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ABSTRACT

Imaging techniques that enable the structure of organic semiconductors to be determined across length scales are essential for optimisation of their luminescence
properties. In this study, we prepare well-ordered monolayer films of perylene-3,4,9,10-tetracarboxylic-3,4,9,10-diimide (PTCDI) both on the surface of hexagonal
boron nitride (hBN) and confined within few-layer thick hBN vertical heterostructures, and apply polarisation-resolved and tip-enhanced optical spectroscopies to
image the effects of molecular orientation and dielectric environment on the photoluminescence (PL) exhibited by this prototype organic semiconductor translated at
the micro and nano length scales, respectively. Using this combined approach, we show that PTCDI self-assembles into two discrete types of few-micron-sized grains
at sub-monolayer coverage, each exhibiting characteristic shifts in PL emission energy related to their registry on hBN surfaces. Through examination of the near-field
PL spectra extracted from images of individual grains, we further reveal the existence of nanoscale inhomogeneities within the molecular layer which influence both
the energy of PL emission and ratio of vibronic sidebands and provide compelling evidence that variations in the degree of resonant coupling are present on length
scales comparable to the resolution of the near-field measurement. Together these imaging tools enable a more comprehensive understanding of the molecular-level
photophysics of organic semiconductor aggregates to be established, accessed under ambient conditions and not requiring low temperatures or ultra-high vacuum
typical of complementary analytical approaches. Such information will be critical for example for the optimisation of individual single photon emitters in quantum
communication devices and understanding how defects impact the efficiency and spectral sharpness of LEDs.

1. Introduction emission [7-9] and photon upconversion [10-12].

It is understood that the fundamental processes impacting the pho-

Organic semiconductors, small organic molecules and polymers with
sp? hybridisation, are interesting platforms to harvest, emit and detect
light because they are relatively straightforward and inexpensive to
process [1] and their properties can be readily tuned through molecular
design [2]. They typically host excitons that are bound to individual
molecules or monomers within a polymer chain - so-called Frenkel ex-
citons — which possess large exciton binding energies [3,4] and offsets
between singlet and triplet states [5]. Consequently, organic semi-
conductors are among the state-of-the-art for display and lighting
technologies [6] while they also represent materials of interest for
quantum and light harvesting applications utilising single-photon

tophysics of organic semiconductors arise from contributions from
intermolecular excitonic coupling, as described by Kasha [13] and
Davydov [14], charge transfer [15,16] and vibrational coupling [8,9,
171, which are in turn dramatically influenced by their organisation in
supramolecular architectures [18-20]. For example, arrangements in
which molecules pack side-by-side (/head-to-tail) give rise to H (/J)
aggregates with photoluminescence intensity that is suppressed
(/enhanced) and blue (/red) shifted due to positive (/negative) Coulomb
coupling between neighbouring molecules. Moreover, the self-assembly
of monolayers of organic molecules and polymers on the surface of in-
sulators represents a promising route to address molecular aggregates
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with suppressed vibrational coupling and charge transfer, exemplified
by experiments showing superradiance from organic molecules adsor-
bed on alkali halide surfaces [21-24]. More recently, ultra-high vacuum
scanning tunnelling microscopy electroluminescence experiments have
probed the photophysics of organic molecules on ultra-thin alkali halide
films at the single-molecule level [25-27] and have enabled the study of
processes such as chemical bond formation and breaking [28,29] and
single photon emission [30-32]. Hexagonal boron nitride (hBN) is a
particularly promising platform to study molecular self-assembly and
the photophysics of individual molecules and aggregates [30,31] due to
its atomically flat surface, absence of out-of-plane dangling bonds and
insulating nature enabling photoluminescence from surface-bound
molecules. Two-dimensional molecular self-assemblies on hBN have
been demonstrated to host strong light-matter interactions [33-35]
arising from the packing of molecules in addition to chromatic shifts
arising from interactions with the substrate [23,36].

