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Stripe-Like hBN Monolayer Template for Self-Assembly and
Alignment of Pentacene Molecules

Valeria Chesnyak, Marc G. Cuxart,* Daniel Baranowski, Knud Seufert, lulia Cojocariu,
Matteo Jugovac, Vitaliy Feyer, and Willi Auwdirter*

Metallic surfaces with unidirectional anisotropy are often used to guide the
self-assembly of organic molecules along a particular direction. Such supports
thus offer an avenue for the fabrication of hybrid organic—metal interfaces
with tailored morphology and precise elemental composition. Nonetheless,
such control often comes at the expense of detrimental interfacial interactions
that might quench the pristine properties of molecules. Here, hexagonal
boron nitride grown on Ir(100) is introduced as a robust platform with several
coexisting 1D stripe-like moiré superstructures that effectively guide
unidirectional self-assemblies of pentacene molecules, concomitantly
preserving their pristine electronic properties. In particular, highly-aligned
longitudinal arrays of equally-oriented molecules are formed along two
perpendicular directions, as demonstrated by comprehensive scanning
tunneling microscopy and photoemission characterization performed at the
local and non-local scale, respectively. The functionality of the template is
demonstrated by photoemission tomography, a surface-averaging technique
requiring a high degree of orientational order of the probed molecules. The
successful identification of pentacene’s pristine frontier orbitals underlines
that the template induces excellent long-range molecular ordering via weak

interactions, preventing charge transfer.

1. Introduction

Molecular self-assembly on surfaces is an appealing bottom-up
approach for the scalable realization of nanostructured organic

—metal interfaces, as it offers precise control
over the elemental composition, long-range
order, and tailorable morphology.?! It con-
stitutes a highly appealing route to engineer
molecular ensembles at the nanoscale, with
potential applications in molecular elec-
tronics, information storage, and optoelec-
tronic devices.l’l In particular, the realiza-
tion of surface-supported arrays of highly-
oriented molecules via self-assembly has at-
tracted considerable attention, opening up
pathways to catalyze on-surface reactions
along non-conventional reaction paths,[*>]
or to derive single molecule properties from
surface-averaging techniques such as pho-
toemission tomography.!®7]

To this end, various strategies have been
followed, mostly relying on the adsorption
of molecules on metal substrates with uni-
directional anisotropy, such as low-index
surfaces (e.g., (110) facets of fcc crystals)®?!
or vicinal surfaces.'®) These can act as
templates that constrain the on-surface
assemblies of molecules in a controlled
fashion. Alternatively, 1D supramolecular
gratings(!! and oxide chains!'?] were fabricated on surfaces, ex-
posing bare metal stripes confining the positions and dynamics
of adsorbed molecules. However, these approaches commonly
lead to modifications of the pristine properties of molecules,
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for example, by orbital-hybridization with substrate electrons or
interfacial charge transfer, which could be undesired.®3] Var-
ious strategies to overcome this drawback have been explored
over the past years, including the design of molecular struc-
tures suitable to electronically separate molecular moieties from
the substrate, or passivation of the substrate.l'¥] In this con-
text, the introduction of an ultra-thin spacer layer is a promis-
ing approach, as it enables electronic and structural decoupling
of the molecules from the metallic substrate.'>!”] Hexagonal
boron nitride (hBN) emerged as an ideal material to serve this
purpose due to its availability in atomically thin monolayers,
smoothness, large bandgap, thermal stability, and inertness.!8!
In addition, when supported on metallic substrates, monolayer
hBN often forms structurally or electronically corrugated moiré
superlattices, which can affect the arrangement of adsorbed
molecules.8191 Specifically, the 2D hexagonal superstructures
emerging on (111)-terminated surfaces of Rh, Cu, and Ir can
stabilize arrays of individual molecules and support molecular
self-assemblies with distinct packing geometries.[2°-2] By using
facets with surface lattices of square or rectangular symmetry
(e.g., Ni(100),127) Ni(110),128) Pd(110),2%) Mo(110),3%) Cr(110),3!
Fe(110),32) Rh(110),331 Pt(110)34%]), stripe-like, 1D moiré-like
superstructures with distinct periodicities have been success-
fully introduced to hBN, which offer great perspectives for the
fabrication of the highly-oriented molecular assemblies. Com-
plementing such an approach, 1D-textured hBN was achieved
on (337) facets emerging on a curved Rh crystal.?%! The ap-
peal of such nanostructured surfaces for templated adsorp-
tion and surface chemistry was recognized previously,323637)
for example, by anticipating a spatial variation of the chem-
ical reactivity.’’”l Nevertheless, to the best of our knowledge,
the ability of 1D-patterned hBN systems to template the self-
assembly of molecules has not been demonstrated to date. In
contrast, 1D-patterned graphene was recently experimentally ex-
plored as support for molecular adsorbates. Graphene/Ir(110) re-
veals a wave-like pattern with modulation of the electronic prop-
erties, promoting the formation of uniaxially aligned sandwich-
molecular wires and films,383%1 whereas the quasi-1D moiré
pattern of graphene/Rh(110) did not have a major effect on
the ordering of perylenetetracarboxylic dianhydride (PTCDA)
molecules.[*']

