P . 7
university of :7’%//4
groningen g',,g", University Medical Center Groningen

i

University of Groningen

Single crystallites in "planar polycrystalline” oligothiophene films
Vrijmoeth, J.; Stok, R. W.; Veldman, R.; Schoonveld, W. A.; Klapwijk, T. M.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.367145

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1998

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Vrijmoeth, J., Stok, R. W., Veldman, R., Schoonveld, W. A., & Klapwijk, T. M. (1998). Single crystallites in
"planar polycrystalline" oligothiophene films: Determination of orientation and thickness by polarization
microscopy. Journal of Applied Physics, 83(7), 3816 - 3824. https://doi.org/10.1063/1.367145

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 21-05-2019


https://doi.org/10.1063/1.367145
https://www.rug.nl/research/portal/en/publications/single-crystallites-in-planar-polycrystalline-oligothiophene-films(d93aa59e-f4df-4a10-a7ae-8f8d99e49754).html

Single crystallites in “planar polycrystalline” oligothiophene films: Determination of
orientation and thickness by polarization microscopy

J. Vrijmoeth, R. W. Stok, R. Veldman, W. A. Schoonveld, and T. M. Klapwijk

Citation: Journal of Applied Physics 83, 3816 (1998); doi: 10.1063/1.367145
View online: https://doi.org/10.1063/1.367145

View Table of Contents: http://aip.scitation.org/toc/jap/83/7

Published by the American Institute of Physics

Articles you may be interested in
Single-crystal organic field effect transistors with the hole mobility ~8 cm?2/V's
Applied Physics Letters 83, 3504 (2003); 10.1063/1.1622799

Field-effect transistors on rubrene single crystals with parylene gate insulator
Applied Physics Letters 82, 1739 (2003); 10.1063/1.1560869

Influence of the gate dielectric on the mobility of rubrene single-crystal field-effect transistors
Applied Physics Letters 85, 3899 (2004); 10.1063/1.1812368

Very high-mobility organic single-crystal transistors with in-crystal conduction channels
Applied Physics Letters 90, 102120 (2007); 10.1063/1.2711393

Effect of impurities on the mobility of single crystal pentacene
Applied Physics Letters 84, 3061 (2004); 10.1063/1.1704874

High mobility organic transistors fabricated from single pentacene microcrystals grown on a polymer film
Applied Physics Letters 83, 3108 (2003); 10.1063/1.1617375

AP | e Srysics SPECIAL TOPICS



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Vrijmoeth%2C+J
http://aip.scitation.org/author/Stok%2C+R+W
http://aip.scitation.org/author/Veldman%2C+R
http://aip.scitation.org/author/Schoonveld%2C+W+A
http://aip.scitation.org/author/Klapwijk%2C+T+M
/loi/jap
https://doi.org/10.1063/1.367145
http://aip.scitation.org/toc/jap/83/7
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.1622799
http://aip.scitation.org/doi/abs/10.1063/1.1560869
http://aip.scitation.org/doi/abs/10.1063/1.1812368
http://aip.scitation.org/doi/abs/10.1063/1.2711393
http://aip.scitation.org/doi/abs/10.1063/1.1704874
http://aip.scitation.org/doi/abs/10.1063/1.1617375

JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 7 1 APRIL 1998

Single crystallites in “ planar polycrystalline” oligothiophene films:
Determination of orientation and thickness by polarization microscopy

J. Vrijmoeth,® R. W. Stok, R. Veldman, W. A. Schoonveld, and T. M. Klapwijk
Department of Applied Physics and Materials Science Center, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

(Received 11 September 1997; accepted for publication 19 December 1997

Thin films of evaporated oligothiophend&-nT, n=4-8) show a “planar polycrystalline”
structure: each of the individual crystallites has a random azimuthal orientatiora, theface of

its unit cell is aligned with the surface plane. We introduce a technique to determine the orientation
and thickness of such aligned thiophene crystals by optical polarization microscopy. Due to the
optical birefringence of the crystal, it appears with different colors in the microscope dependent on
its orientation and thickness. To support the method proposed, we solve Maxwell's equations and
obtain quantitative agreement with the observed colors. The organic crystal shows biaxial
anisotropy. For unsubstituted quaterthiophenedT, we find effective refractive indicesy
=1.84+0.1 andn,=1.61+0.1 for waves under normal incidence. Our conclusions are fully
confirmed by atomic force microscopy with molecular resolution. Our analyses result in a simple
recipe to obtain the directions of tteeandb crystal axes from the optical experiment. 98
American Institute of Physic§S0021-8978)02007-9

