JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 12 22 SEPTEMBER 2003

Strong optical anisotropies of F  ;5CuPc thin films studied
by spectroscopic ellipsometry
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We have used spectroscopic ellipsometry to measure the optical functions;sGUFE
(copper-hexadecafluoro-phthalocyaniney,FggNgCu) films grown by organic molecular beam
deposition simultaneously onto M@@d1), SiO,/Si, andA-plane (11®) sapphire substrates. The
latter allows one to produce, under suitable conditions, highly ordered films with interesting
anisotropic optical properties. These films are shown to be oriented with two principal axes of the
dielectric tensor on the film surface, with one of them almost aligned with thes of the substrate.

The main spectral features, corresponding to the str@g and B-band absorptions of
phthalocyanines, are polarized along the other in-plane axis which is perpendiauldhi®Q band
contains a particularly sharp excitonic peak near 1.55 eV whose intensity variations point to
different molecular stackings in the films. @003 American Institute of Physics.

[DOI: 10.1063/1.1602056

I. INTRODUCTION growth conditions. This conjugategt-electron macrocyclic
compound is particularly interesting among other haloge-
The optical response of molecular solids is largely deternated phthalocyanines because inigonducting with high
mined by the interplay between the optical properties of aelectron mobility and also relatively stablelhis suggests
single molecule and the local environment of the molecule irthat FCuPc can become practically useful to develop or-
the solid. The detailed structure of a sample including crysganic bipolar devices such as transistors or electrolumines-
talline phase, domain size, and distribution of crystallite ori-cent diodes, where knowledge of both structural and optical
entations determines many characteristics of its optical propsroperties is relevant. In particular we measure strongly an-
erties. Single crystals of organic optoelectronic materials aréotropic optical responses and obtain the associated dielec-
commonly optically anisotropic due to their crystal symme-tric tensor components of those films. The optical functions
try, which frequently is monoclinic. When deposited as thinare connected to structural issues such as average degree of
films good crystallinity, large domains, and smooth surface®rder, preferential orientation, and molecular stacking ar-
are not easy to obtail? In addition, the nature and strength rangements.
of the molecular interactions favors the occurrence of poly-
mqrph|sm. Therefo_re, a very fundamental issue is the COIM&: v PERIMENTAL DETAILS
lation between optical and structural properties in these sys-
tems. In this work, we address this question by a systematic All measurements were done using a spectroscopic ellip-
evaluation of the ellipsometric spectra of structurally well-someter with rotating polarizer. The available spectral range
characterized films of ECuPc deposited by organic molecu- is from 0.7 to 5.2 eV, using a 75 W high-pressure Xe arc
lar beam deposition simultaneously onto M@OD, lamp as light source. Two detection setups are used: From
SiO, /Si, andA-plane (11D) sapphire substrates at different 1.4 to 5.2 eV with a resolution of about 1 meV with a double
prism/grating monochromator of 750 mm equivalent focal
YElectronic mail: isabel@icmab.es length plus a multialkali photomultiplier tube. Below 1.4 eV

bpermanent address: Physical and Theoretical Chemistry Laboratory, 0 dOWN t0 0.7 eV a Sing_le spectrometer of 300 mm f_0C§| length
ford University, South Parks Road, Oxford OX1 3QZ, UK. and a GalnAs photodiode are used. The angle of incidence of
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the optical beam on the sample surface is usually chosen
betweeny=60° and 70° whereby the vertical arc lamp spot
results in an illuminated area of aboutx2 mn? at the
sample surface position. Spectral data are recorded as a func-
tion of energy every 2 meV or largéfrequently 20 meV,
depending on the sharpness of the observed electronic tran-
sitions and the required level of detail.

The studied film samples were deposited with different
thicknesses between 5 and 45 rimonitored with a quartz
crystal microbalance calibrated by x-ray reflectiyityand
substrate temperatures fronil50 to 250 °C. Their structural
characterization was published elsewHerghe film mor-
phologies and structures were found to depend on the sub-
strate used, its temperature, and also on the layer thickness.
We study the influence of these parameters on the optical
properties of two groups of samples: films of the same thick-
ness(20 nm formed at different temperatures and films of
varying thickness grown at the same temperat@g® °Q.