In this work, we show that the self-assembly and molecu-
lar orientation of pentacene molecules are guided along dis-
tinct directions by deposition on a 1D-patterned hBN mono-
layer, while the pentacene’s pristine electronic properties remain
largely unperturbed. The robust hBN template is fabricated by
scalable chemical vapor deposition (CVD) growth of hBN on
Ir(100). The template’s functionality is exploited by character-
izing the electronic structure of the molecules by a surface-
averaging technique, namely photoemission tomography (PT),
which takes advantage of the molecular alignment induced by
the template. Additionally, low-temperature scanning tunneling
microscopy and spectroscopy (STM/STS), low-energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS), and
angle-resolved photoemission spectroscopy (ARPES) contribute
to a comprehensive characterization of the rich interfacial struc-
ture, both at the atomic and mesoscopic scale. Our analysis re-
veals the formation of a stoichiometric boride interface alloy
upon hBN growth on Ir(100) and thus emphasizes the complexity
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of heterostructures including 2D materials synthesized on metal
supports.[*1*]

2. Results and Discussion

2.1. Growth and Structural Characterization of the 1D-Patterned
Template

hBN was grown by CVD on the (100) surface of an iridium single-
crystal kept at 1275 K, using borazine (B;N;H,) under ultra-high
vacuum conditions (see Section 4).[**] Figure 1a displays a char-
acteristic STM image, showing an intricate surface morphology
composed of three superstructures with distinct periodicities and
symmetries, that are reflected in the fast Fourier transform (FFT)
of the image in the inset. The most prominent superstructure
consists of alternating bright and dark parallel stripes occurring
with a periodicity of 4.5 nm (black circles in the FFT), which will
be referred to as “ridges” and “valleys,” respectively. This striped
superstructure is attributed to a 1D moiré pattern emerging upon
vertical stacking of symmetry-mismatched hBN and Ir(100) lat-
tices (threefold vs fourfold symmetry, respectively).[*’] Slight mis-
alignments of the hBN lattice induce 1D moiré superstructures
with different periodicities (vide infra). The second superstruc-
ture observed in the STM data (Figure 1a) consists of a quasi-
hexagonal array of dips appearing within the ridge regions, that
will be referred to as “pores” and are discussed in detail below.
This superstructure is reflected by the six spots marked by blue
circles in the FFT pattern (inset in Figure 1a). Finally, the third
superstructure visible by STM consists of a square lattice with a
periodicity of 0.38 nm (four spots marked by red circles in the FFT
image), exceeding the lattice constant of Ir(100) (0.273 nm)!*¢! by

a factor of /2. It results in the ¢(2 x 2) diffraction pattern ob-
served by LEED (marked in red in Figure 1c), alongside the (1 x 1)
pattern of Ir(100) (marked in purple). This superstructure is iden-

tified as an Ir — (\/E X \/E) — R45° — B surface reconstruction
emerging from the formation of an iridium boride alloy (Ir,B)
at the Ir(100) surface, analogous to the W,B alloy formed on
W (100),I*7] or the Ni,C alloy on Ni(100) occurring in the presence
of graphene.[*8] Reminiscent of recent reports on alloys formed
at the interface between silicene or borophene and distinct no-
ble metal supports,[“1=*3 this observation of a complex interface
structure upon hBN formation is a reminder of the potential in-
tricacies in 2D materials growth that are often overlooked. The
boride structure can also be observed in hBN-free areas when em-
ploying submonolayer hBN coverages (see Figure S1, Supporting
Information).

