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ABSTRACT: Hybrid inorganic/organic heterointerfaces are promising systems for next generation photocatalytic, photovoltaic, and
chemical sensing applications. Their performance relies strongly on the development of robust and reliable surface passivation and
functionalization protocols with (sub)molecular control. The structure, stability, and chemistry of the semiconductor surface deter-
mine the functionality of the hybrid assembly. Generally, these modification schemes have to be laboriously developed to satisfy the
specific chemical demands of the semiconductor surface. The implementation of a chemically independent, yet highly selective
standardized surface functionalization scheme, compatible with nanoelectronic device fabrication, is of utmost technological rele-
vance. Here, we introduce a modular surface assembly (MSA) approach which allows the covalent anchoring of molecular transition
metal complexes with sub-nanometer precision on any solid material by combining atomic layer deposition (ALD) and selectively
self-assembled monolayers of phosphonic acids. ALD, as an essential tool in semiconductor device fabrication, is used to grow
conformal aluminum oxide activation coatings, down to sub-nanometer thicknesses, on silicon surfaces to enable a selective step-by-
step layer assembly of rhenium(I) bipyridine tricarbonyl molecular complexes. The modular surface assembly of molecular com-
plexes generates precisely structured spatial ensembles with strong intermolecular vibrational and electronic coupling, as demon-
strated by infrared spectroscopy, photoluminescence, and X-ray photoelectron spectroscopy analysis. The structure of the MSA can
be chosen to avoid electronic interactions with the semiconductor substrate to exclusively investigate the electronic interactions be-
tween the surface-immobilized molecular complexes.

Introduction. Advances in high-performance semiconductor
electronic devices depends strongly on the development of ro-
bust and reliable surface passivation and functionalization
schemes'). This is especially evident for next generation photo-
catalytic and photovoltaic devices'”, where inorganic semicon-
ductor interfaces functionalized with small organic molecules
are promising hybrid systems®®. Surface structure, stability,
and chemistry of the semiconductor generally determine the

functionality of the hybrid device and its relevance for specific
applications'®, The ability to tailor the chemical and electronic
properties of semiconductors via the surface chemistry with
molecular control has, thus, become a driving force behind the
development of state-of-the-art semiconductor technology. Alt-
hough a plethora of different surface modification and function-
alization schemes are available, they are specific to the unique
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surface properties of the individual materials®®. This specific-
ity limits the application range of established surface function-
alization approaches, including cycloaddition and dissociation
chemistry, carbonization, oxidation, and hydrolytic condensa-
tion reactions, as well as hydrosilylation and various other wet
chemical approaches®*'". A standardized surface functionali-
zation approach, which circumvents the limitations of material-
specific functionalization routes, is of utmost technological rel-
evance in order to streamline the fabrication and development
of hybrid inorganic/organic heterointerfaces. Different from a
static bottom-up functionalization, which adapts to the surface
chemistry of the semiconductor®'?, a dynamic approach relies
on the modification of the semiconductor to adopt a specific
surface chemistry¢!2,

In this work, we introduce a modular surface assembly (MSA)
approach to covalently anchor molecular complexes with sub-
nm precision on solid substrates (Scheme 1) by tailoring the
surface chemistry of silicon (Si), which remains the most rele-
vant technological semiconductor!®. To this end, we employ
atomic layer deposition (ALD) to grow ultrathin and conformal
aluminum oxide (AlOy) coatings (ranging from 3 to ~ 0.3 nm)
on Si substrates (a), effectively altering its surface chemistry to
enable phosphonic acid (PA) grafting via simple immersion (b).
Ultrathin AlOy films have been applied in the photovoltaics in-
dustry, e.g., for the field-effect passivation of contacts in Si so-
lar cells"*'>, but also to improve stability and interfacial charge
transport in devices based on emerging materials such as planar
perovskites and two-dimensional materials'®. However, these
coatings have not yet been applied as universal activation layers
for functional hybrid inorganic/organic heterointerfaces on a
large scale. The PA grafting introduces a stable hydroxyl func-
tionality (OH reactive sites) to the terminal surface, which is
subsequently used to covalently attach molecular transition
metal complexes (here, thenium(I) bipyridine tricarbonyl moi-
eties) to the functionalized Si surface via a mild Steglich ester-
ification reaction (c).

Scheme 1. Modular surface assembly (MSA) approach //

AlO, layer
silicon substrate 4

[ The Si substrate is covered by a micropatterned aluminum oxide
(AlOy) activation layer of variable thickness (3 to ~ 0.3 nm) (a),
followed by area-selective surface grafting of a functional phos-
phonic acid (PA) anchor layer with a variable backbone (b). Fi-
nally, molecular transition metal complexes (here, rhenium(I) bi-
pyridine tricarbonyl moieties) are attached to the underlying PA
anchor layer via a Steglich esterification reaction (c), finalizing the
fabrication of the modular surface assembly (MSA).

Such a step-by-step layer assembly circumvents unwanted ste-
ric and electrostatic effects induced by the molecular complexes
during direct surface functionalization, which is a common
strategy for the fabrication of dye-sensitized solar cells!!7-2?,
and generates a highly ordered hybrid functional interface. Due
to the modular character of this approach, individual compo-
nents of the hybrid interface such as the semiconductor sub-
strate, PA anchor, auxiliary coupling agents, and molecular
complex can be flexibly modified and tuned to the requirements
of the device.

