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ARTICLE INFO ABSTRACT

Keywords: We investigate the relationship between the ordered growth of copper-phthalocyanine (CuPc) on highly
Phthalocyanine oriented pyrolytic graphite (HOPG) and the electronic interaction at the interface. Via spot profiles analysis of
HOPG electron diffraction patterns we determine an ordered growth for all measured CuPc films ranging from sub-

Structural and electronic properties
Organic film ordered growth
Electron energy loss spectroscopy
Electron diffraction

monolayer to 3.3 nm. In particular we found that for CuPc thick films the ordered domains have a dimension
of 50 nm. Electronic structure of CuPc/HOPG interface was studied by means of photoelectron and electron
energy loss spectroscopies (EELS). From photoelectron spectroscopy we observe that molecules at the interface
are weakly physisorbed. This weak interaction contributes to the formation of ordered 2-D islands. Since the
geometry of the surface unit cell does not change with film thickness, the second CuPc layer grows stacked
flat on the first one, forming ordered 3-D islands. It follows that the ordered bulk phase derives from the weak
interaction between Pcs and HOPG. The Q band of CuPc/HOPG, measured via EELS, is different from the ones
of the most common Pc phases. Therefore, electron diffraction and EELS measurements indicate the formation
of a novel Pc long-range ordered structure observed only at this interface.

1. Introduction all the bulk phase 3-D islands [9], which arise before completing the
monolayer. To fully characterize the Pc growth on HOPG, we combine

Low-cost and flexible electronic devices, like solar cells and tran- photoemission spectroscopy, electron energy loss spectroscopy (EELS)
sistors, are realized using organic molecules. The properties of these and electron diffraction. We perform EELS at low momentum transfer
materials depend on molecular film order [1] and crystal structure [2], (the optical limit) to compare our data with the previous optical
which can be tuned depositing molecules on different substrates [3]. absorption measurements [10,11], since in the optical limit the two

In particular, a clear correlation between long-range order and larger
electron mobility has been demonstrated [1]. Moreover, long-range
ordered monolayer phases can be obtained via the substrate templating
effect [4]. However, technological applications require long-range or-
der in 3 dimensions and a full comprehension of the relation between
the interaction of the first molecular layer and bulk growth is still in
progress. In this context, we study electronic structure and morphol-
ogy of the copper-phthalocyanine (CuPc) deposited on highly oriented
pyrolytic graphite (HOPG). CuPc/HOPG interface is a prototype of
weak physisorption [5]. Indeed, molecules are free to move [6,7] and,
consequently, rearrange on the surface. The early stage of the growth
is characterized by chains of molecules with a preferential alignment
along the three high symmetry axes of the graphite [6,8]. They are
precursors to the formation of ordered two-dimensional (2-D) clusters
with both square and parallelogram shape [6], which are obtained heat-
ing high coverage samples at 400 °C. This annealing does not remove

techniques have similar cross sections [12]. Diffraction experiments
are performed with a home-built monochromatic electron gun and an
electron analyser, which collects the elastically scattered electrons as
a function of the sample rotation. This method allows a quantitative
analysis of the diffraction pattern; in order to distinguish it from the
conventional low-energy electron diffraction (c-LEED), we refer to it
as scanning angle-LEED (SA-LEED). SA-LEED is very similar to the well-
known spot profile analysis low-energy electron diffraction (SPA-LEED)
technique [13]. SA-LEED and SPA-LEED have common features such as
a narrower transmission function and a greater dynamic with respect
to the conventional LEED [13].

Using SA-LEED, we quantify the long-range order by measuring
the size of the in-plane dimension of the coherent scattering domains,
called also crystallites [14]. This value has not to be confused with
the micron-scale grain size measured using probe and electron mi-
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Table 1
Summary table of the sample studied.

Thickness (A) Rate (A/min) Grown on top Used in
XPS UPS SA-LEED c-LEED EELS

1.5 1.2 clean HOPG X X X

1.5 0.3 clean HOPG X
5 1.2 clean HOPG X X X X

10 0.45 1.5 A X
33 1.2 1.5 A X X X

40 0.65 10 A X

croscopes [9,15]. Indeed, these techniques have not enough resolution
to distinguish between different domains inside the same grain at this
scale.

