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Abstract

Thin films of head-tail (H-T) regio-regular poly[3@-octyloxyphenyl) thiophene] (POOPT)
were grown using the MAPLE (Matrix Assisted Puldeaser Evaporation) technique in
which the target is a frozen solution of the polyrmechloroform. Target evaporation was
obtained by laser irradiation at 1064 nm and sabesdrwere kept at different temperatures.
Information concerning the preservation of the pwy local chemical structure following
laser irradiation was obtained by FTIR (Fourierngfarm InfraRed) spectroscopy. Based on
FTIR data, the chemical structure of the deposgelymer seemed to undergo little or no
damage. From UV-Visible spectroscopic analysigymed out that the degree of order of the
film is strongly affected by the substrate tempeet the polymer was deposited in a
disordered form on the substrate at room temperatinereas on the hot surface we locally
obtained therestacked structure characteristic of polythiophemdsmic force microscopy
(AFM) images showed that the polymer formed aggesgaf different dimensions (gin to

5 pum) with a columnar shape and showed micrometric alosnwith sharp and apparently
regular edges for the film grown on a hot substrate

Electrical measurements performed by a standardptabe technique confirm that the

structural order degree strongly affects the filmrge transport properties.

1 Introduction

Conjugated polymers are attractive materials becxabsy potentially join the electrical
properties of semiconductors with the easy prongssi polymers. They have a framework of
alternating single) and doubled + m) carbon-carbon bonds, which is responsible forr the
semiconducting properties. The separate sets oftiending orbital energy levels amd
antibonding orbital energy levels form the valenband and the conduction band,
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respectively. The difference in energy between tthe levels produces the band gap that
determines the electrical properties of the mdteria

Among semiconducting conjugated polymers, polythees have attracted much attention
for their chemical stability and structural verbti Furthermore, alkyl-substituted
polythiophenes have sattstacking ability, andrestacking structures are essential for the
optical and electrical properties of these polymers

Polythiophenes have found a wide range of poteafpalications as polymer light emitting
diodes (PLEDS) [1,2], photodiodes for plastic salalts (PVs) [3,4] and as active material for
stimulated emission in lasers [2]. In these po&trapplications, it is essential to obtain thin
films with (1) great regularity of the extended payated chain structure and/or the chain
packing (estacking) to improve charge mobility and hencedeanivity, (2) flat surfaces and
minimum roughness to assure ohmic contacts, (3)gh bontrol of the film thickness.
Moreover, such devices often require multi-layepagtion. Solvent processing techniques,
such as spin coating or drop casting, are not awaited, especially in terms of homogeneity
of the film and thickness control. Furthermore ytlage unsuitable for multi-layer deposition
and patterning.

A promising technique for polymer thin film depasit, developed at the Naval Research
Laboratory (Washington, DC) [5] and particularlypampriate for multi-layer deposition,
patterning and thickness control, is MAPLE (MatAgsisted Pulsed Laser Evaporation). It is
derived from Pulsed Laser Deposition (PLD) andvedlavercoming the problems related to
the latter. In particular the photochemical decosijoan produced by direct interaction of
laser radiation with the material. In fact, evensdme polymers have been successfully
deposited with PLD, the mechanism of depositiomsesiing in a pyrolitic decomposition

followed by a re-polymerisation on the substrasa work only with addition polymers [6].



In MAPLE, a pulsed laser beam impacts a target nwda dilute frozen solution of the
polymer in a volatile and light absorbing solverte incident laser pulse vaporizes the frozen
solvent when the absorbed laser energy is convestdtermal energy. The evaporation starts
from a homogeneous expansion of the surface reguarheated above the limit of its
thermodynamic stability (explosive disintegratiaildwed by expansion of the matrix). The
vaporised solvent entrains the polymer moleculeth@énso-called plume [7-9]. The solvent
molecules are pumped away by a vacuum system,dlyengr molecules form a film on a
substrate placed in the path of the plume.

