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Abstract
Instability of ultrathin surface oxides on alloys under environmental conditions can limit the
opportunities for applications of these systems when the thickness control of the insulating
oxide film is crucial for device performance. A procedure is developed to directly deposit self-
assembled monolayers (SAM) from solvent onto substrates prepared under ultra-high vacuum
conditions without exposure to air. As an example, rhenium photosensitizers functionalized
with carboxyl linker groups are attached to ultrathin alumina grown on NiAl(1 10). The
thickness change of the oxide layer during the SAM deposition is quantified by x-ray
photoelectron spectroscopy and can be drastically reduced to one atomic layer. The SAM acts
as a capping layer, stabilizing the oxide thin film under environmental conditions. Ultraviolet
photoelectron spectroscopy elucidates the band alignment in the resulting heterostructure. The
method for molecule attachment presented in this manuscript can be extended to a broad class
of molecules vulnerable to pyrolysis upon evaporation and presents an elegant method for
attaching molecular layers on solid substrates that are sensitive to air.
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1. Introduction

Two-dimensional materials and atomic scale engineering
allow the fabrication of a new plethora of heterostructures with
exciting prospects in fundamental science and application
[1-3]. A versatile method to integrate molecular building
blocks into functional devices is surface and interface modi-
fication with self-assembled monolayers (SAMs) [4, 5].
Numerous applications exist in various fields, e.g. sensor
technology [6, 7], electrochemistry [8, 9], catalysis [10], elec-
tronic devices [11, 12] and doping of 2D-materials [13-16].
Another surface and interface modification commonly used
in heterostructures are insulating ultrathin oxide films of few
atomic layer thickness. They attained significant attention as
tunnel junctions at interfaces [17—-19], and on crystalline metal
substrates as model systems for catalysis under ultra-high
vacuum (UHYV) conditions [20-24]. Controlled oxidation of
suitable metallic substrates is a viable approach for the growth
of such ultrathin oxide films [21, 25-30]. Unfortunately, not
all oxide structures produced under UHV are stable under
ambient conditions [31-34]. As a prototypical example, ultra-
thin alumina films on NiAl alloys are prone to uncontrolled
oxidation when exposed to ambient conditions [31-34], thus
limiting the scope for applications of ultrathin films with con-
trolled thickness.

In this report, we present a procedure that overcomes this
limitation by attaching a dedicated SAM deposition chamber
(SAMcham) to our UHV system. It contains two stainless
steel bowls that can be filled with the intended SAM solution
and with pure solvent for rinsing, and it allows direct transfer
to and from UHV without contact to air. As an example, we
demonstrate the immobilization of a rhenium tricarbonyl type
chromophore containing a 2,2’-bipyridine-4,4’-dicarboxylic
acid (DCO,bipy) for surface binding on a well ordered
ultrathin alumina film and characterize it with x-ray photo-
electron spectroscopy (XPS). A passivating effect due to the
SAM is observed. Moreover, the alignment of molecular
levels and substrate bands is measured by ultraviolet photo-
electron spectroscopy (UPS).

Ultrathin alumina films on NiAl(110) are a widely used
example for an ultrathin wide gap insulator [21, 22, 24, 36]
with well established crystal structure [25, 35]. This surface
oxide has a thickness of two atomic bilayers (hence called
2I.-alumina from now on; each bilayer contains an aluminum
and an oxygen layer) containing oxygen and aluminum atoms
in a complex unit cell that forms in two domains and has a
AloOy3 stoichiometry (see figure 1) [25, 35].

Diimine rhenium(I) tricarbonyl complexes are synthetically
versatile photo- and redox-active compounds, which can be
incorporated into supramolecular systems, polymers, biomol-
ecules [37-39], and efficient photocatalytic systems for CO,
reduction [40, 41] as well as H, production [42—44]. A deriva-
tive of the previously studied fac-[Re(NCS)(CO);(diimine)]
(diimine = 2,2’-bipyridine (bipy)) [43, 45, 46] featuring car-
boxyl linker groups is employed as SAM on the 2L-alumina.
Evaporation of such molecules is not feasible, as they are
prone to pyrolysis.