The growth on HOPG is compared with the one on Al(100) [16,17],
which is characterized by strong Pc chemisorption and electron charge
transfer from Al to the molecule [16]. This strong chemisorption gives
rise to a disordered a-like phase. Generally, Pcs self-assemble and
the distance between molecules depend on the phase. Moreover, the
Q band, which is associated to the technological relevant transition
between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), has a different line shape as a
function of the Pc phase. Feng et al. [18] computed that the probability
to excite a charge transfer excitation between HOMO and LUMO of two
adjacent molecules is dependent on Pc lattice parameters. We apply
this model to show that HOPG induces an ordered CuPc growth with a
characteristic crystal phase.

2. Material and methods

All measurements were performed at LASEC laboratory (Dipar-
timento di Scienze, Universitd degli studi Roma Tre). Samples of
CuPc/HOPG were prepared in situ by evaporation from crucible. The
chamber pressure was in 10710 mbar range during the evaporation,
the crucible temperature was ~385 °C and the sample was at room
temperature. Substrate is a ZYA type HOPG with (0.4 + 0.1)° mosaic
spread [19], purchased by SPI. It was prepared in air by peeling the
sample with adhesive tape and then annealed in vacuum at 520 °C.
CuPc molecules were purchased by Sigma-Aldrich (purity 99%) and
further purified in ultra-high vacuum (UHV) for many hours at 200 °C
well below the sublimation temperature. The estimation of thickness
coverage using X-ray photoemission spectroscopy (XPS) signals ratio
between overlayer and substrate [20] is not possible, due to the super-
position of C 1s signals of Pc and HOPG and Volmer-Weber growth [9].
For these reasons, overlayer thickness is determined by measuring
evaporation rate with a quartz microbalance (Sycon Instruments STM-
100/MF), calibrated using the XPS estimation of CuPc/Al(100) samples.
Therefore, sample coverages reported are the equivalent Frank-Van
der Merwe (FVM) growth thickness. In particular, 1.5 A thickness
corresponds to a sub-ML in a FVM growth.

All the measurements, summarized in Table 1, were performed at
room temperature. Photoemission spectra, EELS and SA-LEED patterns
were acquired by means of a concentrical hemispherical analyser (CHA)
with 66 mm mean radius, which is equipped with a multichannel
detector for parallel energy acquisition. Moreover, a conventional back-
display low-energy electron diffraction (c-LEED) pattern of 5 A sample
was measured using a commercial Omicron Spectaleed. Ultraviolet
photoemission spectroscopy (UPS) and XPS measurements were per-
formed using He I (photon energy hv = 21.2 ¢V) and monochromatic
Al Ka; (hv = 1486.7 eV) sources. The total experimental uncertainty
is equal to 0.15 and 0.56 eV respectively. These values are calculated
considering the contribution of the source, which is of the order of few
meV for UPS and equal to 0.35 eV for monochromatized Al source, and
the one of the analyser, which is dependent on geometrical parameters
of the analyser and pass energy [21]. In our XPS experimental condition
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it is not possible to resolve graphite sp?> and CuPc benzenic signals.
So, we cannot analyse the carbon spectra and they are not reported in
this paper. Absolute energy calibration for UPS spectra was obtained
by measuring the Fermi level of the metallic part of the molybde-
num sample holder. XPS calibration was obtained by comparing the
measured binding energy of C 1s peak with the reference value for
graphite (BE = 284.5 eV) [22]. EELS experiments were conducted with
a home-built monochromatic electron gun with a primary energy of
E, =91.5 eV in specular reflection geometry. The angle between source
and analyser is equal to 30°. Photoemission peaks were analysed using
several Voigt profiles, with the constrain that the Gaussian full width
at half maximum (FWHM) of peaks must be equal or greater than the
experimental uncertainty. Some spectra were analysed with a global
fitting procedure, that is all the spectra were analysed at the same time.
This can be achieved considering that the y is equal to the sum of the
individual spectra ;(I.z-like contributions. Each of them maximizes the
likelihood function for its fitting function hypothesis. The individual
contributions are correlated, sharing some of the fitting parameters,
called global parameters. It follows that minimizing the sum of all the
contributions allows for a simultaneous fit over the individual spectra,
taking into account of their correlation and maximizing the likelihood
function. We remark that global fitting procedure allows to use one
guess function, which is common for all the spectra. Using the same
home-built monochromatic electron gun of EELS, SA-LEED experiments
were performed using E, = 33.1 eV. Since positions of electron source
and CHA are fixed, SA-LEED patterns were obtained by rotating the
sample around the axis orthogonal to the scattering plane [17], defined
as the plane containing the normal to sample surface, incident and
scattered electron momenta. A SA-LEED pattern acquired with this
technique explores a single direction of the reciprocal space. The others
can be studied via an azimuthal rotation of the sample. The exchanged
parallel momentum g was calibrated using the expected value for G,
peak of graphite [23], equal to 2.94 A1