MAPLE provides a softer mechanism of ablation tRa® allowing the deposition of intact
polymer molecules. This can happen following onéwad possible mechanisms. If the light
absorption coefficient is higher for the solverariifor the solute most of the laser energy is
absorbed by the solvent. If, as in our case, theesbis almost transparent to laser radiation,
which is absorbed by the solute molecules, du@wodoncentration of the latter, we have a
highly non homogeneous light absorption. Laser ekatpon of a frozen dilute solution of an
absorbing solute in a transparent solvent can $enasd similar to laser ablation of a solution
with spatially heterogeneous absorption [10]: théaton efficiency of the heterogeneous
solution is higher by more than one order of magiat with respect to homogeneous
absorption (as in PLD). This implies that using MA&Ptechnique it is possible to reduce
laser pulse energy by one order of magnitude thestly reducing the negative effects of laser
irradiation.

MAPLE has been used to deposit poly(3-hexylthioghdims using orthoxylene as a solvent
and a laser wavelength of 266 nm [11]. In this emwa it was shown that the substrate
temperature influences film properties, even ifyordry small changes were observed.

For our MAPLE deposition, we used 1064 nm laserataxh wavelength and chloroform as

solvent matrix since UV radiation often used in MAP[11-14] can produce both radical



dissociation of the solvent [14], giving rise taghly reactive species, and photochemical
reactions with the polymers, particularly thosetagnng strongly absorbing moieties [15].
For example, aromatic rings exhibit strong eleatrdransitions near 248 and 193 nm. The
experimental procedure has been described in detaibvious works [16,17].

Here we study the dependence of the film propedmrethe substrate temperature for head-tail
(HT) regio-regular poly[3-(4-octyloxyphenyl) thiophe] (POOPT) (chemical structure
showed in figure 1), showing that MAPLE allows abtag regio-regular H-T POOPT with
different crystallization status. In particular sleow that the characteristiestacked structure
essential for its electronic and opto-electroniplations can be obtained by a hot substrate

deposition procedure.

2 Experimental

2.1 Materials

Regioregular H-T POOPT with mean molecular weight=ML.6500 was synthesised as
specified elsewhere [18]. Chloroform solutions @®PT (0.25% wt) were used as target
solutions for MAPLE depositions. CHEL(purchased from Sigma-Aldrich) of >99% purity

was used asolvent.

2.2 MAPLE procedure

MAPLE depositions (deposition system is sketcheflgare 2) has been carried out using a
Q-switched Nd:YAG pulsed (7 ns pulse width) lasgrerating atA=1064 nm (laser
fundamental harmonic). We operated with a lasarfte of 600 mJ/cfrand a repetition rate
of 10 Hz. The laser spot on the target, which wiastieal because of the 45° laser incidence

angle, was 0.32 cmThe number of pulses delivered by the laser émhesample was 45000.



The vacuum deposition chamber contained a coppgettholder of 2 ml capacity in thermal
contact with liquid nitrogen contained in an exsdmeservoir, so that it was possible to freeze
the targetn situ. The target holder was provided with a two-dimenal automatic movement
system that allowed the full scan of a rectangataa on the target to avoid overheating and
drilling. A flux of dry helium passed in the chamhiroughout the pre-deposition operations
in order to push off atmospheric moisture. As sasrthe target was frozen, the helium flux
was interrupted and the vacuum pump started opgrakhe final deposition parameters were
pressure of about T0Pa and target temperature of 103 K. The substvaes made of either

a KBr pellet for allowing FTIR analysis or silicéags to allow UV-Visible analysis. Two sets
of thin films were obtained with the substrateaim temperature (PTc and PTa) and another
with substrate at 423 K (PTh). Samples PTa weré-gasealed under vacuum at 423 K for
75 min (i.e. the time corresponding to a depositbA5000 pulses at 10 Hz). The deposition
parameters and features of the three set of sarapdesummarized in Table I. The thickness
of the films was measured by a Tencor Alphastepr§ilometer. The films are composed of
gross particles dispersed on smoother layer. Héreghickness was taken as the average of

the smoother zones on more cuts.