I. INTRODUCTION into a useful technique for the study of oriented layeérs,
especially of Langmuir Blodgett film.
Following the pioneering work by Horowitzt al.* Because of their optical birefringence, the individual

field-effect transistors based on evaporated oligothiophenasgystals appear with a strong color contrast in the microscope
(a-nT, n=4-8 monomer unijs have been intensively for different azimuthal orientations. We calculate the reflec-
studied®® Their special crystalline order makes these matetivities solving Maxwell’s equations for plane waves in the
rials well suited for the study of the intrinsic charge transportanisotropic medium. The calculations are in excellent agree-
properties of organic solids*® Under suitable preparation ment with the observed colors. The data are properly de-
conditions the thiophene material crystallizes with #sh() scribed assuming that the crystal shows biaxial anisotropy.
crystal face aligned with the substrate plane; its molecules As a result of our work, we find a simple recipe to obtain
are almost perpendicular to the surface. This induces a up|athe crystal axis directions. The thickness of the crystallite is
nar polycrystalline” order in the film. Each of the crystallites Obtained as a side product. The directions of ghandb
has itsa andb axes residing within the surface plane, but hasCrystal axes as obtained from the microscope coincide with
a different azimuthal orientation. those found by atomic force microscof&FM).

Ideally, one would like to perform the study of field- We believe that our method is generally applicable to

effect charge transport on such a single organic crystal. |9btain the in-plane crystal orientation of birefringent materi-

would allow to analyze the transport along both in-planefals showing the preser_lt planar polycrystalline su_rface order-
crystal axes. Further, it would rule out the influence of grain'r.]gl made. This mode is commonly found for various m_ate-
boundaries. Until now, the films prepared by vacuum evapo['als on planar substrates, both amorphous and crystalline.
ration have had grain sizes smaller tha®.2 um.% It was
only on the basis of a bulk-grown crystal that a single-crystal

device has been realizédRecently, however, we have ob- Il. EXPERIMENT
tained large single crystallites with diameters upt85 um . . , . :
of both quaterthiophene and sexithiophene by vacuum Thin quaterthiophene films have been deposited on oxi-

. . ) . . qized S{100 substrates. The thermally grown oxide layer
evaporation and realized transistors with such a single crystz?1ad 2 thickness in the range of 120—160 nm. as determined
in the active regioff.To measure the mobilities along each of 9 '

. lipsometry. The organic films were grown hermal
the crystal axes in the surface plane, one then must knovt\)/y elipso etry € organic S were gro by therma
LT o evaporation from a small Ta boat in high vacuyback-

their azimuthal directions.

. . . . . round pressure 10 mbay. Because of the significant de-
In this article, we introduce a simple and reliable tech-g P Y g

, , O ) sorption of the evaporant from the surface that occurs at the
nigue to determine the directions of both in-plane CryStaIevaporation substrate temperature 70 °C), the substrate
axes in each individual thiophene crystal by polarization

X 0 } was forced to cool down rapidly to room temperat(rate
microscopy>° Optical crystallography has been developed _3 50 per mij immediately following the evaporation.

Further analyses were performed after the sample had been
3Electronic mail: j.vrymoeth@phys.rug.nl removed from the vacuum.

0021-8979/98/83(7)/3816/9/$15.00 3816 © 1998 American Institute of Physics
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FIG. 1. Setup of the polarizing elements in the microscope. The optical path -~ -~ -~—
is represented as a straight line for clarity. Linearly or circularly polarized 154 I

light is incident on the crystallite through a polarizer, with angland ax/4 *

retarder plate. The reflected light is analyzed by a vertical linear polarizer. A
The angless and a, of the polarizer and crystallite are defined with respect "1
I 1

to the vertical axis, both in this figure and in the optical images.

