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Thin and thick films of iron phthalocyanine (FePc) molecules are deposited on a Ag (110) surface. The nature of the
FePc growth and the interaction with the substrate have been studied by X-ray photoelectron spectroscopy (XPS). All of
the core level spectra exhibit rigid shifts towards lower binding energies following the deposition of the organic films, each
by a different magnitude. A greater change and a larger shift in the Fe2p level as compared to C1s core level reveals that the
adsorbate interacts with the substrate mainly via the Fe atom, located at the center of the molecule. An increase/decrease
in the intensity of C1s/Ag3d level is found to be exponentially linked to the overlayer molecular coverage. Finally, the so-
called growth/decay curve indicates that FePc thin films initially develop following the FM growth mode and then transform

to SK mode, resulting in 3D island aggregation.
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1. Introduction

In order to extend the enormous amounts of knowledge
for the metal phthalocyanine (MPc) molecules, a lot of re-
search has been done in the past quarter century. Such or-
ganic semiconductors are well suited to applications in the
fields of fuel cells,!!! gas sensors (especially for the detec-
tion of NOy),?! magnetic switches,?! and organic spintron-
ics devices.[*l Most recently, zinc-substituted phthalocyanine
(ZnPc) has been revealed as a promising candidate for pho-
todynamic cancer therapy.® Iron and cobalt phthalocyanine
(FePc, CoPc) semiconductors have been considered promis-
ing materials in the development of low dimensional molecu-
lar magnets. (6]

The functionality of these organic molecules can be
tuned; however, small modifications of the molecule can sig-
nificantly change the electronic properties.'8! Since MPcs can
be applied in variety of devices and their properties can be
tuned, the degree of molecular ordering at an interface and a
detailed understanding of the interface formation and its elec-
tronic properties that are crucial in improving the efficiency
of molecular-based devices are of utmost importance. Due
to the wide spectrum of applications and unique properties of
phthalocyanines (Pc), several groups around the globe have
either been interested in unsubstituted phthalocyanine, abbre-
viated HyPc,[®! MPc.[67] Generally, Pc is a macrocyclic com-
pound which consists of four isoindole-class [(Cg Hs4) C,N]
units linked by four nitrogen atoms to form a conjugated chain
and which can host various different metal ions in its center.
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Like ZnPc and CoPc, an FePc molecule also has a planar struc-
ture with Dy, point symmetry.

An FePc molecule consists of a central Fe atom sur-
rounded by four pyrrole nitrogen (Npy,), four-bridging aza ni-
trogen (Np az), eight-pyrrole carbon (Cpy,), and 24-benzene
ring carbon (Cpep, ). Among the MPcs, the FePc molecule has
been widely studied. For example, Fortuna et al. and Betti et
al. have studied FePc on highly pyrolitic graphite (HOPG), ']
Ag (110),['11 and Au (110) surfaces,!'>!3] respectively. FePc
on a Ag (110) surface has also been studied by Palmgren et
al.'" who found temperature-dependent ordering at the sam-
ple surface. The same molecule has also been studied on Ag
(111) with a focus on commensurate ordering and structural
and electronic properties at the interface.[!>16]

Recently, the electronic properties of FePc on Ag (110)
have been investigated by valence level photoemission spec-
troscopy (VL-PES) and the findings were explained in the
framework of density functional theory (DFT) calculations.!!”!
Since the transition FePc on Ag (110) substrate has already
been repeatedly studied by means of photoemission spec-
troscopy (PES) and scanning tunneling microcopy (STM), an-
other study on this system seems to be a waste of time. How-
ever, two fundamental issues which unfortunately have been
missing in almost all the above-mentioned FePc related stud-
ies are: i) the proper molecular coverage estimation, and ii)
the molecular growth mode determination. This deficiency
makes it difficult to fully understand the adsorption of FePc on
metal substrate. Also, it is well known that the charge trans-
fer efficiency, which in fact depends on the molecular orienta-
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tion, greatly influences the performance of organic electronic
devices.!'8! Therefore, we decided to carry out the photoe-
mission study of FePc on twofold silver substrate with the
highest aims for proper background subtraction procedure,
proper coverage determination, and epitaxial growth mode
investigation. The growth modes for the mono- and multi-
layer of FePc on Ag (110) are revealed by means of core
level-photoemission spectroscopy (CL-PES) or equivalently
called electron spectroscopy for chemical analysis (ESCA).
The present study in conjunction with the previously estab-
lished findings thus may provide a complete set of information
necessary to fully understand the fundamental issues regarding
the overlayer-substrate interaction and growth mode determi-
nation.

