that Lorentzians yielded a very poor fit, consistenintrachain order increasdthat is, the effective conjugation
with the reports outlined above that optical features in thdength increasegs
spectra of conjugated polymers have a Gaussian line shape. Also, for a system of two cofacial, interacting stilbene
Nevertheless, Lorentzian line shapes were also used to modeloleculesE, decreases linearly fromy0.245 to~0.195 eV
the features in the CMS spectra and, although the quality ods the interchain distance is reduced from 7.0 to 3.5 A; the
fit was poorer, it is important to note that the conclusionscorresponding distance in P3AT has been shown te-Be3
discussed below were unchanged. Further, to obtain A (Ref. 7. In a polymer context this implies that as the
Lorentzian broadened te0.1 eV (the approximate width of degree of interchain order increases, decrease®3°
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Calculations on isolated chains of thiophene 25 . ' -
oligomerg®2’ (nT, wheren is the number of thiophene rings e Experimental Data
have yielded relaxation energies of 0.25 eV fdr, D.15 eV 2.0F ,," ---- Model 1a .
for 3T, and 0.16 eV for #. These values are of a similar aN — Model 2a
order to the calculations on PPV oligomers, albeit slightly - 15} / N \e _
lower, but still show thak,, decreases with increased con- > TN ,"I 7 \e
jugation length. < 1oL I ./ i \® il

X-ray analysis, the high-field-effect mobility, and the S /i \T e
identification of quasi-two-dimensional polaronic charge car- 050 . AN |
riers in rrfP3HT all suggest that rrP3HT is a polymer that )
exhibits high interchain and intrachain order, and this is cer- |
tainly the case in the micro-crystalline regions probed by 0.0y e
CMS. This suggests that the relaxation energy of rrP3HT 1
should be toward the lower range of that calculated by Cornil ~ -0-5 : : ! .

et al, however the large value of 0.23 eV extracted from 20 24 28
Energy [eV]

model 1a is inconsistent with this.
As the feature at 2.04 eVlabeleda in Fig. 3) appears to FIG. 5. Detail of the bleaching signal of the separated CMS

be of a different physical origin from the other fine structuregspecrym of rrP3HT at 110 K after subtraction of the electroabsorp-
the CMS spectrum of rfP3HT may be to consider this not agnodulation frequency of 37 Hz. The dashed and solid lines are fits
the 0-0 transition, but as an independent Gaussian featurg; the data using modelsaland 2a, respectively, as described in

the 0-0 origin may therefore be considered to be the featurge text.

at 2.21 eV. A free fit of these parameters, hereafter referred to
as model 2, is also shown in Fig. 3, with the parameters discussed without having to incorporate further phonon

listed in Table I. As Fig. 3 shows, this fit is closer to the modes into the Franck-Condon progressions. Indeed, this
experimental data; however, in isolation, this is not goodconclusion also allows the basis of modal fo be called
evidence of a better model. What is significant is that theinto question, as this model cannot explain the irregular
value of E, obtained from model 2 is 0.128:0.004 eV  spacing of the first three fine-structure features.

and this is in far better agreement with the values calculated The value ofE, derived from model 2 is lower by 0.01

by Cornil et al. for a polymer exhibiting a high degree of eV than the value of 0.179 eV determined from the strongest
intrachain and interchain order. feature in the Raman and FTIR spectra. This seems to reflect

These models both rely on one crucial assumptiona softening of the phonon modes in the highly ordered mi-

namely that only one phonon mode is coupled to ther* crocrystalline regions with respect to the bulk amorphous
absorption of rrfP3HT. Fourier transform infrard&TIR) polymer modes probed by Raman spectroscopy and FTIR.
spectrd’ exhibit three features around the energyegfde-  Put differently, this suggests a dispersion of the phonon
rived from the models above, namely one weak feature amnode energies with effective conjugation length, with the
0.171 eV and two stronger ones at 0.179 and 0.187 eV. Thmodes softening as intrachain order increases. Such a phe-
Raman spectrum of rrfP3HT at similar energies is shown imomenon has been observed in many conjugated polymers
Fig. 4. Two features are clearly observed, at 0.171 and 0.178uch as P> PPV (although, in this case, the effect is not
eV, with an intensity ratio of 1:8.%obtained by subtracting large due to the specific intramolecular coupjify*? poly-

the background and fitting to Lorentzian curkes close acetylene, and polypyrrdig@** and hence this reduced value
analysis of this spectrum reveals a very weak feature at 0.183f E, is in good agreement with previous studies. As will be
eV that is easily visible in the FTIR spectrum; in both spectrashown in Sec. Il D, this effect can also be observed in the dc
the feature at 0.179 eV is the strongest. This Raman spebias-dependent CMS spectrum of P3HT.

trum is very similar to those published elsewH&r&*8and The temperature dependence of the CMS spectrum of

the features can be assigned to the ring C-C stré@cti7l  rrP3HT is also interesting as temperature directly affects the
degree of order in the film. This is because at low tempera-

eV), the symmetric €&=C stretch(0.179 eV}, and the anti-
tures torsional rotations of the thiophene rings will be re-

symmetric G=C stretch(0.187 eVj.
The total separation of these features is of the order of 18uced in number, increasing the overlap of the wave func-

meV whereas both modelsaaland 2a show that the FWHM tions of neighboring chains and hence the magnitude of the
of the fine structure features is of the order of 150 meV, terinterchain interactions. It is difficult to fit the CMS spectrum
times greater. As a result, regardless of the relative weightat low temperature as an electroabsorption signal must be
ings of these modes coupled to thes* absorption, they subtracted? however where this is possible analysis of the
can all be modeled as a single mode. Other authors alspure charge-induced signal becomes easier. Figure 5 shows
reached a similar conclusion by studying the regularlythe separated bleaching signal of a spectrum taken at 110 K
spaced features in the absorption and emission spectra of Rilith two fits corresponding to modelsaland 2a (param-
and its derivative's?°?2-243s well as the Raman spectrdm. eters of the fits are listed in Table)IThe fit of model & is

This is an important conclusion as it means that the relapoor, indeed it cannot predict the relative heights and posi-
tive merits of the two models of the CMS spectra can betions of the fine structure features at all. Model, however,

