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ABSTRACT

We present a system for the growth of molecular films in vacuum that exhibits high versatility with respect to the choice of molecular species.
These can be either evaporated from powders or injected from solutions using an electrospray system, making it possible to handle particularly
large and/or fragile molecules in a controlled environment. The apparatus is equipped with a reflectance anisotropy spectroscopy system for
the in situ characterization of the optical response of the films and can be directly connected to a photoelectron spectrometer without breaking
the vacuum. The system is conceived for the study and characterization of porphyrin films. Here, to showcase the range of possible analyses
allowed by the experimental setup and test the operation of the system, novel results are provided on electrospray deposition on highly
oriented pyrolytic graphite of Zn tetraphenyl porphyrins and Zn proto porphyrins, the latter featuring fragile side groups that make deposition
from solution more attractive. In situ characterization is complemented by ex situ atomic force microscopy. Thanks to this multi-technique
approach, changes in the film morphology and spectroscopic response are detected and directly related to the choice of the molecular moiety
and growth method.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0223459

I. INTRODUCTION and morphologies."”'* The interaction of porphyrins with surfaces
gives rise to a complex phenomenology, including specific chemical
or electronic effects,”””'” and often results in highly ordered self-

assembled molecular structures.'®'” Therefore, from a technological

Porphyrin molecules, involved in natural processes such as oxy-
gen capture in blood and light harvesting in plant tissues, have
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found a number of technological applications such as protective
coatings,' active elements in gas sensors,"  optoelectronic devices
and solar cells,”” or in perspective molecular electronic devices.'”"'
Their ubiquitous use stems from their particular ring-like shape
and the possibility of hosting a metallic ion at their center, which
maximizes and allows the tuning of molecular interactions with the
environment. The molecular periphery can also be decorated with
a variety of side groups that affect, for instance, molecular solubil-

ity and intermolecular interactions, leading to a range of assemblies

standpoint and to improve our fundamental understanding of por-
phyrin physicochemical behavior, a high degree of control over the
growth of thin and ultra-thin porphyrin films is required in terms of
their purity and morphology. It is also of paramount importance to
preserve the integrity of the molecular species, especially when they
are either very large or feature labile side groups.

In contrast to common deposition methods, such as the casting
of molecules on a substrate from solution (drop casting, spin coat-
ing, etc.), molecular evaporation in vacuum usually results in very
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uniform layers, free from contaminants/solvent inclusions. In addi-
tion, by monitoring the fluxes of evaporated species, it is possible to
attain a high degree of control over the stoichiometry of the molec-
ular blends and multilayer structures.”’ ** Molecular evaporation,
however, is not always applicable. Although the porphyrin core is
usually very resistant upon sublimation, requiring high tempera-
tures on the order of 600 K, some specific formulations may undergo
fragmentation via the removal of the molecule’s peripheral groups,
or scission in the case of large porphyrin-containing molecular
aggregates.ﬁ’l5

To overcome these limitations, electrospray deposition (ESD)
was introduced, a technique that relies on the direct extraction of
molecular species from solution, aided by an electric field.”® The
solution is passed through a high voltage needle (called the emit-
ter) facing a grounded counter electrode. Under certain working
conditions, a conical (the so called Taylor cone) stream of liquid is
extracted from the emitter and breaks into charged droplets, accel-
erated by the field. As a result of electrostatic interactions and the
continuous evaporation of the solvent, droplets undergo fissions and
spread laterally, thus forming a “plume” hitting the substrate. This
technique has been further modified to collect the droplets by means
of a capillary and send them to the substrate in a vacuum environ-
ment.”® This approach has several advantages: (i) vacuum aids in
the removal of the solvent from the droplets, ideally forming a pure
molecular flux; (ii) the substrate can be prepared in vacuum and
preserved from reactive gases present in the ambient atmosphere
or from airborne contaminants; (iii) flying particles are charged and
therefore can be collected by proper electrostatic optics and filtered
depending, for example, on their mass, before reaching the substrate.