2. Experimental

All the experiments were performed with a VG ES-
CALAB MARK II surface analysis system. In brief, the sys-
tem is composed of two inter-connected ultra-high vacuum
(UHV) chambers: the preparation chamber and the analysis
chamber. The former is used to prepare the samples and the
latter is used to analyze the samples. Conceptually, a metallic
dome at the top of the instrument is the electron spectrome-
ter (hemispherical analyzer) which is connected to the anal-
ysis chamber below it by a long tube containing the electron
lenses and apertures. The analysis chamber and housing for
the hemispherical analyzer are formed from mu-metal (77%
Ni, 15% Fe, plus Cu and Mo), an alloy which screens out
external magnetic fields. A stainless steel preparation cham-
ber is connected right to the analysis chamber and equipped
with a Ta boat evaporator and an argon ion sputter gun. Each
chamber houses a rotating arm on a translational mechanism
that is used to any of the ports and stations on the preparation
and analysis chamber. In contrast to the preparation chamber,
the sample stages in the analysis chamber can be moved in all
three spatial directions and can be rotated around its axis.

Additionally, each chamber allows parking of two sample
carrying buses, and each bus can accommodate a maximum
of six samples. Furthermore, in the former chamber, sam-
ples can be annealed either by indirect heating or, for semi-
conductor samples, by direct heating. The latter chamber is
equipped with a twin-anode X-ray gun (monochromatic Al
Ky = 1486.6 €V and unmonochromatic Mg Ky = 1253.56 eV)
and a hemispherical analyzer. The respective line widths of Al
K, and Mg K are 0.85 eV and 0.75 eV.!'”! While knowing
the fact that Mg anode produces a narrower Ky line than the
Al the latter anode was used since it offers higher intensity as
compared to the Mg anode. Additionally, the base pressure in
both chambers was in the 2 x 10719 mbar (1 bar = 10° Pa)
range, which helps to minimize contamination during sam-
ple preparation and analysis. In addition, the system is also

equipped with a resistive-heating tantalum (Ta) boat evapora-
tor. As a substrate, we used a low index (110) silver single
crystal. The ex situ cleaning was done ultra-sonically.

For in situ cleaning, the samples were mounted on verti-
cally fixed Mo sample holders where the samples were cleaned
by the standard repeated cycles of 1-keV Ar™ sputtering and
annealing at 810 K. The surface quality and cleanliness of the
samples were checked by X-ray photoelectron spectroscopy
(XPS or CL-PES). After the treatment no oxygen or carbon
traces were detected. A few mg of dark blue colored FePc
powder purchased from Sigma Aldrich Co. Ltd was used as an
adsorbate. Prior to the sample preparation, the adsorbate was
purified by long-time degassing at a temperature slightly lower
than the sublimation temperature. The organic thin—thick films
were then deposited from a resistively heated Ta boat at an
evaporation temperature of about 540 K on the Ag (110) sur-
face. During deposition, the Ag substrate was kept at room
temperature in order to prevent dissociation of the molecules
after deposition. The incident and emission angles, respec-
tively, were 30° and 78°. All the measurements were per-
formed in the constant energy mode. The pass energies were
50 eV and 25 eV for wide and narrow scans and the scanning
steps were 0.5 eV and 0.2 eV, respectively. During the ex-
periments, the operating conditions for the incident radiation
were 15 kV and 20 mA. A high resolution and background-
subtracted survey spectrum of bare Ag (110) surface integrated
over 1-10 scans is displayed in Fig. 1. The deposition rate
as estimated from the XPS intensity ratios of the overlayer
and substrate signals, using a well-developed method, ! is
~ 1.43 A/min, and is illustrated in detail in the following sec-
tion. The instrument was calibrated with pure gold and copper
standard samples by setting energies of (83.97+0.02) eV and
(932 £0.02) eV, respectively. Spectral analysis was carried
out using the standard CasaXPS software. In all experimental
results, thicknesses are reported in angstroms (A).