2.3 Characterization

In order to detect possible chemical modificatidrth® polymer, induced by its interaction
with the laser, FTIR analysis was performed. FTIiieates the short-range structure of a
material and allows identifying the possible cheahibonds and functional groups of a
molecule. For polymers, FTIR measurements are piynadicative of the basic repeat unit.
FTIR absorption spectra of the films deposited ddr igellets were recorded, in the 4000 -
400 cm'® range, using a spectrometer equipped with a DT®3 (deuterated triglycine

sulphate with potassium bromide windows) detecforspectral resolution of 2 chmwas



chosen. The spectrum for each sample representeavenage of 64 scans, which were
corrected for the spectrum of the blank KBr pellet.

UV-Vis spectroscopy was used to investigate thectiral order of the deposited polymer. In
fact, there is a strong correlation between thetedaic structure (and hence the optical
properties) and the backbone conformation and pgaki POOPT. UV-Vis spectra in the
250-800 nm range were recorded with a JASCO V5e0tspphotometer. Since the samples
appeared rough, preliminary reflectance spectra weorded in different points (not shown)
in order to proof the optical homogeneity of thenpées. No relevant differences were noted
between the reflectance spectra of the differemttpdor each sample.

To analyse the morphology of the deposited filmEMAmeasurements were finally carried
out with the Explorer AFM by Thermomicroscopes-M@eoperated in tapping-mode in
ambient air.

The film electrical properties were investigated Ppgrforming current-voltage (IV)
measurements, with a standard two-probe technigudich both the applied voltage and the
measured current were controlled by a Keithley 46bammeter. To this aim, silver
electrodes were sputtered on POOPT films, seleetttige channels with length and width of
100 um and 5 mm, respectively. All measurementewperformed in air by using a probe

station with metallic tips mounted on micrometiiids plates.

3 Results and Discussion

To establish whether the chemical structure of pmdymer monomer unit underwent
modifications or decomposition following irradiatidy the laser, FTIR analysis of the three
samples were performed and the results comparédtihet FTIR spectrum of a POOPT film

obtained from casting of a drop of solution (fig@)e



The FTIR spectrum of the solution cast film showlarge number of bands, some of which
are very characteristic of the polymer functionaups. In the range 1450-1650 Ciinere are
several bands, which arise from the contributiorbath the main chain and the side chain.
Polythiophene main chain has in fact two main baatdabout 1460 and 1510 ¢mwhich
arise from the symmetric and asymmetric ring-skieqg mode respectively [19]. Besides, in
the 1450-1650 crhthere are features of the phenyl ring of the sid&ins, corresponding to
different stretching modes of the aromatic C=C bofidese bands are normally weak in
unconjugated systems, but conjugation with any tobbnd causes a pronounced increase of
their intensity. The very strong band appearind 245 cni* is characteristic of the =C-O
stretching vibration of aromatic ethers [20]. Atfea appearing at 830 ¢his due to the
aromatic C-H out of plane deformation of the maimaio [19]. Finally, in the high
wavenumber region, two strong bands at 2925 an& 285 are due to the asymmetric and
symmetric C-H stretching vibrations of the methgegroups (CH), while the two weak
shoulders at 2953 and 2868 are due to the asynumatiil symmetric C-H stretching
vibrations of the methyl groups (GH

MAPLE deposited samples show all spectra, whichvarg similar to the one of solution cast
POOPT in terms of both peak positions and relatmensities. Furthermore, no additional
bands due to decomposition appear. The three liraadls appearing between 3300 and 3560
cm™ in the spectrum of PTc (trace d of figure 3) ane tb water absorbed by the hygroscopic
KBr pellet.

Hence, the irradiation of the POOPT target solutrath infrared radiation produces the
deposition of films with little or no damage inres of monomer unit chemical structure.