We utilize highly p-doped Si (>1.2-10" c¢m; degenerate dop-
ing) to minimize electronic effects between the substrate and
the molecular complexes to freely investigate intercomplex in-
teractions. Furthermore, we focus on self-assembled monolay-
ers of phosphonic acids (SAMPs) as organic functional anchors
due to their high thermal and hydrolytic stability compared to
other self-assembled monolayers (SAMs), such as silanes®?. In
addition, we exploit the poor reactivity of Si with PAs to
achieve a spatially selective functionalization. PA surface
chemistry with native silicon oxide (SiOy) is only accessible via
specific reverse Langmuir-Blodget techniques, i.e., tethering by
aggregation and growth (T-BAG)®?, which is specifically de-
signed for SAMPs deposition on technologically relevant metal
oxides such as ITO®, TiO,*, and ZnO®). However, suffer
from elaborate and time-consuming experimental requirements.
By contrast, PAs strongly bind to AlOy surfaces®*?”. The con-
cept of target-site selectivity was initially introduced by Lai-
binis et al.®® by defining the term "orthogonal" SAMs, which
sparked the development of a plethora of orthogonal chemical
transformations, comprehensively discussed in ref. (29). Rhe-
nium(I) bipyridine tricarbonyl complexes and their derivates
have been utilized for photo- and electrocatalysis®*3?), dye-sen-
sitized solar cells®**, sensing®®®, and as model systems for elu-
cidating charge injection into semiconducting materials®¢-3®),

We couple these molecular complexes onto PA-functionalized
surfaces to investigate intercomplex interactions. Through the
MSA approach, localized ensembles with strong intermolecular
vibrational and electronic coupling are generated and placed at
a controlled distance to the substrate surface with sub-nm pre-
cision. Furthermore, precise lateral structuring of the molecular
complexes is demonstrated on lithographically patterned Si
with sub-nm thin AlOy. The influence of the backbone spacer
length on the apparent substrate/complex distance, the degree
of molecular order, and the strength of vibrational and elec-
tronic coupling between the molecular complexes is investi-
gated by comparing PAs of two different alkyl chain lengths
(C11 and Ce). The chemical structure and nomenclature of these
materials are presented in S0.

Results and Discussions. As a starting point to elucidate the
MSA approach, we assessed the structure and configuration of
the different functional coatings. Figure 1 shows tapping mode
atomic force microscopy (AFM) micrographs from a series of
Si substrates at each stage of the MSA approach (see Scheme
1). Conformal coatings are formed for all MSA stages without
indication of (pin)holes to within the resolution of the AFM (tip
radius of ~ 8 nm). The surface roughness does not increase dur-
ing the combined AlO growth and oxygen plasma surface ac-
tivation step, which is important since the surface roughness is
a key parameter, determining the interface quality of integrated
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Figure 1. Tapping mode AFM micrographs (1 x 1 pm?) from
a series of Si substrates after solvent cleaning and before
ALD growth (a), after deposition of 3 nm AlOx and in-situ
oxygen plasma activation (b), after surface functionalization
with PA-Cs (¢) and PA-Ci1 (d), and after Re(M1) attachment
to form Cs-Re(M1) (e) and Cii-Re(M1) (f). RMS roughness
values were averaged over at least 3 regions distributed over
the same sample. The insets show the removal of ~ 1 x 1 um?
of the organic overlayer in contact AFM mode.

systems and heterostructures®”. However, the surface rough-
ness of the PA-C; (306 + 20 pm) is significantly higher than that
of the PA-C,; anchors (186 + 7 pm), which is attributed to a
higher degree of disorder in the PA-Cs layer. For SAMs con-
sisting of saturated aliphatic alkyl backbones, the degree of or-
der scales with the length of the alkyl chain, which has been
attributed to the larger strength of intermolecular interac-
tions“**). Surprisingly, the surface roughness decreases upon
complex (Re(M1)) attachment to the PA-Cs anchor by 98 + 22
pm. The effect is less pronounced for the PA-C,; layer, but still
discernible since the Root Mean Square (RMS) roughness de-
creases to the initial values found on the bare Si substrate. Con-

trary to expectation, disorder in the PA anchor layer is only par-
tially translated to the subsequently attached Re(M1) layer. The
Re complexes possess bipyridine ligands with an extended n-
system (SI Scheme 1), which can form strong n-m stacking in-
teractions if a favorable surface orientation is adopted?. Our
results indicate, that the surface morphology of the Re(M1) ter-
minal layer is predominantly defined by such interactions,
which is further elucidated by X-ray reflectivity (XRR) and near
edge X-ray absorption fine structure (NEXAFS) analysis (vide
infra). The thickness, dor, and the molecular tilt angle, 6, of the
organic constituents were determined from the measured step
height after removal of the organic layer using contact mode
AFM as shown by the insets in Figure 1 and explained in detail
in S3. The thickness of the Re(M1) terminal layer, determined
by subtracting the PA layer thickness from the total thickness of
the assembly, appears to be primarily independent of the anchor
layer thickness (Table 1), further indicating that its structural
properties are governed by intermolecular interactions within
the metal complex layer.

Complementary XRR measurements were performed to verify
the AFM-derived thickness at the macro scale and to probe the
internal structure of the MSA layers. Figure 2a shows normal-
ized XRR curves as a function of the momentum transfer, ¢,
from Cs-Re(M1) (blue) and C;1-Re(M1) (cyan) on 3 nm AlO-
coated Si substrates. The measured reflectivity is presented to-
gether with simulated intensities based on a four-layer slab
model on top of the Si substrate (solid lines), which is described
in detail in S5. The relatively large scattering cross section of
the Re metal centers gives rise to a pronounced Gaussian-
shaped scattering length density (SLD) profile (orange, Figure
2b), indicative of a highly ordered surface layer for both PA
anchors. We note that the FWHM difference between the SLD
Gaussian profiles falls within the inner layer resolution of ~ 4
A and does not allow a quantitative estimate of the relative de-
gree of order. Conversely, the distance between the Re centers
and the substrate surface can be determined with high precision,
as reflected by the small corresponding errors. This distance
was calculated by the spacing between the Gaussian peak center
and the inflection point of an error function, representing the
Si/AlOy substrate (combined fit shown as solid lines in Figure
2b), which results in 1.03 + 0.01 nm and 1.51 = 0.01 nm for Cs-
Re(M1) and C;;-Re(M1), respectively, consistent with AFM re-
sults (Table 1). Thus, the reflectivity data suggest that the dif-
ferent organic layers are, indeed, homogeneously distributed
over the whole sample surface. It is also confirmed that the PA
layers do not only act as simple anchors, but also as efficient
Table 1. Overview of the organic layer thickness determined by
AFM and XRR, along with the molecular tilt angles obtained
by AFM and NEXAFS measurements. All tilt angles are given
with respect to the surface normal.