Even though the honeycomb atomic lattice of hBN cannot be
observed in Figure 1a because hBN appears transparent in STM
under these conditions,[**°% the presence of the hBN overlayer is
confirmed by XPS and LEED. Figure 1c shows a LEED image
with two sets of hexagonal diffraction patterns (highlighted in
green),l’!] indicating the existence of two main equivalent hBN
domains rotated by 30°. Such a 30° rotation corresponds to a ro-
tation of the moiré superstructure by 90° (see Figure S2d,e, Sup-
porting Information). The diffraction spots of hBN have a no-
ticeably elongated intensity profile along the tangential direction,
indicating the presence of slightly misoriented (+3°) rotational
hBN domains (see Figure S2, Supporting Information), whose
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Figure 1. a) STM image of hBN/Ir,B/Ir(100) and the corresponding FFT in the inset, depicting the periodicity of the 1D stripy pattern (black), “pore”
(blue), and Ir,B (red) lattices. Purple arrows indicate the [011] and [01-1] directions of the Ir(100) surface. Scanning conditions: I, = 0.8 nA, V, =2.9V,
scale 5 nm. b) XPS N 1s and B 1s core level spectra, measured at normal (0°, bright green/blue data) and at grazing (70°, dark green/blue data). Fits to
the data are represented by solid black lines. Minima and maxima of the grazing emission spectra have been normalized to those of the normal emission
spectra for better comparison. c) LEED pattern measured at 65 eV. Diffraction features highlighted by green hexagons are attributed to hBN, by red and
purple circles to Ir,B alloy and Ir(100) surface respectively. d) Schematic of the layered structure.

1D corrugations are oriented in different directions, as identified
by STM (Figure S3a, Supporting Information). Concomitantly,
the periodicities of the template vary from about 3.6 to 4.8 nm,
consistent with the expectations from simple structural models
(Figure S2, Supporting Information).

XPS measurements were performed to gain further insight
into the chemical composition and morphology of the interface,
including the hBN layer and the boride alloy. The N 1s core-level
spectrum presented in Figure 1b shows a slightly asymmetric
peak, that can be modeled by fitting two components (at 397.4
and 398.8 eV) attributed to nitrogen contained in hBN regions of
distinct interfacial interaction with the substrate, as commonly
reported for hBN and other metal-supported 2D materials.[5233]
This assignment is consistent with the presence of the dis-
tinct ridge and valley regions observed by constant current STM
measurements at different voltages. Accordingly, the main fea-
ture in B 1s spectra can be fitted by two components owing to
the same intensity ratio (at 189.8 and 190.7 eV) that leads to
a B:N stoichiometry of 1: 1 (within the experimental precision
of +£2%), as expected for hBN. However, the shape of the B 1s
peak clearly reveals an extra component at 188.4 eV, which is at-
tributed to the boride alloy, as it is centered at the characteris-
tic binding energy of similar low-concentration transition metal
borides.[*5* Comparison between normal emission and graz-
ing emission (0° and 70°, respectively) reveals an attenuation of
the boride component,[*! which confirms that it is located be-
low the hBN layer, as expected for an alloy forming at the sur-
face of the metal substrate. A complete schematic of the layered
interface structure is displayed in Figure 1d. Extended informa-
tion about the emergence and stability of the boride alloy is ad-
dressed in the Supporting Information, (Figure S1), Supporting
Information.

2.2. Electronic Characterization of the 1D-Patterned Template
The electronic structure of the 1D-patterned hBN template was