CL-PE survey spectrum of bare Ag (110)
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Fig. 1. (color online) A typical core level photo-emission (CL-PE) sur-

vey spectrum of an untreated Ag (110) surface, showing the peaks of

the individual elemental orbitals.
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3. Results and discussion

A background-subtracted typical CL-PE survey spectrum
of bare Ag (110) surface is shown in Fig. 1, where many peaks
originating from individual elemental orbitals are clearly seen.
The spectrum is dominated by five Ag CL emissions (3(ds 2,
d3/2, P3/2> P1/2)> 3s) and the Ag (MNN) Auger peak located
at binding energies of 363.72, 370.77, 567.43, 599.86, 739.53,
and 898.02 eV, respectively. Besides oxygen (527.96 eV),
a weak peak of Ta is also found. Non metal (C: carbon,
281.25 eV) is also detected owing to the presence of adsorbed
hydrocarbons. Perhaps the small amount of C1s and O1s emis-
sions results from the ex sifu preparation process or the transfer
process of the sample into the UHV chamber. The intense tran-
sition metal peak in the survey spectrum originates from the
Ta resistive-heating boat upon which the sample was mounted.
Each major and minor peak has been marked for the assistance
of the reader. The argon ion-treated samples did not reveal any
contamination, which verifies the cleanliness of the samples.
A large background generated by the inelastic scattering of
photoelectrons is always expected in the spectra obtained by
surface sensitive photoexcited techniques. Therefore, in order
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Fig. 2. (color online) Thick spectra of Ag3d (upper panel) and Cls
(lower panel) showing the background removal procedure. For simplic-
ity, all three background types are shown: Shirley (S), linear (L), Toug-
gard (T). It is clear from the figure that only a Shirley type background
fits nicely to the Ag3d and Cls spectra.

to get background-free data we considered all the background
types — namely the Shirley, the linear, and the Touggard,
which are illustrated in the upper part of both the panels in
Fig. 2.

Figure 2 clearly demonstrates that among all the three
well-known background types, only the Shirley-type back-
This
finding is consistent with the well-established rule that only

ground fits nicely to the Ag3d and Cls CL spectra.

Shirley background can be applied to the spectra obtained with
high photon energy (e.g. 1486.6 eV).[?!! The bottom spectra
in both panels are the ones obtained after the Shirley back-
ground is subtracted. In all the spectra, as shown in Fig. 3,
only the Shirley-type background is subtracted. Before going
into a detailed explanation as to how the overlayer and sub-
strate photoemission peaks intensities evolve with respect to
molecular coverage, we would like to explain the method em-
ployed in coverage determination. After each deposition step
followed by the Shirley background subtraction, the behav-
ior of the FePc overlayer and Ag substrate intensities (Cls,
Ag3d, respectively) can be well described by the exponential
increase/decrease laws given in terms of the basic intensity
Egs. (1a) and (1b),[?]

18 —d
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C
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Here: d is overlayer coverage; Ig and Igg are the respective
signal intensities (i.e. peak areas) from Cls and Ag3d states
with an examined thickness; /& and I'J, are the intensities from
the thick adsorbate (C1s) and bare substrate (Ag3d), in that or-
der; Ac and lAg are the inelastic mean free paths (IMFP) of the
Cls orbital of the adsorbate and Ag3d orbital of the substrate,
respectively; 6 accounts for the emission angle with respect
to the surface normal, which in the present case is 78°. In
order to obtain true overlayer thickness d, we separately deter-
mined the IMFPs of Ag3d and Cls levels by using Egs. (2a)
and (2b),20]