3. Results and discussion

Fig. 1A reports a picture of 5 A sample ¢-LEED pattern taken at
34.7 eV. We observe two bright circles at DK equal to about 0.45
and 1.0 A1, We used a different diffraction technique to study the
sample morphology, reported in Fig. 2. Indeed, when we perform SA-
LEED, the transmission function is narrower and the signal to noise
ratio is greater [13]. However, from c-LEED we can conclude that the
system is azimuthally disordered. We explain this result considering
that the HOPG is characterized by azimuthally disordered hexagonal
terraces [19] and the phthalocyanine should grow along graphite high
symmetry directions [6]. Consequently, we attribute the circular spots
to CuPc with azimuthal disorder, which derives from the one of HOPG
microcrystals. In Fig. 1B, we explain how circular spots are related to
the primitive vectors of the reciprocal space lattice @ and . Open circles
are the points of the reciprocal space lattice, computed as had + kb,
where h and k are integers from 0 to infinity. Starting from those points
the azimuthal disorder gives rise to a series of circles (dashed line),
representing the place of points in the reciprocal space for which the
diffraction conditions are satisfied. The bright circles in the diffraction
pattern of Fig. 1A correspond to the dashed circles of Fig. 1B. Their
radius is equal to the module of the vectors in reciprocal space. There-
fore, there is a one by one correspondence between radius and the 2-D
crystal structure. As stated before, we measure the diffraction patterns
along a fixed azimuthal direction with SA-LEED, in order to obtain
informations about cell parameters and the dimension of coherently
scattering domains thanks to the greater resolution and sensitivity of
this technique. Such measurements are reported in Fig. 2, they are
obtained by acquiring the intensity of the elastic peak as a function of
the exchanged parallel momentum along a fixed azimuthal direction
i.e. the generic direction d of Fig. 1B. Then, these measurements
are equal to the intensity profiles that would be measured along a
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Fig. 1. (A) c-LEED pattern of 5 A sample taken at 34.7 eV. The circular spots are attributed to the CuPc peak at 0.47 A-! and to the two peaks at about 1 A-1, visible in Fig. 2.
(B) Construction of peaks position in diffraction patterns. @ and b are the primitive vectors of the reciprocal surface lattice and 0 is the angle between them. Open circles are the
points of the reciprocal lattice. The dashed circles represent the position of reciprocal lattice points resulting from the rotation of each point in every azimuthal direction. The
SA-LEED measurements, reported in Fig. 2, were performed along a generic direction d, where the reciprocal lattice points are projected (black dots).

diameter of c-LEED pattern circles, Fig. 1A. However, the different
kinematic conditions and instruments characteristics allows to detect
peaks, which were not observed in Fig. 1A, such as the one at about
0.66 A~ In this way it is possible to determine the surface cell and the
diameter of long-range ordered domains. The maxima in the diffraction
patterns correspond to the intersection of the direction d with the
dashed lines, that is when ¢ /) 18 equal to the module of the reciprocal
surface vectors. The c-LEED pattern of Fig. 1A and the pattern in
the middle of Fig. 2 have been measured from the same sample. The
advantages of the latter method in terms of wave vector resolution
and the dynamic of the signal intensity are clear. Moreover, SA-LEED
operates with currents of only few tens of pA, which are significantly
lower than the hundreds of nA used in c-LEED. This approach helps to
prevent any damage to the sample due to electron bombardment.