(b)
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Figure 1. (a) Top and (b) side view of the 2L-alumina/NiAl(1 10)
according to the structural model of Kresse et al [35]. The unit cell
of 2L-alumina is marked in white.

2. Results and discussion

The scheme in figure 2(a) shows the structure of the used
derivative of fac-[Re(NCS)(CO)3;(DCO;bipy)] featuring
carboxyl linker groups in the 4 and 4’ position of the bipy
system and pictures the simplified attachment of the photo-
sensitizer onto the ultrathin oxide film. After the preparation
of the 2L-alumina thin films in our UHV system, the sample
is brought to the SAMcham while maintaining a high vacuum
standard. Two flasks with molecule solution and solvent are
connected to the chamber via needles and valves. When the
valve between SAMcham and flask is opened, the liquid
is pressed inside onto the sample and the vapor pressure is
established in the chamber. After this procedure, the solvent
is pumped out of the chamber. Figure 2(b) shows the XPS of
the Re 4f peak of the clean 2L-alumina (blue), directly after
the molecule deposition from acetonitrile (green). Rinsing
of the sample removes physisorbed molecules and only the
chemisorbed monolayer remains (red). For the multilayer, the
intensity of the Re 4f peak is 2.4 times higher. This value gives
a lower estimate for the number of layers in the multilayer,
neglecting the scattering of photoelectrons within the mol-
ecules. After rinsing, the rhenium coverage is (1.29 + 0.28)
atoms nm 2. Considering the dimensions of the molecule, this
indicates the formation of a dense monolayer.

Figure 3 shows the (a) Re 4f, (b) S 2p, (c) N 1s, and (d)
C 1s core-level spectra of a SAM prepared in this way. For the
N 1s peak the difference spectrum using a normalized spec-
trum of clean 2L-alumina is plotted, as a Ni LMM Auger line
occurs in this region with the used Mg Ka x-ray source. The
photosensitizer has a chemical formula of C;sHgN3O7ReS.
It contains one rhenium atom in the center, one sulfur atom
in the axial thiocyanate ligand and three nitrogen atoms, two
of them in the bipy and one in the axial thiocyanate ligand.
The binding energies and the stoichiometry of the molecule
are summarized in table 1 and refer to data recorded before
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Figure 2. (a) Structure of fac-[Re(NCS)(CO)3(DCO;bipy)] featuring two carboxyl linker groups and scheme of molecule anchoring onto
the alumina thin film. The carboxyl groups of the molecule bind to the oxide surface. (b) Re 4f core-level spectra before (blue) and after
solvent deposition of the photosensitizer (green). After rinsing (red), the chemisorbed monolayer remains on the sample.
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Figure 3. XPS of the SAM (red): (a) Re 4f, (b) S 2p, (c) N 1s (difference spectrum), and (d) C 1s. Fits (black and gray) indicate the
spin orbit splitting of the Re 4f and S 2p peaks, and the two components of the N 1s peak. The black dashed line in (d) shows the C 1s
contamination which occurs if 2L.-alumina is rinsed in acetonitrile without molecules.