X-ray investigations showed that out-of-plane ordering
exists in all samples with a Bragg reflection that corresponds
to a spacing of about 15 A, being close to the size of the
molecule, consistent with molecules that adopt a standing up
arrangement in the films as was also found in Ref. 3. How-
ever, azimuthal ordering has only been obtained on sapphire
substrate$,and using suitable growth parameters. This azi-
muthal order and the associated optical anisotropy can be
detected and characterized by ellipsometry.

I1l. DATA ANALYSIS

Suitable anisotropic models must be applied to ellipso-
metric measurements in order to deduce the film’'s optical
properties. This anaIySIS is done by leaSt_squareS flttlng of EIG. 1. (Top) Chemical structure of a molecule ofeuPc.(Bottom) Sche-

model describing the sample to the experimental ellipsometmyatic representations of one layer of a typical Pc crystalline structure on a
ric spectra. For fitting we have used thaiuIT packagéand  substrate, indicating our measurement configuration and the definitions of

the connection between experimental measurements ariitp principal axes of the tensok(Y,z), laboratory axesxy,z), and the

sample properties is described in the following. anglefs.
The general relationship between Jones vectors of inci-
dent E;p,Eis) and reflected &, ,E;s) light beams is given A typical monoclinic crystalline structure of a metal-
by® lophthalocyanine is indicated schematically in Fig. 1. In gen-
R R eral, our films are composed of crystallites with anisotropic
(Erp) _ ppbs (Eip) 1) optical properties. Our measured spectra carry averaged in-
Ers Rsp Rss| | Ejg)- formation of their dielectric response, that is, we must con-

. ) ) sider that the films behave as effective dielectric media,
The nondiagonal elements of the reflection matrix leadyhich can be represented by a general dielectric tensor.
to a mixing ofs andp polarizations. These elements vanish Hence, this tensor bears information both about the nature of
(Rsp=Rps=0) in isotropic media and for symmetric orien- {he crystallites and their distribution. Corresponding to the
tations of the dielectric tensor in anisotropic cases. In thesgpserved optical response, the investigated samples can be

particular situations, the experimentally measured quantitieg|assified in two different groups: azimuthally isotropic and
tan¥ and cos\ or complex reflectance ratipcan be written  apjisotropic.

as The first group is composed by the films grown on
R MgO(001) and SiQ/Si. Since, according to results of x-ray

p=tan\lfe'A=ﬂ, (2 diffraction, all samples are ordered in the out-of-plane direc-

ss tion, we must regard these films as uniaxially anisotropic

where the reflection matrix elements are related to the angleith optic axis perpendicular to the sample surface. The pos-
of incidence¢ of the light beam and the optical functions sible difference between in-plane and out-of-plane dielectric
e=N?=(n+ik)? and thicknesses of the different materials functions can be tested by comparing spectra measured at
in the multilayer. various angles of incidenéeNote that in this special case a
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isotropy of the measured tanhis <1% of the total observed
in most of these CuPc films. Besides, there are no elec-
tronic transitions of sapphire in the measured spectral range.
Therefore, the observed structures and their large detected
anisotropies stem from the;g€uPc films, and their optical
spectra can be numerically obtained from the measured data
by neglecting the comparatively small substrate’s anisotropy
and reducing the problem to the readily solvable equations of
a biaxial layer on an isotropic substrate in an isotropic
ambient®

The diagonal reflection matrix components are written
for this case following Ref. 6 as a function of the complex
refractive indices of the ambiedy, film Nyx,Niv,Niz,
and substratdN,, and the film thicknessl;. Taking thez
axis perpendicular to the sample surface and defining the
plane of incidence together witk, the overall three-phase
diagonal reflection coefficients are