Developing analytical tools that enable description and thus feed-
back for control of the structure and photophysics of supramolecular
organic semiconductors is therefore key. Most current approaches to-
wards this end are optical techniques used to extract information such as
the orientation of transition dipole moments [18,37,38,66], and address
organic molecules on length scales comparable to their intermolecular
distances and exciton coherence [31,39]. To unlock the full potential of
this class of materials, a multiple length scale analytical approach is
required. In this work, we choose monolayers of self-assembled per-
ylene-3,4,9,10-tetracarboxylic-3,4,9,10-diimide molecules (1L-PTCDI),
deposited both on the surface of hBN and within few-layer hBN vertical
heterostructures, as a model system to test our ability to extract struc-
tural information using a combination of polarised-resolved photo-
luminescence (PL) spectroscopy and near-field optical spectroscopies.
Such configurations are attractive as the molecular arrangements of
1L-PTCDI are confined to two dimensions, whilst the formation of ver-
tical heterostructures provide both mechanical and environmental sta-
bilisation for the confined molecular layers. Using polarisation-resolved
PL spectroscopy imaging, we examine the distribution of transition di-
poles within 1L-PTCDI on hBN extracting the relative orientation of the
two molecules within the unit cell and determining the orientation of the
molecular aggregates with respect to other aggregates. By combining
this information with PL peak energies and the relative intensity of
vibronic satellite peaks, we can discriminate between resonant and
non-resonant chromatic shifts. We then go on to show that hetero-
structures of 1L-PTCDI encapsulated in thin hBN layers enable
tip-enhanced Raman spectroscopy (TERS) and tip-enhanced photo-
luminescence (TEPL) to be performed using contact mode atomic force
microscopy (AFM) feedback without damaging the molecular layer. This
demonstrates that experiments analogous to those conducted under
ultra-high vacuum conditions with scanning tunnelling microscopy
(STM) feedback can be performed under ambient conditions using a
more versatile AFM-based platform (TEPL, TERS and electrolumines-
cence). This approach is immediately applicable to fundamental studies
of the optical properties of organic semiconductors and brings us closer
to mapping chemical composition and figures-of-merit, such as effi-
ciency and emission linewidth, of device-ready thin films at the single
molecule and dimer level.

2. Methods
2.1. PTCDI/hBN preparation

PTCDI/hBN were prepared by micromechanical cleavage of hBN
crystallites and transfer to Si + 90 nm SiO, substrates using the scotch
tape method. hBN loaded 90 nm SiO; was then placed in a vacuum
chamber (base pressure 1 x 10~® mbar) and annealed to 450 °C for 60
min before cooling to 150 °C and deposition of between 0.5 and 1.5 ML
of PTCDI at a rate of ~0.37 ML/min, monitored by a quartz crystal
microbalance.
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2.2. hBN/PTCDI/hBN preparation

hBN/PTCDI/hBN vertical heterostructures were prepared using the
dry transfer technique presented by Purdie et al. [40] Stamps used to
transfer heterostructures were prepared by dropping several millilitres
of polycarbonate (PC) in chloroform (5 % by weight) onto a clean glass
slide, sandwiching between a second glass slide and sliding apart. The
PC films on glass were left to dry for ~1 min before ~10 mm squares
were cut using a blade. The 10 mm polycarbonate films were stripped
from the glass using scotch tape with a square hole cut out and the
freestanding PC membrane supported by scotch tape was then stretched
over al x 1 x 1 mm polydimethylsiloxane (PDMS) block on a glass
slide. The completed stamps were then mounted on a micromanipulator
stage and brought into contact with a hBN flake on Si + 90 nm SiO5
(prepared by micromechanical cleavage) at 40 °C. The stamp was then
retracted to pick up the flake and the process monitored using an optical
microscope. The hBN flake on the PC stamp was then aligned to the hBN
flake on Si + 90 nm SiO2 with a 0.5 ML coverage of PTCDI, which was
picked up in the same way as the first flake. The hBN/PTCDI/hBN flake
was then transferred onto commercially available epitaxial 300 nm Au
(111) on mica (Georg-Albert-PVD) by bringing the heterostructure on
PC into contact with gold at 150 °C and increasing the temperature to
180 °C before retracting the stamp. Upon retracting the stamp, the
hBN/PTCDI/hBN heterostructure was left on gold with the delaminated
PC film, that was removed by immersion in chloroform for 30 min.

2.3. Plasmonic probe fabrication

Plasmonic probes for TERS and TEPL were prepared by a three-step
process described by Kumar et al. [41] A 300 nm SiO; layer was grown
by thermal oxidation on commercially available end-of-tip-visibility
probes (AppNano Access-FM) using a tube furnace (Carbolite-Gero) set
at 1029 °C for 30 min with a 2.66 1/min flow of dry N passed through a
H,O-filled boiling vessel set at 90 °C. The oxidised probes were then
placed in an ozone cleaner (Osilla) for 60 min to remove any residual
contamination before 100 nm of Ag was deposited by sputtering at a rate
of 1.5 A/s and pressure of ~0.1 mbar in high purity Ar.