Si/AlOx dor dor drevry 6 (°) o (°)
(3nm) (nm) (nm) (nm)
(AFM) (XRR) (AFM) (AFM) (NEXAFS)
Ce- 111+ 1.03 + 0.53 + 549+ 34+7
Re(M1) 0.15 0.01 0.17 0.2
Cu- 1.56 + 1.51+ 0.59 + 50.2 + 38+7
Re(M1) 0.13 0.01 0.16 0.2
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Figure 2. Normalized XRR curves as a function of the mo-
mentum transfer, ¢, of Cs-Re(M1) (blue) and Ci1i-Re(M1)
(cyan) on 3 nm AlOx-coated Si substrates (a). For clarity, the
curves are shifted vertically along the intensity axis. The
measured reflectivity is presented together with simulated
intensities based on a four-layer slab model on top of the Si
substrate (solid lines), which is described in detail in S5. All
model-related parameters are summarized in SI Table 3.
SLD profiles are well described by a Gaussian peak fitting
solution (orange) (b). The contribution of the Si/AlOx sub-
strate to the SLD profile is highlighted in grey.

barrier and spacer layers, effectively localizing the molecular
complexes at a well-defined distance from the substrate surface,
which increases by 0.10 + 0.02 nm per CH,-group present in the
PA alkyl-backbone.

To investigate the long-range order of the molecular complexes
and determine their surface orientation, we performed
NEXAFS measurements. The strong and relatively sharp 17*
resonance, found at ~399.3 eV attributed to a N 1s — «* tran-
sition of the aromatic nitrogen in the bipyridyl moiety, was used
to evaluate the surface orientation of the molecular complexes
(SI Figure 6). Both modular assembled and a directly attached
Re complex (Ci-Re(MO0); SI Scheme 1) exhibit a small, but

measurable dichroism, indicating, on average, a preferential or-
dering in the complex layers. Since C;-Re(M0) exhibits a com-
parable dichroism to Cs-Re(M1) and C;;-Re(M1), the apparent
ordering in the Re layers is attributed to m-n stacking between
individual bipyridyl moieties*?, which implies the structural
feasibility of electronic interaction between individual molecu-
lar complexes over the bipyridine ligands. Following the
method described in S6, the NEXAFS-derived molecular tilt
angle with respect to the surface normal, ax, of 34°, 38°, and
32° is obtained with an empirically estimated accuracy of + 7°
for Cs-Re(M1), Cii-Re(M1), and C;-Re(MO0), respectively.
These values differ from AFM-derived molecular tilt angles, 6,
(Table 1), suggesting that the attachment of the Re(M1) layer
introduces a structural rearrangement to the underlying PA an-
chors. This difference is higher for Cs-Re(M1), which is in qual-
itative agreement with the observed surface roughness decrease,
as measured by AFM (Figure 1).

To deepen our analysis of the electronic properties of the MSA
layers, and determine their elemental composition, coverage,
and structural integrity, we conducted X-ray photoelectron
spectroscopy (XPS) measurements. In Figure 3 high resolution
XPS spectra of the P 2p region are presented for the two PA
anchors on 3 nm AlOy-covered Si substrates. The PA coverages
were calculated using the method suggested by Kim et al. (S7)
and are listed in Table 2. The coverage of the two PA types is
comparable and, therefore, independent of the PA backbone
chain length. Apparently, disorder in the SAMPs layer, as indi-
cated by AFM characterization for PA-Cs (Figure 1), has no
significant impact on the attainable surface coverage. The de-
termined PA coverages are higher compared to experimental
estimates obtained from the molar volume of phosphorus acid
(4.25 nm?)“® and to the previously predicted theoretical limit
of 4.3-4.7 nm™ for crystalline aluminum oxide surfaces by den-
sity functional theory (DFT)“¥. However, by considering the
structural dimensions of the PAs used, possible surface loadings
between 1.67 and 11.24 nm™ for PA-Cy; (S4) are theoretically
obtainable, which depend on the molecular tilt with respect to
the surface normal and are limited by the size of the phospho-
rous head group (SI Table 2). This implies that the maximum
achievable PA surface coverage has a stronger dependence on
the amount of accessible surface binding sites than previously
assumed®*¥, Therefore, the density, morphology, and surface
termination of the AlOy activation layer are likely defining fac-
tors.

To elaborate on this hypothesis, we compared the coverage of
PA-Ci; anchors on Si substrates covered by thinner AlOy coat-
ings (SI Table 4), whose thicknesses were estimated by spec-
troscopic ellipsometry (SE) to be 1 nm, ~ 0.45 nm (20 ALD
cycles), and ~ 0.25 nm (3 ALD cycles; sub-monolayer), respec-
tively (S1). AlOx layers below 1 nm thickness were grown by
plasma-enhanced atomic layer deposition (PE-ALD) (S1). The
PA loading on 1 nm AlOy (5.86 nm™) is comparable to a 3 nm
AlOy layer. However, the coverage is lower on a continuous,
0.45 nm AlOy (4.22 nm™) and, as expected, noticeably reduced
on a 0.25 nm AlOy coating (2.28 nm). With the exception of
inert metals and low energy van der Waals surfaces, thermally
grown AlOy layers are known to be continuous on hydroxylated
surfaces for a layer thickness > 1 nm®Y, which is supported by
the comparable PA coverage for 1 and 3 nm AlOy. Due to the
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Figure 3. High resolution XPS spectra of the P 2p region for
PA-C¢ (a) and PA-Ci1 (b) on 3 nm AlOx-covered Si sub-
strates. Components colored in light purple and light orange
refer to a monodentate and bidentate binding motif, respec-
tively (inset in (b)). Components colored in grey refer to Al
2s plasmon loss features.

steric hindrance of trimethylaluminium (TMA)*, the for-
mation of a closed AlOx surface layer is not possible for a three-
cycle growth, which is reflected by the significantly lower PA
coverage on a 0.25 nm AlO coating. Recently“®, we demon-
strated PA-C,; surface functionalization of a continuous, ~ 0.3
nm thick monolayer AlOx grown on gallium nitride with a PA
coverage of 4.5 = 0.3 nm™, suggesting that the 0.45 nm AlO, on
Si is, indeed, continuous and that the PA coverage depends on
the availability of AlOy surface binding sites until a coverage of
~6.09 £ 0.57 nm™ is reached. We note that the underlying sili-
con substrate is entirely inaccessible by phosphonate chemistry
under the applied reaction conditions (SI Figure 13a).