The three films obtained appear different in col@nd in particular PTc is orange while PTh
and PTa (the latter originally orange) are violgtis phenomenon is not new: Regioregular

poly[3-(4-octylphenyl) thiophenelPOPT) is known to exist in two different forms; the



pristine form, obtained by spin casting, is red] apon thermal treatment or in presence of
vapour of chloroform irreversibly converts into @ma crystalline form, purple, obtained also
by solution casting [1,2,21]. This shift in absoopt was explained as being caused by
ordering of the polymer chains, involving a moranar conformation. Actually if the bulky
side chains of the polymer are in a random colleathan a planar conformation, they force
the main chain out of planarity, decreasing theai¥e conjugation length (increasing the
band-gap) of the polymer, thus giving a blue shittbsorption [1].

In figure 4 we report the UV-Vis absorption spentrof the three samples deposited by the
MAPLE technique compared with the spectrum of tateon cast film. All spectra have two
main absorption bands, one in the visible regiahamother in the UV region.

The band in the UV region, located around 300 rsmattributed to the absorption of the
conjugated side chains [22-25]. Despite the faat this band gives information about the
side chains, in particular concerning their confation with respect to the main chain, we
will not discuss its variations (although evident}his work, mainly because the spectra were
acquired on glass rather than on quartz substrtesabsorption of which starts just under
300 nm, interfering with that of the film.

The band in the visible region is attributed to tha* transition of the conjugated polymer
main chain [26-29]. The values of the maximaguy for the four samples are reported in
table 2, together wit the value of the optical bgag £ = hcAmax.

Considering the spectrum of PTc sample depositethercold substrate (Figure 1, trace d),
the maximum is located around 470 ns2.6 eV). This value is commonly reported for
polythiophenes in solution or in regio-random siidte films [18,26].

The spectrum of the violet sample PTh depositedthey MAPLE technique on the hot
substrate (¥ 423K, trace b) shows a maximum at 560 8.2 eV), with a red shift of

around 70 nm with respect to the value shown ferRfic in the solid state and to the values
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usually reported for the sample in solution.

This shift of the absorption maximum of conjugapedymers, that can range from as little as
a few nm to around 100 nm, depends on the relatwéormations of the polymer chains in
the solution and solid-state phases. Its positigpedds on both the molecular conformation
and supermolecular structure of the polymer, irethee degree oftstacking of the polymer
molecules. If the polymer backbone is twisted s the rings comprising the main chain are
not coplanar, then the effective conjugation isreased, the HOMO-LUMO gap is increased,
and the polymer absorbs at shorter wavelength2®2.7-

We see in figure 4 that the maximum position of B¥h sample coincides with that of the
solution cast film, also reported (Trace a). Thst has already been reported and discussed in
literature [18] for regio-regular POOPT. Alkyl-suibgted aromatic or heteroaromatic
polymers tend to crystallize in thestacked, lamellar structure, with the consequéhnatthe
main chain adopts a planar conformation with ameased effective conjugation length and
longer wavelength absorption. We assume this tmdbieative of the fact that the deposition
on a hot substrate give rise tawstacked structure with a conjugation length simitathat
obtained by solution casting, i.e. the polymer ohaifter laser irradiation preserve their length
enough to give the same optical behaviour andishimportant for the functionality of the
material. The effect of the temperature is thegremt more mobility to the polymer chains,
which have the chance to reach the semi-crystadiiate, lower in energy with respect to the
high entropy amorphous state.

On the other end the maximum around 470 nm of Rificpe seems to be indicative of a
random coil conformation. Hence, the film deposibydMAPLE on the cold substrate was
obtained in a disordered structure of coiled mdiexuThe deposition of a more disordered
film with a blue shift in absorption is unusual BOOPT which, contrary to POPT, when
deposited from solution, even with a fast technigueh as spin casting, is always in the

10



planarrestacked form [18].

Poly(3-hexylthiophene), structurally similar to PRQ was already deposited by MAPLE and
obtained directly in therestacked form, with results slightly depending oubsrate
temperatures [11]. The film obtained on the substah room temperature already resulted in
a red shift, although smaller with respect to thiattained on the hot substrate. Nevertheless
the difference observed was very small3-16 nm).