ESD in vacuum has been employed for the controlled growth
of a number of molecular species—including porphyrins—such
as molecular nano rings,”’ single molecule magnets, and dye
molecules.”*”” In the following, we present a versatile experimen-
tal setup for the growth and in situ characterization of thin and
ultra-thin porphyrin layers in a controlled environment, equipped
with an organic growth chamber with both standard effusion cells
for molecular sublimation and an ESD system. The optical response
of the molecular films can be monitored during their growth by
Reflectance Anisotropy Spectroscopy (RAS), a technique originally
developed for the in situ characterization of semiconductor sur-
faces and epitaxial semiconductor growth,”’ "> and later applied to
hybrid (organic/inorganic) systems.””’* In our setup, RAS spectra
can be acquired simultaneously with molecular evaporation and
quasi-simultaneously with ESD by temporarily tilting the sample
away from the flux of sprayed molecules. The growth chamber is
also connected to a larger vacuum system composed of (i) a prepara-
tion chamber for substrate conditioning and the growth of inorganic
(metal or oxide) films and (ii) a spectroscopy chamber housing an
electron spectrometer, thus allowing for the investigation of sam-
ple composition and electronic properties by means of X-ray and
UV photoelectron spectroscopy (XPS and UPS, respectively). The
resulting experimental setup provides a large degree of flexibility
in terms of molecule/substrate combinations and a high degree of
control over the growth conditions, in line with other recent efforts
toward the in-vacuum realization of tailored organic interfaces and
multilayer hybrid systems.”*

The performance of the experimental apparatus is investigated
by growing films of two porphyrin moieties, namely, Zn tetraphenyl
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porphyrins (ZnTPP) and Zn protoporphyrins (ZnPP). Here, ZnPP
is considered a prototypical molecule with fragile side groups (see
below), for which ESD in vacuum is preferred (see, e.g., Ref. 37),
although careful evaporation (i.e., at very low rates) of protopor-
phyrins has also been reported.”® The same ESD parameters are
applied to ZnTPP ESD to investigate the effect of a change in the
periphery of the molecules on the film characteristics. Rather thick
films have been grown on a relatively inert substrate such as Highly
Oriented Pyrolithic Graphite (HOPG) to (i) provide strong spec-
troscopic signatures and (ii) allow for a complementary ex situ
investigation with Atomic Force Microscopy (AFM). In addition,
ZnTPP films on HOPG obtained by vacuum evaporation are used
as a reference, given the large amount of information present in
the literature, including the authors’ previous studies,’ to ease the
interpretation of these first ESD results obtained with the presented
setup.

A. The experimental apparatus

Figure 1 is a schematic representation of the experimental appa-
ratus engineered by the authors. The overall setup was designed to
provide a controlled environment for the spectroscopic investiga-
tion of a variety of different systems, either brought from outside
or produced in situ. Typical substrates are crystalline metals, semi-
conductors, or graphite, as in the present case. A range of materials
can be grown in the form of thin and ultra-thin films, from epitaxial
metallic layers to metal oxides and organic films. In this respect, the
new organic growth chamber significantly enhances the versatility of
the system by increasing the number of candidates for organic film
production with non-evaporable molecules. The available analytical
techniques allow for a complete characterization of the electronic
structure of samples, from core orbitals to valence states (both
filled and empty), with spin resolution*’ of interest for the detec-
tion of magnetic effects in molecular films.'” Optical spectroscopy
can be performed in the new organic growth chamber, whereas for

spectroscopy CHAMBER ORGANIC
| GROWTH
[ UV source | CHAMBER

LEED HT stage

preparation
CHAMBER

sputter gun
X-ray source 6x evaporators

FIG. 1. Experimental apparatus for the growth and in situ characterization of
organic (namely, porphyrin) films. Molecular evaporators, the electrospray depo-
sition system, and the setup for optical spectroscopy are housed in the “organic
growth chamber” (described with details in the main text). Substrate preparation
takes place in the “preparation chamber,” while the necessary tools for electron
spectroscopy (the hemispherical electron analyzer, HEA, x-ray and UV sources,
and the apparatus for inverse photoemission spectroscopy, IPES) are installed
in the “spectroscopy chamber.” “PPC” is the chamber for IPES photocathode
preparation, while “LL" is the load lock chamber.

Rev. Sci. Instrum. 95, 095102 (2024); doi: 10.1063/5.0223459
© Author(s) 2024

95, 095102-2

¥¥'S0:€L ¥20T 499010 ¢}


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

microscopic characterization, samples can be transferred outside the
apparatus in a protected atmosphere by passing through a load lock
(LL in Fig. 1).