radiation damage alters the spectra. Radiation damage of the mmedia). The stoichiometry of the constituting components
molecule is observed during the photoemission experiments is obtained from integrated intensities divided by the respec-
and discussed in detail in the online supplementary informa- tive photoionization cross-sections [47] and is normalized to
tion (see section S1) (stacks.iop.org/JPhysCM/30/424002/ the Re 4f peak (table 1). The main source for the errors is
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attributed to uncertainties in the photoionization cross-sec-
tions, which can deviate up to 20% in molecules due to intra-
molecular inelastic scattering processes and multielectron
excitations [48]. An excess of nine carbon atoms is observed,
compared to the 16 carbon atoms of the molecule. The dashed
black line in figure 3(d) indicates the effect of a preparation
with pure solvent, but without molecules (spectrum scaled to
the same substrate intensity). Several carbon species are found
on the sample when the sample leaves the UHV. Binding ener-
gies between 284 and 290eV are observed, indicating the for-
mation of carbon bonded to oxygen (286-291eV) and other
carbon atoms (285eV) [49]. Bonding of carbon to aluminum
would lead to the formation of carbides (282¢V), which is
not observed. We conclude that the observed excess carbon
is most likely due to carbon species on the oxygen-termi-
nated alumina surface, but other origins and locations of the
remaining carbon cannot be excluded. The binding energy of
162.7eV of the S 2ps/, is in good agreement with the binding
energy found for thiocyanate in the N3 dye on 2L-alumina/
NiAI(1 10) [50], indicating that here similarly the thiocyanate
group is not involved in the bonding. Thiocyanate involved
in bonding to the substrate delivered in the case of the N3
dye on TiO,(1 10) an additional contribution at 0.7eV higher
binding energies [51]. Also the binding energies found here
of 400.9 and 398.8eV for the nitrogen in the bipy and in the
thiocyanate compare well to the binding energies observed in
N3/2L-alumina/NiAl(1 10) [50]. The carbon peak contains a
multitude of contributions due to contamination and a great
number of carbon species inside the molecule, however the
carboxyl groups at a binding energy of 289.4eV can unambig-
uously be identified. In total, these results are consistent with
covalent binding of intact molecules to the alumina surface.

Figure 4(a) shows the Shirley background-subtracted Al 2p
and Ni 3p spectra of the clean NiAl(1 10) substrate (black)
with the metallic peaks. The spectra are normalized to the
average height of the metallic aluminum peak (Al%) and the
metallic nickel peak (Ni%). After growing the 2L-alumina
film (blue) additional contributions are observed at higher
binding energies due to the presence of A1’ in the interfacial
oxide layer and AI** in the second layer (blue) [25, 52]. The
shaded area indicates the difference to the bare NiAl(110)
substrate. During SAM deposition with short transfer through
air (magenta) a significant intensity increase of oxidized
aluminum is observed, corresponding to a thickness of four
atomic layers. The shaded area indicates that a significant
intensity decrease occurs for the Al° peak, and an increase for
the Ni” peak. This can be explained by a depletion of metallic
aluminum at the interface during the oxide formation. As a
consequence a higher amount of metallic nickel is left at the
interface. These effects can be strongly reduced when SAM
deposition is accomplished in vacuo (red) in the dedicated
SAMcham. Here, the alumina thickness changes only by one
atomic layer and the aluminum depletion and nickel enrich-
ment at the interface is significantly reduced.

The reaction of 2L-alumina with water vapor was previ-
ously studied by Shavorskiy et al [34] using ambient pressure
x-ray photoelectron spectroscopy. It was found that relative
humidities above 0.01% lead to a drastic increase of the oxide

Table 1. Binding energies measured by XPS, the atomic ratios
(obtained from integrated peak intensities and divided by the
respective photoionization cross-sections), and comparison to the
stoichiometry of the molecule.

Expected
Core level Eg (eV) Ratio to Re  stoichiometry
Re 4f7, 42.1 1.0 1
S 2p3p 162.7 0.93 £0.19 1
N Is 400.9 234+0.5 2
398.8 0.99 +0.21 1
Cls — 25+5 16

thickness, and to aluminum depletion as well as nickel enrich-
ment in the near surface region. When the SAM deposition is
done with a transfer through air (figure 4(a), magenta), a sim-
ilar change of the surface region is observed. These authors
further observed a small thickness increase at a relative
humidity of 10~3% associated with surface hydroxylation/oxi-
dation at defect sides of the film present due to reflection and
antiphase domain boundaries [53-55]. For straight antiphase
domain boundaries an oxygen-deficiency was proven, making
them very favorable adsorption sides for new oxygen atoms
[55]. In the case with sample transfer through air, the oxygen
can originate from the atmosphere. In the case of the in vacuo
SAM deposition, oxygen might come from the solvent. The
molecule attachment can also promote the oxidation of further
aluminum atoms: formation of aluminum-oxygen—carbon
bonds are a viable scenario during the molecule attachment
[56-58]. In the case of hydroxylated alumina surfaces chem-
isorption of carboxyls will occur via an esterification-like
reaction, which releases water molecules [56-59]. Here, the
chemisorption of the carboxyl groups on the 2L-alumina sur-
face might also release hydroxyls or water and oxidize the
aluminum film further. A shift of the oxygen s peak to higher
binding energies (see section S2) supports the formation of
further oxide or hydroxide.

