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Strong optical anisotropies of F 16CuPc thin films studied
by spectroscopic ellipsometry
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We have used spectroscopic ellipsometry to measure the optical functions of F16CuPc
~copper-hexadecafluoro-phthalocyanine, C32F16N8Cu) films grown by organic molecular beam
deposition simultaneously onto MgO~001!, SiO2 /Si, andA-plane (112̄0) 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 thec axis of the substrate.
The main spectral features, corresponding to the strongQ- and B-band absorptions of
phthalocyanines, are polarized along the other in-plane axis which is perpendicular toc. TheQ band
contains a particularly sharp excitonic peak near 1.55 eV whose intensity variations point to
different molecular stackings in the films. ©2003 American Institute of Physics.
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I. INTRODUCTION

The optical response of molecular solids is largely de
mined by the interplay between the optical properties o
single molecule and the local environment of the molecule
the solid. The detailed structure of a sample including cr
talline phase, domain size, and distribution of crystallite o
entations determines many characteristics of its optical p
erties. Single crystals of organic optoelectronic materials
commonly optically anisotropic due to their crystal symm
try, which frequently is monoclinic. When deposited as th
films good crystallinity, large domains, and smooth surfa
are not easy to obtain.1,2 In addition, the nature and streng
of the molecular interactions favors the occurrence of po
morphism. Therefore, a very fundamental issue is the co
lation between optical and structural properties in these
tems. In this work, we address this question by a system
evaluation of the ellipsometric spectra of structurally we
characterized films of F16CuPc deposited by organic molec
lar beam deposition simultaneously onto MgO~001!,
SiO2 /Si, andA-plane (112̄0) sapphire substrates at differe
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growth conditions. This conjugatedp-electron macrocyclic
compound is particularly interesting among other halo
nated phthalocyanines because it isn-conducting with high
electron mobility and also relatively stable.3 This suggests
that F16CuPc can become practically useful to develop
ganic bipolar devices such as transistors or electrolumin
cent diodes, where knowledge of both structural and opt
properties is relevant. In particular we measure strongly
isotropic optical responses and obtain the associated die
tric tensor components of those films. The optical functio
are connected to structural issues such as average degr
order, preferential orientation, and molecular stacking
rangements.

II. EXPERIMENTAL DETAILS

All measurements were done using a spectroscopic e
someter with rotating polarizer. The available spectral ran
is from 0.7 to 5.2 eV, using a 75 W high-pressure Xe a
lamp as light source. Two detection setups are used: F
1.4 to 5.2 eV with a resolution of about 1 meV with a doub
prism/grating monochromator of 750 mm equivalent foc
length plus a multialkali photomultiplier tube. Below 1.4 e
down to 0.7 eV a single spectrometer of 300 mm focal len
and a GaInAs photodiode are used. The angle of incidenc
x-
5 © 2003 American Institute of Physics
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the optical beam on the sample surface is usually cho
betweenw560° and 70° whereby the vertical arc lamp sp
results in an illuminated area of about 232 mm2 at the
sample surface position. Spectral data are recorded as a
tion of energy every 2 meV or larger~frequently 20 meV!,
depending on the sharpness of the observed electronic
sitions and the required level of detail.

The studied film samples were deposited with differe
thicknesses between 5 and 45 nm~monitored with a quartz
crystal microbalance calibrated by x-ray reflectivity!, and
substrate temperatures from2150 to 250 °C. Their structura
characterization was published elsewhere.4 The film mor-
phologies and structures were found to depend on the
strate used, its temperature, and also on the layer thickn
We study the influence of these parameters on the op
properties of two groups of samples: films of the same thi
ness~20 nm! formed at different temperatures and films
varying thickness grown at the same temperature~230 °C!.

X-ray investigations showed that out-of-plane orderi
exists in all samples with a Bragg reflection that correspo
to a spacing of about 15 Å, being close to the size of
molecule, consistent with molecules that adopt a standing
arrangement in the films as was also found in Ref. 3. Ho
ever, azimuthal ordering has only been obtained on sapp
substrates,4 and using suitable growth parameters. This a
muthal order and the associated optical anisotropy can
detected and characterized by ellipsometry.