The preparation and spectroscopy chambers are operated at a
base pressure in the high 107!! mbar range; the preparation cham-
ber is equipped with an Ar* sputter gun from Physical Electronics
Inc. The beam of accelerated Ar* ions (up to a kinetic energy of
4 keV) can be raster-scanned over an area of approximately one
square centimeter. Sample annealing can be performed on a home-
made molybdenum heating stage, up to a maximum temperature of
2300 K, checked by means of an optical pyrometer. A rear-view low
energy electron diffraction (LEED) instrument from Physical Elec-
tronics Inc. is available to check the surface quality of crystalline
substrates. In addition, the preparation chamber is equipped with
a home-made water cooled evaporation cluster for the growth of
metallic films, consisting of e-beam evaporators and crucibles for use
with low melting point metals. Pure gases can be dosed by using leak
valves. The spectroscopy chamber is equipped with a 150 mm hemi-
spherical electron analyzer (HEA) from Specs GmbH, coupled with
a multichannel detector and a Mott detector for spin resolved stud-
ies.”? UV photons are provided by a duoplasmatron source (UVS300
from Specs) that can be operated with He gas, producing Hel and
Hell radiation at 21.2 and 40.8 eV, respectively. A dual anode source
is used to produce Mg and Al Ka photons at 1253.6 and 1486.6 eV,
respectively, for XPS. Inverse photoemission spectroscopy (IPES) is
used for the characterization of empty electronic states and is based
on the detection of UV radiation coming from the de-excitation of
low energy electrons produced by an electron gun.*! Electrons are
generated by the light excitation of a GaAs crystal, previously pre-
pared in the photocathode preparation chamber (PPC in Fig. 1).*
The spectroscopy chamber is equipped with a four-axis manipula-
tor working at variable temperatures, from room temperature (RT)
down to about 30 K, thanks to a closed-cycle He cryostat.

ARTICLE pubs.aip.org/aip/rsi

B. The organic growth chamber

The organic growth chamber, operated at a base pressure in
the low 10~ mbar range, is equipped with standard facilities for
molecular evaporation, including (i) four individually shuttered
effusion sources and (ii) a water-cooled quartz microbalance to
assess the evaporation rate. During molecular evaporation, the sam-
ple can be optionally transferred from the manipulator to a small
stage equipped with a resistive heater and a reservoir for liquid
nitrogen to vary its temperature from 160 K up to about 400 K.
The ESD system from Molecularspray Ltd. (model UHV4i) is con-
nected by means of a vacuum valve, as schematically shown in
Fig. 2(a). In the same figure, the RAS apparatus is also repro-
duced [Fig. 2(b)]. To perform the optical characterization, a colli-
mated light beam (represented by a red line) is sent on the sam-
ple at near normal incidence, and the reflected beam is collected
through the same viewport, placed at the bottom of the growth
chamber.

1. The effusion sources

The effusion sources are mounted at the bottom of the organic
growth chamber, tilted by 15° with respect to the chamber’s axis.
The distance between the opening of the crucible and the sample
surface is about 15 cm. The effusion sources, schematically repre-
sented in Fig. 2(c), were designed and produced by Cinquepascal
S.r.l. Molecular powders are inserted in a quartz crucible (inter-
nal volume of 0.6 cm’, 2.5 cm in length) heated by a Ta foil up
to a maximum temperature of 900 °C. Thermal insulation is pro-
vided by a boron nitride (BN) enclosure. The crucible temperature,
measured by means of a type K thermocouple, is kept at the evapo-
ration setpoint (within 0.1 °C) by means of a Proportional-Integral-
Derivative (PID) regulator.

a) ORGANIC GROWTH CHAMBER c) EFFUSION SOURCE d) MOLECULAR SPRAY
sample shutter Turbo
effusion

source

spray

evaporator
b) RAS feedthroughs
I

analyzer PEM .
phototube .