064203-5



PETER J. BROWNEet al. PHYSICAL REVIEW B 67, 064203 (2003

TABLE Il. Best-fit values of the free parameters used to model 0.02 . . o e o S
the charge-induced features in the CMS spectrum of rrP3HT taken I —o—288K | |
at 110 K with an applied bias of 2 V=1V a.c. at a frequency of I
37 Hz, shown in Fig. 5. _ 0.015 .

m I
Parameters Modeld Model 2a §
Height C3’ (x 10%) ~0.5+0.1 —~0.69+0.04 E 0.01 |
PositionC3’ (eV) 1.316+0.008 1.326:0.004 g
FWHM C3' (eV) 0.12+0.03 0.165-0.010 —~ 0.005 ]
Height C3 (x 10% —1.92+0.06 —1.92+0.02 &
PositionC3 (eV) 1.78+0.04 1.72@0.005
FWHM C3 (eV) 0.64+0.09 0.47-0.02 o M . I -
Heighta (x 10% 2.50+0.08 1.3 1.4 15 16 17 1.8 1.9 2
Positiona (eV) 1.9816+0.0012 Energy [eV]
FWHM a (eV) 0.114+0.004

FIG. 6. Temperature dependence of the PL of rrP3HT in units

lo (X10% 8.2+0.8 4.96-0.12 i Y e i i
proportional to[photons §-cm “eV™ -]; excitation wavelength

E, (eV) 1.982+0.003 2.167%0.002 488 nm(2.54 V).
S 1.10=0.03 0.93:0.02
E, (eV) 0.190+0.003 0.1740.002 . . .

P charge carriers, the charge-induced features are superim-
FWHM (eV) 0.152=0.007 0.151-0.004 posed onto a weak electroabsorption signal. Unfortunately, it
E,e (8V) 0.209+0.007 0.1610.004

is not possible to separate the two signals, as done for the
110-K rrP3HT spectrum® as both signals have phases that
are too similar given the magnitude of the noise in the signal.
yields a good fit to the data, further suggesting that this is ahe electroabsorption signal is composed of a sum of the
more realistic model for the system. It should be noted thatero-, first-, and second-order derivatives of the absorption
the values ofS and E,, 0.93 and 0.174 eV respectively, spectrunf?and this clearly affects the position and intensity
extracted using model& are not identical to the values of the bleached charge-induced absorption features, render-
listed in Table | for a spectrum taken at room temperatureing accurate analysis impossible.
This is because a different device, which was fabricated us- A final point of interest is that the FWHM of the intrac-
ing P3HT from a different batch from Aldrich, was used to hain features(0.17 eV}, as extracted from modela? is
obtain these data. It may also be that the extracted data tsoader than the FWHM of the interchain feat(@el0 eV},
modified by an imperfect subtraction of the electroabsorptiorpossibly reflecting a different dependence of the inhomoge-
signal due to fluctuations in the relative phases of the signalsieous broadening on the local environment of the excitons.
The source of this is likely to be variations in the temperature
of the sampl€on the order of-10 K) over the period of the
experiment(approximately 6 h, in this cageNevertheless,
neither of these observations detract from the essential ob- The PL spectrum of rrP3HT excited at 488 rith54 eV
servation that model 4 is incapable of describing the ab- over a range of temperatures, in units proportional to photons
sorption spectrum of P3HT at low temperatures. s tem 2eV 1 is shown in Fig. 6. At low temperatures three
Considering the discussion above, one may conclude thdéatures are observed at 1.84, 1.67, and 1.50 eV. At higher
model 2a more correctly describes the absorption spectruntemperatures these features appear to become less intense,
of rrfP3HT. The most striking evidence of this comes frombroaden, and blueshift. If these spectra are examined while
the relaxation energies extracted from each model—modeiormalized to the height of the nominal 0-0 mode at 1.84 eV
la yields values that are unphysically high when compareddata not shownone sees that the other features, most nota-
with the values expected from quantum chemical calculably the nominal 0-1 mode at 1.67 eV, become relatively more
tions. This, combined with the fact that the lowest-energyintense as the temperature is decreased from 300 to 25 K.
fine-structure feature is bleached by a decrease of regioregMvhat is striking is that these spectra appear to be very simi-
larity and an increase of temperatuf@nd thus correlated lar in functional form to the PL spectra of PPV presented by
with a decrease in interchain orgletan be taken as evidence Ho et al?® The explanation for the enhanced nature of the
of the assignment of this feature to an interchain absorptior)-1 mode in this system was the presence of a second
distinct from the intrachain exciton which is responsible for Franck-Condon progression attributed to emission from an
the higher-energy features. This assignment also explains thisterchain state with an origin corresponding approximately
independent behavior of the least energetic absorption fede the energy of the 0-1 mode of an intrachain emission.
ture with temperature, regioregularity and solvent which the In order to fit these emission spectra to a Franck-Condon
previous model could not do. series the spectra must be divided m3E3, wheren is the
Clearly, it would be instructive to perform a similar analy- refractive index[shown in Fig. 2b)], and E is the photon
sis on the CMS spectrum of rraP3HT, as publishedenergy, so that the equivalent absorption matrix element
previously®® In this case, due to the low mobility of the (and, thus, Franck-Condon factpifer the transition can be

B. Emission from poly(3-hexylthiopheng
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0.020 : - - T : - the values ofS and E, of the intrachain emission are the
| ---- Model 1e same as those observed in absorption. This is not an unrea-
— Model 2e sonable assumption, as many authors have discussed before.