In figure 4 we report also the UV-Vis spectrum bétorange film (PTa sample, trace c)
obtained by vacuum annealing of a cold deposited fior 75 min at a temperature of around
423K. Its maximum in the UV-Vis spectrum shiftedveords the same position of the
solution-cast film. However the maximum of absayptof this film had a smaller red shift
with respect to solution cast film.

Another difference between the three spectra iskibln PTa and PTh spectra show a rising of
the absorption curve soon after the main absorptiarimum on the shorter wavelength side,
around 500 nm. This rising is more pronounced | BYa sample, where it has a more
evident aspect of absorption maximum. In the oVénal region below 500 nm of the PTa and
PTh sample resembles more closely that of the Bipke than that of the solution cast film.
This is evidence of the existence of two degreeerdér in the films obtained by MAPLE
both on the hot substrate and with the annealinggature. Hence, in the PTh and PTc films
there is the coexistence of two distinct phaseB@OPT; one refers to the twisted POOPT
chains, the other is the untwisted lameltestacked structure. The coexistence of the two
structures was already reported in the termochmomisof poly[3-(2'-
(octyloxy)phenylthiophene in the solid state [261d in the solvatochromism of POOPT in
solution [30]. Hence in the MAPLE films the effeaf the temperature, both for the hot
substrate and the annealed samples, is not suphotoote the complete transition of the
random coil structure to the lamella¥stacked structure (at least for the temperatunes a
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times used in this and similar [31] experiments lvewe carried out), the conversion being
more incomplete for the PTa sample.

Solution cast, PTa and PTh sample, besides thenmiaxiat about 560 nm, show two
shoulders at 615 nm and 680 nm. The origin of thesdtiple peaks (commonly called
vibronic “fine structure”) on the maireTt* absorption peak is still a matter of some debihte.
has been ascribed to absorption of polymer segmeitlts different effective conjugation
lengths [19], to vibronic coupling [32], to Davydasplitting of the exciton levels by
inequivalent sites in the solid [33], and to conabions of Davydov splitting and the effects
of exciton band density-of-state structure [34]e3é peaks are only observed in regio-regular,
conjugated polymers in the solid state (or in adbaggregates that have molecular packing
similar to that of the semicrystalline solids), ahén only when the size of the side chains
allows for close approach of timesystems on neighbouring chaimsstacking) [35,36].

The presence of the vibronic fine structure ingbkition cast film UV-Vis spectrum has been
already reported in literature [18]; its presentdhe spectrum of the PTh and PTa sample
confirms the presence ofrestacked structure and the value of the opticatlgap points out

a conjugation length of PTh sample similar to tbhtained by solution castingyhile the
conjugation length of the PTa sample is somewhatteh

Finally, in the UV spectra of PTa and PTh sampleabsorption tail extend far on the low
energy side. The absorption spectra of amorphouerials sometimes show an extended tail
of photon energy below the bandedge. These tarnegjgond to transitions from localized
states in the valence band (defects or impuriteef)e extended states in the conduction band
[37].

In figure 5 we can observe AFM images of sample, Pty and PTa on KBr disks. The disks
appeared homogeneously coated by the polymer,dbynpric aggregates, of few microns
down to few hundred nanometres in size, are cleaslple. The films appeared then very
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rough and columnar structures are barely visibite mughness of PTc is about 800 nm on
50x50um?. For PTh and PTa film it was not possible to abtaformation because they are

too rough.

On the image of PTh sample we can observe micracrdeimains with sharp and apparently
regular edges surrounded by randomly rough smgiéens. This is a further evidence of the
existence of crystalline domains in a two-phasacstire composed of amorphous random coll
POOPT andestacked lamellar chains. On the PTa image suchadmare not visible, which
would confirm the lower degree of order of the senggown on a cold substrate and then
annealed with respect to the one directly growthenhot substrate.

The presence of aggregates on the three films ea@aulsed by intrinsic properties of the
MAPLE technique [7]. However, optimal results imnes of surface morphology have
actually been obtained by MAPLE: thin uniform filrzs 50 nm) of various materials, such as
functionalized polysiloxanes and carbohydratesW&l,e deposited. In our case improving the
morphology of the PTh film could lead to an inceea$ the polymer regular structures, which
seem to be confined within the particles.