III. DATA ANALYSIS

Suitable anisotropic models must be applied to ellip
metric measurements in order to deduce the film’s opt
properties. This analysis is done by least-squares fitting
model describing the sample to the experimental ellipsom
ric spectra. For fitting we have used theMINUIT package5 and
the connection between experimental measurements
sample properties is described in the following.

The general relationship between Jones vectors of i
dent (Eip ,Eis) and reflected (Erp ,Ers) light beams is given
by6

S Erp

Ers
D5S Rpp Rps

Rsp RssD S Eip

Eis
D . ~1!

The nondiagonal elements of the reflection matrix le
to a mixing ofs andp polarizations. These elements vani
(Rsp5Rps50) in isotropic media and for symmetric orien
tations of the dielectric tensor in anisotropic cases. In th
particular situations, the experimentally measured quant
tanC and cosD or complex reflectance ratior can be written
as

r5tanCeiD5
Rpp

Rss
, ~2!

where the reflection matrix elements are related to the a
of incidencew of the light beam and the optical function
«5N2[(n1 ik)2 and thicknesses of the different materia
in the multilayer.
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A typical monoclinic crystalline structure of a meta
lophthalocyanine is indicated schematically in Fig. 1. In ge
eral, our films are composed of crystallites with anisotro
optical properties. Our measured spectra carry averaged
formation of their dielectric response, that is, we must co
sider that the films behave as effective dielectric med
which can be represented by a general dielectric ten
Hence, this tensor bears information both about the natur
the crystallites and their distribution. Corresponding to t
observed optical response, the investigated samples ca
classified in two different groups: azimuthally isotropic a
anisotropic.

The first group is composed by the films grown o
MgO~001! and SiO2 /Si. Since, according to results of x-ra
diffraction, all samples are ordered in the out-of-plane dir
tion, we must regard these films as uniaxially anisotro
with optic axis perpendicular to the sample surface. The p
sible difference between in-plane and out-of-plane dielec
functions can be tested by comparing spectra measure
various angles of incidence.6 Note that in this special case

FIG. 1. ~Top! Chemical structure of a molecule of F16CuPc.~Bottom! Sche-
matic representations of one layer of a typical Pc crystalline structure o
substrate, indicating our measurement configuration and the definition
the principal axes of the tensor (X,Y,Z), laboratory axes (x,y,z), and the
angleb.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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small anisotropy is hardly detectable: The contribution of
out-of-plane component in the measurement is gener
small,7 but it increases with the angle of incidence~as the
incident light is further away from normal incidencew50).
However, we found no dependence other than the geom
angle factor, which seems to indicate that the out-of-pla
dielectric response is similar to that in-plane. Thus, the o
cal spectra of the deposited films can be deduced from
measured data by using standard isotropic multilayer mo
to fit both their effective dielectric function and layer thic
ness. We call the so obtained isotropic effective dielec
function « iso.

The samples grown on sapphire are all optically ani
tropic to a higher or lesser degree. The orientation of
principal axes of the general dielectric tensor can be
tained, without solving the ellipsometric equations, fro
b-scan measurements.8 All samples investigated in this wor
display anisotropy patterns like that illustrated in Fig. 2. T
exact values of tanC and cosD depend on each sample, a
well as on the measurement energy and angle of incide
but we always obtain a 180° symmetry and crossings at
azimuthal positions every 90° as displayed in Fig. 2. Th
measurements demonstrate that these anisotropic films
have in principle as optically biaxial media with two princ
pal axes of the dielectric tensor on the film surface. T
angular positions of these axes are read at the cros
points, which coincide with the symmetric positions whe
Rsp5Rps50. In a bare sapphire substrate the maximum

FIG. 2. Beta scan measurements at 1.5 eV of the sample with the thic
film on Al2O3 ~112̄0!. Scans at other energies are of course different
show the same symmetry properties, namely: Four crossings at interva
90° and periodicity of 180°, indicating that two principal axes of the diel
tric tensor are on the film surface. Points are measured and lines the b
calculated with a biaxial model. The effective dielectric tensor is charac
istic of orthorhombic symmetry. The true symmetry of the crystallites,
pected to be monoclinic~but unknown! could average to orthorhombic du
to some misalignment or mosaicity.
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isotropy of the measured tanC is ,1% of the total observed
in most of these F16CuPc films. Besides, there are no ele
tronic transitions of sapphire in the measured spectral ran
Therefore, the observed structures and their large dete
anisotropies stem from the F16CuPc films, and their optica
spectra can be numerically obtained from the measured
by neglecting the comparatively small substrate’s anisotr
and reducing the problem to the readily solvable equation
a biaxial layer on an isotropic substrate in an isotro
ambient.6

