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ABSTRACT: We investigate the early stages of the growth of zinc-phthalocyanine on Al(100) using X-ray photoemission
spectroscopy (XPS) and low-energy electron diffraction (LEED). Diffraction patterns show a (5 × 5) reconstruction, characteristic
of flat-lying molecules forming a long-range-ordered structure with a square unit cell. The degree of ordering (i.e., the average
domain size) is increased when the substrate is kept above 100 °C during the deposition. At low coverage (≤1 ML), a sizeable
charge transfer from the substrate to the molecules is observed, indicating a strong interaction at the organic−inorganic interface. As
a consequence of charge filling of ZnPc LUMO, a self-demetalation of the molecule occurs while the structure of the ligand remains
mostly unaffected.

■ INTRODUCTION

Phthalocyanines (Pcs) are planar organometallic complexes
with extended π-conjugation. They are well known for their
thermal and chemical stabilities1 while its electronic structure
makes them largely used in optoelectronics,2 fabrications of
sensors3−5 and organic semiconductor devices,6 and as optical
absorbers in organic solar cells.7,8 Many of these applications
are related to the energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) that falls in the visible range.9

One of the most important peculiarities of this molecule is
the possibility to synthesize them with different atoms in the
center of the molecule ranging from the so-called free Pc with
two hydrogen atoms in the center (H2Pc) to different metal
(MPc) or nonmetal atoms.10 Different atoms in the center of
the molecule give rise to different symmetries and electronic
structures of the whole molecule. For instance, in the case of
transition metal Pc, the b1g molecular state derived from the 3d
atomic level is known to vary its energy and occupancy as a
function of the specific atom.9 Other original properties are
related to the central metal atom, for instance, the spin state of
FePc molecules on Au(111) can be tuned by the adsorption of
different ligands on Fe ions.11 Further, the reversible vertical

movement of the central metal ion through the molecular
plane of a Pc molecule is a prototype of single-molecule
switch.12 To exploit the interface properties, Pcs are normally
grown on different substrates (either metallic or nonmetallic).
When Pc molecules are interacting with a specific substrate,
the central metal atom can play a peculiar role that is
important to be investigated. In fact, the surface can induce
variation of the overall electronic structure of the molecule13

but it can also induce modifications involving mainly the
central atom. In the latter category, we find the metalation of
the free-Pc14,15 where the two H atoms are replaced by a metal
atom. Pc metalation has been obtained by depositing iron
atoms on the H2Pc film grown on Pb(111)14 or Ag(111)15

with the final result of the development of FePc. The
metalation on a surface can be aided by the scanning tunneling
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microscopy (STM) tip, which is able to remove the two
hydrogen atoms and replace them with a silver atom, taken
from the substrate.16 A monolayer of H2Pc grown on Ag(110)
can spontaneously substitute the two hydrogen atoms with a
silver atom.17 In this case, the rate of the self-metalation
process increases by heating the sample.17 This suggests that it
is possible not only to modify the molecule by means of the
interaction with the substrate but also to control the rate at
which the process occurs by controlling the substrate
temperature. Another interesting process involving the central
metal atom is the on-surface metalation of air-unstable Pc
occurring for instance in the case of the synthesis of magnetic
AlPc on the Au(111) surface.18

The reverse process, demetalation, consists in the extraction
of the central metal atom from a MPc. It has been observed in
the PbPc/Ag(111) interface where, with the aid of a STM tip,
the Pb atom was extracted from the center of the molecule.19

In this particular case, the spill out of the central atom is
favored by the injection of electrons in the empty states of the
molecule. The consequences on the morphological and
electronic properties of the ligand are crucial aspects to be
considered in the metalation and demetalation (whether
spontaneous or stimulated) processes. To this end, spectros-
copy such as UV−vis has been employed to test the integrity of
the ligand after the demetalation of the molecule.20 A valid
alternative can be the X-ray photoemission spectroscopy
(XPS) with its atomic and chemical-state sensitivities.
Up to now, the spontaneous loss of the central metal atom

of a phthalocyanine interacting with a surface has never been
observed. In this work, we present the first evidence of such a