polarizer
monochromator UV-vis

source

(PR
14

15

FIG. 2. Overview of the experimental setup: (a) chamber for porphyrin films growth housing an effusion cell, the electrospray deposition (ESD) system, and (b) the reflectance
anisotropy spectroscopy (RAS) apparatus; (c) schematics of the effusion source; (d) schematics of the electrospray setup; (e) picture of the emitter region during the spray;

(f) molecular film (the yellow circle about 2 mm wide) deposited on a glass slide.
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2. The electrospray deposition system

A schematic layout of the various parts of the ESD system is
presented in Fig. 2(d). As already discussed, ESD is based on the ion-
ization of a solution containing the molecules by passing it through a
thin emitter (a small silica tube with an internal diameter of 100 ym),
kept at a high voltage (between 1.5 and 3 kV). A syringe pump is used
to feed the solution into the emitter at a fixed flow rate (in the ml/h
range). The emitter faces a larger steel capillary, placed at a distance
of about 8 mm, which directly injects the liquid into the vacuum
system through a narrow passage (50 mm in length and 250 ym
in diameter).” The emitter is placed on a five-axis micrometric
stage, and a macro camera overlooks the spray region for precise
alignment. The “spray plume” is shown in Fig. 2(e). The entrance
capillary is placed at the first stage of a differentially pumped con-
duit, composed of three stages (operating at decreasing pressure: ~1,
107!, and 10~ mbar, respectively). At present, the carrier gas for the
solution droplets and molecular ions is ambient air at atmospheric
pressure. Skimmers (i.e., conical apertures) with internal diameters
of 0.4 and 0.6 mm, respectively, are used to minimize the perturba-
tion on air flow in stages 1 and 2. In stage 3, molecular flow prevails,
and a simpler circular orifice (1.0 mm internal diameter) is inter-
posed with the growth chamber. In our system, the sample is placed
about 20 cm away from the last exit aperture. The first two stages are
connected to two independent 150 1/min rotary pumps, while the
third stage is directly connected to a 70 1/s small turbo pump backed
by the second stage rotary pump. The growth chamber is pumped
using a 260 1/s turbopump. Under operating conditions (ESD system
connected), the pressure in the growth chamber remains in the low
1077 mbar range, where the pressure increase is due to air molecules
leaking through the ESD apertures. The pressure increases to a high
1077 mbar, mainly related to the presence of solvent molecules,
upon switching on the high voltage, thereby accelerating the solution
toward the vacuum system. The ESD system has been engineered
with ease of use and mounting flexibility in mind. The substrate
is in direct line of sight of the emitter, and no electrostatic lenses
are used to filter out ionized porphyrin molecules from the main
stream of particles. Therefore, no direct control over the energy of
the incoming molecules or the actual composition of the sprayed
beam is possible.** The implementation of more complex devices to
characterize and potentially filter the ESD beam, such as a mass spec-
trometer, is in general possible, as shown in Ref. 45, but it would be
a rather bulky and complex extension to the described experimental
apparatus.

The landing point of the molecules on the sample can be deter-
mined by placing a small laser diode in the emitter position and
focusing the light beam at the capillary entrance. The laser test is
also useful for checking the alignment of the ESD system apertures
upon assembling the pumping stages and to detect possible clogging
along the molecular path. Fluorescein dye molecules (Cy0Hi20s),
dissolved in a 1 mM 50:50 solution of water and ethanol, were
deposited on a glass slide to determine the extension of the sprayed
area on the sample. The deposition resulted in a nearly circular
spot ~2 mm in diameter [Fig. 2(f)]. The ESD system is monitored
throughout the molecular deposition process: small corrections to
the emitter position/voltage and to the flow rate have to be applied
to maintain the chamber pressure at a nearly constant value, indica-
tive of the unobstructed flow of solvent molecules throughout the
spray system.
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3. The reflectance anisotropy spectroscopy system