The diagonal reflection matrix components are writt
for this case following Ref. 6 as a function of the compl
refractive indices of the ambientN0 , film N1X ,N1Y ,N1Z ,
and substrateN2 , and the film thicknessd1 . Taking thez
axis perpendicular to the sample surface and defining
plane of incidence together withx, the overall three-phase
diagonal reflection coefficients are

Rpp5
r 01pp1r 12ppe

22ifp

11r 01ppr 12ppe
22ifp

, ~3!

Rss5
r 01ss1r 12sse

22ifs

11r 01ssr 12sse
22ifs

, ~4!

with phase thicknesses

fp52pS d1

l D S N1x

N1z
D ~N1z

2 2N0
2 sin2 w0!1/2, ~5!

fs52pS d1

l D ~N1y
2 2N0

2 sin2 w0!1/2. ~6!

The angle of incidence from the ambient isw0 andl is
the free space light wavelength. The different interface
flection coefficients are as follows:

r 01pp5
N1xN1z cosw02N0~N1z

2 2N0
2 sin2 w0!1/2

N1xN1z cosw01N0~N1z
2 2N0

2 sin2 w0!1/2, ~7!

r 12pp5
2N1xN1z cosw21N2~N1z

2 2N2
2 sin2 w2!1/2

N1xN1z cosw21N2~N1z
2 2N2

2 sin2 w2!1/2 , ~8!

r 01ss5
N0 cosw02~N1y

2 2N0
2 sin2 w0!1/2

N0 cosw01~N1y
2 2N0

2 sin2 w0!1/2, ~9!

r 12ss5
2N2 cosw21~N1y

2 2N2
2 sin2 w2!1/2

N2 cosw21~N1y
2 2N2

2 sin2 w2!1/2 , ~10!

whereN0 sinw05N2 sinw2.
Using Eqs.~2!–~10!, we have performed numerical fit

of groups of spectra measured at different angles of in
dence at the four symmetric azimuths~see Fig. 2! with x
either alongX or Y. The seven fitted parameters are t
unknown three complex~six real! components ofN1 and the
layer thicknessd1 . The layer thickness can be best det
mined in the region of transparency of the phthalocyan
layer9 or by analogy with the side-by-side grown isotrop
layers and kept constant in the subsequent fitting proc
The procedure is facilitated byMINUIT features such as
inside-fit fixing and releasing of parameters as well as
rameter scanning for best value within an interval. The lay
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t
of

-
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-
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can be considered transparent below 1.4 eV and in the re
around 2.5 eV~see Fig. 3!. Our typical error in fitted thick-
ness is around 0.5 nm and the obtained values do not de
significantly from the target thicknesses controlled with t
quartz crystal monitor. Slight differences~below 5%! be-
tween simultaneously deposited films may occur, theref
we display our results using target thicknesses. For the fi
dielectric tensor, at each energy we have typically eight
dependent measurements~two orientations per two angles o
incidence!. From the three values ofN1 it is clear that the
two in-plane componentsN1X andN1Y will produce the main
contributions to our measured signal, whereas the out
plane componentN1Z will contribute less. In spectra from
these azimuthally anisotropic layers, for a given orientati
we observe a distinct dependence on angle of incide
which is due to anisotropy. However, this effect is not
rectly attributable to different contributions ofN1Z alone
since the detected proportions ofN1X andN1Y vary as well.
In fact, we have found that the spectra ofN1Z cannot be
unambiguously fitted from the data. The fit quality was rath
insensitive to its particular value within a certain range. W
found that a good working procedure was to assume that
layers are actually uniaxial, with optic axis on the surfa
Then the best fit is obtained when this axis is almost alig
with the sapphirec axis, with a differenceb0.4°, deter-
mined by comparison with measurements on a bare subs
of the same batch. To reflect this fact, we denote the fi
components in reference to the substrate’sc axis: « i5Ni

2 is
the tensor component along thec axis and«'5N'