assessed by bias-dependent STM imaging and scanning tunnel-
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ing spectroscopy (STS) measurements, as shown in Figure 2. A
sequence of STM images recorded on the same area (Figure 2a)
reveals a strong bias-dependence on the apparent corrugation
and contrast of the stripe-like superstructure. This is further evi-
denced by the line profiles taken across one such stripe presented
in Figure 2b (see Figure S4, Supporting Information, for the cor-
responding STM images). At low bias voltages, the superstruc-
ture is not discernible but only emerges at voltages above ~2.0 V
(as revealed in Figure S4, Supporting Information), clearly indi-
cating that the stripy 1D-pattern is of electronic rather than geo-
metric nature. Insights into the local unoccupied electronic struc-
ture and local work function are revealed by field emission res-
onance (FER) measurements. These are conducted by differen-
tial conductance spectroscopy (dI/dV) reaching voltages beyond
the work function, which enables access to the field emission
regime (see Section 4 for more details).l®! Figure 2f compares
characteristic FER spectra on the valley (blue) and pore regions
(green). The former shows a sequence of resonances, the first one
centered at 5.0 V, which is attributed to the first image poten-
tial state (IPS) and provides an approximation of the local work
function.>®) A more precise value for the local work function is
determined by fitting the energy positions of each resonance to
the Gundlach relation,*>*”! which yields ¢, ., = 4.13 + 0.24 eV
(Supporting Information, Figure S5, Supporting Information). A
similar value is extracted from the ridge/pore regions (¢, =
4.03 + 0.21 eV). Compared to the work function of bare Ir(100)
(#1:(100) = 5-26 £ 0.13 eV), derived from FER spectra measured on
bare Ir(100) as a reference (Figure S1, Supporting Information),
the work function on hBN covered areas is thus reduced by 1.1-
1.2 eV. This value is comparable to the work function reduction
upon hBN formation on Ir(111)12*) and some coinage metals.[58>]
Despite the similar FER structures for valley and ridge regions,
the latter exhibit an additional resonance at ~4.1 V. This spectral
feature is not attributed to an IPS, as it appears at too low energy
and shows a low intensity, and thus is likely to be an interface
state (IFS).[%*61 As shown in the dI/dV map of Figure 1d, this
state is confined within the pores, suggesting a strong increase
of the local interfacial interaction, in line with that reported for
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Figure 2. a) High-resolution STM topographic images measured on the same region of hBN/Ir,B/Ir(100) at different bias voltages (I, = 2 nA, scale bar
5 nm). b) Line profile drawn along the STM image at V},, = 0.5 and 4.0 V (its exact position is shown in Figure S4, Supporting Information). c—e) dI/dV
maps of a ridge at V}, = 3.0, 4.0, and 4.8 V (I, = 0.8 nA, 3 nm width). f) FER measured on the pore and the valley regions of the hBN layer (see star
symbols in (a)); lock-in modulation voltage: 100 mV (peak-to-peak).

spatially modulated IFS between hBN (or other 2D materials)and ~ tem might be effectively used as a template for molecules pro-
specific metal supports.[586263] moting orientational order and longitudinal self-assembly. To ex-
plore this potential functionality, we deposited a sub-monolayer
of pentacene (i.e., all molecules being in direct contact with hBN,
2.3. 1D-Templated Self-Assembly of Pentacene Molecules while still some hBN areas remain exposed, Figure 3c) on the
hBN template at room temperature (see Section 4). Figure 3a,b
The periodic modulation of the electronic structure across the  shows that pentacene molecules self-assemble, forming linear
ridge and valley regions introduced above suggests that this sys-  arrays along the longitudinal axis of the 1D-patterned template.