COSA

*» > = @

tan'¥

_ r01pp+r12ppe I¢P

= S 3
PP 1+ Tomppl1zppe =7 ®
—2i
 TousstTis® #7s @
5 1+ ged 15 208
FIG. 2. Beta scan measurements at 1.5 eV of the sample with the thickest
film on Al,O; (1120). Scans at other energies are of course different butwith phase thicknesses
show the same symmetry properties, namely: Four crossings at intervals of
90° and periodicity of 180°, indicating that two principal axes of the dielec- d; 1x 5 5 . 2
tric tensor are on the film surface. Points are measured and lines the best fit  ¢p=27 YN (N3,—Ng Sir? @g) 2, (5)
calculated with a biaxial model. The effective dielectric tensor is character- 1z
istic of orthorhombic symmetry. The true symmetry of the crystallites, ex-
pected to be monoclinidout unknown could average to orthorhombic due _ 1 2 2 12
to some misalignment or mosaicity. ps=2m N (le_ No sir? ®0)"% (6)

The angle of incidence from the ambientgg and\ is

small anisotropy is hal’dly detectable: The contribution of thqhe free space ||ght Wave'ength_ The different interface re-
out-of-plane component in the measurement is generallyection coefficients are as follows:

small/ but it increases with the angle of incidentas the

incident light is further away from normal incidenge=0). _ N1,N3, €oseo— No(NT,— NG sir? ¢o) ' 7
However, we found no dependence other than the geometric foipp™ N1N1, coS@o+ No(N7,— N3 sir? ¢q) 2’ (
angle factor, which seems to indicate that the out-of-plane

dielectric response is similar to that in-plane. Thus, the opti- — N3Ny, cos@,+ Ny(NZ,— N3 sir? ¢,) 12

cal spectra of the de_posﬁed fllms_can bg dedu_ced from the 1P~ "N N, cose,+ No(NZ,—NZSir? ¢,) 72
measured data by using standard isotropic multilayer models

to fit both their effective dielectric function and layer thick- o N cosgo— (N7, — NG sir? ¢g) 2 ©
?uenscst.io\:lv((;s:éll the so obtained isotropic effective dielectric 0lss N, COS¢y +(N§y_NS SIr? @) 12

The samples grown on sapphire are all optically aniso- -N, cos<p2+(N§y—N§ Sir? ¢,) 12
tropic to a higher or lesser degree. The orientation of the  izss™ N, COS<P2+(N§y—N§Sin2 PR (10

principal axes of the general dielectric tensor can be ob-

tained, without solving the ellipsometric equations, fromwhereNgsingg=N,sing,.

B-scan measuremerité\ll samples investigated in this work Using Egs.(2)—(10), we have performed numerical fits
display anisotropy patterns like that illustrated in Fig. 2. Theof groups of spectra measured at different angles of inci-
exact values of taw and cos\ depend on each sample, as dence at the four symmetric azimutfsee Fig. 2 with x

well as on the measurement energy and angle of incidencejther alongX or Y. The seven fitted parameters are the
but we always obtain a 180° symmetry and crossings at founnknown three complefsix rea) components oN; and the
azimuthal positions every 90° as displayed in Fig. 2. Theséayer thicknessd,. The layer thickness can be best deter-
measurements demonstrate that these anisotropic films betined in the region of transparency of the phthalocyanine
have in principle as optically biaxial media with two princi- layef or by analogy with the side-by-side grown isotropic
pal axes of the dielectric tensor on the film surface. Thdayers and kept constant in the subsequent fitting process.
angular positions of these axes are read at the crossinthe procedure is facilitated bwiNuIT features such as
points, which coincide with the symmetric positions whereinside-fit fixing and releasing of parameters as well as pa-
Rsp=Rps=0. In a bare sapphire substrate the maximum anframeter scanning for best value within an interval. The layers
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20 T r T r T IV. RESULTS AND DISCUSSION

In order to establish the models for data analysis in Sec.
T=230°C,d=45nm )y Il some results have been anticipated. From the azimuthal
dependencép scan shown in Fig. 2 we have shown that
. very large anisotropies can be observed in these films, and
that the corresponding dielectric tensor is oriented with two
principal axes on the film surface. As the films are not one
single domain, the expected monoclinic symmetry of the
crystallites(see Fig. 1is averaged to more symmetric effec-
tive tensors. The films on MgO and Si{Bi are at most
uniaxial, with e,=ex=gey=¢, (@almost isotropit. Notice
that such Pc fiims are often termed oriented in the
literature’® while azimuthally ordered films are rateOn
Al,O3, the films’ dielectric tensor is at most biaxial, where
one of the componentsy=¢, is very different from the
other twoe,;=¢ex=¢, , giving a nearly uniaxial behavior. In
these specific situations, with, perpendicular to the film
surface and similar to the stronger in-plane component, it is
not feasible to determine precisely this component. But it is
0 L— _Z e . important to notice that the determineg andey are rather
1 2 3 4 5 independent of the exact value ©f within given bounds.
energy (eV) As already mentioned, for every growth run we can ob-
tain three dielectric functionst;sy, €, ande, . These are
FIG. 3. Fitted components of the complex dielectric tensprie, for two plotted in Fig. 3 for two films deposited on MgO and,®
films of the same growth run. The two in-plane components of the film O”Side-by-side at the given conditionsT=230°C, d