2 is the
perpendicular component, both in-plane and out-of-plane

FIG. 3. Fitted components of the complex dielectric tensor«11 i«2 for two
films of the same growth run. The two in-plane components of the film
Al2O3 are denoted« i ~component parallel to sapphire’sc axis! and «'

~perpendicular component!. The isotropic« iso is that fitted for the corre-
sponding film on MgO.
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IV. RESULTS AND DISCUSSION

In order to establish the models for data analysis in S
III some results have been anticipated. From the azimu
dependence~b scan! shown in Fig. 2 we have shown tha
very large anisotropies can be observed in these films,
that the corresponding dielectric tensor is oriented with t
principal axes on the film surface. As the films are not o
single domain, the expected monoclinic symmetry of t
crystallites~see Fig. 1! is averaged to more symmetric effe
tive tensors. The films on MgO and SiO2 /Si are at most
uniaxial, with «Z.«X5«Y[« iso ~almost isotropic!. Notice
that such Pc films are often termed oriented in t
literature,10 while azimuthally ordered films are rare.11 On
Al2O3 , the films’ dielectric tensor is at most biaxial, whe
one of the components«Y[« i is very different from the
other two«Z.«X[«' , giving a nearly uniaxial behavior. In
these specific situations, with«Z perpendicular to the film
surface and similar to the stronger in-plane component,
not feasible to determine precisely this component. But i
important to notice that the determined«X and«Y are rather
independent of the exact value of«Z within given bounds.

As already mentioned, for every growth run we can o
tain three dielectric functions:« iso, « i , and«' . These are
plotted in Fig. 3 for two films deposited on MgO and Al2O3

side-by-side at the given conditions:T5230 °C, d
545 nm. As expected,« iso being a certain average of th
other two, its value is in between. Moreover, all three spec
show similar spectral characteristics. The electronic ba
observed in this range arep→p* transitions characteristic o
the phthalocyanine rings.12 The structured band centered
1.8 eV is identified as theQ band, and that at 3.4 eV as th
B band or Soret band. TheQ band has been measured f
many phthalocyanine complexes13 and is related to the for-
mation of singlet excitons (S0→S1 transitions! in the Pc
ring; the details of this band give some information about
relative positions of the molecules in the crystalline fil
structures.14,15 The B band is less informative in this respe
and has been considered bandlike absorption16 involving hy-
bridized states of both the ligand and the central me
Looking at theQ band three distinct components are app
ent: The two components usually reported in CuPc at ab
1.75 and 1.95 eV10,13 and an additional sharp extra peak
about 1.55 eV. Greater detail can be attained by performin
second derivative of the spectra.9 Then the broad 1.95 eV
structure is seen to be composed of two bands close to
and 2.0 eV. The exact four energy positions show sli
variations from sample to sample. Beyond the precise in
pretation of these bands, it is interesting to note that in
anisotropic samples these features are mainly associated
the component«' of the fitted dielectric tensor while the
component« i is less structured. If we think of a bulklike
CuPc structure for these films, the observations are con
tent with a monoclinic structure as represented in Fig
where the monoclinicb axis is almost parallel tocs of the
substrate~except for the smallb0). Thus, the stacking direc
tion of molecules isics , in-plane, with molecules basicall
standing upright, consistent with results from x-ra
diffraction4 and Raman scattering.4,17 The similarity between
«X and «Z ~both associated with dipoles of the molecul

n
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planes! is reasonable for a structure composed of molecu
with D4h square symmetry. Such an ordered film is depic
in Fig. 1.

We find that the observed optical anisotropy depe
mainly on the two growth parameters: Substrate tempera
and layer thickness. To quantify the degree of anisotropy
useful to define a dichroic ratioR as

R5U«2'2«2i

«2'1«2i
U. ~11!

Although R cannot be taken as an absolute measure
degree of order, in isotropic filmsR50 andR approaches 1
for very anisotropic films. The precise value depends on
energy where«2' and«2i are read.