process occurring at the ZnPc/Al(100) interface. The self-
demetalation presented and discussed here is the result of a
particular combination of the strong interaction of the
molecule with the substrate, the electronic structure of the
molecule, and the binding energy of the Zn atom. The strong
interaction of metal-Pc with the Al(100) surface was already
observed in the case of CuPc.13 In this case, a charge transfer
from the metal substrate toward the molecular LUMO is
observed. It is important to note here that, in the case of
controlled demetalation in PbPc/Ag(110) interface, the charge
transfer induced by the polarization of the STM tip seems to
play a fundamental role. In the case of CuPc, any self-
demetalation on the Al(100) surface was not observed. An
important difference between CuPc and ZnPc is the binding
energy of the metal atom with the macrocycle, lower in the
latter case.9 This energy difference will be taken into account
while discussing the results presented in this work.
Furthermore, it is interesting to study the interface ZnPc/

Al(100) because of its technological applications. Among
others, the ZnPc/Al(100) interface is used in solar cells21,22

where the phthalocyanine film is the absorber layer and the
cathode is made of aluminum. From the point of view of
electronic devices, it is well known that long-range-ordered
systems improve the conductivity of organic semiconductors:23

thick layers of Pcs form characteristic crystal structures driven
also by the substrate and interaction of the substrate with the
first Pc layer.24 Previous works on CuPc/Al(100) interface
does not show any ordered Pc overlayer. The molecular
mobility is in fact reduced due to the strong interaction
occurring at the interface. Ordered depositions of different Pcs

Figure 1. (A) Electron diffraction patterns along the Γ̅X̅ high-symmetry direction of 1 Å ZnPc/Al(100) grown at different Ts’s and, for comparison,
the diffraction pattern of CuPc on the same substrate and same thickness grown at Ts = 160 °C. The blue-shaded peaks represent the diffraction
peaks of the clean aluminum surface. The non-integer peaks due to the ZnPc reconstruction are indicated by the dark yellow-shaded area, for the
clearness of the figure background is not reported. The red thick line is the best fit to the data. (B) A possible model of growth of the monolayer of
ZnPc on the Al(100) surface compatible with the 5 × 5 reconstruction deduced from the diffraction pattern. (C) Kinematics of the diffraction
experiment, electron source, and analyzer are fixed, their directions form an angle of 2θo equal to 30°. The variation in the Δk∥ is obtained by means
of a rotation of the sample (aa′) described by the angle θ.
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were, on the contrary, found on several systems, for instance,
CuPc on Au(110) with molecules disposed as chains,25 as
square lattices on InAs and InSb(100)26 and CoPc on Ag-
terminated Si(111) as a close-packed array.27 In addition, a 5 x
5 reconstruction is obtained in the event that metal Pcs are
grown on the fcc(100) single-crystal.28−32 In this paper, we
investigate the possibility to grow an ordered ZnPc layer and
increase the molecular mobility on the surface by thermally
annealing the Al substrate during the Pc deposition. Finally, we
studied different coverages of ZnPc to obtain information on
the molecular structure at the interface by comparing the
submonolayer and bulk phases.

■ MATERIALS AND METHODS

The Al(100) single-crystal was cleaned by several cycles of Ar+

sputtering (2 keV) and annealing at 500 °C. At the end of the
cleaning procedure, no oxygen and carbon contamination was
detected by means of XPS and a sharp pattern was observed in
electron diffraction measurements. ZnPc molecules, purity
95%, have been purchased from Sigma-Aldrich. Prior to any
deposition on the Al sample, the molecules were further
purified in ultrahigh-vacuum (UHV) for 5 h at 200 °C well
below the sublimation temperature. ZnPc films on Al(100)
were grown with a nominal evaporation rate of 0.2 Å/min on
the substrate, kept at temperature Ts. Film thickness was
deduced from the ratio of XPS signals of the C 1s from the
overlayer and Al 2s from the substrate.33 Films of different
thicknesses (1 Å < θ < 24 Å) and grown at different substrate
temperatures between room temperature (RT) and 160 °C are
analyzed and discussed in this work. All the XPS spectra and
diffraction patterns were acquired at RT. The photoemission
spectra and electron diffraction patterns were acquired by
means of an hemispherical analyzer (66 mm mean radius)
equipped with a multichannel detector for parallel energy
acquisition. For XPS measurements, a monochromatized Al
Kα source provided photons with energy hν = 1486.7 eV. The
total experimental uncertainty in XPS spectra is equal to 0.56
eV. Absolute energy calibration was obtained by comparing the
measured binding energy of the Al 2s peak with the value
found in literature (Eb = 118.0 eV).34 Diffraction experiments
were conducted using a home-built monochromatic electron