e e e, 46 M. AS €xpeciect g being a cerain average of the
sponding film on MgO. other two, its value is in between. Moreover, all three spectra
show similar spectral characteristics. The electronic bands
observed in this range are—=* transitions characteristic of
can be considered transparent below 1.4 eV and in the regicthe phthalocyanine ring€. The structured band centered at
around 2.5 eMsee Fig. 3. Our typical error in fitted thick- 1.8 eV is identified as th® band, and that at 3.4 eV as the
ness is around 0.5 nm and the obtained values do not deviaB: band or Soret band. Th® band has been measured for
significantly from the target thicknesses controlled with themany phthalocyanine complexXésand is related to the for-
quartz crystal monitor. Slight differencebelow 5% be-  mation of singlet excitons §—S,; transitions in the Pc
tween simultaneously deposited films may occur, thereforeing; the details of this band give some information about the
we display our results using target thicknesses. For the fit ofelative positions of the molecules in the crystalline film
dielectric tensor, at each energy we have typically eight instructures**®The B band is less informative in this respect
dependent measuremeiitwo orientations per two angles of and has been considered bandlike absorptimvolving hy-
incidence. From the three values df, it is clear that the bridized states of both the ligand and the central metal.
two in-plane components;yx andN,y will produce the main  Looking at theQ band three distinct components are appar-
contributions to our measured signal, whereas the out-ofent: The two components usually reported in CuPc at about
plane componenN,, will contribute less. In spectra from 1.75 and 1.95 e¥'3and an additional sharp extra peak at
these azimuthally anisotropic layers, for a given orientationabout 1.55 eV. Greater detail can be attained by performing a
we observe a distinct dependence on angle of incidencsecond derivative of the specftalhen the broad 1.95 eV
which is due to anisotropy. However, this effect is not di- structure is seen to be composed of two bands close to 1.9
rectly attributable to different contributions df;> alone and 2.0 eV. The exact four energy positions show slight
since the detected proportions iy andN,y vary as well.  variations from sample to sample. Beyond the precise inter-
In fact, we have found that the spectra W{, cannot be pretation of these bands, it is interesting to note that in the
unambiguously fitted from the data. The fit quality was ratheranisotropic samples these features are mainly associated with
insensitive to its particular value within a certain range. Wethe component, of the fitted dielectric tensor while the
found that a good working procedure was to assume that theomponentg, is less structured. If we think of a bulklike
layers are actually uniaxial, with optic axis on the surface.CuPc structure for these films, the observations are consis-
Then the best fit is obtained when this axis is almost alignedent with a monoclinic structure as represented in Fig. 1
with the sapphirec axis, with a differenceBy,=4°, deter- where the monoclinid axis is almost parallel teg of the
mined by comparison with measurements on a bare substraseibstratgexcept for the smalB,). Thus, the stacking direc-
of the same batch. To reflect this fact, we denote the fittedion of molecules igcg, in-plane, with molecules basically
components in reference to the substrateaxis: sH:Nf is  standing upright, consistent with results from x-ray
the tensor component along tlkeaxis ande, =N? is the diffraction* and Raman scatterirfg’ The similarity between
perpendicular component, both in-plane and out-of-plane. ey and e, (both associated with dipoles of the molecular

15

10

&4

15

10

€

Downloaded 10 Sep 2003 to 158.109.18.138. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