0.015F « Experimental Data [ - Pichler et al> experimentally determined that in PPV the

T

phonon modes were softer in emission than absorption by
only 10 meV, far less than the FWHM of the features in the

Corrected PL Emission [Arbitrary Scale]

0.010f W/ \ . PL and CMS spectra. Similar observations for cast (®ly
; 4 3 methoxy,5- (2’ ethyl-hexoxy) p-phenylenevinylene]MEH-
i - PPV) by Hagleret al>® showed little or no difference be-
0.005} O . tween the phonon energies in absorption and emission; they
. & Y also observed no difference in the valueSoFrom model 2
s 1 discussed above, this givés=0.7571 andE,=0.1698 eV
0.000 = : : ' - - for rrP3HT.
1.2 14 1.6 1.8 20

Using these two assumptions only, and by allowing the
other parameters to vary freely, a very good fit can be ob-

FIG. 7. PL of rrP3HT at 25 K, taken from Fig. 6, after correction 2in€d(@s shown in Fig. It yielding sensible physical param-
for the photonic density of states to allow fitting to Franck-CondoneterS' This SUQQQS'{_S that the PL spectrum Qf rrP3HT IS '”P'eed
factors. Dashed and solid lines are fits to the data using models 1the sum of two distinct Franck-Condon series and, in a direct
and 2, respectively, as described in the text. Only every seventffomparison with PPV, that the origin may be that of an in-
point is shown for clarity. trachain and interchain exciton. This model is hereafter

known as model 2 This successful fit also presents the

directly modeled. This corrects the emission rate to take int@PpPortunity to model the temperature dependence of the PL
account the photon density of states in the emitting mediungPectra of rrP3HTassuming thaG andE, are independent
which can be inferred from Einstein'd,, and B,, rate  of temperaturg

coefficient§®~*8 or calculated directly from Fermi's golden  The parameters required for moded are as followsi:
rule*® A first attempt to fit the PL spectrum taken at 25 K is Total intensity of the intrachain exciton emissidgy: En-
shown in Fig. 7, where the corrected emission rate is plotteérgy of the intrachain exciton 0-O featur8. Huang-Rhys
against photon energy. The model, similar to modeldis-  factor of the intrachain excitorE,: Energy of the phonon
cussed in the previous section and hereafter known as modebupled to the intrachain exciton emission. FWHM: Full
1e, is a free fit of a single Franck-Condon series with the 0-Owidth at half-maximum of the inhomogeneously broadened
origin corresponding to the 1.84 eV feature; a single phonoRjibronic features.i,: Relative intensity of the interchain
mode, which we have already shown to be a good approxXiemission such thatl §-i,) is the total intensity of the inter-
n_1ation for rrfP3HT, is_incorporated into this fit. Again Gaus- chain exciton emissiorE,, S,, Epa, FWHM,: As above,
sians were used to fit the features_ for the same reasons diSut for the interchain exciton emission.

cussed in Sec. IlIA, although in this case fits using g temperature dependences of selected parameters var-
Lorentzians were so poor as to be meaningless. Selfi-

b i N bl hototh | deflecti ed in the fit are shown in Fig. 8. Note that the error bars
absorption was not a problem as p 0_2 erma2 etiec Ior|3Iotted are the standard deviations of the parameters ob-
spectroscopy yielded an absorption-efl0”° to 10 “ lower

than the main-7* transition in this regio®®! Photoin- tained from the_flt; although this |nfqrmat|on is certainly use-
ful, a better estimate of the uncertainty of the parameters can

duced self-absorption was also not considered to be a pro e obtained from the scatter of the surrounding points. From
lem as it is likely to be on the scale 6f1073.° The effect of gp '

reflections on the shape of the spectrum were not consideréB'S scatter it can be seen that_ at temperatgres above circa
important as most of the emission will come from the surface?2> K the spectra need to be interpreted with care as they
of the free-standing film. Waveguiding was not present in the’roaden to such an extent that it is difficult to fit some pa-
device due to the roughness of the film surface, the thinned@meters accurately. A further caveat is that at high tempera-
of the device compared with the wavelength of the light ancfures the conditiore,>kgT may not be met; in this case the
the geometry of the experiment. model for Franck-Condon coupling described above would
As can be seen, the fit to the corrected emission rate is &quire modificatior’ however this is not considered impor-
poor one, suggesting that the PL spectrum of rrP3HT canndant for the analysis discussed here, and many interesting
be considered as an emission from a single electronic statérends in the parameters can be observed.
At this point one may speculate whether the PL spectrum of Although not shown in Fig. 85, andE, were found to
rrfP3HT can be attributed to emission from both an intra ande independent of temperature, as required. This also sug-
interchain state, in a direct analogy with PP\This is not  gests that the initial assumptions that requrand E, to be
unreasonable as rrfP3HT can be considered to exhibit greatdre same in emission and absorption and also that they be
intra and interchain order than PPV. independent of temperature are sensible. The mean values of
Before attempting to fit the spectra using this model, athese parameterftaken in the range 25-225)Kare S,
further assumption is required to extract physically sensible=0.714+0.014 andE,=0.1710-0.0013 eV, yielding a re-
values from the model parameters. This assumption is thdaxation energy of 0.1220.003 eV. Note that this is slightly

Energy [eV]
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PN T T T ] linearly to a value of~1.8 at room temperature, reflecting a
10k ¢ i decrease in the magnitude of interchain interactions and
- ¢ s ° i hence in the interchain order. Similarly, the broadening of the
«g sk . i intrachain features, as witnessed by the doubling of the
AR .® - FWHM from 0.1 to 0.2 eV as the temperature increases from
6} . 0 to 300 K, can be explained by a reduction in intrachain
- e order and hence an increase of inhomogeneous broadening.
4 t : ¥ : t The increase of with decreasing temperature reflects an
1.84]-% o increase in the quantum efficiency of the emission process;
I - } this is because at lower temperatures thermally activated
E i $3 ) ] nonradiative decay routes are quencPred.
W 1.83F = The temperature dependenceskyf, E,, and FWHN,
i | are curious and at first appear counterintuitive. Although the
{ variations ofEq andE, with temperature are small, and pos-
1.82 t I t I t sibly below the ultimate resolution of the model, given that
0.20+ %— the scatter and standard deviation of the parameters is much
= - =8 less than the observed variation of the parameters, this raises
S 016 a . the likelihood that these trends are reB}, redshifts with
g - o b - increasing temperature whereas this feature would normally
T 0.12fF ® . be expected to blue-shift due to the decreasing conjugation
- o0 ® - length of the chain segments, also appears to redshift to a
0.08 4 } t } } similar degree up to a temperature .00 K; however, at
FLEL) [ ] . higher temperatures it blueshifts markedly, as expected. The
2.3 5 . reason for this may be that at low temperatures other effects
s 2 1'_ 5 ] compete with the effect of increasing conjugation lengths. In
- i | inorganic semiconductors the energy dgpis well known
1.9k §_ to increase with decreasing temperatures due to thermal con-
! . traction. For example, in Si this is from 1.11 to 1.17 eV as
1.7 ; } t } + ;F the temperature drops from 300 to O K, at an average rate of
1 68k . 200 ueV/K; this is circa 5 times larger than the rate of 39
' 5 peV/IK between 225 and 25 K observed for rrP3HT. One
= - - may expect this rate to be larger for rrP3HT than for Si due
e 167l = i to the former’s larger thermal expansion coefficient; how-
W . ever, this may be compensated for by the effect of increasing
N «® . conjugation length with decreasing temperature. Another ef-
1.66 — T hal - fect which may also influencg, and E, may be a depen-
0.144} dence of the Stoke’s shift with temperature.
= I FL_ The FWHM of the interchain absorption (FWHMap-
2 4440k 3 { | pears to decrease with increasing temperature, opposite to
s A 3 ] the observed broadening of the intrachain exciton; this
é 0.136+ ¢3 ) II | broadening would be expected if the only influence on
| i FWHM, was reduced conjugation lengths at high tempera-
0.132 , | , \ . e | tures yielding increased inhomogeneous broadening. One ex-
0 100 200 300 planation may be that increased interchain interactions at low