Polarizer 1

]

(b) Molecular polarizability

Average film thicknesses were determined using a Dek-

tak surface profiler. AFM images were taken in air using a
commercial instrumentPark Scientifi¢ in contact mode.

o4-T

The optical data were taken in reflection mode using a 2
commercial high-resolution polarization microsca@lym-
pus BH-2. The arrangement of the polarizing elements in Fn ‘x
the optical path is sketched in Fig. 1 and is represented along €, < B,y £, < €y

a straight line for clarity. Angles are defined with respect to _ _
the vertical axis. Noncoherent white Iight with either linear FIG. 2. (a) Possible crystal structures of evaporated quaterthiophenes con-
. sistent with the layering found frof® — 2@ x-ray data on evaporated films.

or circular polarization is incident on the sample through &(1) has been proposed on the basis of powder diffraction [@aezio), (I1)

rotatable linear polarizerotation angles) and a\/4 retarder s the structure which has been proposedde8T [Bolhuis1] and dimethyl-

plate. The sample is mounted in the microscope on a rotasubstituted quaterthiopheftottall. (b) Polarizability of a singlea-4T

able stage so that its angle of rOtatiﬁ'@amplea and that of molecule. The polarizabilit)fcrym,of_the _c‘rysta_l is apprqximated by taking
. . . the average of the molecular polarizabilities in the unit cell.

each of the crystallitesy., can be variede, is chosen to be

the angle of theb crystal axis with respect to the vertical

direction(see Fig. 2 The reflected light was analyzed with a

linear polarizer.

With this setup, the polarization of the incident light can The polycrystallinity of the film, with each of the ori-
be chosen to be verticab&0°), circular (§=45°) or hori-  ented crystallites in a random azimuthal orientation, is evi-
zontal (6=90°). Due to the beam splitter which separatesdent in the microscopé-ig. 3). (We find that the sizes of the
the entrance and exit beams, the optical transmission of thadividual single crystals critically depend on the preparation
microscope appears to be different for horizontally and ver€onditions and can become very largameter~25 um)
tically polarized light. This partial polarization has beenfor optimized substrate temperatures and evaporation
checked to be essentially independent of wavelength, and haates'*)
been taken into account in the calculatiqese Sec. IV R This ordering behavior is generally found for the
The optical images were recorded using a CCD color videdhiophene materias*>*6with the (a,b) crystal face aligned
camera and digitized to obtain the R, G, and B color comwith the surface plane, and the molecules in a herringbone
ponents. arrangement. The oligomer is oriented with its molecules
almost perpendicular to the substrate plasee Fig. 2a)].

The detailed molecular structures occurring may show varia-
tions for the different materials.

We note that the data for quaterthiophene are however

The special planar polycrystalline ordering of the4T  consistent with two different microstructures | and[#ee
film is illustrated in Figs. 2 and 3. X-ra§)-20 scans repro- Fig. 2@]. Either the tilt direction of the molecules is the
ducibly reveal an ensemble of very sharp pe@iat shown, same for each successive layéy, or it changes over 180°
corresponding to a layering in thredirection with 1.58 nm  azimuth for every next thiophene lay@t). Model | is sup-
periodicity [Fig. 2(a). In addition we have resolved terraces ported by diffraction studies on quaterthiophene powder.
and steps with the same height using AR\t shown.] We  Structure 1l was found both for end-capped
observe this behavior consistently for substrate temperaturegiaterthiophené’ and for terthiophen& These different
between 20 and 120 °8. structures also imply different optical symmetries of the

lll. FILM STRUCTURE: “PLANAR
POLYCRYSTALLINE”
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d=210 nm
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-45 0 45 90
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FIG. 3. (Color) Appearance in the optical microscope of a single crystalthekness~210 nm, for different polarization states of the incident light and
crystallite orientationsr, . The numbersy, refer to the crystallite in the circle. The maximum reflected intensity for circularly polarized light is observed at
a.~45°.