2.4. Materials characterisation

Far-field PL. measurements were performed using an optical spec-
trometer (HORIBA LabRAM Evolution) equipped with a frequency
doubled 532 nm Nd:YAG excitation laser (Oxxius) and a 100x objective
with a numerical aperture of 0.9 and 150 1/mm grating. The spatial
resolution of the system was measured to be approximately 400 nm.
Polarisation-resolved measurements were performed by varying the
polarisation of the incident beam using a motorised A/2 plate.

Near-field TERS and TEPL measurements were performed using a
HORIBA SmartSPM system in a side access (reflection mode) geometry
with the same optical spectrometer and 532 nm laser used for far-field
measurements. TERS and TEPL measurements were performed in
‘SpecTop’ mode, in which the probe was operated in contact mode for
near-field measurements and in tapping mode for a far-field only
reference and when moving between pixels. Measurements were per-
formed using homemade plasmonic probes with a maximum observed
PL contrast factor (Cp, = [Snp.rr/Srrl-1) of 0.56.

3. Results and discussion

PTCDI films on hBN were prepared as described in the Methods
section. As previously described in the literature [4,12,36,42], PTCDI
organises into a canted packing arrangement in which molecules lie
‘head-to-tail’ in rows, with adjacent rows counterrotated by a canting
angle, ¢, as shown in Fig. 1. To determine the differences in the optical
signatures of monolayer (1L-) and bilayer (2L-) PTCDI, a 1.5 ML film was
grown on hBN and characterised using tapping mode AFM (Fig. 2a),
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Fig. 1. The molecular structure of PTCDI is shown (a) in addition to its canted packing arrangement (b), in which molecules (simplified as pink rectangles) align in
rows where molecules are counterrotated by a canting angle (p) with respect to the intra-row lattice vector. By depositing molecules onto hBN - the molecular
structure of which is shown (simplified as a blue rectangle) (c) — or confining within vertical hBN heterostructures, grains of PTCDI are obtained that may possess
differing orientations (¢) with respect to the underlying or overlying hBN flakes (d), with two representative orientations (¢; and ¢2) shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

revealing a full coverage of 1L-PTCDI and partial coverage (~29 %) of
2L-PTCDI grains within the 30 x 30 pm scan area. Co-localised PL im-
aging was then performed which evidenced a decrease in the PL in-
tensity (Fig. 2c) and dramatic red-shift in the emission energy (Fig. 2b
and d) over the bilayer regions of the sample relative to the monolayer.
The abrupt change in the PL profile between 1L- and 2L-PTCDI arises
due to intermolecular charge transfer and vibrational coupling, which
are present in multilayer films, but absent in the monolayer where the
PTCDI molecules and substrate are co-facial [15,21,33]. Interestingly, in
addition to differences between 1L- and 2L-PTCDI, careful inspection of
the energy of the peak maximum across both bilayer (Fig. 2d) and
monolayer PTCDI (Fig. 2e) revealed two distinct domains in each case,
resolvable by their PL emission energies. These are later referred to as
type 1 and 2 and possess PL energies of 2.216 + 0.001 and 2.205 +
0.001 eV for 1L-PTCDI, respectively. As illustrated in Fig. 2b, the two
types of monolayer grain possess very similar linewidths (18.4 + 0.3 and
16.6 + 0.4 meV, type 1 and 2, respectively) and 0-1,/0-0 peak area ratios
(0.147 + 0.018 and 0.128 + 0.013, type 1 and 2, respectively). This
implies that the observed energy shift does not arise from resonant in-
teractions, which would dramatically alter the PL linewidth and line-
shape due to dipole coupling effects [17], rather suggesting a
non-resonant origin of the effect related to either molecule-molecule
or molecule-substrate interactions. We note that the boundaries of the
type 1 and 2 grains and locations of 2L-islands were frequently, but not
always, coincident with topographical features, such as step edges and
wrinkles of the underlying hBN, as illustrated in Fig. S1 of the Supple-
mentary Information. We interpret such features to likely represent
nucleation or termination sites controlling the growth of the 1L- and
2L-islands. Interestingly, the presence of two distinct grain types was not
observed for sublimed PTCDI films discussed in our earlier works [42],
where the lower spatial resolution in far-field PL. measurements and
higher areal densities of PTCDI grains on hBN meant multiple grains
were addressed simultaneously, which is reflected in our earlier re-
ported 0-0 peak full width at half maximum of 47 meV, significantly
higher than the value reported in the present study.