L . | -
Figure 3. STM images of pentacene on hBN showing two perpendicular rotational domains. a) I, = 38 pA, Vp, = 2.8 V, and b) I, = 27 pA, V, = 2.7V
(scale bars: 10 nm), and a domain boundary in the inset (I, = 350 pA, V}, = 1.6 V, scale bar: 4 nm). The red cross highlights the orientation of the boride
lattice. Around 10% of the molecules in (b) appear misaligned along the fast scanning direction due to interaction with the tip. The dashed ellipses in
(b) highlight molecules bridging two adjacent rows. c) Schematic of the chemical structure of pentacene, C,,H1,. d) Auto-correlated image and function
taken from (b). Pink and green line profiles are measured along the straight lines depicted in (b) and (d), respectively. High-resolution STM topographic
images of the same cluster of pentacene molecules measured at e) I, = 39 pA, Vp, = —=2.2 V and f) I, = 50 pA, V},, = 2.2 V (scale bars: 6 A). Note that
molecules slightly moved during scanning.
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Additionally, in these images, the orientation of the individual
pentacene molecules appears locked along the direction of the
linear arrays, that is, it follows the stripy corrugation of the
template. The substrate clearly guides these assemblies, as they
are found in distinct orientations. For example, the inset of
Figure 3 reveals two perpendicular orientations, aligned along
two equivalent hBN domains discussed above. At the pentacene
coverage shown in Figure 3a,b, the linear arrays have a typi-
cal width of one or two molecules. To gain insight into the lat-
eral separation between these linear arrays and to check if they
occur with a distinct periodicity, a 2D autocorrelation function
(ACF) is applied to the STM image in Figure 3b. The resulting
ACF plot (Figure 3d) and the corresponding line profile clearly
reveal a regular stripe-like pattern with a periodicity of about
3.8 nm. Additionally, the shallow decay of ACF intensity with dis-
tance confirms the long-range order of the pentacene assembly
within the large hBN domain (Figure 3d).%* The periodicity of
3.8 nm falls well into the allowed range of periodicities of the
1D superstructures (valley and ridges) emerging upon slight az-
imuthal rotations of hBN (2.2-4.8 nm, see Figure S2, Support-
ing Information). Indeed, an extended ACF analysis of differ-
ent hBN rotational domains reveals periodicities ranging from
2.2 to 4.2 nm and a high orientational order of pentacenes (see
Figure S6, Supporting Information). These findings confirm that
the 1D-patterned hBN/Ir(100) system indeed works as a template
promoting unique pentacene orientations in linear molecular
arrays.

The molecules were easily moved by the tip during scanning,
which made the simultaneous imaging of molecules and hBN
substrate with atomic resolution extremely challenging, thus im-
peding the precise determination of the adsorption registry of
pentacene on hBN. Nonetheless, images representing a low pen-
tacene coverage strongly suggest a preferred occupation of the
ridge regions, with a distinct interaction with the pore sites (see
Figure S3c,d, Supporting Information). At higher coverage and in
areas where the local molecular density is sufficiently high, pen-
tacene also forms “bridges,” partially filling the previously bare
(valley) areas (see ellipses in Figure 3b). In this configuration,
the minimal lateral distance between molecules (measured from
the centers of the backbones) is 6.0 + 0.1 A, which suggests weak
van der Waals intermolecular interaction, thus preventing the for-
mation of pentacene-related dispersive bands. No difference in
the apparent height of molecules occupying ridges and valleys is
observed under the applied bias conditions, in agreement with
assigning an electronic origin to the 1D-pattern.

Even though the formation of linear arrays of pentacene
molecules is undoubtedly attributed to the electronically corru-
gated 1D hBN template, we venture to rationalize the underly-
ing self-assembly mechanism in a tentative, schematic three-step
model. In the initial stage of the growth (i.e., at very low molec-
ular coverage), the adsorption of molecules is selectively dictated
by the pores (see Figure S3c,d, Supporting Information), which
are the regions with a distinct electronic structure, characterized
by increased hBN/substrate interfacial interactions, as proved by
the presence of the IFS (Figure 2f).[°%) This pinning effect is thus
not governed by in-plane electric fields created by the subtle varia-
tions of the local work function (Figure 2f).[202065] Once the avail-
able pores are saturated by pentacene, these can serve as nucle-
ation sites for additional molecules, aggregating via weak inter-
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molecular van der Waals interactions.l'”] The resulting assem-
blies are preferably constrained to the ridge regions due to the lo-
cal occurrence of the pores, thus yielding linear pentacene arrays.
In the later stage of growth (i.e., at molecular coverages roughly
exceeding half of a monolayer), when the ridge areas are satu-
rated, molecules also occupy valleys, hence connecting some of
the linear arrays to form densely packed pentacene islands. The
unique orientation of pentacene is presumably induced in the
first step of pinning the molecules at the pores, whose orienta-
tion is locked regardless of the orientation of the 1D pattern (see
Figure S3a, Supporting Information). As shown in Figure S3b,
Supporting Information, the orientation of molecules adsorbed
on slightly rotated hBN domains is locked, regardless of the ori-
entation of the 1D pattern, thus indicating that the pores on the
ridges play a dominant role. Indeed, the STM experiments reveal
that the resulting pentacene orientations deviate by 45° from the
boride lattice directions (see inset in Figure 3a,b) and thus follow
the Ir <011> directions (compare Figure S2b, Supporting Infor-
mation).