gun with a primary energy of Ep = 51.4 eV and an energy
resolution of 60 meV. The uncertainty of the diffraction
patterns is given by the angular resolution of the electron beam
equal to ±0.5°. Since the electron source and analyzer are
fixed, electron diffraction patterns were obtained by rotating
the sample around the axis orthogonal to the scattering plane
and are illustrated in Figure 1.
In our regression analysis of XPS spectra, we used Voigt’s

profile to fit symmetric peaks and Doniach−Sunjic’s function
convoluted with Gaussian for asymmetric ones. We used also a
Shirley background, which is proportional to the integral of the
fitted peaks. Background’s parameters are free parameters of
our regression analysis. In our analysis, we used the constrain
that the Gaussian full width at half maximum (FWHM) of
peaks must be equal or greater than the experimental
uncertainty.

■ RESULTS AND DISCUSSION

Morphology of ZnPc Submonolayer Film. Figure 1
shows the evolution of the diffraction pattern along the Γ̅X̅
direction of different ZnPc films of the same thickness (1 Å)
deposited on Al(100) and grown as a function of the substrate
temperature (Ts). The patterns were obtained by measuring
the sample at room temperature and after aligning the [10]
surface direction of the sample with the scattering plane; to
vary the projection of the exchanged wave vector on the
sample surface (Δk∥), the sample was rotated around an axis
orthogonal to that plane. The shaded peaks are assigned to the
specular peak (Δk∥ = 0) and the (1,0) and (1̅,0) Bragg peaks
of the substrate. The average of the two Bragg peaks is Δk∥ =
2.18 ± 0.02 Å−1 corresponding to a distance between
aluminum atoms of dAl = 2.88 ± 0.03 Å, in very good
agreement with the expected value of 2.86 Å.35

The deposition of 1 Å of ZnPc leads to the appearance of
non-integer Bragg peaks with a 5-fold-decreased distance.
Analogous diffraction pattern is observed when the azimuth is
rotated by 90° and the [01] direction is aligned along the
scattering plane. This indicates that ZnPc molecules give rise
to a (5 × 5) reconstruction on Al(100), forming ordered
domains with a square unit cell. Given this five-fold
reconstruction, the molecule−molecule distance dZnPc is

Figure 2. Best fit of the C 1s level (left) and N 1s (right) in bulk (top) and the submonolayer phase (bottom) grown with the substrate at Ts = RT.
The best fitting parameters are reported in Table 1. The two spectra are normalized to show the differences between the two line shapes.
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equal to 5 × dAl = 14.4 ± 0.15 Å. This distance is large enough
to accommodate ZnPc in a flat lying geometry. In Figure 1, the
diffraction pattern of a CuPc film grown with Ts = 160 °C is
also reported. We observe a diffraction pattern very similar to
the ZnPc case, indicating that the increased mobility occurring
at this substrate temperature is efficient also in the case of
CuPc. This adsorption geometry was already observed in other
MPc/metal interfaces. In particular, CuPc, FePc, CoPc, and
NiPc grown on Ag(100)31 give rise to a flat lying geometry and
azimuthal rotation of the phthalocyanine symmetry axis
(dashed line in Figure 1B) of 30° with respect to the [10]
direction. Analogous behavior is observed in the CoPc/
Cu(100) interface.32 Considering that Ag and Cu substrates
have the same crystal structures (fcc) and orientation (100) of
Al and that the interatomic distance is similar for Ag (2.89 Å)
and even smaller for Cu (2.54 Å), we can safely guess that, also
in the case of the Al substrate, the growth of Pc in the very
early stage follows a flat lying geometry with a possible
azimuthal rotation of the Pc symmetry axis.
A careful analysis reveals that the diffraction pattern

becomes sharper at higher substrate temperature during the
growth. As judged from the width of the non-integer Bragg
peaks,36 the size of the ordered ZnPc domains increases by a
factor of 2 (from 40 to 80 Å) when Ts is raised from RT to 160
°C.
Electronic Structure of the ZnPc/Al Interface. To study

the electronic structure at the interface between ZnPc and
Al(100), a comparison between the line shapes of photo-
emission peaks in the submonolayer and bulk phase grown
with the substrate at Ts = RT is reported. On top of Figure 2,
we see respectively the characteristic spectra of C 1s and N 1s
of Pc in the bulk phase. In the C 1s spectrum, there are three