RAS experiments are performed using the custom-made setup
schematized in Fig. 2(b) (more details in Ref. 46). It is composed of
a Xe arc lamp that sends a collimated beam of light through a lin-
ear polarizer, followed by a photoelastic modulator, which switches
the light polarization along two orthogonal directions (a and B) at
a frequency of 100 kHz. The emerging light is focused on the sam-
ple (within a spot of ~2 mm radius), and the reflected beam then
passes through a second linear polarizer and enters a monochroma-
tor coupled to a photomultiplier. The anisotropy signal is defined as
the normalized difference between the reflected light intensities for
the two beam polarizations:

g 3 ZRa — Rﬂ

R~ “Ra+tRy

The intensity is maximized by aligning the RAS optical axes
to specific anisotropy directions of the sample under investigation,
as thoroughly discussed in the next section. As already mentioned,
to send light through the same viewport, the incident and reflected
beams are nearly collinear and therefore should impinge normally
on the sample surface. In the present experimental configuration
shown in Fig. 2(a), RAS and molecular evaporation can be per-
formed simultaneously, whereas a 90° sample rotation is necessary
to perform ESD. The acquisition of a RAS spectrum in the 2-3.5 eV
photon energy range (encompassing the main features related to
visible-light adsorption from porphyrin molecules) requires a few
minutes, during which the substrate is removed from the stream of
sprayed molecules.

Il. PORPHYRIN FILMS GROWTH
AND CHARACTERIZATION

Figure 3 shows the chemical structures of (a) Zn tetraphenyl
porphyrin (ZnTPP) and (b) Zn protoporphyrin (ZnPP). The por-
phyrin ring is composed of four pyrrole aromatic groups (hence the
name macro-cycle) connected by methine bridges. The N atoms of
the pyrrole groups hold in position a Zn™ ion. The resulting struc-
ture is responsible for the overall chemical and optical activity of
porphyrins because the frontier electronic orbitals (highest occu-
pied and lowest unoccupied molecular orbitals, HOMO and LUMO,
respectively) are localized there. The perimeter of the porphyrin
molecule is decorated by (a) four pyrrole groups attached in meso

FIG. 3. Chemical structure of (a) Zn tetraphenyl porphyrin and (b) Zn protopor-
phyrin.
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positions (hence, the name Zn tetraphenyl porphyrin) or (b) four
methyl groups, two vinyl groups, and two carboxylic groups, all in 8
positions, that is, directly attached to pyrroles. The latter molecule is
the result of the coordination of a Zn ion with protoporphyrin IX, a
precursor (hence the term “proto”) to many biological compounds
such as heme or chlorophyll.*”

A. Experimental details

HOPG crystals (10 x 10 mm? wide, Z grade, purchased from
Optigraph GmbH) were exfoliated with an adhesive tape and
swiftly inserted into vacuum. ZnTPP and ZnPP were purchased
from Merck GmbH. For ESD, molecules were dissolved in a 1:1
methanol:toluene solution at a concentration of 1 mg per 10 ml of
solution. Typical deposition parameters (also used for fluorescein
deposition) were a flow rate of about 1 ml/h and a deposition time
of about 3 h. ZnTPP was also loaded in one of the effusion cells in
a quartz crucible and thoroughly degassed before film growth. The
evaporation rate was about 0.5 A/s.

In situ photoelectron spectroscopy (XPS and UPS) experiments
were performed by exciting the molecular films with Mg Ka and Hel
photons, respectively. The pass energy of the hemispherical analyzer
was set to 20 and 0.7 eV for XPS and UPS, yielding a Full Width
at Half Maximum (FWHM) energy resolution of about 1 eV and
30 meV, respectively.

AFM characterizations were performed ex situ with a com-
mercial Keysight 5500 microscope, operated in tapping mode,
with silicon tips from Bruker (cantilever force constant 37 N/m;
vo = 320 kHz) and a scan rate of about 1 Hz.