To ascertain the distribution of molecular orientations both within
and between grains in the hope of elucidating the origin of the shift in 0-
0 PL energy between type 1 and 2 grains of monolayer PTCDI,
polarisation-resolved imaging was applied for a sample with only 1L-
grains. The dependence of PL response from isolated molecules on
laser polarisation is known to follow Malus’ law, with maximum emis-
sive intensity observed when the transition dipole moment of the
molecule is parallel to the electric field of the excitation source.
Therefore, aggregates of organic semiconductors are expected to exhibit
a polarisation-resolved PL response that reflects their distribution of
transition dipole moment orientations. To perform these measurements,
a sample of 0.5 ML coverage of PTCDI containing both grain types and
no bilayer regions, was prepared. Subsequent polarisation-resolved PL
imaging — whereby a series of hyperspectral images were acquired with
incremental increases in incident laser polarisation — revealed the two
expected grain types (Fig. 3a). Reassuringly, PL energies of 2.214 +
0.001 and 2.205 + 0.002 eV for type 1 and 2, respectively, were
observed, commensurate with the analogous grain types noted in
monolayer domains of the 1.5 ML sample. As expected, a sinusoidal
dependence of the 0-0 PL intensity with a period of 180° was observed
for both type 1 and 2 grains (representative data from typical type 1 and
2 grains are shown in Fig. 3b) while the PL line shape was found to be
independent of the polarisation (Fig. S2).

To gain further insight, for each pixel of the hyperspectral data set,
the polarisation dependence of the 0-0 peak intensity (I(0)) for the type 1
and 2 grains was measured using a A/2 plate on a rotational mount. To
account for the polarisation response of the instrument grating and
spectral filters, a correction factor at each polarisation was applied based
upon the intensity of the totally symmetric (polarised) A; vibrational
mode of carbon tetrachloride. The 1L-PTCDI 0-0 peak intensity at each
polarisation was extracted and fitted to a function of the form of Malus’
law, I(0) = A Cosz[(e - @)1 + D, where 0 is the incident laser polarisation,
A the difference between minimum and maximum signal and D the
signal at minimum intensity. ¢ corresponds to the angle of strongest PL
emission, extracted from fitting, and is used to describe the relative
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Fig. 2. A 1.5 ML dose of PTCDI deposited at 150 °C on hBN forms a continuous, uniform monolayer with a fractional coverage of second layer grains, as revealed by
tapping mode AFM topography imaging (a). Close examination of location-specific PL spectra (b) from the monolayer and bilayer regions (colour coded with respect
to their locations as shown in (a)) and the scaled peak position maps, reveal two grain types in both 1L- and 2L-PTCDI with distinct emission energies. Hyperspectral
PL imaging (Egx = 2.33 eV) was performed and the extracted 0-0 peak area (c) plotted from the same area as the AFM image in (a), which is represented as a dashed
white box in (c), showing a decrease in intensity in the bilayer relative to the monolayer. Differences between the lineshape of type 1 and 2 2L-PTCDI seen in panel
(b) were characterised by extracting the position of the pixel of maximum PL intensity between 1.8 and 2.2 eV (d). A spatial map of the 0-0 peak position of 1L-PTCDI
was extracted from Lorentzian fitting the same hyperspectral map (e), showing two distinct island types in both the spatial map and a histogram of the fitted 0-0 peak
energy from the monolayer (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