main peaks. As was done in other works,13,37 they are
deconvoluted using five symmetric components, whose
parameters are reported in Table 1.
The five components represent carbon atoms in the benzene

ring (B) and the associated shake-up satellite (SB), carbon
atoms in the pyrrolic ring (P) and the associated shake-up
(SP), finally V is the vibrational C−H stretching mode. It is
well known that the two shake-ups SP and SB are electron
excitations involving the HOMO−LUMO transition (1.9
eV37). A possible quality factor of the fit is the evaluation of
the stoichiometric ratio of inequivalent carbon atoms. The
ratio of signals coming from benzene carbon (B, V, SB) and
pyrrolic carbon (P and SP) is equal to 2.9 ± 0.2 in agreement,
within the experimental uncertainty, with the expected
stoichiometric ratio (3). To reproduce the experimental signal,
a sixth component called X is close to 289 eV. It should
correspond to unresolved shake-ups of higher energy, related
to the electronic transition localized on both benzenic and
pyrrolic carbons.38

The spectrum of the bulk phase N 1s level is reported in the
upper part of Figure 2; it is possible to observe one main peak
with two much smaller peaks on its sides. Our best fit of bulk
phase’s, reported on top of Figure 2, is not different from other
phthalocyanine bulk phases;37,39 all components are symmetric
and their parameters are reported in Table 1. The components
are attributed to nitrogen in the pyrrolic ring (N1), nitrogen in
aza-bridging positions (N2), two shake-ups satellites (SQ and
SB) that correspond to37,39 Q band (HOMO−LUMO
transition) and B band (a2u → eg, b1g → eg, and eu → eg).

40

The component E is attributed to a contamination whose
origin is not clear. Its intensity is only 2.3 ± 0.1% of the total
nitrogen signal, small enough not to hinder the analysis of the

Table 1. Best Value of Fit Parameters of Bulk (24 Å) and Submonolayer Phase (1 Å) of C 1s Level (Upper Part) and N 1s
Level (Lower Part) Grown with the Substrate at Ts = RTa

C 1s

θ (Å) peak α A BE (eV) GW (eV) LW (eV)

24 B 1 284.48 ± 0.01 0.56 ± 0.01 0.38 ± 0.01
V 0.16 ± 0.03 284.91 ± 0.03
P 0.34 ± 0.02 285.88 ± 0.01
SB 0.14 ± 0.02 286.355 ± 0.03 0.52 ± 0.03
SP 0.11 ± 0.01 287.85 ± 0.01
X 0.03 ± 0.01 289.48 ± 0.05 1.0 ± 0.2

1 B 0.17 ± 0.01 1 284.14 ± 0.01 0.60 ± 0.02 0.28 ± 0.03
V 0.27 ± 0.08 284.54 ± 0.07
P 0.43 ± 0.02 285.33 ± 0.015
C-Al 0 0.06 ± 0.02 283.1 ± 0.1 0.6 ± 0.3 0.6 ± 0.3

N 1s

θ (Å) peak α A BE (eV) GW(eV) LW (eV)

24 N1 1 398.60 ± 0.04 0.58 ± 0.01 0.28 ± 0.1
N2 1 398.88 ± 0.04 0.49 ± 0.06
SQ 0.12 ± 0.04 400.50 ± 0.05 0.51 ± 0.2
SB 0.027 ± 0.025 402.44 ± 0.20 0.6 ± 0.9
E 0.05 ± 0.02 397.2 ± 0.1 0.59 0.49

1 N 0.11 ± 0.02 1 398.75 ± 0.01 0.56 ± 0.09 0.58 ± 0.09
N-Al 0 0.095 ± 0.03 396.78 ± 0.02 0.7 ± 0.3

aFit displayed in Figure 2. θ is the overlayer thickness, α represents the asymmetry parameter of Doniach−Sunjic’s function, A is the peak area
normalized to the greatest one, BE is the binding energy, GW is the full Gaussian width at half maximum, and LW is the full Lorentzian width at
half maximum.
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signal of the molecule. Moreover, we impose the areas of N1
and N2 to be equal in our fit because, as can be seen in Figure
1, there are four nitrogen atoms in the pyrrolic ring, which are
bond to the metal and carbon, and four in aza-bridging
positions, bond only to carbon.
C 1s and N 1s spectra in the submonolayer phase, lower part