temperature actually increases the inhomogeneous broaden-
ing of the interchain emission due to extra chains participat-
FIG. 8. Temperature dependence of selected parameters yieldédg in the interchain aggregate.
by model 2 to fit the PL spectra of rrP3HT. Having used the values &andE, from model 2, dis-
cussed in Sec. llIA, it makes sense to try and fit the data
lower than the relaxation energy assumed for the intrachainssuming values from modelal to wit S=1.41 andE,
emission (extracted from the intrachain absorptiomf  =0.163 eV. The fits obtained yielded values&f and, es-
0.128+0.04 eV. pecially, E,, that were strongly dependent on the tempera-
The temperature dependenceigfis interesting, as this ture of the sample; bot8 andE,, appeared to increase with
parameter should be strongly influenced by the strength oflecreasing temperature. This suggests that these assumed
interchain interactions experienced in the region of the polyvalues ofSandE, are incorrect as a basis for modeling the
mer film occupied by the emissive species. At temperaturemtrachain emission, as well as yielditig), values that are
lower than~100 K the relative intensity of the interchain unexpectedly high, and is further evidence for the invalidity
exciton is independent of temperature with a value-@4, of the single intrachain exciton model for absorption in
while above this temperature the parameter decreases almeeP3HT.

Temperature [K]
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14107 , ; ‘ — rraP3HTE,=0.179 eV, corresponding to the most intense
] feature in the Raman spectrum.

Unfortunately, it is not possible to estimate a good value
of Sdue to the broad nature of the absorption spectfsee
Fig. 2); however, by only fixinge,=0.179 eV, good fits can
still be made to the PL spectra. The dependence of selected
fitted parameters of modele2on temperature is shown in
Fig. 10. It should be noted that fits to these spectra did not
include the most energetic vibronic feature as significant
self-absorption results in a reduced intensity in this region.
As for the rrfP3HT spectra, the uncertainty in the parameters
., increases with temperature but, even though the spectra are
‘ 16 ‘ 1‘8 2 o " broader in this_cas_e_, confidence in the parameters extracted is

’ ' ) probably still justified up to a temperature of250 K.
Energy [eV] Broadly speaking, the general trends of all the parameters are

FIG. 9. Temperature dependence of the PL of rraP3HT in unit imilar to those Qbservgd for rrP3HT, sugges’ging that, for the
proportional to [photons 5'cm 2eV-1]; excitation wavelength |a/9€ part, the discussion above for rrP3HT is equally valid

477 nm(2.60 eV). for rraP3HT. .
Significantly, the value of is a lot lower for rraP3HT

A further way to determine the effect of order on the compared with that obtained from the PL spectra of rrP3HT.

interchain exciton emission process is to vary the regioAt low temperatures, is ~0.35 for rraP3HT and-2.4 for
regularity of the polymer. The temperature dependence of th&#P3HT; this can be considered to be direct evidence of the
PL of rraP3HT excited at 477 ni2.60 e\) was taken, and is decrease in interchain interactions and hence in interchain
shown in Fig. 9. In this case the temperature dependenc@der in rraP3HT with respect to rrP3HT, inhibiting the for-
reveals that the nominal 0—2 mode-a1.70 eV is enhanced Mmation of an interchain emissive state.

at lower temperatures. This is at a similar energy for the The values ofS S,, and E, extracted from these fits
interchain emission observed in rrP3HT and may be eviappear to be independent of temperature, as requéath
dence of a similar state in rraP3HT. not shown. S has an average value of 1:98.4 (averaged

These spectra can be modeled in a similar manner to th&ver the range 12-150)KS,=0.61+0.4 (12-150 K, and
described above by fitting to two Franck-Condon series. AlE,,=0.1716+0.0011 eV (12-220 K; the relaxation ener-
though there is undoubtedly a greater degree of disorder igies of the intra and interchain states are therefore 0.35
the film (as witnessed by the CMS spectra and low field-=0.07 and 0.16:0.07 eV, respectively. Notably, the values
effect mobility),® the PL spectrum can still not be modeled of S, and Epa and E of the interchain exciton are very
by a single Franck-Condon series, indicating that a degree «fimilar to the values extracted from the PL spectra of
interchain interaction still exists between the polymer chainstrP3HT. It is also the case that whikg, differs by 0.2 eV
A similar conclusion can be reached by inspection of thebetween the two polymers at low temperatuEg,differs by
CMS spectrum of rraP3HT: there is some absorption in thenly 0.04 eV. Not only does this reveal that the two different
region of the spectrum attributed to the C3 transition whichemissive states are affected differently by local order, it also
is the key signature of delocalized polaronic charge carrierssuggests that the energetics of interchain exciton are almost
this absorption would not be present in the case of zero inindependent of polymer regioregularity, in contrast to the
terchain interactions. intrachain exciton.