Aag = A =538 (Eyin) > +0.41(a-Ein)™,  (2a)
Ac = Ag = 49(Exin) 2 +0.11 (a- Ein)*? (2b)

where A and A4 are in units of monolayers and in mg-m~2,

respectively; a (in nm) is extracted from pNa® = M with the
density (p) in kg/m3; N the Avogadro constant (N = 6.02 x
1023 /mol)[22! and M the atomic or molecular mass.?”) The
kinetic energy (Eyin) is expressed as Eiin = hv — Ep — @gpec,
where the last quantity is the work function of the spectrom-
eter (4.6 eV). By taking into account Mgep. (568.37), Ma,
(107.88), pag (10.5 kg/m*),1% prepe (1600 kg/m?)H3] and
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Fig. 3. (color online) MgK, XP spectra for (a) Ag3d, (b) Cls, and (c) Fe2p core level as a function of FePc coverage on Ag (110) surface. (d) The initial
and final states involved in the photoemission process. After electron emission from a 3p orbital subshell, the remaining election can have a spin-up or
spin-down state. Magnetic interaction between these photoemitted electrons and the orbital angular momentum lead to spin—orbit coupling. On the basis of

this process, Ag3d and Fe2p photoemission peaks split into two subpeaks.

corresponding core level Eyj, energies (Table 1), and with
the basic algebraic calculations, we estimated the overlayer
and substrate mean free paths, i.e. Ac = 25.9 A for the
Cls line and ),Ag = 15.3 A for the Ag3d line. Likewise,
by using the molecular weight of Fe (Mg, = 55.84), density
(Pre = 7.87 kg/m?),123] and the respective Ey, of Fe2p, we
obtained Ap, = 12.8 A.[24] The estimated values on one hand
agree well with the previously determined values'>! and on
the other hand coincide nicely with what is expected on the

Table 1. Values of the inelastic mean free paths (4;, A) for different
electron levels as extracted by using the above expressions. Experi-
mental binding energy (Exper., Ep) and calculated kinetic energy (Cal.,
Exin) are in eV.

Electron level Exper. Eg Cal. Eyj, Meas. 4; A; Refs. [25] and [26]

Ag3ds); 3678 11142 151 153,156
Cls 28447 11975 259 35.2,26.2
Fe2ps 7046 7774 128 137

basis of the Seah and Dench universal curve.?") All these val-
ues are summarized in Table 1.

Fitting the experimental data with the above expressions
yields nominal thicknesses of 1.0, 2.2, 3.4, 4.1, 4.8, 5.2, 8.3,
13.1, and 22.5 A for the total deposition times of 60, 120, 180,
240, 300, 360, 420, 480, 540 s, respectively. The CL spec-
tra acquired at increasing molecular coverage are shown in
Fig. 3, panels (a)—(c), for the Ag3d, Cls, and Fe2p CL emis-
sions, respectively. Spectra in each panel are normalized to the
same height for better comparison. The bottom spectrum cor-
responds to the zero deposition time. The major substrate core
levels (SCLs) Ag3ds; and Ag3ds ), for the clean substrate are,
respectively, at binding energies of 373.96 eV and 367.95 eV.
The spectra for the silver substrate are exactly similar to what
has been previously observed by our research group.?%! How-
ever, a small peak caused by the weak intensity X-ray emis-
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sions is accompanied by the Ag3d peaks. This smaller peak
exists with the spectrum because the X-ray emissions with
weaker intensities were not subtracted from the data. Upon de-
positing FePc, the Ag3d and Cls peaks exhibit practically no
shift, except for the decrease/increase in intensity, which in-
dicates a weak interaction between the adsorbate and the sub-
strate. This weak interaction was previously revealed for the
case of HpPc on InAs (100) and InSb (100) by synchrotron-
based PES!'*! and FePc on Ag (111) and Au (100) by pho-
toexcited electron spectroscopies (CL-PES and VL-PES) and
X-ray absorption spectroscopy (XAS).[!3) The Cls and Fe2p
PE originate from FePc molecules. Figure 3(b) shows that the
Cls feature is located at 284.66 eV. Figure 3(c) indicates that
Fe2p;/, and Fe2p; ), are located at 17.53 eV and 704.84 eV,
respectively. These energies indicate that the overlayer signals
are detectable at very low coverage, i.e., ~ 1 A. Until the de-
position time of 180 s, minimal changes in the shape of the
features are observed.