of Figure 2, are quite different from the corresponding spectra
in the bulk phase. On the contrary, they show strong
similarities with the respective spectra of the submonolayer
phase in the CuPc/Al(100) interface.13 In particular, we
observe the following: the quenching of shake-ups, the
asymmetric shape for C 1s and N 1s peaks, attributed to the
hybridization of LUMO with Al bands,13 and a shift of the C
1s level, originating from a charge transfer from aluminum to
LUMO.13 In both submonolayer spectra, we found also two
components at lower binding energy; they can be attributed to
a small amount of carbon (C-Al) and nitrogen (N-Al) atoms
interacting with aluminum,41 stemming from C/N contami-
nation during Al surface preparation. From the analysis of the
C 1s submonolayer spectrum, we obtain, see Table 1, that the
ratio between the sum of B and V divided by P is equal to 2.9
± 0.2, in agreement with the expected stoichiometric ratio of
molecular constituents equal to 3. From the same table, we
observe that the C 1s binding energy shift of pyrrolic carbon
between bulk and the submonolayer is equal to 0.55 ± 0.02 eV,
while the energy shift of benzene carbon is equal to 0.34 ±
0.02 eV. This difference can be explained considering that the
aforementioned charge transfer from the substrate toward the
LUMO is not uniform on the whole molecule but it is more
pronounced where the LUMO is localized. Considering the
spatial distribution of the LUMO, mainly localized on the
pyrrolic ring,42,43 we expect a greater charge transfer on
pyrrolic carbon with respect to the benzenic carbon hence a
greater shift of the corresponding binding energy. In principle,
the LUMO is also localized on N bonded to pyrrolic carbon
but, as discussed later on, that atom seems to be not involved
in the charge transfer. The main peak of the N 1s spectrum is
deconvoluted with a single component (N); in this case, N
represents both the nitrogen atoms in pyrrolic and the aza-
bridging positions. If we consider its binding energy (398.75
eV) as the mean binding energy of the two inequivalent
nitrogen atoms and compare it with the mean of the two
distinct components in the bulk phase, we observe almost no
shift between them. A hypothesis to explain this is consistent
with the calculations on the isolated molecule9 where we
observe that nitrogen atoms are slightly negatively charged,
while carbon atoms are positive; then the charge transfer
occuring at the interface involves mostly carbon atoms and not
nitrogen atoms.13

In Figure 3, we report the evolution of Zn 2p3/2 as a function
of coverage; the corresponding thickness is reported on the
right side of each spectrum, top and bottom spectra are,
respectively, the bulk and submonolayer phases. Bulk and
submonolayer phases are both deconvoluted with one peak,

symmetric in the former case and asymmetric in the latter. The
binding energies of the two peaks are shifted by about 600
meV. Fitting parameters are reported in Table 2. The
intermediate coverage spectra are deconvoluted with two
components whose binding energy corresponds to the binding
energy of the single components observed in the thick and
monolayer cases. In previous discussion on the analysis of N 1s
and C 1s spectra in the submonolayer phase, we attributed the
peak asymmetry and bulk to submonolayer binding energy
shift to the charge transfer from the substrate to the LUMO
and to its hybridization with Al bands. This explanation cannot
be extended to a shift of 600 meV in Zn 2p3/2 because we do
not expect any charge transfer to the Zn atom. In fact, the
LUMO is not localized on zinc and the b1g orbital (involved in
the charge transfer in CuPc/Al(100) interface)13 is initially
occupied. The observed binding energy shift of 600 meV in
zinc spectra is equal to the energy difference between divalent
(Zn(II)), configuration of zinc in isolated Pc, and metallic
(Zn(0)) zinc.44,45 Moreover, the Lorentzian widths of bulk and
submonolayer phases are significantly different (0.95 and 0.73
eV) and they are in agreement with the ones measured for
ZnO (Zn(II)) and metallic zinc (Zn(0)),44 respectively. All
these results clearly indicate that in the submonolayer phase,
Zn is in metallic configuration. This configuration is possible
only if Zn forms a metal cluster or Zn−Al metal alloy. These
hypotheses are discussed in the next section.