orientation of PTCDI islands, as shown in Fig. 1d. Assuming a two-
molecule unit cell and an absence of emissive defects within the
PTCDI crystal, the polarisation dependence of the PTCDI 0-0 PL intensity
follows the form 1(0) o (Cos>[(0 + o+ )]+ Cos?[0 + o-¢)=(2 Cos?[0
+ @] Cos[2¢] + (1- Cos[2¢])). Here, ¢ refers to the canting angle relative
to the intra-row lattice vector, as depicted in Fig. 1b, and is determined
using the relative intensity of the polarisation dependent PL. maxima and
minima extracted from fitting [17,38]. The extracted ¢ and ¢ parameter
maps (Fig. 3c and e, respectively) reveal no significant variation in the
relative phase and canting angle within grains, as expected for crystal-
line two-dimensional aggregates of hydrogen-bonded molecules. By
sorting extracted values of ¢ and ¢ into type 1 and type 2 datasets based
upon 0-0 peak energy thresholding (Fig. 3a) we plot the distribution of
extracted ¢ and ¢ values for both grain species (Fig. 3d and f, respec-
tively). From this analysis, we determine mean ¢ values of 15.9 £+ 2.6
and 16.9 + 2.9° for type 1 and 2 grains, respectively, based on fitting the
PL polarisation dependence (Fig. 3d). The canting angles estimated from
the fitting of type 1 and 2 grains are in good agreement with one
another, which suggests that the packing arrangement of the molecules
does not differ significantly between grain types. It is important to note
that our extracted canting angle values are slightly higher than those
obtained from scanning tunnelling microscopy experiments from

various substrates (8-13°) [4,12] and prior density functional theory
calculations (10.4°) [4]; however, additional depolarisation effects in
our measurement arising from both the objective lens (NA: 0.9) and
sample likely account for this slight overestimation [43,44]. We also
observe several distinct peaks in the histogram of extracted ¢ values
(Fig. 3d) that are clustered at certain ¢ values (Fig. S2b), though the
absence of large spectral shifts and variations in the 0-1/0-0 peak ratio
implies that substrate-effects are more significant than resonant and
non-resonant shifts arising from molecular packing. These results
highlight the utility of extracting the relative orientation of molecules
within organic crystals via polarisation-resolved PL [37,38], which is
experimentally challenging to do using either AFM under ambient
conditions, due to difficulties obtaining the prerequisite spatial resolu-
tion to determine molecular orientation, or electron microscopy-based
experiments, where the electron beam could potentially damage the
sample.

While we are unable to infer the orientation of the underlying hBN
substrate, this necessitating techniques such as second harmonic gen-
eration or extensive high-resolution AFM characterisation, we can
comment on differences in orientation between PTCDI grains. Given the
three-fold rotational symmetry of the substrate, we have applied a mod
[120°] operator to the extracted ¢ values and their distribution (Fig. 3f)
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Fig. 3. A second sample of 0.5 ML PTCDI coverage on hBN was prepared (with an areal density of 0.047 um~2) which evidenced the same type 1 and 2 grains
diagnosed by their 0-0 peak energy (a). Polarisation-resolved PL imaging was performed by measuring successive spatial maps and adjusting the linear polarisation of
the incident laser using a half-wave plate, with examples of the extracted polarisation dependence of the 0-0 peak intensity from single points for each grain type
shown (b). Fitting of the data at each pixel and sorting with respect to grain type enabled extraction of grain-specific ¢ (c and d) and ¢ values (e and f), revealing a
uniform intra-grain polarisation and clear differences between grain types. Some islands in panel (e) exhibit a high degree of contrast (~0 and ~120°) within islands
due to the mod[120°] operator applied to the data. Differentiation between grain types in panels (d) and (f) was done by thresholding the mapped 0-0 peak energy.

which shows several preferred orientations relative to the underlying
hBN crystal across both grain types (see further discussion in Fig. S3). A
clear difference is seen between the grain species, which sat at distinct
orientations with respect to the underlying crystalline hBN. The obser-
vation of a distinct grain orientation between type 1 and 2 grains, and
absence of notable differences between the 0-1/0-0 peak ratio, peak
energy and extracted canting angle of type 1 and 2 grains implies that
the spectral shift between grains arises predominantly from the orien-
tation of the molecule relative to the substrate. In our earlier work [36],
we used modelling to determine the relative contributions of adsorption
to the substrate, intermolecular hydrogen bonding, dielectric environ-
ment and dipole-dipole coupling to the spectral shifts relative to isolated
molecules. Of the total 399 meV shift from isolated monomers in He
droplets [45] to canted 1L-aggregates on hBN, surface adsorption was
estimated from density functional theory calculations to contribute 100
meV [36], which is much less than the ~11 meV spectral shift between
type 1 and 2 grains seen here. This further supports the assignation of
molecule-substrate registry as the origin of the shift as one would expect
the interaction between the molecule and substrate to be highly
dependent upon registry given the large degree of polarisation within

the underlying hBN at the single bond level.