B. Results and discussion
1. Morphological and optical characterization

The results of the morphological characterization of the molec-
ular films are presented in Figs. 4(a)-4(c). On a millimeter scale,
the deposition spot appears to be fairly uniform (see, for instance,
the characterization presented in Ref. 48), while a certain variabil-
ity is observed by investigating different locations across the sprayed
area with AFM, particularly with respect to the overall amount of
deposited material. Nevertheless, the reported images are represen-
tative of the characteristic morphology observed in the samples:
sprayed films appear rather rough owing to the presence of irreg-
ular porphyrin clusters, with the largest ones (with lateral sizes
also exceeding 1 ym) present on the ZnTPP sample. The above
morphologies are contrasted with that observed on the evaporated
film [Fig. 4(a)], where the nominal thickness of the molecular layer
(about 150 nm) was chosen to approximate the amount of material
covering the HOPG surface in the two sprayed samples. The evap-
orated film shows a strikingly different morphology, characterized
by a fine distribution of square islands (of variable lateral scale,
from tens to hundreds of nanometers, as observed in the detailed
image) roughly oriented along the HOPG steps, still visible in
the large scale image. The observed morphology is fully compat-
ible with the results already obtained by the authors for thinner
(<10 nm) ZnTPP films (see, for instance, Ref. 49) and is basically
driven by molecular adsorption from the gas phase and diffusion
on the surface. The islands are crystalline, and molecular packing is
likely the one found on macroscopic ZnTPP crystals.”’ In vacuum
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evaporated samples, the size and separation of porphyrin islands are
affected by several factors; in general, different porphyrin moieties
or growth conditions may give rise to different morphologies.”*’
This phenomenology could, in principle, also be observed in sprayed
samples; however, other factors have to be taken into account, such
as (i) the different physics leading to molecular arrival on the HOPG
surface and (ii) the different environmental conditions. While in the
case of molecular evaporation, the kinetic energy of the molecules
is limited by thermal agitation within the heated crucible, the use of
pressure differentials in the ESD setup might lead to molecular accel-
eration.”’ An increased kinetic energy of the adsorbed porphyrin
molecules is expected to retain or even enhance the regularity of the
evaporated film.”””’ Unfortunately, however, this beneficial effect is
not directly evident in the observed sprayed film morphology. In the
present case, we rather attribute the irregular structures observed
in Figs. 4(b) and 4(c) to the effect of residual solvent evaporation
from the surface,’ as pointed out in other studies on ESD."*”>* In
this respect, the slightly different morphology observed for ZnTPP
and ZnPP might be attributed to the details of the molecule-solvent
interaction.”” Interestingly, however, large (hundreds of nanome-
ters) and relatively flat aggregates are observed between the ZnTPP
clusters [Fig. 4(b), the area highlighted in the inset], possibly directly
influenced by the details of the molecule/substrate interactions in
close proximity to the interface. The same insight is unfortunately
out of reach for the ESD ZnPP film because of the larger density of
molecular clusters.

Complementary information on porphyrin organization at the
surface is provided by RAS [Fig. 4(d)]. The interpretation of the
RAS signal is not straightforward because both isolated molecules
and molecular films can exhibit an anisotropic optical response.
In the ZnTPP and ZnPP molecules, optical transitions in the
UV-vis energy range are localized within the macro-cycle (the Soret
band), whose position settles at about 420-430 nm for both ZnTPP
and ZnPP in solution,””” as highlighted by the gray rectangle in
Fig. 4(d). ZnTPP molecules are isotropic and, therefore, do not
contribute to the RAS signal when they lie flat on the substrate.
However, this configuration is lost when molecules crystallize, as in
molecular films, because they can exhibit a tilt angle with respect
to the buried substrate.”’ In these films, a preferential anisotropy
direction cannot be established a priori but must be evaluated exper-
imentally by performing an azimuthal analysis of the RAS signal
intensity.’ We verified that the RAS signal is maximized on HOPG
by choosing the a () light polarization direction to be parallel
(orthogonal) to the direction of HOPG exfoliation, given the obser-
vation that this operation is able to preferentially orient the HOPG
step edges and, in turn, the porphyrin anisotropy direction.'® Inter-
estingly, the anisotropy promoted by the HOPG morphology can
also be detected in relatively thick films.®!

In Fig. 4(d), the RAS spectrum of the evaporated film shows
a feature at about 465 nm. Considering that a shift toward higher
wavelengths is expected for ZnTPP molecules in the condensed
phase,®” this feature corresponds to optical transitions within the
Soret band. In the same spectral region, only a faint (around 1%o)
signal is detected on the ESD ZnTPP layer, which is related to the
presence of molecular crystals, as in the case of ZnTPP evaporation
[see the inset of Fig. 4(b)]. The ZnPP molecules are expected to con-
tribute to RAS in the investigated spectral region; unfortunately, no
signal is detected in the ZnPP samples, suggesting the formation of
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FIG. 4. Ex situ atomic force microscopy (AFM) images acquired on a thick ZnTPP layer (a) vacuum evaporated and (b) obtained by ESD on HOPG. The inset highlights an
area with a more regular morphology (see the main text). (c) AFM image acquired on a thick ZnPP film obtained by ESD on HOPG. (d) in situ RAS results obtained on the
above films, the gray region marks the position of ZnTPP and ZnPP Soret band maxima in solution.