crystal. On the basis of its optical behavior, we can therefor@ccur when théb or thea base vector in the unit cell coin-
distinguish these structurédppendix Q. cides with the vertical analyzer polarization, i.e., fag
=0° anda.=90°.
6=45°. With circularly polarized light incident on the
IV. OPTICAL APPEARANCE OF THE INDIVIDUAL sample, the overall color appearance of the film changes
CRYSTALLITES drastically, with an enhanced contrast. Now one bright maxi-
mum per 180° rotation is observeFig. 3, middle row.

o ) o ] Interestingly, this maximum in intensityellow/white color
The individual crystallites show large variations in color ;, middle row does not occur forr,=0° or ag=90°, but

in the microscopésee Fig. 3 for different light polarization for a,~45°, independent of crystallite thickness. The abso-
states, thicknesses, and azimuthal orientations. These Varil%l-te c?olor r{owever varies with thickness

tions in color can therefore be employed to obtain the indi- S=90° If the incident polarizer is crossed with respect
vidual orientations. We discuss these colors for different h B I. he refl pd' ity al n resp
relative angless of the entrance and exit polarizers. to the analyzer, the reflected intensity almost vanigfég.

5=0°. Figure 3 shows two optical micrographs taken3j bgtton). Some light is observed.fcmc.= 45°, Thg inten-
for 5=0° with parallel polarizers from a film area with a Sity i zero fora;=0° anda,=90°, i.e., if the polarizer and
measured thickness of 210 nm. Depending on its orienta- analyzer coincide with either the or thea axis of the unit
tion in the microscope, each of the crystallites in this filmcell. This phenomenon can be employed to align the crystal
appears with a specific coldbetween green/yellow and red accurately with the polarizers, to withirn3°, by minimiza-
for this thickness We will show below that these colors tion of the reflected intensity.

A. Observation
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These findings can be used to develop a straightforwarthe models | and Il was constructed by placing the molecules
recipe to identify the crystal axes from the observed colowithin the unit cell and averaging their contributions to the
extrema. We have modeled the optical reflectance of théotal tensor. Note that with this approach the influence of the
sample to support such a recipe. local field'? is neglected.

The reflectivities and transmissivities of the $iSi in-
terface were described by standard Fresnel coefficients. The
B. Model calculation refractive indices for Si and SiCas a function of wavelength

We describe these observations in terms of the interferhave been taken from Refs. 22 and 23.
ence between light waves reflected from the crystallite sur- We have carefully checked the results obtained with the
face and those from the crystallite-substrate interface. Theresent description. For instance, if one assumes a uniform
wavelength of the light depends on its polarization directionpolarizability tensore, the reflectivity obtained should be
and this gives rise to the differences in interference color. €qual to that directly obtained from the Fresnel relations.
We have calculated the reflectance of the thiopheneThis is indeed the case.
SiO,-Si layered thin-film system to find its colors either in ~ To describe the appearance of the crystallite in the mi-
the optical microscope, or as seen by the bare eye over ma€toscope, its optical spectrum was obtained by numerically
roscopic film areas. In the former case, we assume that tH8tegrating its Jones matrix across the solid angle covered by
light wave is incident under a cone of anglésumerical the objective lens, and multiplying the resulting integrated
aperture of the objective 0.%entered around the surface reflectivities with the Jones matrices of the polarizing optical
normal; in the latter the light is incident along the surfaceComponents.
normal only. The integration was performed by choosing different
The description of the sample reflection for both theazimuthal and polar angles of incidence on a grid of concen-
s-and thep-polarization stategJones matrix requires the tric circles, uniformly covering the solid angle cone of the
solution of Maxwell’s equations in each of the layers of theobjective lens. For each specific azimuthal incident direction,
Samp|e_(The perm|tt|v|ty of the thiophene film is character- the polarization direction of the incident beam was accord-
ized by an anisotropic tens@rlg) To that end, we have fol- Ingly eXpreSSGd within the new reference frame by transfor-
lowed the approach developed by Berremetal?® The  Mation (we neglect polarization changes induced by the
propagation of the plane waves in thadirection, i.e., per- lense$. The integration mesh was chosen sufficiently small
pendicular to the interface, is described by a vectdz)  that the resulting integral was independent of mesh [shee
= (Ex,Hy ,E;,—H,), which contains the tangential mag- integrand(the Jones matrixthen only shows a small varia-
netic and electric field components. Within this formulation, tion between the mesh points
the wave equations reduced®/dz= (i w/c)A-¥. Here,A To enable comparison with the observed colors, the cal-
is the (4x 4) so-called layer propagation matrix, which con- culated light spectra were finally expressed in their corre-
tains the permittivity tensoe and is different for each angle sponding red-green-blU&®GB) coordinates, as follows. The
of incidence. The solution to Maxwell's equations takes theXY Z color coordinates were obtained from the spectra by
form W (z) = exf(iwz/c)A]-¥(0). Hence the wave fields at integration using theY Z color matching functions, , y,,
the respective interfaces, as describedd@) and W(d), 2z from the 1931 CIE colorimetric systemAg =5 nm)>*