Thicker well-ordered alumina films on NiAl(110) are
grown via high-temperature oxidation of 2L-alumina/
NiAI(1 10) [30]. Figure 4(b) shows the increase of the alu-
mina thickness during the in vacuo SAM deposition for
sample preparations with different initial alumina thicknesses.
For thicker alumina films, the thickness change decreases sig-
nificantly. Limiting factors for the oxide film thickening could
be the rate of charge transfer from the oxide surface to the
metal interface [34], the aluminum availability at the interface
[34, 60], or the limited mass transport [61]. As no charging
was observed during the XPS measurements on these samples
and samples with thicker alumina films [30], we exclude the
rate of charge transfer as a limiting factor. Further, the alu-
minium to nickel ratio was the same for samples with different
thicknesses [30]. We conclude that the transfer of oxygen and
aluminum atoms through thicker oxide films is likely to limit
the thickness change.

Figure 5 compares two different samples: one was directly
transferred back to the UHV after SAM attachment in the
SAMcham (red). For the other sample, the SAM attachment
was followed by air exposure for five minutes (black). No
significant difference (grey) between both preparations was
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Figure 4. (a) Al 2p and Ni 3p XPS of the NiAl(1 10) substrate (black), 2L-alumina (blue), after SAM deposition from solvent on
2L-alumina in vacuo (red) and conventional SAM deposition with transfer through air (magenta). The shaded area indicates the change
compared to the clean NiAl(1 10) substrate (dashed line). (b) Change of the alumina film thickness during in vacuo SAM deposition in

dependence of the initial oxide film thickness.

detected by means of XPS. Slight changes in the area of the Re
4f peaks of the molecule are due to different stages of radiation
damage (see section S1). The intact SAM acts as a capping
layer [62, 63], protecting the substrate from further oxidation
under ambient conditions. When the molecules are damaged
by radiation, this passivation effect is lost (see section S1).

In view of using this molecular system as photoelec-
trodes, the molecular energy levels and the band alignment
in the heterojunction was studied by UPS. Figure 6(a) shows
UPS under normal emission of the 2L-alumina/NiAl(110)
substrate (blue), a monolayer (red) and a multilayer (green)
coverage of molecules. Two molecular features can be identi-
fied in mono- and multilayer samples (multilayer as shown in
figure 2(b)). A fit with two Gaussian functions and an expo-
nential background locates the highest occupied molecular
orbital (HOMO) in the SAM 2.8¢eV beneath the Fermi level.
The work function of the SAM is measured using the sec-
ondary electron cutoff and decreases as a result of the radia-
tion damage over time. The initial work function is 4.3eV (see
SI: S3).

Figure 6(b) shows the UPS of the different parts of the het-
erojunction. The metal substrate (black) dictates the position
of the Fermi level. As previously determined, the insulating
alumina film has a valence band onset 4.2eV below [30], and
a conduction band onset of 2.2eV above the Fermi level [64].
The observed molecular states appear similarly for the mono-
and multilayer coverage, indicating that polarization effects
due to the metal substrate are screened and do not alter the
electronic structure of the molecule significantly [65, 66].
The same applies for charge transfer between substrate and
molecule [19]. We conclude that the electronic structure of
the SAM is not influenced drastically by the substrate. Blanco
Rodriguez et al [45] previously calculated by density func-
tional theory one-electron energies and compositions of rel-
evant molecular orbitals of fac-[Re(NCS)(CO);(bipy)], which

Al2p Ni3p

intensity (104 counts/s)

PR N T T T T T T T T S T T T N S T T S W

80 60

Es (eV)