Despite a theoretical spin-orbit splitting of 0.86 + 0.05 eV #74%),
the P 2p peaks are broad (FWHM: ~ 2.09 and 1.98 eV for PA-
Cs and PA-C1) and nearly symmetric (for PA-Cs slightly asym-
metrical to lower binding energy (BE)), which is indicative of a
mixed binding motif (inset in Figure 3b)*>9, Interestingly, the
best P 2p fit of PA-Cs (Figure 3a) suggests a mixed binding
configuration, of which the monodentate mode is slightly dom-
inant (54.2 %), whereas for the PA-C,; (Figure 3b), a predom-
inately monodentate (71.0 %) binding motif can be observed.
We note that this distribution of binding modes was found on
all measured samples (three in total for each PA type used). Pre-
vious results on atomically well-defined oxide surfaces at-

tributed the evolution from higher to lower denticities to an in-
creasing SAMPs surface coverage™®*”. Since both PA cover-
ages are similar, we conclude that the PA backbone structure
influences the binding mode, even though the structural differ-
ence consists of only 5 methylene moieties. We speculate that
the attainable degree of order during SAMPs formation is a de-
cisive factor.

After attachment of the molecular complexes, three additional
components can be identified in the C 1s spectrum (Figure 4a-
d). Components C (purple), D (blue), and E (green), are at-
tributed to bipyridine moieties, neighbors of the ester group,
and carbonyl ligands, as well as the ester group, respectively.
The experimentally determined carbon ratios are in good agree-
ment with the chemical structure of the PA anchors and are
slightly overestimated for the molecular complexes (SI Table
5), which we explain by the presence of demetallized pyridine
(vide infra). Noteworthy, the BE of carbon moieties localized
in the Re(M1) layer, are collectively blueshifted, independent
of the PA anchor type, by ~ 1 eV compared to literature val-
ues®!3¥, which is clearly visible for the carbon moieties of the
ester groups (~ 290.15 and 290.13 eV for Cs-Re(M1) and Ci;-
Re(M1) vs. 288.8-289.3 eV©Y). In contrast, the BE of carbon
moieties attributed to the PAs, i.e., below the ester group (Fig-
ure 4b and d) is unaffected by this blueshift. A similar effect
was observed for midchain ester-functionalized SAMs on
Au{l11}, for which the photoelectron kinetic energies were
consistently shifted by 0.85 £ 0.03 eV between the top and bot-
tom methylene alkyl segments independent of the relative chain
lengths®. The effect was attributed to a strong electric dipole
layer formed in the SAM. Considering the orientation of the di-
pole moment of the ester group (inset in Figure 4d) and the
corresponding molecular tilt angles (57.4 £0.1° and 56.4 £ 0.1°
vs. 31 + 4°69), a correlated shift of 1.00 = 0.01 eV and 1.00 +
0.04 eV for Cs-Re(M1) and C;;-Re(M1), respectively, cannot
be comprehensively explained. Notably and contrary to the re-
sults in ref. (54), the BE of the ester group carbon moiety is also
blueshifted by ~ 1 eV, suggesting that the effect is at least partly
related to electron delocalization over the Re(M1) moiety. The
presence of Re in a single chemical environment and nitrogen
in two different environments is observed (Figure 4e and f).
The coverage of the molecular complexes (S7) is roughly two
times lower for Cs-Re(M1) (0.58 + 0.02 nm%) compared to Ci;-
Re(M1) (1.08 + 0.08 nm™?) and, in both cases, lower than the
highest possible coverage of 1.43 + 0.01 nm? estimated from
QCC calculations (S4). The lower coverage on Cs-Re(M1) is

Table 2. Overview of the PA and molecular complex surface
coverage obtained from XPS measurements for different
stages of the MSA approach on 3 nm AlOx-coated Si sub-
strates. Errors correspond to the standard deviation consid-
ering three different samples for each type.

Si/AlOx PA coverage Re(M1) cover- PA/Re(Ml)
(3 nm) [nm?] age [nm?] ratio
Cs- 5.80+0.21 0.58 £0.04 10.00 +
Re(M1) 0.78
Cu- 6.09 +0.57 1.08 £0.06 5.64+0.61
Re(M1)
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Figure 4. High resolution XPS spectra of the C 1s region, together with the best fit for PA-Cs (a), PA-C11 (b), Cs-Re(M1) (¢),
and Ci1-Re(M1) (d) on 3 nm AlOx-coated Si substrates. The chemical structure of the PA anchors and molecular complexes
are shown as insets in (b) and (d), respectively. The orientation of the ester group's dipole moment, pester, is marked in red.
Chemical functionalities with relative binding energy (BE) shifts of < 0.3 eV (instrumental resolution) are grouped into single
components (A-E). The theoretically and experimentally determined carbon ratios are summarized in SI Table 5. Correspond-
ing high resolution XPS spectra of the Re 4f and N 1s region, together with the best fit solution for PA-Cs and Cs-Re(M1) (e),
as well as for PA-Ci1 and Ci11-Re(M1) (f). High resolution XPS spectra of the Br 3d region are presented in SI Figure 9