are related by The XY Z coordinates were finally converted into RGB in-
. tensities which correspond to the RGB chromaticity coordi-
W(d)zexp{ﬂ A) P(0), (1) nates of the NTSC color television systémThe corre-
c sponding transformation is
with d the crystallite thickness. The §44) “layer matrix” R=1.753—0.489%'—0.26%,
exfd (iwd/c)A] is obtained fromA by diagonalization. The
four eigenvectors oA represent the four wave solutions that G=—-0.99&+2.027% - 0.02Z, @)

can occur in the an_isot.rop.ic medidthThe eigenvalugs are B=0.070{—0.141Y + 1.07Z,

the effective refractive indices for these waves. This proce-

dure effectively results in decomposing the incident wavefom which the perceived colors expressed in their RGB
field in terms of these four eigenwav®The reflectivities ~ color coordinates are obtained.

and transmissivities of the sample are finally obtained by

matching the incident, reflected and transmitted waves
each interface, as in the standard Fresnel apprasch.

We have applied this method to the quaterthiophene To test the predictions for the appearance of a single
single crystal. Its polarizability tenseg,s;; was constructed crystal in the microscope, we have recorded images from two
assuming that it can be approximated by averaging the conx-4T single crystals with thicknesses-160 nm and
tributions of the different molecules within the unit cell. The ~200 nm, for different sample azimutlgmpbetween 0°
main polarizabilities &), (i=1,2,3) of thea-4T mol-  and 360°, both for “linear” and for “circular” light. The
eculegsee Fig. )] were assumed large within the molecu- measured RGB color componefftéor the 157 nm crystallite
lar plane and small perpendicular to[{temo) 22~ (€moD 33> as a function of sample azimuth are shown in Figcificles.
(€moD 22,33 (€mo) 11]- The thiophene polarizabilities were as- The calculationgsolid lineg show good agreement with
sumed to be independent of wavelengthys, for each of  all three observed RGB components, both for linear and cir-

a . . .
(t:. Comparison with experiment
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d=157 nm

5=45°
circular

5=0°
linear

fit
« e data

—» reflectivity (a.u.)
—» reflectivity (a.u.)
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180 360
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0
— crystal orientation (degree)

=]

180

—— crystal orientation (degree)

FIG. 4. Observed(circles and calculated(lines RGB coordinates of
a single crystallite(thickness 157 nmin the microscope. This particular
crystallite shows green-blue color tones. The curves have been obtain
assuming molecular polarizabilities ofyq1;=1.83 and €mg; 2= €mol 33
=4.04.

(a) &= 0° linear polarization

600

Vrijmoeth et al.

cular incident polarizationiFig. 4). The fits for both crystal-
lites have been simultaneously obtained, by varying the po-
larizabilities of the moleculegwithin the molecular plane the
polarizabilities were assumed uniform, i.€pe| 2= €mol 33,
the film thickness, and the crystallite orientatigp within
the film (so thata .= asampiet Xc), SO as to obtain a good
description of the data.