40

Figure 5. Al 2p, Ni 3p and Re 4f peak after in vacuo SAM
deposition (red). Air exposure directly after SAM deposition
(black, vertical offset) does not alter the heterostructure.

is the core of the molecule used here. These authors concluded
that the HOMO and HOMO-1 have a mixed Re/NCS char-
acter, are Re-NCS m-antibonding, and are only separated by
50 meV. Distinguishing the HOMO and the HOMO-1 is not
possible within the energy resolution of our analyzer and we
assign these molecular orbitals to the first observed feature
at 2.8eV beneath the Fermi level. The lowest observed sin-
glet electronic transition for fac-[Re(NCS)(CO);(bipy)] by
ultraviolet—visible absorption spectroscopy was reported to be
3.3eV [45]. For fac-[Re(NCS)(CO);(DCO;bipy)] this trans-
ition occurs at 3.0eV (see section S4), which indicates a 10%
smaller gap between the HOMO and the lowest unoccupied
molecular orbital (LUMO). This down shift for the optical
excitation is likely due to the attached carboxyl groups, which
reduces the electron density on the bipy. The LUMO of fac-
[Re(NCS)(CO)s(bipy)] was calculated by Blanco Rodriguez
et al [45] to be an antibonding 7* orbital that is mainly located
on the bipy at approximately 3.7eV higher energy. Taking a
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shaded, exponential background). (b) UPS of NiAl(1 10) (black), 2L-alumina (blue), SAM (red) and multilayer (green). (c) The derived

band alignment for the multijunction.

10% smaller HOMO-LUMO gap into account, we thus locate
the LUMO for fac-[Re(NCS)(CO);(DCOsbipy)] to be 3.3eV
above the HOMO, which is 0.5eV above the Fermi level.
Figure 6(c) summarizes the found electronic band alignment
for the metal-insulator—SAM heterostructure. The molecular
orbitals are located inside the band gap of the alumina thin
film.

3. Summary and outlook

In summary, a method is established for the functionalization
and passivation of ultrathin oxide films with SAMs. Exposure
of ultrathin oxide films to air leads to a significant increase in
thickness of the oxide, which can be reduced to one additional
atomic layer of oxide by depositing the SAM in a dedicated
chamber in vacuo. This enables us to produce a metal—insu-
lator—-SAM heterojunction with a precise thickness control

of the insulating ultrathin film. The resulting heterostruc-
ture is stable in air, making further handling and processing
of samples outside of UHV possible without altering of the
oxide thin film. The in vacuo attachment of SAMs can be
extended to a broad class of molecules vulnerable to pyrolysis
upon evaporation and presents an elegant method of attaching
molecular layers on solid substrates that are sensitive to air.
Diimine rhenium(I) tricarbonyl complexes can be incorpo-
rated into efficient homogenous photocatalytic systems for
CO; reduction [40, 41] and H; production [42-44], and their
attachment as SAM is a step towards their integration into a
heterogeneous system. The growth of highly-crystalline alu-
mina films on NiAl(1 10) of up to 1.5nm thickness was pre-
viously demonstrated [30]: either cycles of NO, adsorption
and subsequent annealing [67], or by the high-temperature
oxidation of 2L-alumina/NiAl(1 10) with oxygen [30] can be
used to increase the thickness in a controlled manner. This can
enable high-precision tuning of the electron transfer between
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Figure 7. (a) Computer-aided design drawing of the SAMcham. (b) Photograph of the SAMcham. The insets show the inside of the
chamber, containing the two bowls for SAM deposition and sample rinsing. A sample is placed with the wobble stick inside the left bowl.

excited molecules and the substrate, as the lifetime of excited
charges in the molecule should depend on the thickness of the
insulating tunneling layer at the interface.