attributed to a lower density of reactive hydroxyl terminal
groups for PA-Cs, supported by a ~ 10° higher water static con-
tact angle compared to a PA-C;;-coated surface (SI Table 1).
Similar to carbon, the BE of Re 4f,, (42.46 and 42.48 eV for
both Cs-Re(M1) and C;1-Re(M1)) is found ~ 1 eV higher than
the expected literature value for a +1 oxidation state®>>¥), A
similar BE shift was reported for structured rhenium bipyridine
tricarbonyl dyes, modified by flexible or aromatic bridges and
assembled on SiO, and TiO, by Langmuir-Blodgett tech-
niques®, but the origin of the shift was not explained. In addi-
tion, the BE difference between the lower BE (purple) and
higher BE (cyan) N 1s component is ~ 1 eV (Figure 4e and f),
which is consistent with the observed C 1s and Re 4f BE shift.
A BE of ~ 400 eV is typical for pyridinic nitrogen®®®, i.e., the
aromatic nitrogen of the bipyridine moiety, which we verified
by XPS measurement taken from a thin layer of PA-modified
bipyridine ligands (SI Scheme 1), deposited on an Au surface
via drop-casting (SI Table 6). The amount of pyridinic nitrogen
found on C;;-Re(M1) (25.9 = 1.6 %) coincides well with the
amount needed to achieve full surface coverage (24.5 + 6.3 %)
estimated from Quantum-Chemical Calculations (QCC) (S4).
Therefore, we suggest that the pyridinic nitrogen component is
related to a demetallized complex, i.e., a molecular complex,
from which the metal center is removed. The amount of pyri-
dinic nitrogen on Cs-Re(M1) is slightly higher (33.5 + 2.2 %),
which is, however, related to minor contamination present al-
ready in the PA-C¢ anchor (Figure 4e).

To elucidate the origin of the correlated BE shift (Figure 4), a
molecular complex was directly attached to a 3 nm AlOx-coated
surface (C;-Re(MO); SI Scheme 1), i.e., without the presence of
an ester group as a coupling agent. In addition, a Ti/Pt (15/150
nm) layer was grown on top of a Si substrate by electron beam
evaporation and a thin layer of uncoupled molecular complexes

(Re(M1) (free); SI Scheme 1) was deposited on the Pt-covered
surface via drop-casting (physisorption). SI Table 6 shows the
results of the XPS characterization. The Re 4f7, BE of the un-
coupled complex, physisorbed on the Pt-covered substrate, is
41.45 £ 0.14 eV, which is in good agreement with a +1 oxida-
tion state®>%® and translates to a redshift of 1.12 + 0.01 eV and
1.14 + 0.05 eV compared to Cs-Re(M1) and C;;-Re(M1), re-
spectively. Furthermore, the corresponding N 1s BE is 400.24
+0.03 eV and, thus, comparable to the nitrogen of the demetal-
lized bipyridine moiety. Surprisingly, the observed Re 4f;, BE
shift for C;-Re(M0) is 0.87 eV and, thus, slightly lower than the
MSA layers, but still significantly higher than an uncoupled
complex. The correlated BE shifts for the MSA layers on thin-
ner AlOy coatings are comparable to the 3 nm benchmark (ST
Table 6). Therefore, we conclude that while the collective BE
shifts observed by XPS measurement are partly generated by
the embedded dipole moment of the ester groups, they are pri-
marily induced by electronic interactions between individual
molecular complexes. In our understanding, the electron den-
sity of the Re metal centers, mainly provided by d-orbital con-
tributions from the Re(CO);Br moieties, is delocalized between
two or more complexes, which is mediated by the bipyridine
ligands via mixed electronic orbitals (n-m stacking), already
partly suggested by NEXAFS measurements (SI Figure 6).
This would also explain the BE difference between the metal-
lized and demetallized pyridinic nitrogen of ~ 1 eV (Figure 4),
as the primary source of electron density is lost upon decompo-
sition of the complex, also suggesting that the demetallized bi-
pyridine ligand does not participate in electron density distribu-
tion process. Due to the size of the Re metal center (Z = 75), a
surface-immobilized, demetallized bipyridine is likely to adopt



a different surface orientation compared to the metallized com-
plexes, which is consistent with the small dichroism determined
by NEXAFS measurements (SI Figure 6).

We further investigated the intercomplex interactions via
changes of the vibrational modes of bound and unbound molec-
ular complexes by attenuated total reflectance Fourier-trans-
form infrared (ATR-FTIR) spectroscopy (Figure 5). A sketch
of the three characteristic Re-carbonyl (CO) vibrational stretch-
ing modes, i.e., the in-phase symmetric, a’(1), antisymmetric a”,
and out-of-phase symmetric a'(2) stretch are presented in the
bottom, right corner of Figure 5. The maxima and relative in-
tensities of the Re-CO vibrational modes of Cs-Re(M1) and Ci;-
Re(M1) are comparable and, therefore, independent of the chain
length of the PA anchor, suggesting no vibrational interactions
with the underlying substrate as previously observed on TiO,
surfaces®. However, the vibrational spectra are appreciably
different from the unbound molecular complex (Ci;-Re(M1)
(free)) (Figure 5a). Two Gaussian components (orange)®”
were used to fit the a’(1) vibrational mode of the surface-bound
complex to account for the doublet structure observed for C;-
Re(M1) (free). Compared to the unbound complex, the a'(1)
doublet feature is slightly broadened and the doublet intensity
ratio is inverted. However, the vibrational energies are nearly
identical. Conversely, the signal intensity of the a'(1) relative to
a” and a'(2) of the surface-bound complex is significantly in-
creased compared to that of the unbound complex, indicating
that an in-phase symmetric stretch is strongly favored over an
antisymmetric or out of-phase symmetric stretch. The a” and, in
particular, the a'(2) stretching modes are blueshifted, which we
attribute to vibrational coupling between individual complexes
as a consequence of spatial confinement upon attachment to the
surface-bound PA-anchors. Similar vibrational coupling was
reported, e.g., for ReCI(CO);(bypy)CO,H clusters directly de-
posited on TiO nanoparticles®® and ReCI(CO);(bypy)CO,H /
ReCI(CO);(bypy) (CO,H), films on nanocrystalline TiO,®®.
Generally, the coupling between metal carbonyl groups is large
enough to excitonically delocalize the vibrations across multi-
ple carbonyl groups on neighboring molecules®®. In addition,
these reports®®® suggest a blueshift for coupled vibrational
modes around 10-15 cm™ per Re "dimer" aggregate, i.e., vibra-
tional coupling between two surface-bound complexes. For a
trimer, the vibrational energies would increase further by ~ 10
cm’!. Judging from the observed blue shift for both MSA layers
(~ 9-18 ecm™), the vibrational coupling is most likely reserved
to only two adjacent Re complexes. We note that the vibrational
energies and relative intensities of the Re-CO vibrational modes
are stable up to ~ 58 d, i.e., on a month scale (SI Figure 10d),
indicating the stability of the vibrational coupling and, thus, Re
terminal layers. We further note that the position of the C=0O
stretching mode relative to the ester group of C,;-Re(M1) (free),
identical for the surface-bound molecular complexes (1728.9
cm’!) (Figure 5b), confirms that both carboxylic acids modifi-
cations of Re(M1) are involved in the covalent attachment of
the molecular complexes.