For both crystal structures | and Il, the data are well
described foreqme11=1.83 and €ng| 20= €mor.33=4-042" We
note that with these molecular polarizabilities, waves under
normal incidence encounter effective refractive indices of
n,=1.84 andn,=1.61, as is found from the eigenvalues for
these waves. This is in good agreement with the values ob-
tained over macroscopic film areésee Appendix B

We have calculated the film colors for thicknesses be-
tween 0 and 600 nm and represented them in color charts
dFig. 5. By careful comparison with the colors observed,
using a wafer with a large variation in thickness and large
crystallites, we find that these charts match the observations

45°

8

circular polarization
v

(b)

600

500 500
= 400 L 400
£ £
£ 300 £ 300
o o
= =
= 200 | '% 200
100 T 100
0 1 1 1 ] ] 0
0 180 360 0 180 360
b a b a b b a b a b

—— crystal orientation o (degree)

FIG. 5. (Color) Calculated colors of-4T crystallites in the microscope. Co

— crystal orientation o (degree)

lors are given for different crystal orientations and thicknesses, both for linear and

circular polarization of the incident ligh§=0° and §=45°. Note that these charts are exclusively valid for a single, S thickness and numerical
aperture of the microscope objective lens. For this cige, =161 nm; N.Agpecive= 0.9.
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(a) (b) (©)

1um

1nm

FIG. 6. AFM data confirming the assignments of the crystal axes. Large aredaeanl scan zoomed in on the same island with molecular resol(ifjon
show that that the facet directions &f10] and[110] directions(c), in complete agreement with the optical data. These data provide conclusive evidence for
the description given in this article.

in detail over the thickness range from 0 to 400 nm. Formicrostructure, as the same facets are visible both in the
instance, consider the islands shown in Fig. 3der0°. For  optical microscopéFig. 3) and in the AFM[Fig. 6a)].

a thickness of-200 nm, the “yellow/red” and “greenish” In the latter case, we have analyzed the surface crystal
tones correspond to alignment of thend thea crystal axes lattice on top of the same island by AFM in molecular reso-
with the analyzefsee Fig. 5a)]. The observations for circu- lution [Fig. 6(b)]. These data show the orientation of the unit
lar light (Fig. 3, =45°) also follow the calculation at 200 cell, which has dimensions of 74l and 8.4-1A. The

nm [Fig. 5b)]: at a.=45° a yellow colored maximum is facets coincide with th¢110] and [110] directions in the
found; the intensity almost vanishes at=135°. At @,  crystal[Fig. 6(c)]. Imaging the same crystallite in the polar-
=0° and a,=90° faint red and green tones are observedization microscope, we find that the main optical axes bisect
For thicknesses between 0 and 400 nm, the thicknesses edfiese facet directions, as expected. bhanda axes as de-
mated from the chart agree within10 nm with those mea- termined in the optical experiment coincide with those found

sured by a profiler scan. by AFM.
This completes the proof for the optical approach pre-
V. RECIPE FOR IDENTIFICATION OF THE b AND a sented in this article.

AXES IN A CRYSTALLITE

The data discussed in Sec. IV provide an unequivocaVll. @-6T

criterion, WhiCh allows. to idgn.tify thg crystal axes ir_1 a First data on sexithiophene show that the approach pre-
simple recipe. Tﬁ\e maximum in intensity observeod for circU-sented here is directly applicable to this material as well.
lar light, (i.e., 6=45°) always occurs air;~+45°, inde- g hrepared at elevated substrate temperatures90
pendent of thickness. A minimum is consustentl_y found a_ti40 °C) again show the well-known ensemble of six peaks
ac~ 135° [also r_epresented in the separate vertical Z0N€ iy, the x ray ©-20 scans, indicative of the layered crystal
Fig. S(b)] for thicknesses up to-400 nm. The resulting gy cqyre, and crystallites with diameters-e6—10.m.

recipe is described in Appendix A. It combines Fhe criterion  tha colors of these crystallites in the microscope show
mentioned above with the color extremes occurring along the,e same general behavior as a function of orientation in the

crystal axeda,=0° or a;=90°) for 6=0°. microscope as quaterthiopheffg. 5. This shows that the