For completeness, we briefly discuss how the templated ad-
sorption of pentacene presented here compares to pentacene ad-
sorption on non-patterned bulk (or multilayer) hBN substrates.
Within the sub-monolayer, pentacene typically adsorbs in a rather
planar geometry,[®! forming diverse rotational (and even mirror)
domains of aligned molecules that follow the threefold symmetry
of the support.l®”] However, such geometry is only promoted on
hBN substrates with atomically smooth surfaces and low density
of defects—perquisites that are inherently fulfilled in the mono-
layer case presented in this study. Low-quality hBN substrates can
also induce a transition to an upright phase or formation of di-
verse film morphologies at the multilayer regime, instead of pre-
serving the horizontally aligned pentacene phases.|®”] This sug-
gests that the highly oriented pentacene arrays formed on the 1D
hBN template under study may also uphold the directional order
in the multilayer scenario.[%¢68]

2.4. Electronic Properties of Pentacene on the 1D-Patterned
Template

To evaluate the interfacial interactions between pentacene and
the 1D-patterned hBN template, the electronic structure at
the single-molecule level was assessed. STM images with en-
hanced spatial resolution were recorded using a pentacene-
functionalized tip, which allowed the visualization of the fron-
tier orbitals. Such functionalization is achieved by picking up a
pentacene molecule with the metallic STM tip, as reported in
ref. [15]. The characteristic signatures of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) of pentacene were observed at negative and positive
bias voltage, respectively (STM images in Figure 3e,f),[%] thus in-
dicating that no charge transfer between pentacene and the un-
derlying template occurred.

Complementing the local STM measurements, we employed
space-averaging photoemission experiments. Momentum-
integrated valence band spectra of a pentacene monolayer on
the hBN template, presented in Figure 4a, show two pronounced
contributions at binding energies of about 1.3 eV and 2.7 eV.
These spectral features are attributed to pentacene, as they are
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Figure 4. a) Angle-integrated valence band spectra (vertically offset) taken with p-polarized light at a photon energy of 30 eV for bare Ir(100), the
hBN template (i.e., hBN/Ir,B/Ir(100)) and pentacene deposited on the hBN template. 2D momentum maps at binding energy 1.3 eV b) measured on
pentacene on the hBN template and c) obtained by combining linearly the intensity of the momentum map measured for the clean hBN template and
the simulation of gas phase pentacene performed by kMap.pyl’?] (see Figure S7, Supporting Information).

absent in reference measurements on the bare hBN template and
on Ir(100) (see Figure 4a). To assign the peaks to the molecular
orbitals they originate from, we applied the PT. Importantly, the
orientational alignment of the pentacene molecules induced by
the 1D-patterned template opens the opportunity to employ the
PT method, thus achieving insights into the occupied electronic
structure of pentacene and its interfacial interactions averaging
over large surface areas.®! Within the PT approach, the square
modulus of the Fourier transform of the real space molecular
orbitals can be directly related to the measured momentum
distribution of the photoemitted electrons (momentum map) at
selected binding energies.l®! Figure 4b shows the momentum
map acquired at 1.3 eV binding energy, corresponding to that
of the highest occupied molecular orbital (compare Figure 4a).
For comparison, Figure 4c presents a simulated momentum
map, which represents a linear combination based on the
gas-phase pentacene HOMO (computed by density functional
theory (DFT)) and the experimental map of the bare support
(i.e., hBN/Ir,B/Ir(100)). The individual momentum maps used
for this linear combination are displayed separately in Figure
S7, Supporting Information. Here, two distinct pentacene orien-
tations, following the high-symmetry directions of the fourfold
symmetric Ir(100) substrate, and thus perpendicular to each
other, were used. The excellent match between the experimental
data (Figure 4b) and the simulated map (Figure 4c) lets us con-
clude that the highest occupied molecular orbital at a binding
energy of 1.3 eV indeed represents the HOMO of gas-phase
pentacene, corroborating the interpretation of the STM data
(Figure 3e). From a map calculated assuming fully p-polarized
light (see Methods), we determine that the molecules are aligned
along the [011] and [01-1] directions of Ir(100), in agreement
with the molecular orientations observed by STM.