In Fig. 2 we report the best fits of the SA-LEED patterns as a function
of the sample thickness. The blue and green shaded peaks are attributed
respectively to HOPG and CuPc signals. All CuPc peaks have the same
width since they originate from the same structures. We observe a high
diffuse background around the elastic peak (grey line), which is related
to the vertical roughness of the sample [13], deriving from the island
growth [9]. This background does not alter our analysis focused on
position and width of CuPc and HOPG peaks since its contribution can
be easily distinguished from the sharp peaks via the fitting procedure.
The position of CuPc peaks can be calculated considering that the two
primitive vectors in the reciprocal space are equal to @ = a(1,0) and b =
b(cos 0, sin §), where a and b are the two primitive vectors module and 6
is the angle between & and b. Then, a generic point of reciprocal space
lattice is h@ + kb = (ha + kbcos 8,kbsin ). Due to the azimuthal disorder,
we observe diffraction peaks when the exchanged parallel momentum
is equal to the module of these reciprocal lattice points, see Fig. 1B,
that is |hd + kb| = \/(ha)2 + 2kbcos 0 X ha + (kb cos 0)? + (kbsin #)2. The
position of the calculated peaks depends on three parameters a,b and 6,
which are optimized by the fitting procedure in order to minimize the
distance between calculated and experimental peaks. This fit procedure
is performed in Fourier space. The fit results are then transformed in
real space coordinates: A and B, which are the modules of the vectors,
and O, which is the angle between them. Fit results are reported in
Table 2. The two thicker samples (5 A and 33 .7\) have the same surface
structure, a parallelogram with a major angle of 93°. This structure
is very close to the square cell reported in literature [9]. The best fit
of 1.5 A sample is obtained using the 5 A one cell parameters. This
model explains the peak appearing at 2.1 A-1. Then, it is a better
representation of the experimental data than the one deriving from
chains of molecules [6,8], which were observed in the very early stage
of the growth.

® exp.

@m HOPG
CuPc

— best fit

Intensity (Arb. Un.)

Fig. 2. Best fit of SA-LEED pattern of 33 A (top), 5 A (centre) and 1.5 A (bottom)
CuPc/HOPG samples. The green and blue shaded peaks correspond to the CuPc and
HOPG signals respectively. The grey line around the elastic peak is due to the diffuse
background. Fit parameters are reported in Table 2.

Table 2

Best values of fit parameters of SA-LEED patterns displayed in Fig. 2. t is sample
thickness. A and B are the modules of real space surface vectors (A = 2z/d@ and
B = 2z/b). O is the angle between A and B vectors. Area is surface cell unit area
Area = Ax B = ABsin(@). D(CuPc) is the diameter of Pc long-range ordered domains.

t@d A@) B (&) 0 () Area (A2) D(CuPc) (A)
1.5 1415 13.74 93.12 194.15 44 + 27

5 14.15 + 0.04 13.74 + 0.04 93.12 + 0.30 194.15 + 1.55 550 + 110
33 14.05 + 0.06 13.57 + 0.03 92.89 + 0.44 190.4 + 2.3 420 + 60
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Fig. 3. (A) CuPc/HOPG EELS spectra as a function of sample thickness. In these spectra
the Q band, at about 1.9 eV, and the B band (Soret band), at about 3.7 eV, are visible.
The spectra are acquired in specular reflection geometry. The greater signal observed
in 1.5 A can be attributed to the greater graphite reflectivity than phthalocyanine one.
Indeed, the intensity of elastic peak in 1.5 A sample is 5 times the intensity of 40 A
one. (B) Q band best fit of 40 A (top), 10 A (centre) and 1.5 A (bottom) CuPc/HOPG
samples. LE and CT components, observed in 10 and 40 A samples, are attributed
to local excitations and charge transfer excitations. A two degrees polynomial plus a
decreasing exponential is used to describe the background.