To further exemplify the effect of dielectric environment on the
character of molecular PL, an additional sample was prepared
comprising a 0.5 ML coverage of PTCD], i.e., only 1L-grains, confined
within two few-layer hBN flakes as described in Methods (in this case the
top hBN flake was 1.2 nm thick and the bottom 0.7 nm thick, as
confirmed by AFM images shown in Fig. S4). The hBN/PTCDI/hBN
heterostructure (Fig. 4a) was transferred to a gold substrate, chosen to
enable so-called gap mode TERS and TEPL measurements [46,47], as
will be discussed later. An optical micrograph of the completed heter-
ostructure is shown in Fig. 4b, with the morphology of several 1L-PTCDI
grains on the few-layer region of the underlying hBN flake outlined in
purple. Additional images of the component flakes of the heterostructure
acquired during fabrication are also shown in Fig. S4. Hyperspectral PL
imaging of the hBN/PTCDI/hBN heterostructure revealed the expected
grain morphology (Fig. 4c), with the uniformity of the PTCDI PL emis-
sion, its sinusoidal dependence upon polarisation (Fig. S5) and preser-
vation of the observed 0-1/0-0 peak ratio (Fig. 4e) indicating that the
far-field PL signal remains dominated by emission from intact aggre-
gates of PTCDI, analogous to the behaviour seen for PTCDI/hBN (Fig. 3).
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Fig. 4. 1L-PTCDI grains encapsulated within two hBN flakes and transferred onto a gold on mica substrate were prepared (a). Optical microscopy (b) show the
structure of the vertical heterostructure, where the edges of the 0.7 nm thick bottom hBN, monolayer PTCDI and 1.2 nm thick top hBN are marked by black, purple
and white lines, respectively. Hyperspectral PL imaging of hBN/PTCDI/hBN was performed and the 0-0 peak intensity (c) and energy (d) extracted. Encapsulation in
hBN led to a significant red shift in the 0-0 PL energy, with representative PL spectra for type 1 and type 2 grains with and without encapsulation shown (e) in
addition to a histogram of the fitted peak energy (f) from panel (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Interestingly, analysis of the extracted 0-0 PL peak energy (Fig. 4d and e)
show that type 1 and 2 grains are present within the vertical hetero-
structure, though red-shifted by ~76 meV relative to those on a single
surface of hBN. The origin of the observed red-shift has been discussed in
our earlier work [35] and arises from non-resonant and electrostatic
interactions with the substrate. The shift upon encapsulation was found
tobe 78 = 1 and 75 + 2 meV for type 1 and 2 grains, respectively, with a
~35 % increase in the FWHM of the 0-0 peak relative to unencapsulated
1L-PTCDI (21.9 + 8.2 and 24.8 4+ 12 meV for type 1 and 2, respectively).
The observation of the shift in the PL upon encapsulation is evidence
that a predominantly clean interface is formed between the majority of
the emissive 1L-PTCDI and top hBN layer, as the shift would be sup-
pressed by the presence of significant organic contamination. This,
combined with our earlier discussion of the 0-1/0-0 peak ratio, polar-
isation dependence and grain morphology in PL mapping, demonstrates
that self-assembled monolayer molecular aggregates may be integrated
into layered materials heterostructures [33-35,37]. Interestingly, the
only evidence that the 0-0 PL energy may also depend upon the registry
of the PTCDI with respect to the second layer was the slight increase in
the FWHM of encapsulated versus unencapsulated PTCDI. In this work,
we have made no effort to control the relative orientation of the top and
bottom hBN lattices, so the two flakes are assumed to be randomly
oriented, which would therefore lead to additional structural disorder as
the molecules would have different registries with respect to the top and
bottom hBN surfaces. Were the registry of the top and bottom hBN flake
controlled (a non-trivial task beyond the scope of this work), additional
grain types and associated PL emissions may be expected, giving rise to
twistronic and moiré [48-50] effects in an organic semiconductor.