No contribution from the LUMO is observed in the va-
lence band measurement in Figure 4a, in agreement with
the real-space identification provided by STM at negative volt-
ages (Figure 3e), confirming the absence of charge transfer
between pentacene and the hBN-terminated support. Indeed,
charge transfer from underlying metal supports is commonly
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suppressed for pentacene adsorbed on ultrathin spacer layers,
such as KCl or NaCl[">?! graphene,’'72] and hBN.[2673] In
contrast, pentacene molecules adsorbed on most metallic sub-
strates undergo charge transfer processes.|®!37475] Even when ap-
plying spacer layers, charge transfer can be promoted by pro-
nounced work function changes induced by the dielectric ma-
terial, affecting the energy level alignment, as demonstrated for
pentacene/MgO/Ag(001).[°] Clearly, such a scenario does not ap-
ply in the present system, where no charge transfer is detected.
In addition, the energy difference between HOMO and HOMO-
1 determined by photoemission (x~1.4 eV, see Figure 4a) is in
good agreement with the calculated gas phase value (1.48 eV),l’®]
further supporting the efficient electronic decoupling by the pre-
sented 1D hBN template.

After clarifying the effect of the hBN-terminated substrate
on the pentacene adsorption, we briefly address changes in the
hBN induced by the molecular overlayer. To this end, Figure 5
compares ARPES data of the bare hBN/Ir,B/Ir(100) support to
the pentacene-covered template. For the bare template, intensity
maps acquired along the surface Brillouin zone contour of hBN
(black path in Figure 5a) prominently feature the parabolic dis-
persive = band of hBN, with its top at a binding energy of 2.1 eV
at the K and K’ points.l””! After the deposition of pentacene, the
momentum map (Figure 5c) reveals two distinct modifications.
First, non-dispersive features emerge at binding energies of 1.3
and 2.7 eV, reflecting the pentacene HOMO (highlighted by two
asterisks) and HOMO-1 earlier identified in Figure 4a. Second, a
rigid shift of the hBN 7z bands by 250 meV toward higher bind-
ing energy occurred, which cannot be rationalized in terms of or-
bital hybridization, 7% hence it is tentatively attributed to work
function modification induced by the adsorbed pentacene.l”>81]

3. Conclusions

In summary, we introduced a 1D-patterned template that ef-
fectively guides the self-assembly and orientational alignment
of a prototypical z-conjugated molecule, namely pentacene,
concurrently leaving the molecular electronic structure mostly

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. a) 2D momentum map acquired at binding energy 1.3 eV for the hBN template (i.e., hBN/Ir,B/Ir(100)). Black solid lines in (a) indicate the
parallel momentum k , cuts presented in (b) for the hBN template and (c) for pentacene deposited on the hBN template. Asterisks highlight the position
of the pentacene HOMO and dashed/solid horizontal lines the maxima of the hBN z bands. The spectra were acquired using 30 eV p-polarized photons.

unaltered. The template consists of an hBN monolayer grown
by CVD on Ir(100), with characteristic, stripe-like superstruc-
tures with typical periodicities of ~4 nm observed by STM, be-
ing a consequence of the symmetry reduction upon stacking
the threefold symmetric hBN lattice on the fourfold symmetric
Ir(100) surface. Concomitantly, an interfacial ¢(2 x 2) boron re-
construction on Ir(100) is formed below the hBN, as shown by
STM, XPS, and LEED. This finding stresses the relevance of in-
depth, multi-method studies to identify unexpected phases po-
tentially arising in the CVD growth processes of 2D materials.
Spectroscopic STM measurements indicate that the apparent cor-
rugation in the 1D-patterned template is mainly of electronic
origin. Deposition of pentacene molecules leads to site-selective
adsorption and formation of linear arrays of equally oriented
molecules that follow the 1D-patterned template. The preferen-
tial alighment of the molecules enables their characterization by
orientation-sensitive, surface-averaging techniques. Specifically,
photoemission tomography reveals that pentacene preserves its
native charge state upon adsorption. The absence of interfacial
charge transfer is corroborated by orbital-resolved STM imag-
ing of individual pentacenes. Overall, we introduced a functional
nanopatterned template with the potential to order and align indi-
vidual molecules over large areas, guide supramolecular assem-
blies, and promote the growth and directed synthesis of 1D archi-
tectures, such as oligomers or metal-organic wires. In addition,
this hBN-terminated support is expected to preserve the intrin-
sic electronic, magnetic, and catalytic properties of adsorbates by
suppressing interfacial hybridization, charge transfer, and con-
formational adaptation. Achieving orientational order on meso-
scopic length scales further opens pathways to retrieve informa-
tion only accessible by the application of space-averaging surface
science techniques.