To substantiate our analysis of the intercomplex interactions,
we performed photoluminescence (PL) measurements on Cj;-
Re(M1) (free) dissolved in DMF and C;;-Re(M1) assembled on
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Figure 5. ATR-FTIR spectra of the three Re-carbonyl (C=0)
stretching modes (a), as well as the C=0 stretching mode
from the ester moiety (b), presented for an unbound molec-
ular complex coupled to PA-Ci1 anchor molecules (Cui-
Re(M1) (free); red), as well as for PA-Ci1 (dark yellow) and
Cu-Re(M1) (cyan) and for PA-Cs (green) and Cs-Re(M1)
(blue) on 3 nm AlOx-covered Si substrates. For clarity, the
IR spectra are shifted vertically along the intensity axis. A
sketch of the three Re-CO vibrational stretching modes, i.e.,
the in-phase symmetric a'(1), antisymmetric a”, and out-of-
phase symmetric a'(2) stretch, are shown at the top of (a).
The spectrum of Ci1-Re(M1) (free) was taken from a pow-
der. A corresponding comparison between an uncoupled and
a coupled molecular complex can be found in SI Figure 10.

a 3 nm AlOy-covered Si substrate (SI Figure 11). Modular as-
sembly of the Re(M1) promotes a blueshift of the PL emission
of ~ 30 nm.Recently, blueshifted emissions arising from n-n
stacking interactions between two nitrogen-donor ligands was
reported for luminescent rhenium tricarbonyl complexes®”,
suggesting that charge-transfer, mediated by n-n stacking be-
tween individual bipyridine ligands, is feasible. We conclude
that the observed collective BE blueshift observed by the XPS
measurements (Figure 4 and SI Table 6) is, indeed, related to
charge-transfer between individual Re metal centers. To our



knowledge, this is the first time that XPS has been used to es-
tablish a quantitative connection between vibrational and elec-
tronic coupling of surface assembled rhenium(I) bipyridine tri-
carbonyl molecular complexes. Since no dependence of the PA
or AlOy layer thickness could be observed either by XPS or
ATR-FTIR measurements, the observed phenomena are purely
related to intercomplex interactions. Furthermore, the strength
of the intermolecular coupling (either vibrational or electronic)
appears to be independent of the molecular complex surface
coverage, suggesting that a lower threshold aggregation den-
sity, for which such interactions are diminished or even sup-
pressed is not reached for coverages of > 0.58 = 0.04 nm™.

To evaluate the selectivity of the MSA approach, we applied a
low-temperature PE-ALD process compatible with photoli-
thography (S1) to create an A0, micropattern on a Si substrate.
The surface topography of the AlOy-patterned substrate, evalu-
ated by AFM, is presented in SI Figure 12. As a proof of con-
cept, we opted to use PA-Ci; anchors due to the higher order in
the SAMPs and the higher surface coverage of the molecular
complexes. Scanning photoelectron microscopy (SPEM) meas-
urements were performed to elementally map the micropat-
terned and functionalized substrates. The spatial resolution (~
150 nm) is notably higher than for laboratory-based XPS setups,
which allowed the characterization of core level emission from
individual stripes (~ 4 um in width) of the AlOs-patterned sur-
face. Figure 6 shows Al 2p (a) and Re 4f (b) SPEM maps of
Ci1-Re(M1) on an AlOx-patterned n-type Si substrate. The char-
acteristic Re 4f signal of the molecular complex (bottom part of
Figure 6c¢) is exclusively found on the AlOy, which uniformly

(a) Al 2p core levels  (c) Re 4f XPS spectra
_— S B C,,-Re(M1) (pre SSPEM) g

iy

: O+l Re (+) ] ]
3 \ 4 —fit ‘
y |
1
|
_— |
[ 1
=
E :
- L !
2 P !
S L 1 1 1 : 1 |
2 LM si/sio, : i
2| si/sSio,/AlO, (0.45 nm)_L 42.64 eV
g Re (+1) " g 1
= Re (+VI/ +VII)

50 48 46 44 42 40

Binding Energy (eV)

Figure 6. SPEM Al 2p (a) and Re 4f maps (b) of C11-Re(M1)
on an AlOx-patterned, n-type Si substrate and corresponding
Re 4f spectra (bottom graph in (¢)) obtained from the areas
indicated in (b). For comparison, a Re 4f spectrum of the
same sample prior to SPEM characterization obtained by
conventional XPS is shown in the top graph of (¢). The char-
acteristic Re 4f signal of the molecular complex is exclu-
sively found on the AlOx covered parts, uniformly following
the pattern of the adhesive layer (bottom graph of (c)).

follows the pattern of the activation layer, demonstrating that
the MSA was formed selectively on the AlO, micropattern. We
note that the SPEM-derived Re 4f spectrum shows a tail to
higher BE, which can be fitted by a second Re species with a
significantly higher oxidation state. We attribute the origin of
this second species to the highly focused X-ray beam, which
likely led to partial decomposition of the organic constituents
of the MSA layer. For comparison, a laboratory XPS Re 4f
spectrum of the same sample prior to SPEM characterization is
shown in the top part of Figure 6¢, indicating the presence of
Re in only one distinct chemical environment.