To this point, we have presented far-field PL spectroscopy results,
which are limited in their spatial resolution by diffraction. Near-field
techniques, including TERS and TEPL, enable the chemical composi-
tion and photophysics to be studied with in principle near single-
molecule spatial resolution and sensitivity and form the basis for the
following discussion. TERS and TEPL measurements were performed as

discussed in Methods and illustrated in Fig. 5a. The hBN/PTCDI/hBN
heterostructure described in Fig. 4 was first characterised using AFM to
identify a 1L-PTCDI grain (Fig. 5b), which was found to be type 2 based
on its PL signature. AFM topography measurements revealed 1L-PTCDI
grains with morphology matching that expected from optical micro-
scopy and PL mapping and with a step height of 0.5 + 0.4 nm. However,
in addition to PTCDI grains, blisters of trapped interfacial contamination
not visible using optical microscopy or far-field PL. measurements were
observed in AFM, which we anticipate were due to atmospheric con-
taminants present during the sample fabrication, performed under
ambient conditions. The AFM measurement shown in Fig. S4 reveals a
distinct change in the morphology of blisters between a single hBN flake
on gold and a hBN homostructure on gold, in favour of larger and less
areally dense blisters within the heterostructure. While smaller field-of-
view AFM measurements were unable to discriminate blisters between
the bottom hBN layers and Au from those between the PTCDI and the top
hBN layers, we infer from this comparative analysis that blisters be-
tween hBN and the underlying gold are smaller and less abundant than
those between PTCDI and the top hBN (Fig. 5¢), which is reflected in the
absence of measurable blue-shifted signal in either near- or far-field
measurements, which would otherwise indicate non-encapsulated 1L-
PTCDI.

TERS and TEPL measurements of the type 2 1L-PTCDI grain were
performed with a 532 nm laser and 150 1/mm grating, which provided
sufficient spectral range that both TERS and TEPL spectra could be
simultaneously acquired. The recorded TERS and TEPL spectra revealed
significant differences in the near-field signal with respect to the inter-
facial blisters. Syr in areas between blisters of trapped contamination
were dominated by near-field Raman signal from the PTCDI, with peaks
at 1291, 1367 and 1561 em! observed, consistent with prior far-field
measurements, and tentatively ascribed to the §(CH)+38(CC), v(CN)+3
(CH) and v(CC)+8(CH) modes, respectively [45,51,52]. Interestingly,
TERS spectra acquired away from encapsulated 1L-PTCDI did not show
the peak at ~1366 cm™! (Fig. S6), implying that the resonantly
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Fig. 5. The formation of thin (few-nanometre thick) hBN/PTCDI/hBN heterostructures on gold enables gap mode TERS and TEPL measurements, as illustrated in (a).
Grains of 1L-PTCDI were identified based upon AFM imaging (b) showing both encapsulated grains and blisters of trapped contamination at the Au/hBN, hBN/hBN
and PTCDI/hBN interfaces, visible as areas of higher topography. A schematic of blisters between the Au/hBN and PTCDI/hBN interfaces are shown (c), with blisters
at the Au/hBN interface believed to be more prevalent based upon comparative AFM imaging (Fig. S2). TERS and TEPL spectra containing contributions from
combined near- and far-field (Snr. r, “tip in”), far-field only (Sgr, “tip out™) and near-field only (Sxg=Snr . rr - Srr) were recorded from areas away from a blister (d),
where only the TERS signature of PTCDI was observed, and at the edge of a blister (e), where PTCDI TEPL signal was dominant. The locations of spectra presented in
panels (d) and (e) are indicated in panel (b) with blue and green crosses, respectively. The grain was shown to be type 2 based upon the position of the PL peak. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

enhanced PTCDI TERS signal is stronger than the v(BN) mode of the
substrate [53], though we note the peak at 1367 em™ ! could be a
convolution of signals from both PTCDI and hBN and therefore expected
to be greater in the vertical heterostructure. In areas corresponding to
the edges of blisters within the hBN/PTCDI/hBN heterostructure, how-
ever, Snr+rr Was dominated by near-field PL from the PTCDI to such an
extent that near-field Raman peaks were no longer apparent. As the
position and line shape of the type 2 1L-PTCDI TEPL peak at 2.132 +
0.001 eV suggests that the material was fully encapsulated within hBN,
we attribute the disparity in the relative intensity of near-field Raman
and PL signals to arise from differences in either the junction distance
between the gold substrate and PTCDI or the angle at which the mole-
cules are inclined relative to the probe, modulated by blisters in the
heterostructure, which would in turn lead to differences in the degree of
plasmonic enhancement and quenching [31,54,55]. As the Raman
scattering mechanism is more sensitive to the magnitude of the electric
field at the probe apex and less sensitive to exciton decay pathways than
PL, the greater degree of separation between the 1L-PTCDI and Au that
occurs due to contamination trapped at the hBN/Au interface would be
expected to favour PL emission. It is also conceivable that the alignment
of Raman displacements and PL transition dipole moments versus the
effective dipole of the plasmonic probe, as discussed in the literature
[56-58], could contribute to differences at blister edges. Moreover, it
may be the case that hBN encapsulation may lead to an increase in
Raman intensity due to environmental pressure, as reported by Vasu
et al. [59] Regardless of the origin of the observed effect, our experi-
mental measurements clearly show that hBN encapsulation provides the
ideal platform to study organic molecules using TERS with using AFM
feedback; whereas most state-of-the-art TERS and TEPL experiments are
performed under ultra-high vacuum conditions with scanning tunnelling
microscopy [60-62], by encapsulating molecular systems in hBN sand-
wich architectures we can explore their physicochemical properties