4. Experimental Section

Sample Preparation: The Ir(100) single crystal was cleaned by several
cycles of sputtering (Ar" ions at an energy of 0.8 keV) and resistive anneal-
ing at 1000 °C. hBN was grown through CVD of 1.8 L (2 x 10~% mbar,
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2 min) borazine on Ir(100) while the sample was kept at a temperature of
1000 °C. Borazine from a commercial supplier was used (Katchem spol.
s.r.o., Prague, Czech Republic, www.katchem.cz/en). The hBN growth in
the XPS and STM setups was conducted following the same procedure, in-
cluding the use of the same heating and temperature reading devices, pre-
cursor dosing system, and chamber geometry. In the UPS/ARPES setup,
the growth duration was adapted to yield the same coverage as in the XPS
system, using the N1s and B 1s XPS signals as reference. With the hBN
growth being self-limited at monolayer coverage, it was ensured that a
full hBN monolayer was achieved in the different experimental stations
used. Pentacene molecules were purchased from Sigma-Aldrich (99%).
The molecules were degassed and evaporated from a Knudsen cell (kept at
200 °C) onto hBN/Ir,B/Ir(110) kept at room temperature. The pentacene
monolayer is defined as the coverage where the amount of molecules is
sufficient to fully cover the underlying hBN layer without formation of pen-
tacene multilayer domains. Accordingly, the sub-monolayer regime corre-
sponded to a situation in which all molecules were in direct contact with
hBN while some hBN areas remained exposed. In the STM setup, the
pentacene coverage was determined by STM imaging and the deposition
times were chosen to achieve sub-monolayer coverages. To ensure that
the experiments in the UPS/ARPES setup were performed at comparable
coverages, specifically in the sub-monolayer regime, a calibration proce-
dure was followed. The deposition time was calibrated by growth of a full
pentacene monolayer on Ag(100) as a reference. A reduced deposition
time was then applied on hBN that, jointly with a lower sticking coefficient
on hBN, should guarantee a pentacene sub-monolayer coverage on hBN
probed by UPS/ARPES. After preparation, the sample was cooled down
before measurement by the characterization techniques presented below.

STM and STS Measurements: STM and STS measurements were per-
formed using a commercial CreaTec LT-STM operating at 6 K and Py,
< 2 x 10719 mbar. STM images were taken at constant current mode
and processed using the WSxM and Gwyddion!®2] software. FER mea-
surements were taken with the feedback loop closed (i.e., constant cur-
rent mode), in order to ensure tip and sample stability, and using the
lock-in technique with a modulation voltage of 100 mV at 961 Hz with
tunneling currents stated in figure captions. In a separate chamber, core-
level XPS measurements were performed using a commercial SPECS XPS
setup, consisting of a SPECS PHOIBOS 100 hemispherical electron an-
alyzer and an Al K, anode as X-ray source (E, = 1253.6 eV), calibrated
using the energy position of the Ag 3d;/, peak measured on a clean
Ag(117) single-crystal as a reference. XPS measurements were performed
at room temperature and Py, = 1 x 1072 mbar. XPS data analysis
was carried out utilizing the XPST macro for IGOR (M. Schmid, Philipps
University Marburg), using Voigt-like functions (Gauss-Lorentzian ratio
of 0.1).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Valence Band and Tomographic Photoemission Measurements: Valence
band and tomographic photoemission measurements with a total resolu-
tion (analyzer + beamline) of 100 meV were carried out at the NanoESCA
beamline of Elettra synchrotron. The electrostatic k-PEEM setup is sum-
marized in ref. [83]. The measured momentum maps were acquired with
a polarization slightly deviating from perfect vertical polarization, thus in-
ducing a slight left-right intensity asymmetry. Beam-induced damage and
molecular desorption were avoided by continuous rastering of the sample
area. All measurements were performed with the sample kept at 90 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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