This recipe works well for crystallite thicknesses up 0 athod developed here generally applies to these materials.
~400 nm. Beyond that thickness, a second maximum devel-

ops ata.=135° with circular §=45°) light[see Fig. B)],
and the(6=45°; a.=45°) criterion breaks down. Therefore, VIil. DISCUSSION

in order to identify the axes in this regime one has to rely ona. Polarizability tensor
the precise color tones occurring. However, th&=Q°)
color extremes still coincide with either tleeor b axis, only
their unequivocal identification becomes less straightfor
ward: one runs the risk to mix up thewith the a axes for
these large thicknesses.

The results in this article are represented in terms of the
in-plane refractive indicen, andny,, for the following rea-
son. The main unknown optical parameter in this work is the
optical polarizability of the organic crystal, as described by
the general anisotropic tenser The reflected colors, how-
V1. CONFIRMATION BY AFM ever, are almost completely _determlned py the polarizabil-

ities within the surface plane, i.e., by effectively only two out

We finally note that the directions of theanda crystal  of three tensor components.
axes obtained agree with independent AFM measurements. This is true both for the appearance of the film in the
The crystal orientation is reflected in the faceting shown bymicroscope and to the eye. Specifically, the film color as
some of thex-4T crystallites. This faceting can be employed apparent to the eye for light under normal incidence is ex-
to check the relation between optical polarization and crystapected to be completely independent of the out-of-plane op-
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tical polarizability. On the other hand, the dependence of the  Here either tha or theb axis of the crystallite coincides

colors in the microscope on the out-of-plane polarizabilitieswith the analyzerg,=90° or a.=0°.

is also weak, as we find from our calculations. This is true  (2) Identify the axes using circularly polarized incident

even in the case of an objective with NsAL (large magni- light (§=45°).

fication), where the light waves are incident on the sample.,. . . . e .

with angles ofinciden%e which deviate significantly from tEe(') b axis aligned W'.th analyzere=0°. Rotatmg to .

normal direction. posmve or negative angles,' the reflected intensity
Therefore, the out-of-surface-plane optical polarizabil- zhg:lgs gc;eas;ga?:;]i?‘eirhe:%i.irgl?)]. Elfsfo;rned-

ities are not obtained from our experiments. Consequently, tr?e minimurgpata ~335° res ectivgrQ '

we specify the in-plane refractive indicag andn, only. In i, o c ’ p_ N Y.

practice the tensor used in the calculations has been cor(nl-') a a>_<t|s :;]mgned W'fth anetll){_zerqi—go '.t.NOW the op-t_

structed on the basis of either crystal structures | or Il, as- 223;;_ tﬁgpiﬁ?esnsic;r \:\(/)illa dlgcnregsg%SrI iI:cerecz)arsgergei |\;ec_

suming ‘molecular’ polarizabilitiesey,q);i » (i=1,2,3), such tivgly epproachingythe minimum at.~ 135° ’andp

that it reproduces the experimental détee Sec. I}, n, and the m,aximum Ay~ 45° € '

ny are found as the eigenvalues of the matkifor normal ¢ '

wave incidence. If the thickness is larger thary 400 nm, a second maxi-
mum exists atr,=135°/315°.[See Fig. B)]. In that case,
B. Wavelength dependence thea andb axes cannot be distinguished.

Furth h lected i lculati (3) The crystallite thickness can be determined using
urthermore, we have negiected in our calculations E?:igs. 5a) and 3b) on the basis of the color extremes for

possible wavelength dependence of the polarizability. Thea =0° and a,=90° [6=0°, Fig. 5a)] and a,=45° and

polarizability is expected to vary especially around the mainac=135° [5=°45o Fig E(c)]’ A color chart cgrresponding

_* ) ac , . .