an isotropic film. We note that “isotropic” is not only associated
with the loss of coherence with the direction of HOPG steps but
could also indicate the formation of a disordered or amorphous local
molecular structure. Molecular evaporation and ESD can therefore
produce thin films with different degrees of optical anisotropy, from
highly oriented systems to fully isotropic molecular assemblies. This
is possible by exploiting the specific characteristics of the two depo-
sition techniques as well as the chemical tunability of the selected
molecular species.

2. Photoelectron spectroscopy characterization

The photoelectron spectroscopy characterization of the ZnTPP
and ZnPP sprayed films considered in the previous paragraph is
shown in Fig. 5. A comparison is made with a representative ZnTPP
sample with a thickness of about 10 nm. Panels (a) and (b) relate
to the Zn 2p3/; and N 1s binding energy (BE) regions, respectively.
Starting from the top of the figure, spectroscopic results from the
vacuum evaporated ZnTPP film are shown in black, the ESD ZnTPP
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FIG. 5. XPS results related to (a) the Zn 2ps;, and (b) the N 1s spectral regions,
acquired on evaporated and ESD grown ZnTPP samples (black and red symbols,
respectively) and on the ESD grown ZnPP sample (blue symbols). The gray spec-
tra are acquired in a HOPG region not covered with molecular species. All spectra
are normalized to the N 1s peak intensity. Source satellites have been subtracted
from the raw spectra, together with a Shirley background.

film in red, and the ESD ZnPP one in blue. All spectra were acquired
in magnification mode, that is, by imaging only a portion of the
overall HOPG surface, roughly of the same size of the sprayed film.
Therefore, in the case of ESD grown samples (the evaporated film
covers the totality of the HOPG surface), we were able to charac-
terize the sample surface also outside the area hit by the molecular
beam. The latter characterization is shown with gray triangles in
Fig. 5: as expected, neither N nor Zn signals are detected. Photoe-
mission from the C 1s BE region (not shown) is not considered
here, given the large signal coming from the HOPG substrate, even
in sprayed areas. The intensity of the spectroscopic features from
sprayed films is significantly reduced with respect to the intensity of
the related features from the evaporated one. This might be due to
the presence of uncovered HOPG areas within the imaged region
(provided we had to compromise between spatial resolution and
signal intensity during the measurements), but also to the pres-
ence of areas covered by a thin molecular film, as suggested by
the morphology observed by AFM [Fig. 4(b)], thin enough not to
block photoelectrons from the substrate. Given the high surface
sensitivity of the photoemission technique (in the nm range), the
contribution to the overall photoemission signal expected from thick
molecular clusters is nevertheless limited to the topmost molecular
layers and therefore scales with the effective surface covered by such
aggregates.

Quantitative analysis of the Zn 2ps;, and N 1s spectra gives
an N:Zn ratio of 4:1 (+20%) for all samples, in agreement with the
expected stoichiometry of the porphyrin molecules. The positions
of the observed spectroscopic features and their mutual BE dis-
tance are also in agreement with previous investigations of ZnTPP
and ZnPP porphyrins.”” *° Interestingly, features related to ZnTPP
molecules show nearly the same BE and line shape on both evapo-
rated and sprayed films, while a shift of about 0.2 eV toward lower
BE and a slightly broader N 1s line shape are observed for the ZnPP
sample.

ARTICLE pubs.aip.org/aip/rsi
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FIG. 6. UPS results acquired on evaporated and ESD grown ZnTPP samples
(thick black and red lines, respectively) and on the ESD grown ZnPP sample
(thick blue lines). The left panel is a zoom in the [2.4, —0.2] eV range. Rep-
resentative spectra from the underlying HOPG substrate are reported with
black, dotted lines. Dotted red and blue lines are difference spectra (measured
spectra—substrate), representative of photoemission from ZnTPP and ZnPP
molecules, respectively, normalized to match the peak intensity of the top spec-
trum (from the evaporated sample). Source satellites have been subtracted from
the raw data.