Considering the whole set of experiments, the most
portant factor influencing ordering is the growth temperatu
On cooled substrates it is not possible to obtain orde
films, whereas ordering is achieved for growth on nonint
tionally heated~room T) or heated substrates. This is illu
trated in Fig. 4. Also, at a given temperature where order
can be induced, some minimum layer thickness is neces
~;above 10 nm! to obtain a strong optical anisotropy, a
displayed in Fig. 5. The ratioR shows similar tendency a
the order parameters calculated from Raman me
urements.17

The temperature not only influences the degree of or
it also affects the spectral behavior, and in particular
sharp excitonic peak observed around 1.55 eV. The inten
of this peak tends to increase with the growth temperat
Two extreme cases are shown in Fig. 6 where we comp
the «2' for two films of the same thickness grown at diffe
ent T. Both samples show similarR values at the three en
ergies~only slightly higher for the highT film, see Fig. 4!
but the spectral behavior is obviously different. The diffe
ences must arise from different interactions betwe
p-electron systems of neighboring molecules as a con
quence of different local arrangement of the molecules. T
Raman spectra of these samples also differ in some m

FIG. 4. Dichroic ratios of films of similar thicknesses (d;20 nm) deposited
at different substrate temperatures on Al2O3 ~112̄0!. Except for growth on a
cooled substrate, a considerable anisotropy is always observed. The
parameters obtained from Raman measurements are given for compa
The lines are displayed only as guides to the eye.
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mostly related to vibrations of the outer atoms in the m
ecules, qualitatively supporting this interpretation.

The observation of the peak at 1.55 eV is intriguing a
unusual in the majority of Pc compounds.13 In the frame of
the molecular exciton model18 the positions of these exciton
are signatures of the particular polymorph.19 The stronger
band between 1.6 and 2.0 eV in the roomT film basically
coincides with that observed in the usual10 CuPc columnar
structures with ring-over-ring~eclipsed! Pc stackings and al
most parallel transition dipoles. A further redshifted excit
is usually observed when there is a staggered~slipped! stack-
ing involving inclined alignment of transition dipoles.18 We
cannot exclude the coexistence of different polymorphs
the films, in fact, some change in the Bragg peak positi4

indicates that certain structural differences exist betw
films grown at different temperature and the Raman spe
pointed also to such structural differences between film
However, we have found no evidence of polymorph m
tures, e.g., no splittings or duplicates of Bragg peaks are s
in these films. In particular, for the two samples of Fig.

der
on.

FIG. 5. Dependence of dichroic ratio and Raman order parameter on
thickness of films deposited at substrate temperature of 230 °C on A2O3

~112̄0!. The observed anisotropy increases with film thickness. Lines
meant to be guides to the eye.

FIG. 6. Imaginary part of the two in-plane components of the dielec
tensor for two ordered films deposited at different substrate tempera
The origin is shifted in the upper curves as indicated on the left-hand s
The strong suppression of the sharp peak atE'1.55 eV in the sample
deposited at lower temperature suggests that the molecular stacking in
two films is different.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Raman data of the roomT sample were consistent with
known CuPc-like structure, while the highT film structure
could not be identified with a known polymorph. The ele
tronic spectra are compatible with this, indicating that in t
former sample a CuPc-like structure with rather eclipsed m
lecular stacks is preferred, while in the latter another str
ture with strongly slipped stacks is formed. The fact that
sharpest and most intense redshifted exciton is observe
the thickest highT film suggests that the latter is the mo
stable bulk structure grown at high temperature. Slipp
structures with comparable absorption features have b
reported15,16in crystals of nonplanar phthalocyanines. This
because slipping is a way of relieving the repulsion betw
adjacent monomers. For nonplanar molecules the repul
has a steric origin, not possible in our case. Instead, slipp
could be produced by repulsion between the highly el
tronegative F terminations and be stabilized by given gro
conditions. In an analogous material, that is, films of perfl
orinated planar molecules of F16ZnPc, a band close to 1.5
eV was measured in the UV–vis absorption spectra20 which
could have the same origin. Finally, we mention that prelim
nary results on crystallized needles of F16CuPc indicate simi-
lar optical spectra in the bulk.

V. CONCLUSION

In conclusion, spectroscopic ellipsometry is a very u
ful tool, when properly interpreted, for the characterizati
of these anisotropic layers. The optical anisotropy provi
structural information such as an average degree of order
preferential orientation direction of the monoclinicb axis,
whereas the spectroscopic details of theQ bands are related
to the local arrangements of neighboring molecules. Hig
aligned films of different polytypes with either eclipsed
slipped Pc stacking patterns are obtained depending
growth conditions. The latter, unusual in crystals of plan
molecules, appears to be the most stable bulk struc
grown at high temperature.
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