As usually reported in literature, polymer filmstvimproved structural order better support
the charge carrier transport, thanks to a strorger more effectiver- n inter-molecular
interaction. This basic scenario is in good agregmeth our studies, as prompted by figure
6, where IV measurements for PTh and PTa sampteeported.

At low electric fields (E< 16 V/cm), the current dependence on voltage is lireat the
conductivity ¢ value can be extracted by the basic ohmic lawthla way, c has been
estimated to be about 2*£0S/cm for the PTh film, which well agrees with thalue
evaluated for a spin coated film of the same polyfB8]. This conductivity value is only
slightly smaller than that estimated for spin-cddibms of the same material. Accordingly to
this result, the assessed electrical performantéseodeposited films are not limited by the
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film quality. On the contrary, the conductivity value is almosé @rder of magnitude lower

in the PTa case. At high fields, both curves shauer-linear behaviour, likely related to the
presence of space charge effects and trapping misai® No significant currents (lower than
few pico-amperes which is the noise level of oupezimental set-up) have been found in

similar measurements carried out for PTc samples.

4 Conclusions

Regio-regular poly[3-(4-octyloxyphenyl) thiopheneds deposited as thin solid film by matrix
assisted pulsed laser evaporation. FTIR spectrgsodpates that no degradation of the
polymer occurs during the deposition in terms ohoraer unit chemical structure. The UV—
visible absorption spectrum of the films is chagastic of a random coiled polymer for
deposition on room temperature substrate andwbghase structure composed of random
coiled polymer andestacked lamellar structure for deposition on asuttstrate, where thre
stacked chains have effective conjugation lengttilar to that of solution cast film. On
annealing, the cold deposited film reorganizedtitscture towards a similar but somehow
more disordered two-phase structure. AFM investigadf films morphology revealed quite
rough surfaces: further work is needed to impréve aspect, even if it does not sensibly
affect electrical properties. The presence of nmztwic and apparently regular domains
surrounded by randomly rough smaller grains seemsitfirm the existence of a two-phase
structure in the PTh film.

Electrical measurements reveal a difference oéadtlthree orders of magnitude between the
conductivity of samples deposited on room tempeeatind hot substrate and one order of
magnitude between the sample grown on the hot mibsand the one grown on the cold

substrate and then annealed.
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Figure Captions

Figure 1. Chemical structure of poly[3-(4-octyloxyphenylithhene].

Figure 2. MAPLE set up, top view. The target movement ishie yz plane, where z-axis is
normal to the xy plane.

Figure 3. FTIR spectra of (a) solution cast and MAPLE detaok(b) PTa (c) PTh and (d)
PTc films of POOPT.

Figure 4. UV-visible spectra of (a) solution cast and MAPd&posited (b) PTa (c) PTh and
(d) PTc films of POOPT.
Figures. AFM images acquired on (a) PTc film. The white bamresponds to 780 nm. (b)

PTh film. White bars are: 5um (top) and 2.5um (i red arrows indicate micrometric
domains with sharp and apparently regular edgeswwuded by randomly rough smaller
grains. (c) PTa film. The white bar correspondSum.

Figure 6. Typical IV measurements for PTh and PTa samples

Table Captions

Table 1. POOPT thin films obtained by MAPLE deposition, dsgion temperature and
visible features of the films.

Table 2. Values of the maximum absorption and of the bamdl-gf the POOPT thin films

obtained by MAPLE deposition.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Table 1

Sample Substrate T (K)Nr of pulses  Post-treatment  Film colourilm thickness |m)

PTc 293 45000 - Orange 1.0
PTh 423 45000 - Violet 0.5
PTa 293 45000 293K for 75 min  Violet 0.6
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Table 2

Sample Amax (NM)  E (€V)
Solution cast 560 2.21
PTh 560 2.21
PTa 550 2.25
PTc 470 2.64
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