Demetalation and Diffusion of Zn Atoms. In this
section, the photoemission spectra of Zn 2p3/2, C 1s, and N 1s

Table 2. Best Value of Fit Parameters of Sub-monolayer 1 Å and Bulk Phase 24 Å of Zn 2p3/2 Level Grown with the Substrate
at Ts = RTa

θ (Å) α A (A.U.) BE (eV) GW (eV) LW (eV)

24 16.96 ± 0.07 1021.97 ± 0.01 0.56 ± 0.02 0.95 ± 0.01
1 0.10 ± 0.01 2.07 ± 0.24 1021.36 ± 0.01 0.56 ± 0.06 0.73 ± 0.05

aFit displayed in Figure 3. θ is the overlayer thickness, α represents the asymmetry parameter of Doniach−Sunjic function, A is the peak area, BE is
the binding energy, GW is the full Gaussian width at half maximum, and LW is the full Lorentzian width at half maximum.

Figure 3. Zn 2p3/2 XPS spectra as a function of ZnPc coverage. The
samples were grown with the substrate at Ts = RT. Zn atoms in
different oxidation states, Zn(0) at the interface and Zn(II) in the
bulk, are represented by orange and blue lines, respectively. The best
fitting parameters are reported in Table 2. The spectra are normalized
to show the evolution of the line shapes as a function of the coverage.
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core levels as a function of substrate temperature during the
growth of ZnPc will be presented and discussed. For each
substrate temperature (Ts), a new film of about 1 Å of
thickness was prepared. The spectra of C 1s and N 1s are
presented in Figure 4. No significant variation in the

photoemission spectra is observed with respect to the spectra
where ZnPc is grown at RT. In particular, the spectra of C 1s
and N 1s were deconvoluted with the same line shape
discussed previously (see section Electronic Structure of the
ZnPc/Al Interface) suggesting that the electronic structure of

Figure 4. C 1s and N 1s XPS spectra of ZnPc submonolayer films (θ = 1 Å) as a function of the substrate temperature Ts at which the sample was
kept during the growth. All the spectra are collected at RT.

Figure 5. Zn 2p3/2 (left) and Cu 2p3/2 (right) XPS spectra of ZnPc and CuPc, submonolayer films (θ = 1 Å) as a function of the substrate
temperature Ts during the growth. All the spectra are collected at RT.
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the ligand at the interface is independent of the substrate
temperature during the growth. Moreover, spectra of C 1s and
N 1s in the ZnPc/Al(100) interface are very similar to the
corresponding spectra of the CuPc/Al(100) interface,13

suggesting that the Pc ring is intact for all Ts’s. In Figure 5,
the Zn 2p3/2 spectra are reported as a function of Ts; we
observe a progressive reduction of photoemission signal
starting from Ts = 110 °C; at Ts = 160 °C, the photoemission
signal from Zn 2p3/2 completely disappears. For Ts = 160 °C,
the ligand is intact while the vanishing of the Zn 2p
photoemission signal can be explained with the loss of the
Zn atom from the center of the molecule and its diffusion
inside the Al substrate. Diffusion of zinc in aluminum is a well-
known phenomenon facilitated by the increase of the substrate
temperature.46 On the contrary, the influence of the substrate
temperature on the loss of Zn atoms from the center of the
molecule is less clear. To answer this key question, it is useful
to note the results of photoemission signal of Zn when the film
is grown with the sample taken at RT; in that case, we
observed an asymmetric line shape and core level shift
compatible with Zn in metallic configuration. Moreover, the
absence of any energy shift or change in line shapes of C 1s
and N 1s as a function of Ts supports the idea that the
macrocycle has the same electronic configuration for all Ts. All
these experimental results suggest that the Zn atom leaves the
center of the molecule also if ZnPc film is grown at RT. In this
case, the metallic configuration of Zn atoms can be ascribed to
the formation of the Zn metal cluster or to Al−Zn alloy. Only
when Ts is greater than a threshold value (between 75 and 110
°C), Zn starts to diffuse in the bulk of the substrate. The
behavior of ZnPc is different from that of CuPc growth on the
same Al(100) substrate. In fact, as shown in the right part of
Figure 5, the CuPc film grown with the same Ts does not show
any loss of the central metal atom. Moreover, as previously
observed,13 the line shape of Cu 2p is symmetric after the
growth either at RT or at Ts = 160 °C. To explain the
difference between ZnPc and CuPc, we have to consider that
the thermal stability of the molecule is not questioned because
the maximum substrate temperature during the deposition is
well below the sublimation temperature and the results from
the thick film of ZnPc confirms the entirety of the molecule
after sublimation. Binding energy of the central metal atom to
the ligand9 can play a role in the loss of the Zn atom from the
center of Pc because the calculated M−Pc binding energy for
the Zn atom is lower with respect to the Cu atom in CuPc and
it is the lowest among the M−Pc’s calculated in ref 9.
Nevertheless, the break of the metal−ligand bond is clearly
related to the substrate because the loss of Zn has been
observed only in this particular case of the submonolayer film
grown on Al(100). Recently, the demetalation of the
phthalocyanine at the PbPc/Ag(110) interface19 was reported.
In that case, the process is driven by a strong polarization of
the STM tip with respect to the substrate. The induced
demetalation by the STM tip is not effective when a low bias is
applied. Then, the polarization causes the injection of charges
in the empty states of the phthalocyanine and this can induce
the loss of the central metal atom.19 Analogous mechanism can
occur also in our case where the charge transfer from the
substrate to the LUMO is a consequence of the interface
formation as discussed previously (see section Electronic
Structure of the ZnPc/Al Interface); hence, the demetalation
can be a direct consequence of the charge transfer occuring at
the ZnPc/Al(100) interface. The same effect is not observed in