In order to fit the spectra, a similar assumption $eand As a final point, it is worth examining previously pub-
E, to that made for rrP3HT needs to be made for rraP3HTlished PL spectra of PT. Before the advent of highly regio-
Unfortunately, the charge-induced signal in the CMS specregular P3HT, polythiophene films were highly disordered
trum of rraP3HT is not trivial to separate from the electro-and, as a result, the PL spectra should exhibit very low or
absorption signalinduced by the low-field-effect mobilily —even no contributions from an interchain emissive state.
present even at room temperature as they have the sari@netoet al>® presented the PL spectrum of such an elec-
phase and so this cannot be a source for this data. Instead, taschemically synthesized polymer in 1984. Inspection of the
the polymer is amorphous, one may consider that the Ramaspectrum reveals that none of the vibronic features appear to
spectrum directly probes the regions of the polymer occupietbe enhanced in the same way that the nominal 0—1 feature in
by the excitons as there are no microcrystalline sites for therthe PL spectrum of rrP3HT or the nominal 0-2 feature of the
to diffuse to. This is in direct contrast to the case of rrP3HTrraP3HT PL spectrum presented here are. Indeed, the fea-
where Raman probes the bulk states, whereas CMS probésres appear to be well modeled by the Franck-Condon pa-
the microcrystalline regions where both the charge carriersameters attributed to intrachain emission in rrP3HT above,
accumulate in an MIS diode and the excitons diffuse to benamely,S~0.8. Shinaet al. also published PL spectra of PT
fore recombination in a PL experiment. The Raman spectrurpressed into KBr pellet8 which showed four features sepa-
of rraP3HT is also shown in Fig. 4, and reveals features thatated by 0.182 eV, suggesting a single phonon mode; inspec-
are very similar in position and relative intensity to thosetion of the spectrum sugges&- 1. This strongly suggests
observed for rrP3HT. Hence, one may assume that fothat the PL of this polymer can be modeled by a single in-

1.2 10'3f
1107
810"
610* |

410" |

PL [arbitrary scale]

2107 [

0t
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14 —T T 1 citon reported here for rrP3HTand E,=0.175eV. This
12 _'.. ® A apparent absence of a second emissive state in PT films with
| * = i little or no interchain interactions can be seen as a final piece
<10k L - of evidence for an interchain emissive state in rrP3HT.
“é L L - 4 The model proposed here for the emission from substi-
8 { = tuted PT is different from those reported previously. Sakurai
B I 1 et al?? suggested that the absorption was due to an intrac-
o T hain exciton Franck-Condon coupled to a single phonon with
i ! ' ! N S=2, whereas the PL was due to a similar exciton with
2.08 . =3. Rusecka®t al?* proposed a different model whereby
L 4 the emission was due to an aggregate state and that the ex-
z 206k _ citon, again coupled to a single phonon mod&, (
8 i ~0.165 eV), exhibited purely interchain characteristics with
[ T S~2. The detailed modeling of the PL spectrum of rr and
2.04r () . rraP3HT discussed above shows that these models are incor-
(0032 T . ' — rect as two Franck-Condon progressions coupled to a single
018 ] phonon are required to accurately describe the PL spectrum.
%‘
E i i i C. Further characterization of the electronic states of P3HT
§ 0.16f 53 I . Site-selective PL measurements can be useful in deter-
v  an " I J mining the exact relationship between absorption features
-t and the emission they produce by varying the pump beam
0.14 ] energy. The PL of rrP3HT was measured at 12 K upon exci-
ul . tation at 633 and 497.5 nit1.96 and 2.49 e)/ that is into
03- ==X o . the low energy tail of the interchain absorption feature and
i K] . the middle of the intrachain absorption, respectivéNote
< 0.2 . that at 12 K, the absorption spectrum shown in Fig. 2 under-
i ¢ [ N goes a thermochromic redshit Little difference was ob-
0.1 7 served between the 633- and 497.5-nm excited spectra, al-
0.0 [ . . | . ] though the former spectrum did appear to exhibit
: ' | ! J J characteristics suggesting emission from a slightly more dis-
1.73F 7] ordered environment than those observed in the latter. Un-
- . fortunately, due to the broad nature of the intrachain absorp-
% 1.721 } - tion and the thermochromic redshift of the spectrum from
E - 4 room temperature, illumination at 1.96 eV does not purely
1.71F } . excite the interchain absorption, however it is interesting to
og (3 note that a similar result is obtained for p@yo-
170 2ass ! | . : dioctylfluoreng when the PL obtained by exciting an inter-
chain absorption feature is seen to be comparable to the PL
_ 016 E' obtained by exciting the broad intrachain absorption b&nd.
i L 4 The slight differences in the rrP3HT spectra are probably due
< 012k } i to the localization threshold of rrP3HT being higher than
I 1.96 eV, as described by Harrisenal>®
E - [ ] . As the interchain emission shows structured vibronic fea-
0.08}es _ o 9 ® _ tures, both for P3HT and PPV, it is reasonable to ask
e°? | L 1 1 whether the interchain absorption exhibits vibronic structure,

