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Abstract

We have determined the anisotropic dielectric function of thin spin-coated as well as drop-cast poly(3-octylthiophene)-films from
near-normal reflectance and transmittance data and from spectroscopic ellipsometry. The influence of the growth parameters (i.e. spin
frequency, concentration of the polymer in solvent, type of solvent) and of the substrate on the anisotropic dielectric function of the films
was studied. The determined anisotropic dielectric functions were used to investigate the orientation of the polymer chains within these
films. For the spin-coated films we found, that the optical anisotropy increases with increasing spin frequency and decreasing polymer
concentration in the solution, indicating that polymer chains become more aligned parallel to the substrate. The drop-cast films were
found to be even more anisotropic. In addition, the anisotropy increases considerably if the property of the Si substrate is changed from
hydrophilic to hydrophobic (done by HF-treatment). Summing up, all results are discussed in dependence of the film thickness as the
decisive parameter for the anisotropy.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the preferable orientation of the polymer chains parallel to
the film surface results in an improved in-plane electron

Conjugated polymers are promising materials for ap- mobility and in a poor (several orders of magnitude lower)
plication in electronic and optoelectronic devices such as out-of-plane mobility{5,6]. Therefore, such an arrangement
field-effect transistors, organic light-emitting diodes or or- is desired for field-effect transistors in a planar configu-
ganic solar cells. The great advantage of the polymeric ration, but it is less favourable for optoelectronic devices
electronics compared with crystalline semiconductor basedlike solar cells and light-emitting diodes, where high elec-
solid-state ones lies in the potential of producing devices tron mobility perpendicular to the electrodes (out-of-plain)
with simple, low-temperature and low-cost polymer pro- is needed. Thus, the optimisation of the organic devices re-
cessing technologies like spin-coating, printing and produc- quires a detailed knowledge of the morphology of the active
ing roll-to-roll [1-3]. layer.

At present, most of the polymer organic devices are pro- For spin-coated films of some conjugated polymers, uni-
duced using the spin-coating technique. However, to designaxial optical anisotropy with the optical axis perpendicular
highly efficient devices, some structural order in such lay- to the surface was reportgd—13]. This phenomenon was
ers is desired. In particular, the orientation and the inter- related to the preferable orientation of the polymer chains
chain packing of the polymer chains are of great importance. parallel to the substrate. This assumption was also confirmed
A clear correlation between the orientation of the polymer by X-ray diffraction measurements on thin spin-coated
chains and the anisotropic conductivity was demonstrated poly(3-alkylthiophene) film$14,15] The degree of the op-
[4-6]. In all cases, the highest conductivity was observed tical anisotropy depends on the angular distribution of the
in the direction of the polymer main chain. For example, chains, i.e. the higher optical anisotropy corresponds to the

better alignment of the chains parallel to the substrate.
mpondmg author. Telt49-3677-693168: _ In spi_te of th_e importance of _this finding, the anisotropic
fax: +49-3677-693173. dielectric function of most conjugated polymers were not
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growth parameters such as the spin frequency, the conceneour case we analysed simultaneously three samples prepared

tration of the polymer in the solvent and the type of solvent from the same concentration of the solvent, but using slightly

on the optical anisotropy of the polymer films was not re- different spin frequencies, which results in slightly different

ported yet. film thickness. The fitted anisotropic dielectric function was

In this paper we present a systematic study of the opti- then equalized to the dielectric function of the sample with

cal properties of thin spin-coated and drop-cast P30T films the mean spin frequency.

depending on the spin frequency, the concentration of the Because of the relatively small differences between the

polymer in the solvent, the type of the solvent and the type optical properties of the chosen three samples, the multiple

of the substrate. The dielectric functions of these films were sample analysis can be applied in our case. Nevertheless,

obtained by means of spectroscopic ellipsometry and re-the results of multiple sample analysis were carefully proved

flectance/transmittance measurements. The analysis of strucby reflectance/transmittance measurements, which provide

tural properties of the films was based on the investigation both the film thickness and the parallel component of the DF.

of the imaginary part of the anisotropic dielectric functions. The results of the reflectance/transmittance measurements
were found to be in a rather good agreement with those
of ellipsometric multiple sample analysis. Additionally, the

2. Experimental AFM pictures of scratched samples were taken to determine
the film thickness. The good agreement of the film thickness

The films of regioregular poly(3-octylthiophene) with provided by these three methods indicates the reliability of

~99% head-to-tail couplings were spin-coated or drop-cast our results.

on silicon and glass substrates. For the determination of

their dielectric functions, spectroscopic ellipsometry and

reflectance/transmittance data were used. The absolute . .