It is well known that the profile of the diffraction peaks carries
information on the surface morphology and order extension [24]. For
instance, the line shape associated to the formation of islands on a
surface is a Lorentzian function [25] and its full width at half maximum
(w) is related to the diameter of ordered domains with coherent scatter-
ing as D = 4x /w. The intrinsic line shape I(q), where q is the exchanged
parallel momentum, is broadened by the apparatus transmission func-
tion T(q). Therefore, the measured line shape is equal to J(§) = 1(g)
* T(q), where * indicates the convolution operation. The knowledge
of the transmission function of our apparatus is a prerequisite for the
determination of the dimension of surface domains of our samples. In
order to determine the transmission function, we assume the HOPG
as an ideal surface, whose intrinsic line shape of diffraction peak is
equal to a delta function. In this case the measured diffraction peak
corresponds to the transmission function of the apparatus. We measure
and fit the specular peak of the clean HOPG sample. The best fit,
representing the T function, is a Voigt line shape with a Gaussian
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Table 3

Results of the global fitting procedure displayed in Fig. 3B. t is the sample thickness.
For each component area, loss energy and Gaussian width (GW) are reported. Loss
energies and Gaussian widths of LE and CT components are global parameters of 10
and 40 A samples.

t(A) Component Area (A.U.) Loss (eV) GW (eV)

40 LE 1 1.835 + 0.002 0.147 + 0.010
CT 0.256 + 0.076 2.082 + 0.031 0.297 + 0.070

10 LE 1 1.835 + 0.002 0.147 + 0.010
CT 0.197 + 0.060 2.082 + 0.031 0.297 + 0.070
A 1 1.822 + 0.009 0.093 + 0.011

1 B 0.37 + 0.33 1.926 + 0.028 0.116 + 0.061
C 0.122 + 0.056 2.206 + 0.033 0.224 + 0.093

full width of GW = (0.042 + 0.004) A-! and a Lorentzian one of
LW = (0.017 + 0.004) A-1. It is immediate to attribute the Gaussian
broadening to the transmission function. Even if it is less evident,
also the Lorentzian broadening could be associated to the transmission
function. Indeed, the HOPG is characterized by a mosaic composed by
ordered terraces with different orientation, which are not morpholog-
ically different from the aforementioned islands. The typical average
dimension of these terraces is 1 pm [19]. Then, this sample should give
rise to an intrinsic broadening of about 0.001 A=, much smaller than
the observed LW. In any case the measured LW of HOPG will be part of
the uncertain associated to the CuPc long-range ordered domain size.
The dimension of the ordered domains of samples with thickness equal
to 5 and 33 A is about 500 A. This value is the first determination of
long-range order of CuPc film using electron diffraction and it is greater
than the one measured using STM for CuPc/Cu(111) (80 A) [26] . This
suggests that HOPG can favour the formation of an ordered film, as
discussed later in this section. The dimension of the ordered domains
for 1.5 A sample is equal to 44 A, much lower than the one of bulk
phase. This is surprising, since the substrate template effect should be
limited to the interface and, in principle, we could expect a greater 2-D
order at CuPc/HOPG interface than in bulk phase. Moreover, the 2-D
order on HOPG in bulk phase is much greater than the one on Al(100)
in sub-monolayer phase [17]. These results will be discussed after the
analysis of EELS and photoemission spectra.

In Fig. 3, we report the EELS spectra in the region of the so-called
Q band (i.e. HOMO-LUMO transition) of the three samples with a
nominal coverage of 1.5, 10 and 40 A. The Q bands, as observed in
these spectra, are quite different from the ones of the most common
Pc molecular crystals. Indeed, the high energy shoulder is less intense
with respect to the Q-band measured in the case of Pcs on AI(100),
Au(110), InAs and InSb as for CuPc nanowires [3,27,28]. We fit the
Q band to disentangle different electronic contributions and also to
identify the Pc phase [3]. As highlighted by Feng et al. [15], the
Davydov splitting is not adequate to describe the shape of the Q band
and other processes have to be considered. In particular they shown
that the splitting is due to electronic transitions between HOMO and
LUMO of the same molecule (local excitations, LE) and of adjacent
molecules (charge transfer excitations, CT). The relative weight of the
LE and CT transitions depends on the Pc crystal structure as recently
pointed out [18,29] and consequently to the grade of superposition of
the HOMO and LUMO wave functions of the same molecule and of
adjacent molecules. Both LE and CT components are simulated by a
principal peak and vibronic satellites derived by the UV-Vis absorption
spectrum of the isolated CuPc [30]. Since we assume that the nuclei
wave function is not strongly modified by the presence of an extra
electron or hole, we expect the same probability for vibronic excitations
for both intra and extramolecular transitions. So, we use the same
absorption spectrum for both LE and CT transitions. The absorption
line shape is convoluted with a Gaussian function, which takes into
account the instrumental broadening and the presence of inequivalent
transitions with a similar energy [29]. In particular, calculated LE and
CT excitations have a different energy spread [29] and, consequently, a
different Gaussian width in our fitting procedure. The 10 and 40 A sam-
ples EELS spectra are analysed jointly, see Table 3 for fit results. The
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Fig. 4. Best fit of the N 1s level of 33 A (top), 5 A (centre) and 1.5 A (bottom)
CuPc/HOPG samples. The 33 A and 1.5 A spectra are multiplied for a constant, 0.5
and 2 respectively, to make easier the comparison. Nitrogen line shape is described
by 3 components [31], called N,, N, and S,. N, and N, are attributed to the two
inequivalent nitrogen species of the molecule: N, is related to aza-bridge nitrogen and
N, to pyrrolic nitrogen [32]. S, is a shake-up peak and its signal originates from
HOMO-LUMO transitions associated to both nitrogen atoms [31,32].