Conclusion and Outlook. With the modular surface assembly
(MSA) approach, investigated in this work, a stable and area-
selective functionality can be introduced to any solid substrate
independent of the specific chemical affinity of the surface. As
a proof of concept, MSA layers based on rhenium(I) bipyridine
tricarbonyl moieties are placed with sub-nanometer precision
on aluminum oxide (AlOx)-covered silicon substrates to gener-
ate precisely structured spatial ensembles with strong intermo-
lecular vibrational and electronic coupling. We demonstrate
that both the vibrational and electronic coupling are related, and
that the electronic coupling can be monitored by X-ray photoe-
lectron spectroscopy via a correlated shift to lower photoelec-
tron kinetic energies of the functional groups located in the mo-
lecular complexes. By carefully selecting the structure of the
MSA, electronic interactions with the semiconductor substrate
can be disentangled to exclusively investigate the interactions
between the surface-immobilized molecular complexes. The
MSA approach can be transferred to any substrate on which a
conformal aluminum oxide growth via atomic layer deposition
is feasible. The approach combines surface passivation and sur-
face functionalization in one step to create well-defined and
scalable hybrid functional interfaces, which opens a new ave-
nue in semiconductor device fabrication. As an example, we
have recently shown that PA-C;; anchors can be grafted onto a
monolayer AlO; surface layer grown on gallium nitride (GaN)
by PE-ALD with a high surface coverage, creating a well-de-
fined semiconductor / dielectric / PA anchor hybrid interface®,
which motivates additional studies. Due to its high flexibility,
the approach can be further expanded, e.g., by inclusion of
metal-polypyridyl coordination chemistry®5” to bridge the gap
towards multiple metal-organic layers, which are highly rele-
vant for device applications®'%?. Furthermore, additional func-
tionalities can be introduced on uncovered Si surface areas, e.g.,
via silane chemistry®® or, more specifically, via aryldiazo-
nium cation reduction® to create a network of area-selective
functionalities for applications in electronic devices, biosen-
sors, and photovoltaic or photoelectrochemical cells. Further-
more, the conformal nature of the ALD growth and the experi-
mentally simple chemistry of the MSA approach compels the
focus on delicate, high aspect ratio, nanostructured semicon-
ductors, e.g., for sensing applications®667,

Experimental Section. General. Unless stated otherwise, all
chemicals were purchased from Sigma-Aldrich, ABCR, or TCI
Europe and used without further purification. All reactions with
air- and moisture-sensitive substances were carried out under an
argon (Ar) 5.0 (99.9990 %, Westfalen AG) atmosphere using
standard Schlenk techniques. Prior to use, all glassware was



heat-dried under a vacuum. Toluene, tetrahydrofuran, and di-
chloromethane were dried using an MBraun SPS-800 solvent
purification system and stored over 3 A molecular sieves. Lig-
uid chromatography-mass spectrometry (LC-MS)-grade ace-
tonitrile and methanol were purchased from VWR. Single side
polished, 381 + 25 um nominally thick, highly p-doped (B-
doped, <0.005 Q-cm (>1.2-10" c¢m™); degenerate doping) Si
(100) wafers grown by the Czochralski (CZ) method were or-
dered form Si-Mat (Kaufering, Germany) and diced into
1 x 1 cm? pieces. In addition, single side polished, 525 £ 20 um
nominally thick, n-doped (As-doped, <0.005 Q-cm) Si (100)
wafer grown by the Czochralski (CZ) method were obtained
from SIEGERT WAFER (Aachen, Germany) and diced into
1 x 1 cm? pieces. Prior to any surface treatment, the diced wafer
pieces were subsequently cleaned in an ultrasonic bath (37 kHz,
120 W) with acetone (Merck, VLSI Selectipur, >99.9 %), 2-
propanol (BASF, VLSI Selectipur, >99.9 %), and deionized wa-
ter (DI H,O; 18.2 MQ-cm at 25 °C, Merck Millipore) for 10
minutes, respectively, and dried under a stream of nitrogen (N>).

Preparation of Self-assembled Monolayers of Phosphonic
Acids (SAMPs). SAMPs of 6-hydroxyhexylphosphonic acid
(298 % (GC); referred to as PA-Cs) and 11-hydroxyundecyl-
phosphonic acid (299 % (GC); referred to as PA-Ci)
(SiKEMIA, Montpellier, France) were prepared via an immer-
sion technique recently reported in detail for monolayer AlOy
grown on c-plane, Ga-polar GaN substrates“,

Attachment of Re(2,2'-bipyridine-4,4'-dicarboxylic
acid)(CO);Br (Re(M1) (free)). Re(M1) (free) was synthesized
following a procedure reported in®®. A detailed description of
the synthetic route and characterization of all metal complexes
is presented in S12. Both carbon acid modifications of Re(M1)
were coupled to the OH end groups of the respective PA anchor
layers via a mild Steglich esterification reaction®®, which we
adopted and optimized accounting for the constraints of a sur-
face reaction. The PA-functionalized wafer pieces (mounted on
a Teflon sample holder) were immersed vertically in a 30 ml
tetrahydrofuran (THF; anhydrous, HPLC-grade, >99.9 %,) so-
lution of Re(M1) (free) (3 mg, 5.05 umol, 1 eq), N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDCI; 29
mg, 0.15 mmol, 30 eq), and 4-dimethylaminopyridine (DMAP;
3 mg, 25 umol, 5 eq). The reaction was stirred under light ex-
clusion and an Ar atmosphere at 50 °C for 12 h. After the ester-
ification reaction, the pieces were cleaned subsequently with
N,N-dimethylformamide (DMF; Sigma-Aldrich, 99.8%), THF
(Sigma-Aldrich, anhydrous, inhibitor-free, >99.9 %), DMF,
methanol (MeOH; Sigma-Aldrich, 99.8 %), and DI H,O in an
ultrasonic bath (37 kHz, 60 W) for 5 minutes, respectively, to
remove excess reactants and byproducts, dried under N», and
stored in a desiccator (~ 107 mbar).