With the sequential increase of film thickness, the inten-
sities of Cls and Fe2p gradually increase while the intensity
of Ag3d decreases. After 540 s of total deposition time (cover-
age ~ 22.5 A), the Cls and Fe2p signals associated with FePc
are fully developed and the Ag3d signal almost completely
vanishes. Figure 3 further dictates that all the CL peaks shift
towards lower binding energies, each by a different magni-
tude. The Ag3ds, peak shifts by 1.14 eV while Ag3ds ; shifts
by 1.0 eV. On the other hand Fe2p;/, shifts by 1.12 eV, and
Fe2p; /, by 0.48 eV. In both cases the shift is towards the lower
binding energy. The broadening and shifting of the Fe2p PE
spectra towards lower binding energy suggests an increase of
electron density at the Fe ion.[?”] Also, the doublet separation
between both the Ag3d and Fe2p CL spectra is increased but it
is greater in the case of Fe2p than Ag3d, i.e., it increases from
6.01 eV to 6.15 eV for Ag3d and from 12.72 eV to 13.36 eV
for Fe2p line. Figures 3(a) and 3(c) also follow the trend for
the doublet separation, i.e., p > d.[??!

All the electron levels energies for the thin (1 A) and thick
films (22.5 A), energy shifts (AE), and the doublet separation
(DS) are added in Table 2. Figure 3(b) and Table 2 reveal that
in the case of the Cls electron level, neither a larger shift nor
a significant change in the shape of the feature is observed. A
greater change and larger shift in F2p PE as compared to the
Cls emissions is observed, which indicates that the molecule—
substrate interaction is mainly via the iron atom located at the
center of the molecule. This observation strengthens the view
that MPcs (especially FePc, CoPc) strongly interact with the
metal substrates via the central metallic atom of the adsorbed
molecule.[''=1727] In contrast to this, FePc interacts weakly
when adsorbed on a semiconducting substrate where the inter-
action is mainly through the Pc rings.?8! A critical analysis
of the core level’s shift on one hand indicates the modification

of the electronic structure of the organic molecules, due to a
greater interaction at the interface, and on the other hand it
gives a sign of the charge transfer from the metallic substrate
to the organic molecule. This supports the previously stated
conclusions that an electronic charge transfers from Ag (110)
to FePcl!1314171 and from Au (110) to CoPc and FePc.[!3:13]
Thus, the metallic substrates (Ag, Au) and MPcs (FePc, CoPc)
can be characterized as donor and acceptor materials, respec-
tively. However, when FePc is adsorbed on TiO; (110) then it
donates electronic charge to the semiconducting substrate, as
revealed by the synchrotron-based PES and XAS.[?"]
Table 2. All the core level binding energies, peak shifts (AE), and dou-

blet separation (DS) in photoelectron lines for the thin (1 A) and thick
(22.5A) coverage are in eV. A trend in the DS (p > d) is clearly visible.

DS

Electron level Thin film Thick film AE Thin Blm _Thick flm

Cls 28466 28447 019 - -
Agddy, 37396 37296 10 601 6.15
Agdds, 36795 36681 L.14
Fedp, 71753 71705 048 1272 13.36
Fe2py;, 70481  703.69 1.12

This discussion then leaves us with very fundamental
questions: what is the exact nature of FePc? (Is it a p-type or
n-type semiconductor? Why does FePc deposited on different
substrates behave so differently?) Figure 3(d) illustrates the
initial and final states involved in the PE process. It discloses
the secrets as to why Ag3d and Fe2p split into two components
or subpeaks. A pair of electrons in a 3p orbital is schematically
demonstrated, which tells that two energetically equivalent fi-
nal states are possible — ‘spin up’ and ‘spin down.” However,
for an open shell [like Fe (in FePc) and Ag)] with two states
of the same energy, a magnetic interaction between the spin
of the electron (up or down) and its orbital angular momen-
tum leads to spin—orbit coupling. This spin—orbit coupling, or
equivalently j—j coupling, ultimately leads to splitting of the
Fe2p and Ag3d photoemitted lines into two components.>?! In
order to shed more light on the Cl1s PE spectra we reconsider
Fig. 3(b). The overall insufficient energy resolution of the CL-
PES spectrometer (0.85 eV) prohibited us from observing PE
from multiple sites within the organic molecule, as is observed
in the cases of FePc on Ag (110),['* CoPc on Ag (111),1271
FePc on TiO2,[2%1 H,Pc on compound semiconductors,! or
FePc on HOPG:; 31 however, our Cls CL spectra do resemble
the one observed for NiPc on Au and Ag.?!)