independent parameters are the areas of each peak, while the energy
losses and widths are global parameters. Since the same ratio between
CT and LE areas is obtained by the fitting procedure, both samples are
in the same bulk phase. The same model cannot be applied to the 1.5 A
sample. Indeed, in this case we used 3 components (A,B and C), whose
origin is discussed later. Since Q band line shape depends on the crystal
phase, 1.5 A sample has a different morphology with respect to the bulk
one. As stated before, the Q bands of all the samples are different from
the ones of the most common Pc phases [27], suggesting that the Pc
on HOPG is in a characteristic phase. This particular crystal structure is
the consequence of the molecule-substrate interaction. This interaction
is studied via X-ray and ultraviolet photoemission spectroscopy. N 1s
and Cu 2p;,, photoemission spectra are measured as a function of the
coverage, using a global fitting procedure for the spectra of samples
of different thickness, Figs. 4 and 5. Cu 2p;, signal is composed by
only one broad peak, due to Cu in 2+ oxidation state contained in the
molecule [16].

N 1s spectra are fitted with three components associated to two
inequivalent N atoms [32] (observed in the main peak and labelled
N1 and N2), and to a shake-up excitation of HOMO-LUMO transition
(the small peak labelled SQ) associated to both nitrogen atoms [31].
The best fit function of XPS spectra is obtained using the same intrinsic
line shape for all coverages, i.e. each Lorentzian width, shift and ratio
between components are equals. On the contrary, the overall shift of
the whole lineshape, a multiplication constant and the gaussian widths
are free parameters. However, no variations of Gaussian width are
observed and only a global shift of (—0.13 + 0.03) eV for copper and
of (~0.095 + 0.03) eV for nitrogen between 33 A and 1.5 A samples is
measured. In Fig. 6 the UPS spectra of 33 A, 5 A and 1.5 A CuPc/HOPG
samples are reported in the binding energy region 0 + 5 eV.