Attachment of Re(([2,2'-bipyridin]-4-ylmethyl)phosphonic
acid)(CO);Br (Ci-Re(M0) (free)). C;-Re(MO) (free) was syn-
thesized following procedures presented in detail in S12. C;-
Re(MO0) was directly attached to the in-situ oxygen plasma-ac-
tivated AlOx-coated substrate by vertical immersion of the wa-
fer pieces (mounted on a Teflon sample holder) in a 40 ml eth-
anol (EtOH; VWR, Ethanol absolute >99.8 %, AnalaR
NORMAPUR, ACS, Reag. Ph. Eur.) solution containing 5x10
*mol-L"! of PA-C;-ReBpy (free) and stored for 24 h vibration-
free in the dark under an N, atmosphere at room temperature.

Atomic Force Microscopy (AFM). Surface topography and
roughness were investigated by AFM on a commercial setup
(MultiMode 8, Bruker, Billerica, MA, USA) in amplitude-mod-
ulated (AM) tapping-mode (TM) under ambient conditions. In
addition, the organic layer thickness was probed by AFM oper-
ated in contact mode (CM) and AM-TM. AFM “scratching” ex-
periments were performed on a commercial setup (Nanoscope
V Controller, Dimension V Controller, Bruker Nano GmbH,
Berlin, Germany) operated under ambient conditions. A de-
tailed description of AFM setups and experimental procedures
is given in S3.

X-ray reflectivity (XRR). XRR measurements were performed
on an in-house built X-ray reflectometer equipped with an Mo-
source (Mo K, = 17.45 keV) under ambient conditions. A de-
tailed description of the setup can be found elsewhere’”. The
reflected intensity was measured by (6-26) scans of sample and
detector angle and corrected by subtraction of background scans
with an offset angle A8 of 0.1°. A beam footprint correction was
performed to account for the effective beam height at low an-
gles"V. A detailed description of the data processing and fitting
can be found in S5. Mean values and standard deviations are
obtained by comparing two samples of two different batches.

X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were performed on a Kratos Axis Supra XPS setup (Kra-
tos Analytical Ltd, Manchester, UK; base pressure <8x107
mbar) equipped with a monochromatic Al X-ray source (Al K,
=1486.7 eV) operated with an emission current of 15 mA. XPS
spectra were acquired in the hybrid lens mode at a pass energy
(PE) of 10 eV and a take-off angle of 0°. The beam area was set
to ~ 2 x 1 mm? using the slot collimation mode. The binding
energy of the hemispherical analyzer was calibrated with in-situ
sputter-cleaned silver (Ag 3d - 1118.51 eV), gold (Au 4f -
1402.73 eV), and copper (Cu 2p - 554.07 eV) standards (given
in kinetic energy) with an accuracy of 0.025 eV. An instrumen-
tal broadening of 0.30 eV was determined by fitting the meas-
ured Ag 3d core level spectrum of an Ag calibration sample
with a Voigt function®®. No charge neutralization was per-
formed, as no measurable binding energy shifts were observed
for non-functionalized substrates). All recorded spectra were
processed with CasaXPS (Casa Software Ltd, ver. 2.3.19). A
detailed description of the data processing, fitting procedure,
and methodology can be found in S7.

Attenuated Total Reflectance Fourier-Transform Infrared
Spectroscopy (ATR-FTIR). ATR-FTIR measurements were
performed on a VERTEX 70v vacuum FTIR spectrometer
(Bruker, Billerica, USA) equipped with a liquid nitrogen-
cooled MCT detector, using a grazing angle ATR accessory
(VariGAT, Harrick Scientific Products, New York, USA) with
a single reflection Germanium ATR crystal (Pike Technologies,
Fitchburg, USA), significantly larger than the dimensions of the
sample. An incidence angle of 65° was applied. Prior to meas-
urements, samples were stored in the pumped measurement
chamber overnight immediately after cleaning. All surface IR
spectra were averaged over 2000 scans with a resolution of 2
cm™ and background-referenced to the clean ATR crystal meas-
ured against vacuum. Data acquisition and processing were per-
formed with the software OPUS (ver. 8.129, Bruker, Billerica,
USA). For surface IR spectra a Rubberband baseline correction
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was applied, and IR bands were fitted by Gaussian components
to a linear background®”.

Near edge X-ray absorption fine structure (NEXAFS).
NEXAFS measurements were performed at the BACH beam-
line at the Elettra synchrotron (Trieste, Italy) in Auger electron
yield (AEY) mode using a SCIENTA R3000 hemispherical
electron energy analyzer (base pressure < 2x1071° mbar). Tech-
nical details of the BACH end station can be found in ref. (72).
All measurements were performed at low temperature (130-160
K) to minimize X-ray-induced damage to the organic layers. A
detailed description of the data processing and methodology can
be found in S6.

Scanning Photoelectron Microscopy (SPEM). SPEM meas-
urements were performed at the ESCA Microscopy beamline at
the Elettra synchrotron (Trieste, Italy). Technical details of the
SPEM setup can be found in ref. (73). The X-ray photon energy
was set to 638.00 eV with a (Gaussian) X-ray focal diameter of
~ 150 nm. Elemental maps and spatially resolved spectra were
taken by fixing the PE of the electron analyzer to 40 and 20 eV,
respectively. Local XPS spectra were acquired by illuminating
the point of interest with the submicron X-ray probe. The beam-
line settings resulted in an overall instrumental broadening of
0.35 eV, as determined by the Au 4f from an internal gold stand-
ard.

Quantum-Chemical Calculations (QCC). Investigated model
compounds were optimized on PBE0-D3/def2-TZVP"+77 level
of theory using the TURBOMOLE"® program package ver-
sion V7.3.
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