0 100 200 300 as opposed to the single Gaussian absorption feature mod-
Temperature [K} elled above in model 2 Many attempts to fit the CMS
spectrum of P3HT were made by selecting a variety of val-
_ FIG. 10. Temperat_ure dependence of selected parametefgeg forS, andE,,, including those extracted from the PL
yielded by model 2 to fit the PL spectra of rraP3HT. spectra. None of the attempts yielded reasonable fits to the
data, indeed whe8, andE, were allowed to become free
trachain Franck-Condon progression coupled to a single phgearameters in the fits, a value o602 was obtained for
non mode. A further method of reducing the magnitude ofS,, which is effectively the single Gaussian assumed in
interchain interchain interactions is to substitute bulky sidemodel 2a. This suggests that the interchain excited state is
groups onto the thiophene backbone. Ruseakas > per-  only loosely bound, such that only one bound vibronic state
formed PL on such a polymer and obtained a single Franckeccurs in the potential energy curve of the excited state. The
Condon progression witB=0.6 (cf. Sfor the intrachain ex- continuum of excited states of the electron, reached by ex-
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citing the exciton out of the bound state, will not show up in Whilst this did achieve the effect of increasing the intrachain
the absorption spectrum of P3HT if these states are natrder, the inert matrix greatly reduced the interchain interac-
strongly coupled to the ground sta®,. This is feasible if tions between the PPV molecuf@s 6t
one considers the small overlap between the wavefunctions It is important to stress that while the UV—vis absorption
of a delocalized and highly localized state. spectrum samples all chain segments, the PL spectrum only
The usual model for describing intermolecular interac-samples the most ordered states so it is possible for the two
tions invokes the concept ¢ andJ aggregates of dipole- spectra to exhibit features characteristic of differing degrees
coupled chainé**"H aggregates are formed when the mol- of interchain order. This would explain the presence of inter-
ecules adopt a cofacial structure whereas an end to erzhain emission but not of interchain absorption in PPV. As a
formation results in & aggregateH aggregates typically last point one should note that when PPV does form ordered
result in a blueshift of the absorption spectrum whilsig-  regions it is in @ monoclinic herringbone conformatfSmot
gregates result in a redshift. In the case of P3HT the molin the cofacial manner of P3HT, meaning that the wave func-
ecules are cofacial, and hence analogousitaggregates, tions on different chains will mix differently when interact-
and yet the interchain absorption is at a lower energy thaig. It is for these reasons that the absorption spectrum of
the intrachain absorption. Manas and Spanand Cornil PPV is liable to be different from that of P3HT and will
et al 236 performed calculations ol aggregates of conju- certainly exhibit less interchain features.
gated chains at a fixed interchain distance whilst varying the PolydiacetylenesPDAs) are a class of conjugated poly-
length of the chains. They showed that as the chain lengtmer that form single crystals and so have the potential to
was increased from short chains to longer ones more closelxhibit increased interchain effects. In these materials, how-
imitating a polymer the splitting of the dipole-coupled en- ever, the interchain distance is large compared with P3HT
ergy levels at first increased before becoming constant at é8.8 A) and interchain interactions decrease approximately
chain length of about ten conjugated units and then decreasxponentially with interchain distance. Typical interchain
ing as the chains became longer. This would show up as adistances are 7.5 A for pd, 4-hexadiyn-1, 6-diol-bip-
initial blueshift of the main absorption as the degree of ordetoluene sulfonatd (PDA-TS) (Ref. 63 and 5.5 A for poly5,
in a polymer film increases before redshifting. One may con7-dodecadiyene-1, 2-diol big((4-butoxycarbonymethyl)-
sider P3HT as being modeled by an intrachain exciton in theirethang (4BCMU).%* We note that PDA-TS exhibits a
intermediate regime and an interchain exciton in the moresplitting of the 0-0 excitonic absorption feature below 195 K
ordered regime. This situation, however, does not appear tahich is caused by the interaction between its side chains
correctly model the P3HT system as the analysis discussed thespite the large interchain distance. This is caused by a
this paper shows that the energy of the interchain features agphase transition, driven by the aromatic side chains, and re-
not strongly dependent on any variable that controls the deduces the symmetry of the crystal. This process results in
gree of interchain interactions. The conclusion is that theénequivalent PDA chains per unit cell and means that the
effect of interchain interactions on the electronic structure osplitting in the absorption spectrum is due to Davydov split-
P3HT cannot be explained by the dipole-couplédandJ  ting rather than enhanced electronic interaction. This process
aggregate models. It may be that the absorption and emissias not present in P3HT as the side chains do not drive a
features are due to transitions between states previously ufurther phase transition other than to increase the inter and
considered by quantum chemical calculations, missed due tatrachain ordering in the solid state.
the inherent approximate nature of the technique. Ultrafast, As a final point it should be noted that the chemical struc-
femtosecond spectroscopy may be a useful tool for studyingures of PDAs are significantly different from P3HT in that
the details of the formation of excitons in this material. they are a straight chain polymer incorporating double and
One should also consider why the new interchain absorptriple bonds in their backbones. This means any mixing of
tion feature is not observed in the spectra of other similastates on neighboring chains is likely to produce a different
conjugated polymers. PPV is a system that is very similar teffect from that discussed in this paper.
P3HT as it incorporates conjugated rings along the main A comparison with regioregular head-to-tail oligo-
polymer backbone. The difference is that PRahd its  alkylthiophenes is also difficult, as these materials have only
soluble derivativesgenerally forms amorphous films which recently been fabricated to a high purity and only solution
suggests low intrachain interactions. Some groups have maabsorption spectra have been reported to tfafé An earlier
aged to order PPV, however this has always resulted in reattempt to measure the solid state absorption spectrum of
duced interchain interactions. Pichlet al. reported a PPV  3-alkyl substituted terthiophene reported a broad spectrum
that exhibited a high intrachain ord&This was determined whereby only the peak absorption was resolvable suggesting
by the sharpness and distribution of the optical features imarge interchain disordé&f.
absorption and emission and also from electron diffraction A further family of conjugated polymer that exhibits a
analysis. Conversely, the electron-diffraction data alsdarge degree of intra-chain order is ladder type fmdyaphe-
showed that the interchain coherence length had reduced/lene (LPPPB. Although the bridging segments of the chain
from 65 to 45 A, further decreasing the strength of interchairforce the polymer backbone into a planar configuration, the
interactions affecting the absorption spectrum in a polymeinterchain packing is amorphous, due to the nonplanar solu-
where they were already weak. Other efforts to increase thbilizing side-chaing® Significantly, however, Kbler et al.”
degree of order in PPV derivative films included blendingrevealed that LPPP displays an absorption at 2.25 eV that is
the polymer in an inert matrix and drawing to a high ratio. redshifted by~0.5 eV from the main, well-resolved, solid-
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state, intrachain absorption. This was first identified in the 157 T

photovoltaic properties of the polymer, and as a result a weak

interchain absorption was also identified. It may be that this 1 9

is the equivalent of the interchain absorption feature identi-

fied in P3HT in this paper. - 051 .
As a final point it is worth considering the comparison &

between rrP3HT and single crystalline sexithioph&6€), -  0r ]

the absorption spectrum for which has recently been re-™

ported. Weiser and Mter’! showed that polariton effects are 05 ]

present in the absorption and reflection spectra of single :

crystalline 6T and that this modified the assignment of spec- RS ]

tral features. It is important to note that this cannot be the

reason for any features in the spectra of P3HT. Although .45l . < ‘ . .