Surface Science 735 (2023) 122322

Cu 2p;,
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Fig. 5. Best fit of the Cu 2ps), level of 33 A (top), 5 A (centre) and 1.5 A (bottom)
CuPc/HOPG samples. The 33 A and 1.5 A spectra are multiplied for a constant, 0.5
and 2 respectively, to make easier the comparison. Copper spectra are characterized by
only one peak, corresponding to copper in 2+ oxidation state, as was observed before
in bulk phase molecules [16].
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Fig. 6. Best fit of UPS spectra of 33 A (top), 5 A (centre) and 1.5 A (bottom)
CuPc/HOPG samples. The description of the components is reported in Section 3.
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Also in this case a deconvolution of the experimental spectra is
applied. The background is the sum of a Shirley background plus a
line, which takes into account of the graphite signal, which is almost
linear in this energy range. The peak at about 1.3 eV is fitted using two
components (H and V) with the same width and ratio for all coverages,
while the part of the spectrum between 2.5 and 4.8 eV is fitted with
5 components (blg, E1, E2, E3, G). The peak at about 1.3 eV is due
to the HOMO level and the C-C stretching excitations [33]. For this
reason, H and V components are necessary to reproduce this part of the
spectrum. b;, component is attributed to the homonymous level [34].
G component corresponds to an electronic level localized on copper,
nitrogen and benzenic carbon [35]. The components E1, E2 and E3 are
attributed to levels that are mainly related to ligand [34,35], whose
relative intensities depend on the orientation of the molecule [36]. The
relative energy positions of E1, E2 and E3 are fixed for all coverages,
while the absolute position is a free global parameter. No intensity
variations are observed for different coverages. This suggests that the
orientation of the molecule at the interface (1.5 A sample) and in bulk
phase (33 A sample) is the same. Therefore, since the Pc adsorbs flat
on graphite [6], Pc molecules are flat also in bulk phase [5,9]. The
electronic structure of the molecules at the interface is not modified.
Indeed, the only difference between bulk and interface molecules pho-
toemission spectra is a little shift of about —0.1 eV of both valence
and core levels peak. This shift is similar to the one observed for
FePc/HOPG and it can be attributed to an image-charge screening [5].
This implies that molecules are weakly physisorbed and free to re-
arrange, giving rise to ordered 2-D islands [6]. However, the weak
interaction between the molecule and the substrate is still stronger than
the one between molecules. This is evident from the fact that heating at
500 °C the 5 A sample gives rise to a partial desorption of CuPc film and
a final coverage comparable with the one of the submonolayer 1.5 A
sample. To understand the sample morphology at the submonolayer
phase, we have to take into account that chains, 2-D islands and 3-
D islands arise as a function of monolayer completion and substrate
temperature [6,8]. Moreover, a different Q band is expected for chains
and 2-D crystals with respect to 3-D crystals one (observed in 10 and
40 A samples), due to the impossibility of having transitions between
adjacent molecules along the stacking axis [29]. From this, it follows
that the presence of chains and 2-D and 3-D islands can explain the
modifications of Q band line shape in sub-ML phase. Then, according
to their energy, components A and C can be attributed respectively
to LE and to 3-D islands CT excitations. Instead, B component should
be related to unresolved LE and 3-D islands CT excitations. In this
framework the much lower order at the interface can be explained with
the contemporary presence of different structures: the 3-D crystals and
almost square 2-D lattice as pointed out in this work; parallelogram 2-D
lattice and chains of molecules as highlighted by STM [6]. All these
structures contribute to the formation of the diffraction pattern. Since
their contribution cannot be resolved, the 3-D peaks, observed in bulk
phase, are broadened at the interface. In summary, Pcs are physisorbed
on graphite, because no modifications of the electronic structure or
charge transfer shifts are measured. The very weak interaction with
HOPG let the physisorbed molecules free to move onto the substrate
and rearrange via the side-by-side interaction [5]. Moreover, the Pcs
adsorb on HOPG with a preferential flat orientation. Consequently,
the molecules of the second layer can have a face-to-face interaction
with the first layer one, facilitating the growth along a stacking axis.
Since stacked molecules grow with the same flat orientation on a
highly ordered 2-D basis, the bulk phase is ordered. On the contrary,
at Pc/Al(100) interface the interaction is strong [16], therefore the
rearrangement of adsorbed molecules is quenched, suppressing the
formation of long-range ordered 2-D crystals [17]. Moreover, bulk
growth on aluminium is characterized by molecules with the molecular
plane almost perpendicular to the surface [16]. Indeed, the strong
interaction, which modifies the electronic structure of the molecules
at the interface, prevents the face-to-face interaction between the first
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two molecular layers. Then, in the second layer the molecules are
probably decoupled from the substrate and they can stack freely in
every direction parallel to the surface, giving rise to a high azimuthal
disorder.

4. Conclusions

We have characterized the adsorption of CuPc molecules on HOPG
using SA-LEED, EELS and photoemission spectroscopies. CuPc grows
flat, forming in-plane long-range ordered domains. We attribute this
result to a substrate templating effect, which favours a preferential flat
orientation of the molecules, increases the bidimensional order of the
system and facilitates the molecular self-assembly of the molecule along
a stacking axis. In this way, Pcs form coherently scattering domains
with a diameter of 500 A. The ordered bulk growth is possible as a
consequence of the weak interaction between physisorbed molecules
and substrate, which does not modify the electronic structure of in-
terface molecules. Indeed, no significant variations of the line shapes
are measured with photoemission spectroscopy as a function of the
coverage. The only difference between thick and 1.5 A sample is a rigid
shift of peaks (0.1 eV), which can be attributed to a pure image-charge
screening [5].
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