J. Chem. Phys., Vol. 119, No. 12, 22 September 2003 F16CuPc thin films by spectroscopic ellipsometry 6339

i L . . . . ] i L ; <.> . — 5 ]
O 155eV o © o
o 1.75 eV
08 a 1956V 0 0.8 | = s |
o
< Raman R o A o
06 t oo A 0.6 r 4 7
04 1 0.4 | J
02 d= 20 0.0 O 1.55eV
2} =20 nm 1 2 o le) 1.75eV ]
T=280°C A 1956V
0 8 . . . 0 A . R _Raman
-100 0 100 200 0 10 20 30 40
T (°C) d (nm)

FIG. 4. Dichroic ratios of films of similar thicknesses+ 20 nm) deposited  FIG. 5. Dependence of dichroic ratio and Raman order parameter on the
at different substrate temperatures op@y (1120). Except for growth on a  thickness of films deposited at substrate temperature of 230 °C gz Al
cooled substrate, a considerable anisotropy is always observed. The ordérl20). The observed anisotropy increases with film thickness. Lines are
parameters obtained from Raman measurements are given for comparisgneant to be guides to the eye.

The lines are displayed only as guides to the eye.

mostly related to vibrations of the outer atoms in the mol-
planes is reasonable for a structure composed of moleculegcules, qualitatively supporting this interpretation.
with D4y, square symmetry. Such an ordered film is depicted  The observation of the peak at 1.55 eV is intriguing and
in Fig. 1. unusual in the majority of Pc compountfsin the frame of
We find that the observed optical anisotropy dependshe molecular exciton modéithe positions of these excitons
mainly on the two growth parameters: Substrate temperaturgre signatures of the particular polymorShThe stronger
and layer thickness. To quantify the degree of anisotropy it iband between 1.6 and 2.0 eV in the rodnfilm basically

useful to define a dichroic rati® as coincides with that observed in the usaCuPc columnar
£, — €y structures with ring-over-ringeclipsed Pc stackings and al-
R= o el (11 most parallel transition dipoles. A further redshifted exciton
21 2|l

is usually observed when there is a staggéstigped stack-
Although R cannot be taken as an absolute measure oiihg involving inclined alignment of transition dipolé$We
degree of order, in isotropic filmE=0 andR approaches 1 cannot exclude the coexistence of different polymorphs in
for very anisotropic films. The precise value depends on thehe films, in fact, some change in the Bragg peak position
energy wheres,, ande,; are read. indicates that certain structural differences exist between
Considering the whole set of experiments, the most imfilms grown at different temperature and the Raman spectra
portant factor influencing ordering is the growth temperaturepointed also to such structural differences between films.
On cooled substrates it is not possible to obtain orderetHowever, we have found no evidence of polymorph mix-
films, whereas ordering is achieved for growth on nonintentures, e.g., no splittings or duplicates of Bragg peaks are seen
tionally heatediroom T) or heated substrates. This is illus- in these films. In particular, for the two samples of Fig. 6,
trated in Fig. 4. Also, at a given temperature where ordering
can be induced, some minimum layer thickness is necessary
(~above 10 nmto obtain a strong optical anisotropy, as 20
displayed in Fig. 5. The rati® shows similar tendency as
the order parameters calculated from Raman meas-

15 | ]
urements.’

The temperature not only influences the degree of order, ¢ 10
it also affects the spectral behavior, and in particular the
sharp excitonic peak observed around 1.55 eV. The intensity 5 ]
of this peak tends to increase with the growth temperature. T —49°C
Two extreme cases are shown in Fig. 6 where we compare T eeieereren oo g
thee,, for two films of the same thickness grown at differ- 0 3 4 5

entT. Both samples show similaR values at the three en-
ergies(only slightly higher for the highT film, see Fig. 4
but the spectral behavior is obviously different. The differ-FIG. 6. Imaginary part of the two in-plane components of the dielectric

ences must arise from different interactions betweeriensor for two ordered films deposited at different substrate temperature.
~ : - The origin is shifted in the upper curves as indicated on the left-hand side.
7-electron systems of neighboring molecules as a ConseI'he strong suppression of the sharp peakEat1.55 eV in the sample

quence of different local arrangement of j[he mmecu'es- Th@eposited at lower temperature suggests that the molecular stacking in these
Raman spectra of these samples also differ in some modeso fims is different.

energy (eV)
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