4. Experimental section

4.1. Oxide thin fim preparation

NiAl(110) single crystals were purchased from MaTecK-
Material-Technologie & Kristalle GmbH. The experiments
were conducted in a modified VG ESCALAB 220 UHV system
with a base pressure of 2 x 107! mbar [68]. The NiAl(110)
surface was cleaned with cycles of argon sputtering and subse-
quent annealing at 1270 K. The 2L-alumina films were prepared
by oxidizing the clean NiAl(1 10) surface in 5 x 106 mbar
oxygen at 530 K and subsequent annealing in UHV at 1070 K.
The thickness of the thin films was increased systematically
by oxidation in 9 x 107> mbar oxygen at 970 K, similarly as
described in detail by Zabka et al [30].

4.2. In vacuo SAM deposition

Similar setups were used previously to transfer samples from
UHV to clean electrochemistry environments [69] in order
to use single-crystalline samples as electrodes [70, 71]. Here,
the samples are similarly transferred from the UHV system
via the load lock to the SAMcham (figure 7). The pressure in
the SAMcham is in the range of 10~ mbar during the sample
transfer. Two flasks are attached via needles to the setup: one
with a 0.1 mM solution of the molecule dissolved in aceto-
nitrile for SAM deposition, and one with pure acetonitrile
for sample rinsing. The synthesis of the rhenium complex
for the SAM is described in the supplementary information
(section S5). Acetonitrile (99.9+4%, Extra Dry, AcroSeal®) was
obtained from Acros Organics and additionally degassed by
three freeze-pump-thaw cycles. When opening the connecting
valves between flask and SAMcham, solvent is pressed into the
SAMcham and can splash on the sample. During this procedure

the vapor pressure is established in the chamber. After mole-
cule deposition, the chamber is pumped down again and the
sample is transferred back into the UHV system. In the first
experiments, XPS indicated silicon contamination, which can
be avoided by using Teflon-coated septa for the solvent flasks.

4.3. Photoelectron spectroscopy

XPS was conducted at normal emission with an non-mono-
chromatized Mg Ka source, providing photons with an
energy of hv = 1253.56 eV. The energy scale was calibrated
as described by Seah [72]. UPS measurements were per-
formed under normal emission with a helium discharge lamp
(Hel,, hv = 21.22¢V).

4.4. Coverage analysis

The coverage of rhenium atoms N, is calculated by comparing
the intensity of the Re 4f peak (Ig.) to the intensity of a poly-
crystalline silver reference sample (/aq) using equation (1):

I
Nie :;ﬁ . % Mg €08 (0) - nag
Re Ag (1)
_Ire AL
ORe

Here, oy refers to the corresponding photoionization cross-
section [47], 6 refers to the electron emission angle with
respect to the surface normal, nse = 58.7 nm~? is the den-
sity of silver atoms, and Aa, is the inelastic mean free path
calculated with the Tanuma—Powell-Penn (TPP-2M) equa-
tion [73]. The constant A was evaluated for the range of silver
peaks from 3s to 4p. The x-ray flux was kept constant.

4.5. Alumina thickness determination

The oxide thickness (d) is calculated numerically by the
intensity ratio of the oxidized Al species (Ip) and the metallic
Al° peak (1) according to equation (2):
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no Ao IMexp(

+1

)
Ao cos(0)

(@)
where ), refers to the respective inelastic mean free path of
the photoelectrons and n, to the density of Al atoms in the
material x (ny = 41.6 nm™—3, np = 42.7 nm—3, calculated
based on structural models from Taylor et al [74] and from
Smréok et al [75]). Ao = (2.67 +0.47) nm was calculated
with the TPP-2M equation. Ay = (1.99 £0.21) nm was
normalized by referencing the intensity ratio in the case of
2L-alumina, and is in good agreement with the value obtained
with the TPP-2M equation (Ay,,,_,, = (2.08 £0.43) nm). A
lattice plane distance of 0.172nm was used to calculate the
number of alumina layers, which is the lattice plane distance
of v-Al,03 in (11 1) direction based on structural model from
Smrcok et al [75]. Equation (2) is similar to the one intro-
duced by Strohmeier [76] for determining the oxide thickness
on aluminum alloys, but additionally considers the attenuation
of photoelectron intensity from the metal substrate below the
oxide in the oxide film.
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