P3HT exhibits highly ordered domains embedded in an 1 1.5 2 25 3
amorphous matrix, these domains are not single crystalline, Energy [eV]

and therefore polariton features are not expected in the spec- ,
trum of P3HT. This interpretation can be made for several F'G% 11P' 3||3_:_|a_s_detﬁend_en;e of the room-ttemﬁ)eliatur_e Ct:hMS Sgec'
reasons{1) The charge carriers in P3HT are not quasi-free rﬁgnwr? b" e ar'rr(‘)w ?I'hv(;SIm: dlrfagt'ig:' frsgelferr?c awzr; ?7 Hi osroﬁ:j
particles but instead are localized by disorder and exhibit 'y ) ) q y

- - - . - - markers:—10-V spectrum; hollow markerst+10-V spectrum; in-

polaronic characteristics, albeit quasi-two-dimensional ONeS, mediate

(2) Improved processing of P3HT can still increase the field-
effe_ct mobili_ty and the delocalizati(_)n of_the polaronic Chargeenergies,<~1.4 eV around the region of th@3' polaronic
carriers—this would not be possible if the polarons weresaatyre. This discrepancy is the source of a large fraction of
sited in a single crystalline environmerig) X-ray analysis  {he uncertainty in the fit parameters, but since this feature
reveals that not only are the highly-ordered domains nofjnes not affect the values of the parameters required to
single crystalline, but that they are small at about 10 nm iy e the bleaching spectrum the fits to model the bleached
size. This is a very short coherence length for the coupledsorption features were performed from 1.55 eV onwards,
interaction between light and the polarization of the polymerie|ging uncertainties in the parameters that were a factor of
chains. approximately three lower than shown in Table I.
_ _ ) The result of the modeling is shown in Figs.(d2and

D. Probing the effect of disorder with CMS 12(b), where the parameters required to fit the bleached ab-

As we showed in a previous pag@rdc bias-dependent sorption featureginter and intrachain, respectivglgre plot-
CMS spectra of rrP3HT are able to probe states of differinged against applied dc bias. The following trends are clearly
order. Briefly, when a MIS diode is biased at the onset ofobserved as the bias is swept from the onset of accumulation
accumulation the first charges will be placed in the leastleeper into accumulatiofirom +10 to —10 V).
energetic unoccupied states, corresponding to the most or- (1) The intensity of the interchain absorption feature de-
dered states. As the device is biased further into accumulareases from circa 1.05 to 0x80 *.
tion the extra charge will be placed in states of higher and (2) The energy of the first absorption peak appears to be
higher energy, and the CMS spectrum will, in turn, reflect thelargely independent of the applied bias.
increasing disorder in these states. In terms of the charged (3) E, (the 0-0 transition of the intrachain excitoblue-
features, as states of increasing order are probed the intensghifts by 6 meV.
of the C1 (the near-infrared polaronic feature not shown in  (4) The interchain and intrachain features broaden.
the CMS spectra presented in this pa@erdC3’ transitions (5) The Huang-Rhys parameter decreases.
increase whileC3 becomes less intense and red shifts. The (6) The phonon energy increases.
bleaching signal also evolves to reflect these changes and the These trends, although small, are repeatable and can be
fine structure becomes less well resolved. observed for all polgB-alkylthiophenes Observationq1),

As we are now able to assign all the features in the CMS3), (4) and(6) are consistent with the degree of order asso-
spectrum of P3HT correctly, it is also possible to model theciated with the states responsible for the CMS spectrum be-
dc bias-dependent spectra such that a more quantitati@®ming more disordered as the bias is swept from the onset
analysis of the effect of disorder can be performed. Figure 10f accumulation further into accumulation. Observati@n
shows the bias dependence data of rrP3HT taken at roois consistent with the PL data, that show the interchain emis-
temperature with a modulation frequency of 37 Hz, the0  sion features are affected by the degree of disorder to a lesser
V spectrum was taken first, and thelO V spectrum last, extent than the intrachain features.
although qualitatively no difference is observed when this Observation(5) is, at first sight, puzzling. As the degree
direction is reversed. Both the bleached absorption featuresf disorder increases many researchers have already shown
and the subgap polaronic features can be modeled, and théfyat charge carriers become more localized on a cHaif,
shall be discussed separately in that order. this is because disorder reduces interchain interactions and

As can be seen from Fig. 3, the biggest discrepancy besauses greater lattice and electronic relaxation. This, in turn,
tween the fit of model 2 and the experimental data is at lowshould be reflected in an increaseA@ as the exciton forms

scans in 5-V steps are shown in gray.
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FIG. 12. Bias dependence of the parameters required to fit the CMS spectra of rrP3HT, shown in Fay.Bldached interchain
absorption featurgb) Bleached intrachain absorption featur@s. Subgap polaronic features.

which leads to the conclusion th&should also increase, fits to the bleaching features, many interesting trends can be
assumingE, is constanffrom Eq. (3)]. Observation(5) is picked out from the data. Certainly, the increased relaxation
inconsistent with this; however, Fig. @2 shows thatE,, is of the_ charge (;arrier as states of gregter disprder are probed
not independent of applied bias, which offers a way out of2'® picked up in terms of the blue-shift and increased inten-

’ H H H 30
this paradox if one considers the relaxation energy of the?'?(’a (lgiftsct?c,) tr?irs],ddgtlg ;?gsnrg? acl)rc])(zi fr?oulfer?tg]teigiltl}/@:.de en.
absorption. Intuitively, one might expeEt, to increase as 9 9 P P P

X . n f the FWHM of the f r n li n
the amount of disorder increases because the molecule has ﬁosﬁjo the of the features on applied Hdata not

increase the electronic and lattice distortion in order to ac- A ¢jose inspection of the data shown in Fig. 12, and in
cept the presence of an exciton on a chain. This is exaC“]zSarticular the points at-10 V, shows that some of the pa-
what is shown in Fig. 1), showing that the initially unex- rameters show a deviation from the trend set by the other
pected trend exhibited b$ does not indicate a flaw in the points at more negative biases. It is highly likely that at this
model. bias a small signal due to electroabsorption is present and if