near-normal transmission and reflection spectra of the 3. Results and discussion

samples were taken with a spectrophotometer Cary 3G

(Varian). As spectral rangks = 1.5-35 eV was used. A In order to investigate the influence of the preparation

dielectric function was then fitted to the reflectance and conditions on the optical properties of the spin-coated films,

transmittance data with the commercial software SCOUT W€ have studi_ed the P3_O T-films at_ Si and glass substrates,
(M. Theiss, Hardware and Software, D-52078 Aachen prepared by different spin frequencies and polymer concen-
Germany) ' ' " trations in the solution. The solvents used were chloroben-

It should be pointed out, that due to the near-normal zene and toluene. The spin frequency was varied from 500 to
incidence of the light bearr;, mainly the in-plane compo- 6000rpm, and the polymer concentration from 0.7 to 2.0%.
nent of the dielectric function was tested. Consequently, no Th? realsy and imaginarye; pa_rt of DF O.f the films .
out-of-plane component of the dielectric function was de- " Si substrates prepared by different spin frequencies

termined by reflectance/transmittance measurements sepa(-750_4000 rpm) and fixed polymer concentration (1.1%)
rately. are shown orFig. 1

Ellipsometric data were obtained by means of a Woollam Ithas been showf#, 7], that the imaginary part of the DF

variable angle spectroscopic ellipsometer (VASE) with ro- ©2 (which is proportional to the absorption coefficient) in-
tating analyser (RAE) in the spectral rarige = 1.5-35eV dicates the degree of optical anisotropy of the investigated

in steps of 0.02eV. The measurements were performed atmaterial and thereforelchara(.:terizes.; the degree of alignment
several angles of incidence in the range of 60-&5room of the p0|ymer chalr_1§ n the f|Im.. This is because th.e Ipwest
temperature in air. Because of the oblique angle of incidence,ener_gy optical transmoer Is excited QUe tolan electricfield
both in-plane and out-of-plane components of the dielectric that is parallel to the conjugated main chain (polymer.back—
function could be determined. For the analysis of the ellip- bone)[7,11] and hence the absorption of the polymer is the

sometric spectra the Woollam WVASE software was used. strqngest pa_rallel to the pplymer backboqe. Th? apsorption
In order to determine the anisotropic dielectric function of of light polarized perpendicular to the main chain direction

the films, we have analysed the ellipsometric data with an occurs in ultraviolet region of the spectrufti7—19]and is

optical one-layer model. The model parameters are the ordi-' <Y weak in visible region. Therefore it has been neglected

nary and extraordinary components of the DF and the Iayer't:' our StUdi/' If now the abslorptlorl; mktge plane oflf[he fgm
thickness. In order to determine the film characteristics, the °ccOMes SrONGEr, More polymer backbones are aligned par-

model parameters were varied to obtain the best fit between?"el o it. The real part of the Dy will not be discussed

experimental data and those calculated by the model. To pre-'r} Irt:rther gonsmﬁ;atmns.nlnl ou(rj study V\:je. ufe the quotler;t
vent a strong parameter correlation, a multiple sample anal—of the maxima o etpa;r%':e and perpendicular components
ysis was applied13,16] In multiple sample analysis, sev- ot the Imaginary part o

eral films of the same material are simultaneously analysed max

assuming the same dielectric function for all films, while the , €2
film thickness is allowed to be different for each sample. In ™ £\
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Fig. 1. Reale; and imaginarys, parts of the parallel (left) and perpendicular (right) components of the anisotropic DF of spin-coated P30T films
prepared by different spin frequencies and fixed polymer concentration of 1.1% in chlorobenzene.

for a qualitative analysis of the optical and structural

anisotropy. The parametek equals infinity if all of the

investigated.

With increased spin frequency, the parallel component of and hydrophobic Si substrates are showrfFan 3.

To investigate the influence of the substrate on the op-

tical properties of the spin-coated films, the P30T films
chains are lying parallel to the substrate and it is unity were spin-coated onto both Si and glass substrates. In ad-
for an isotropic film. We believe that this simple param- dition, some Si-substrates were treated with HF prior to
eter is sufficient to describe the investigated phenomenaspin-coating of the polymer films. It is known, that such a
because the shapes of the parallel and perpendicular comtreatment changes the surface properties of the Si to be hy-
ponents of the DF change only slightly between the samplesdrophobic, whereas the untreated Si is hydrophilic. The de-
termined DF of the P30T-films deposited onto hydrophilic

the DF increases and the perpendicular one decreases; the The anisotropy of the film deposited on hydrophilic Si

is comparable to the spin-coated films on glass. However,

750 rpm) to 4.08 (spin frequency 4000 rpm). This means on the films deposited on hydrophobic substrates are more

average the films become more aligned with increased spinanisotropic (the anisotropy parametechanges from 2.30

to 2.97). The origin of this phenomenon is discussed below.
The same behaviour can be observed for films prepared For comparison, we have plotted the anisotropy parame-

by fixed spin frequency (1500 rpm) but various polymer con- ter A for all spin-coated samples in dependence on the film

anisotropy parameteA grows from 2.85 (spin frequency

frequency.