the case of CuPc/Al(100) interface. As previously mentioned,
the binding energy of Zn atom in ZnPc is lower with respect to
the Cu binding energy in CuPc; moreover, the empty
molecular states in the two molecules (ZnPc and CuPc) for
the charge transfer from the substrate are slightly different.
While the LUMO, with the original eg symmetry, is practically
the same in the two molecules, in the case of CuPc also, b1g is
involved in the charge transfer.13 This involvement redirects
part of the charge toward the copper atom and then modifies
the charge transfer toward the ligand. The different charge
transfer could be the origin of the demetalation observed only
for the ZnPc/Al interface. The last topic that we would discuss
concerns the evolution of the structure of the ligand after the
loss of the Zn atom. Is the central atom replaced? In principle,
Zn atoms can be substituted by two H atoms; we do not
observe the fingerprint of this process, i.e., a component in the
N 1s core level spectrum shifted of 1.4 eV with respect to the
bridging component.47 Another possibility is that the Zn atom
is substituted by an Al atom coming from the substrate. From
the spectroscopic point of view, this hypothesis is compatible
with our results because the N 1s spectrum is not substantially
modified when the Al atom is in the center of the molecule as
observed in the case of vacuum synthesis of AlPc18 and the
difference in Al spectrum is not detectable due to the very low
density of Al atoms eventually bonded in the center of the
molecule. Further investigations are needed to clarify this
point.

■ CONCLUSIONS

The comparison of submonolayer and bulk phase spectra of C
1s and N 1s suggests a strong interaction of ZnPc with the
Al(100) substrate. In particular, the modification of the line
shape of C 1s and N 1s core levels, i.e., the inhibition of the
HOMO−LUMO transition, the asymmetry of the photo-
emission peak shape, in the afore mentioned photoemission
peaks, and their relative energy shifts, can be explained with the
hybridization of LUMO with Al(100) bands and a charge
transfer from the substrate to the LUMO. From this point of
view, this interface is very similar to the CuPc/Al(100)
interface.13 Also, the morphology of the two interfaces is
similar; in fact, in both cases, the long range order associated
with the 5 × 5 reconstruction improves when higher substrate
temperatures are set-up during the growth. The maximum
extension of ordered domains reaches 80 Å at Ts = 160 °C.
The peculiarity of the present study on the ZnPc/Al

interface is the observation of the self-demetalation of the
phthalocyanine. The loss of the central metal atom already
during the growth at RT is promoted by the charge transfer
occuring at the ZnPc/Al interface. The loss of Zn atoms is
deduced from the asymmetric line shape of the Zn 2p core
level and from its energy shift with respect to the energy
position in thick ZnPc films. Increasing the substrate
temperature up to Ts = 160 °C supports the diffusion of Zn
atoms in the Al substrate. The loss of the central metal atom
does not modify significantly the electronic structure of the
ligand at all studied growth temperatures between RT and Ts =
160 °C as deduced from the C 1s and N 1s core level spectra.
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