The same samples were analyzed using UPS, and the related
spectra are shown in Fig. 6. As in the case of the XPS data, the spectra
acquired from the sprayed area (thick lines in Fig. 6) are compared
with those representative of the HOPG surface (black dotted lines),
retrieved by moving the sample under the UV light beam. This is
particularly relevant for the analysis of the valence band structure,
where the photoemission signal from the molecular orbitals partially
overlaps with that from the HOPG substrate. The latter is character-
ized by broad features (roughly at 3 and 6 eV due to photoemission
from 1 and ¢ C sp2 orbitals®’), and a characteristic peak at about
13.5 eV due to secondary electrons scattering.’® In Fig. 6, the red
and blue dotted lines are the result of the subtraction between the
signal measured on ESD grown ZnTPP and ZnPP films, respec-
tively, and that on the bare HOPG surface measured on the same
sample. No subtraction is needed for the spectrum acquired from
the evaporated sample (thick black line), which is representative of
photoemission from ZnTPP molecules.””*” If we consider the pho-
toemission signal from molecular species, both ZnTPP samples (the
evaporated and the ESD grown ones) show a very similar line shape,
featuring a number of photoemission peaks extending up to a BE of
about 10 eV, while photoemission from ZnPP molecules is charac-
terized by comparatively fewer features. These differences are related
to the presence (absence) of photoemission features from the phenyl
groups in ZnTPP (ZnPP), as can be appreciated by comparing the
gas phase photoemission results from MTPP and metal octaethyl-
porphyrins (featuring eight ethyl side groups, therefore much sim-
ilar to MPP).”"”" Close to the Fermi energy (Eg), all molecules
show characteristic features due to photoemission from the inner
molecular ring (Fig. 6, left panel).m‘72 The feature at about 1.7 eV
is related to photoemission from the highest occupied molecular
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orbitals (HOMO) and is seen to broaden and shift toward lower BE
on ESD samples.

Providing an explanation for the small spectral differences
between the evaporated and sprayed films, shown in Figs. 5 and 6, is
challenging. Photoemission from ultra-thin porphyrin films is often
characterized by broader features and BE shifts, similar to those
observed on the sprayed samples. These occurrences result from
charge transfer,”””* porphyrin skeleton distortion,”””” or even de-
metalation,”””® as well as from photoelectron hole screening,”””* all
due to the molecular proximity to the substrate. Although thinner
porphyrin layers may indeed contribute to the overall photoemis-
sion intensity, as also suggested by our morphological characteriza-
tion, similar spectral modifications are generally reported in thick
molecular films depending, for instance, on the band alignment at
the interface with the buried substrate’” and/or screening effects,*’
in turn related to molecular packing and crystallographic degree
of order.”"* Qverall, the photoemission data confirm the forma-
tion of stoichiometric ZnTPP and ZnPP molecular layers, where
molecules largely retain their characteristic electronic structure, with
some differences related to the details of molecule/molecule and
molecule/substrate interaction, whose investigation is beyond the
scope of the present work.

I1l. CONCLUSIONS

We successfully commissioned and operated a versatile appa-
ratus featuring electrospray deposition and a molecular evaporation
setup for the growth of porphyrin thin films in a controlled envi-
ronment (i.e., high vacuum). The system was tested against the
fabrication of ZnTPP films on highly oriented pyrolytic graphite
employing both techniques. Only electrospray deposition, where
molecules are not sublimated but directly extracted from solution
and sent to the substrate, was chosen for ZnPP molecules, given the
presence of fragile side groups. Ex situ microscopic characterizations
revealed, for the sprayed films, the presence of clusters producing
a rough morphology, with differences depending on the molecu-
lar moiety. Evaporated films appear to be more uniform and flat;
however, we found evidence of a regular arrangement of ZnTPP
molecules in sprayed films, close to the HOPG surface. Finally, we
demonstrated the possibility of in situ characterization by means of
optical and electron spectroscopies of the molecular films produced
via electrospray deposition. This makes the described apparatus
particularly suited for the study of hybrid interfaces featuring a
broad range of molecule/substrate combinations, including delicate
molecular formulations and particularly reactive substrates.
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