centrations (0.7, 1.1, 1.5, 2.0%; séig. 2). The anisotropy

to 4.05 (polymer concentration 0.7%).
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thickness, which was also obtained from spectroscopic ellip-
parameteA grows from 2.37 (polymer concentration 2.0%) sometry (se€ig. 4). The anisotropy of the spin-coated films
increases with decreased film thickness, and depends not
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Fig. 2. Imaginary part of the parallel (left) and perpendicular (right) components of the anisotropic DF of spin-coated P3OT films prepared from
chlorobenzene solutions of different polymer concentrations and fixed spin frequency 1500 rpm.
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Fig. 3. Imaginary part of the parallel (left) and perpendicular (right) components of the anisotropic DF of spin-coated P30T films preparedezh untreat
Si (@) and HF treatedM) Si substrates. The spin frequency was 650 rpm and the polymer concentration in chlorobenzene was 1.1% for both samples.

strongly on the spin frequency and polymer concentration. alignment of the polymer main and side chajh4,15] For
At a given film thickness, the variation of spin frequency the first layers of the polymer film the interaction between
and polymer concentration induces a change in anisotropythe polymer and the substrate is significant. Depending on
of maximum 15% (se€ig. 4). There is also no strong de- the interaction the alignment of the main chain will be more
pendence on the solvent type. There are no significant differ- or less parallel to the substrate. This can explain the observed
ences between samples deposed on Si and glass substratéfferences in the anisotropy between the films deposited on
with exception of the film deposed on HF-treated (hydropho- the HF-treated silicon and the non-treated silicon substrates.
bic) Si substrates, as it was discussed above. It can be conThe interaction of the polymer chain with the hydrophobic
cluded, that the film thickness is the decisive parameter for surface is enhanced as compared to the hydrophilic one.
the optical anisotropy of spin-coated films, as all the data  Further on, the deposition time (i.e. the time of evapo-
points fall unto some kind of “master curve”. ration of the solvent) is the other important parameter that

In addition, we have measured drop-cast films deposited determines the properties of the films. For drop-cast films,
on untreated Si and glass substrates. The results are showthe deposition time is significantly larger80 s and more),
onFig. 5 A decrease of the anisotropy with a film thickness and the polymer molecules have more time to settle and
is also observed. On the same figure, the “master curve” for align. Therefore the obtained order of the polymer within
spin-coated films taken fromig. 4 is also shown for com-  these films is better than in the spin-coated ones. For the
parison. All measured drop-cast films are more anisotropic spin-coated films, the deposition time is (with just a few sec-
than spin-coated films of comparable film thickness. onds) lower. In summary the product of the deposition time

Our results can be understood by the assumpitiéi, and the interaction strength between substrate and polymer
that the film begins to solidify at the substrate and that the yields the extend of optical anisotropy within the polymer
polymers form to some extend little crystallites by parallel films.

The differences in the deposition time and the interaction
on the glass and silicon substrates seem not to differ very
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Fig. 4. Anisotropy parametek of spin-coated P30T-films prepared by: 40 80 120 160 200 240 280
various spin frequencies (750, 1000, 1500, 2000, 3000, 4000 rpm) on un- Film thickness (nm)

treated Si substrates from 1.1% chlorobenzol solutll); (various poly-

mer concentrations (0.7, 1.1, 1.5, 2.0%) on untreated Si substrates fromFig. 5. Anisotropy parameteh of drop-cast P3OT-films prepared from:
chlorobenzene solution by 1500 rpi#); various spin frequencies (2000,  0.7% chlorobenzene solution on glad®)( 0.7% chlorobenzene solution
3000, 4000rpm) on glass substrates from 1.5% chlorobenzol solution on untreated Sill); 1.1% toluene solution on untreated %) 1.5%
(A); 1500 rpm on Si substrate from 1.1% toluene soluti@®).(The ex- chlorobenzene solution on glas&), 1.5% chlorobenzene solution on
perimental points fall closely on a single “master curve”, an exponential untreated SiX). The “master curve” for spin-coated films (dpig. 4) is
decay. also shown for comparison.
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