under ambient conditions, with enriched experimental flexibility and
potential to tune the magnitude of near-field signals as a function of the
substrate-molecule junction.

Returning to the observed TEPL from the edges of blisters in hBN/
PTCDI/hBN heterostructures, TEPL imaging was undertaken which
showed that the most intense PL emission (Fig. 6b) was coincident with
areas of higher topography in the accompanying AFM image (Fig. 6a).
The pixel size here was 23 nm, close to the tip resolution estimated based
upon TERS maps of a carbon nanotube and scanning electron micro-
graphs of the Ag tip (Fig. S7). Comparing the extracted TEPL spectra
from different areas revealed an interesting behaviour, namely a spatial
variation in both the 0-0 peak position and the ratio of the 0-1/0-0 peak
ratio, which can be clearly seen for three selected spectra plotted
(Fig. 6¢). Changes in the 0-0/0-1 peak ratio likely arise from changes in
resonant coupling between adjacent molecules, namely changes in the
degree of J-aggregation [17], while changes in the 0-0 peak energy may
arise both as a consequence of J-aggregation, non-resonant effects and
changes in dielectric environment [36,63]. To explore the origin of the
variation between spectra, each spectrum in the TEPL image shown in
Fig. 6b was fit to two Lorentzian peaks in order to extract the 0-0 peak
energy and 0-1/0-0 peak ratio. A scatter plot of these values was then
plotted for all pixels where TEPL enhancement was observed (Fig. 6d).
This analysis reveals a weak correlation between increasing 0-1/0-0
peak intensity and a blue shift of the 0-0 peak, which suggests that in-
homogeneities in resonant coupling [64] are present on length scales
comparable to the resolution of the experiment, likely arising from
disorder or defects within the molecular layer. This result demonstrates
the unique opportunity afforded by TEPL to study organic semi-
conducting molecules, since resonant effects that could not be addressed
in real space using far-field techniques can be probed on length scales
comparable to exciton coherence and the molecules themselves [64,65].
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AFM topography (a). An analogous effect was seen in type 1 islands also (Figs. S8 and S9). Representative TEPL spectra from different areas of brighter emission are
marked in panel (b) and plotted (c). The ratio of the fitted 0-0 and 0-1 peaks extracted from fitting is shown plotted against the 0-0 peak energy (d).

4. Conclusions

Using a combination of polarisation-resolved and near-field PL im-
aging, we explore how molecular packing, substrate registry and local
dielectric environment impact the optical properties of self-assembled
molecular layers. We show that spatial mapping of 1L-PTCDI on hBN
enabled the identification of two separate grain types with distinct
substrate registries, confirmed through polarisation-dependent mea-
surements, which were used to extract the intra- and inter-grain orien-
tation of molecules. The formation of heterostructures of 1L-PTCDI
encapsulated within few-layer hBN facilitated TERS and TEPL mea-
surements with AFM feedback that (i) preserved the integrity of the
molecular layer and (ii) enabled both chemical identification of the
molecular species via TERS as well as insights into spatial in-
homogeneity of resonant interactions via TEPL. Our results demonstrate
the range of information that can be extracted through the application of
four-dimensional polarisation-resolved far-field PL. mapping and near-
field spectroscopy imaging, thus enabling assessment of the impact of
molecular aggregate structure on their photophysics expressed at the
micro and nano length scales. Furthermore, our work offers new op-
portunities to unite approaches that study organic films at the device
level with ultra-high vacuum-based techniques that explore such ma-
terials at the molecular level to assist the development of organic op-
toelectronic devices with performance commensurate with the intrinsic
properties of their constituent molecules.
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