Therefore, the Cls peak for the thickest organic over-
layer (22.5 A), also called the parent peak, is decomposed
into chemically different species (benzene carbons—Cpepz, pyr-
role carbons—C,y;, and their respective satellites (sa) (Cpenz.sas
prma) as shown in Fig. 4. The molecular structure of FePc is
added in the inset of Fig. 4. The binding energies of the Cls
components attributed to the thickest organic overlayer are:
284.3 eV for Cpenz, 285.6 €V for Cpyr, 286.22 €V for Cpengsa,
and 287.59 eV for Cpyrsa. These values deviate slightly from
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the Cls of NiPc grown on Au and Agl®'l but closely resem-
ble those observed for FePc deposited on HOPG. ! Appar-
ently, the benzene: pyrrole intensity ratio appears close to the
expected ratio (3:1), but in fact it varies slightly due to the
shakeup process. Generally, the CL-PES of Cls peaks shows
the same molecular features for both mono- and multilayer
films. Therefore, only thick film is resolved into four com-
ponents.

Cls

 Couron

/ Chrens
C

pyr

Chenssa

Coyrea

Intensity/arb. units

275 280 285 290
Binding energy/eV

Fig. 4. (color online) Best fit of the Cls core level spectrum (Cpmm)
of bulk FePc. A schematic perspective view of an iron phthalocyanine
(FePc: Csp Hjg Ng Fe) molecule is added in the inset. The peaks be-
longing to the benzene carbon (Cpey, ), pyrrole carbon (Cpy,) atoms and
their respective satellites (Cpeny.sa and Cpyr.sa) are shown. Please see the
text for detail.
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Fig. 5. (color online) Variation of Cls and Ag3d XPS signals as a func-
tion of FePc deposition. This so-called growth/decay curve is extracted
from the intensities of the C1s and Ag3d core levels. Point-up and point-
down triangular symbols correspond to Cls and Ag3d peak intensities,
respectively.

Before ending the discussion, the intensities of the Ag3d
and Cls peaks are compared during the formation of the in-
terface, in order to get an understanding of the growth modes.
Figure 5 demonstrates the underlying substrate and the over-
layer photoemission peak intensities’ evolution as a function
of FePc coverage. The trends in the FePc—Ag (110) intensi-
ties for both the adsorbate and substrate are fitted very well
with the two exponential fits. (Up-pointing triangular sym-
bols are the exponential increase of Cls intensity, and down-

pointing triangles are the exponential decrease of Ag3d inten-
sity.) An exponential increase/decrease in the C1s/Ag3d signal
is visible. Moreover, initially, the Ag3d emission is strongly
suppressed while a large increase in the Cls intensity is mea-
sured. From the graph it appears that until the deposition time
of 180 s, FePc adopts a Frank-van der Merwe (FM) growth
mode, since until 3.40 A coverage, the slopes of the over- and
underlayer signals are almost uniform. Beyond the film thick-
ness of ~ 3.40 A, the slopes of both the core levels change
leading to a change in growth mode, indicating that FePc on
Ag (110) now follows Stranski—Krastanov (SK) growth mode.
Thus from this figure, we can safely conclude that FePc thin
films initially develop following the FM growth mode and then
transform to SK mode, resulting in three-dimensional (3D) is-
lands. This finding is consistent with Refs. [11], [15], and [17]
but inconsistent with Ref. [32].

4. Conclusion

In conclusion, we have studied the proper coverage deter-
mination and the epitaxial growth mode of FePc on Ag (110)
by X-ray photoelectron spectroscopy. All the core level spec-
tra exhibited rigid shifts towards lower binding energies fol-
lowing the deposition of the organic films, each by a differ-
ent magnitude. The doublet separation between Fe2p;/, and
Fe2p /; is increased from 12.72 eV to 13.36 eV for the thin
and thick films, respectively. In addition to this, a greater shift
in the Fe2p electron level as compared to Cls emission is ob-
served, which indicates that the molecule—substrate interaction
is chiefly via the iron atom located at the center of the organic
molecule. An increase/decrease in the intensity of C1s/Ag3d
is found to be exponentially linked to the overlayer molecular
coverage. From the so-called growth/decay curve we conclude
that FePc thin films initially develop following the FM growth
mode and then transform to SK mode, resulting in 3D islands.
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