- absorption t_)and.(~589 nm). Nevertheless, the ap to the specific Si@thickness is required for this determina-

proach presented in this article appears to works well. Thei

refractive indicesn, andn, from the fits represent effective

refractive indices, averaged over wavelength. APPENDIX B: DETERMINATION OF REFRACTIVE

INDICES FROM THE FILM APPEARANCE TO THE
IX. CONCLUSIONS BARE EYE

A simple recipe allows to obtain the orientation and  The dependence of color on crystal thickness is already
thickness of the individual organic single crystals in €vapo-gpparent upon inspection of the evaporated film by the bare
rated quaterthiophene films. The method is based on the oye. Such observations can be used to determine the effective
tical birefringence of this material. refractive indices of the thiophene material for waves under

To establish the method, we have solved Maxwell'snormal incidence, as follows.
equations for plane waves in the anisotropic crystal. We ob-  We have prepared two films with a large variation in
tain excellent agreement with the observed reflectances. Thfickness, on a clean nonoxidized JI0) wafer, by putting
crystal shows biaxial anisotropy. The effective in-plane re-them close to the-4T source. The sample thicknesses have
fractive indices aren,=1.84 andn,=1.61. been measured using a Dektak surface profifég. 7(a)].

The directions of thea andb crystal axes as obtained They are in good agreement with the well-known cosine an-
from the optical experiment are fully confirmed by AFM gular flux distribution of the evaporation source.
with molecular resolution. The present method is easily ex-  On the basis of the measured thicknesses, we have cal-

tended to other materials. culated the optical reflectivity of the wafer for normal inci-
dence[Fig. 7(b)]. The thickness distribution over the sample
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(FOM). Sity shows an oscillatory dependence on film thickness.

However, the amplitude of the oscillation vanishes at a thick-
ness of a few hundred nm. This behavior is expected for a
birefringent crystal: for polarizations along the different op-
tical axesa andb, different oscillation periods arid€ig. 9).

(1) Bring the crystallite in the center of rotation of the As a result, the total oscillation amplitude vanishes at a
rotatable sample stage. Rotating the crystallite in the microthickness characteristic for the two different refractive indi-
scope with crossed polarizerg=£90°), find those orienta- ces(Fig. 8). We find striking agreement between the calcu-
tions where the reflected intensity vanish@his alignment lated and observed colors, assuming that under normal inci-
can be performed with an accuracy ©f3°.) dence the light experiences in-plane effective refractive

APPENDIX A: RECIPE TO DETERMINE CRYSTAL
AXES AND THICKNESS
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FIG. 7. (Color) Thickness-dependent color of an evaporated film to the naked@y@alculated appearance of a Si wafer with thicknesses between 435 nm
(centej and 160 nmborde). The graph shows the thicknesses as measured by a Dektak profilofbefgspearance as a function of thickness. This allows

to estimate the thickness of a thin film on the basis of its color.

indices ofn,=1.83+0.03 andn,=1.63+0.03, for polariza-
tion along theb anda axes, respectively. Having determined

APPENDIX C: DISCRIMINATION OF CRYSTAL
STRUCTURES | AND I

these parameters, the film thickness can be predicted from

the observed coldiFig. 7(b)].
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FIG. 8. Calculated reflectivities for monochromatic light of 580 nm under
normal incidence, polarized along theaxis, along the axis, and unpolar-

ized (‘total’). The oscillation as a function of thickness vanishes at a thick-

ness of~350 nm due to the difference in effective refractive index.

Observations in the microscope provide evidence in fa-
vor of crystal structure (see Fig. 2 We observe an anoma-
lous defocusing behavior fax-4T crystallites with crossed
polarizers(a.=45°, some intensity observeetif the micro-
scope is slightly defocused, each of the crystals shows an
apparent translation in the image. This translation takes place
along the direction of tha axis of that particular crystal.

We suggest that such a defocus-induced translation can
be explained on the basis of the tilt in the optical axes that
occurs for model I. The optical axes for models | and 1l do
show a quite distinct difference in that respect. For model Il,
€crystal 1S diagonal in the unit cell frame. For model I, this is
not the case. As a consequence, the optical axes are tilted
with respect to the surface plane, and no longer coincide with
the axis of the objective lens. Thus an asymmetry in the
directions of ray propagation is introduced for model I.

Therefore, we believe that these data provide support for
model |, in agreement with the powder diffraction data for
a-4T by Porzioet al®
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