Figure 12c) shows the dependence of the polaronic subso this will slightly distort the pure bleaching signal. This
gap features on the applied dc bias, as extracted by modelirdpviation from the expected trend can also be seen on close
the full CMS spectrum presented in Fig. 11. Although the fitsinspection of the charge-induced features in Fig. 11, most
to the sub-gap polaronic features are not as accurate as tpeominently in the position and shape of {88 feature.
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The ability to accurately extract the integrated intensity offrom the CMS spectra, shown in Fig. (£2, will also allow
the features allows the oscillator strength of the features to ban estimate of the range of coherence lengths probed with
calculated. It can be shown that in accumulation the magnithis technique.
tude of the CMS spectrum of the sub-gap, charge-induced

features can be written ¥s
IV. CONCLUSIONS

AT o Whereas the absorption spectrum of PT has previously
e —CAV, (5) . : . . .

been attributed to a single intrachain exciton coupled to a
) ) o single phonon mode, we have shown that this model is too
whereo is the absorption cross sectiais the charge of an  gimpiistic in highly ordered rrP3HT. The increased interchain
electron, A is the active area of the MIS diod€ is the  jnteractions in this polymer result in a characteristic absorp-
capacitance of the insulator, aid/ is the peak to peak a.C. tjon feature at the onset of the-=* transition that, until
modulation voltage. The optical cross section can be writtefow, has been misinterpreted as the 0-0 vibronic origin of the

as the molar extinction coefficient, using the definition absorption of an intrachain exciton. The intensity of the new
absorption feature has been shown to be correlated with
. 1000 In(10) . (6  Other physical variables, such as temperature and regioregu-

Na larity, which alter the degree of interchain order in the mi-

crocrystalline domains of P3HT, resulting in us assigning
whereN, is Avogadro’s constant. The oscillator strength of athis feature to an interchain process. We assign the 0-0 origin
transition,f, is defined a¥ of the intrachain exciton to the next most energetic fine struc-

ture feature in the absorption spectrum. As a result of this

439 10°° reassignment we have shown that the relaxation energy of
f= No f e(X)dx, (") the first intrachain singlet excited state in rrP3HT8.12—

0.13 eV, compared with-0.23 eV calculated from the pre-
wherex is the wave number of the transmitted light and thevious model; this revised figure is in far better agreement
integration is performed over the whole optical width of thewith the quantum chemical calculations of Cornil and
transition. By substituting Eqg5) and (6) into Eq.(7) and  co-workers?>—28:35:36
changing the units of integration to eV, the following can be The emission spectrum of rrP3HT also exhibits interchain

obtained: emission, similar to that already shown in PP\This has
been confirmed by modeling the temperature dependent PL
, €A AT spectra of rr and rraP3HT and extracting the parameters rel-
f=9.276<10" nOCAVf - ?d”v (8  evant to both the inter and intrachain emission. As for the

case of absorption, we can monitor and correlate the changes
wherev, the photon energy, is in units of eV. The active areain the emission spectrum by varying several physical param-
of our MIS diodes is &5 mn?, n, can be obtained from eters(such as temperature of the solid film and regioregular-
ellipsometry(1.91 for theC3’ transition and 1.97 fo€3),C ity of the polymey that change the local order in the regions
is 3.55 nF, and\V is 2 V. The area of one of the gaussian from where the emission originates.

features in the fits to the CMS spectra can be shown to be The discussion presented in this paper clearly shows that
the previous model of absorption and emission, which cor-

AT T \12 rectly models disordered polymers, is simply not consistent

f — — dv=—Heightx FWHMX | -—— with the characteristic spectra of P3HT and, therefore, that a
T In16 . . . .

new model is required. The revised model proposed is not

= —1.064x Height< FWHM 9) only consistent with these established models, but also self-

consistent in that it accurately describes the absorption and
where Height and FWHM are parameters extracted from themission processes in P3HT together. Even if one were to
fits. Using Egs.(8) and (9), the oscillator strengths of the attempt to erroneously force the old model to describe the
polaronic transitions observed in the5-V CMS spectrum  absorption of P3HTwhich only fortuitously yields a reason-
shown in Fig. 11 are calculated to bHC3')=(2.08 able fit at room temperature, see Figs. 3 andhis would
+0.12)x 10 2 and f(C3)=(1.33+-0.08)x 10 2, with rela-  then result in a completely false picture of the emission. This
tive intensities of 1:6.4cf. a value of 6.7 reported earlier, is easily demonstrated by using parameters required to fit the
extracted from less accurate modeliiMost of the uncer-  absorption to fit the emission, as discussed in Sec. 1l B the
tainty comes from the capacitan@ehich is affected by hys- results do not match. This demonstrates the robustness of the
teresig andny which is not constant over these broad tran-analysis presented here.
sitions. By incorporating these values into a suitable Both the absorption and emission spectra reveal that many
theoretical framewor® an estimate of the coherence length characteristics of the interchain features are less dependent
of the polaronic delocalisation may be possible. This, in turnpn disorder than the intrachain features. The energy of the
may allow a fuller characterization of the degree of order in0-0 feature, the Huang-Rhys parameter and the phonon en-
the microcrystalline domains of P3HT. The bias dependencergy of the interchain emission are very similar in both rr and
of the height and FWHM of the polaronic features extractedraP3HT whereas they are quite different for the intrachain
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emission. Further, a reduced relaxation energy for the inter€3,* are found to be 2.0810 2 and 1.3 10 2, respec-
chain emission is also observed, relative to the intrachaitively. Within the framework of a suitable model this infor-
emission. These are all experimental facts that need to bmation may be useful in extracting a correlation length of the
explained by any future theory of interchain aggregate stateguasi-two-dimensional polaronic charge carriers and thus
in P3HT. yield a more quantitative picture of the degree of order in
By fitting the dc bias-dependent CMS spectra of rrP3HT,rrP3HT.
using this model of the absorption processes, we have shown
that the energy of the phonon mode coupled to the intrachain
exciton exhibits dispersion in that it softens as the degree of
intrachain order increases. The improved modeling of the This work was supported by the NEDO International Joint
CMS spectrum of rrP3HT also allows better characterizatiorResearch Program, 99MB1 Nonlinear Excitations in Molecu-
of the polaronic sub-gap absorption features. Oscillatotar Electronic Materials: Detection, Control and Device Ap-
strengths of the most energetic features, labé&l&dd and  plication.
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