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ABSTRACT ARTICLE HISTORY
Monolayers of free base phthalocyanine (H,Pc) are grown on monolayer and few-layer exfoliated Received 30 September 2022
flakes of hexagonal boron nitride (hBN) which are subsequently integrated into a van der Waals tun- ~ Accepted 24 March 2023

nel diode. This heterostructure consists of two thin hBN flakes between which the H,Pc monolayer is KEYWORDS

sandwiched and also incorporates upper and lower few-layer graphene contacts. When a voltage is
applied between the contacts, a tunnel current flows and the embedded molecules can be excited
resulting in the emission of photons with wavelengths which are close to the peaks observed in
photoluminescence. We also observe electroluminescence at voltages where the energy gained by
atunnelling electron is lower than the energy of the emitted photon implying a multi-electron excita-
tion pathway which we attribute to the formation of an intermediate triplet state. Our results provide
insights into the differences in excitation and relaxation of molecules in supramolecular monolayers
and bulk crystals and we discuss how the alignment of the energy levels of the molecules and contact
layers determine the emission process.
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dimensional molecular self
assembly

electroluminescence (EL)
bottom FLG

hBN tunnel barriers

peged

?m té" phthalocyanine layer

The integration of monolayers of planar organic
molecules with van der Waals heterostructures enables

structure and their arrangement. Applications which
have already been identified include the modification of

the formation of molecular/2D hybrid tunnel diodes
and related structures with novel optoelectronic prop-
erties [1-5]. Such vertically stratified structures are of
great interest as they further enrich the set of param-
eters addressable in the exploration of van der Waals
heterostructures through control over the molecular

molecular arrangement to favour stronger light-matter
interactions in molecular aggregates [4,6-9], intersystem
crossing in molecular systems [5], environmental pro-
tection [10] and modifying the vibrational properties of
molecules sandwiched at interfaces [11]. The formation
of such heterostructures provides myriad directions for
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research into the detection, harvesting and emission of
light as well as opportunities to manipulate and control
the optoelectronic properties of nanostructures [12].

In this work, we fabricate light-emitting devices based
upon van der Waals heterostructures [13-16] in which
monolayers of self-assembled free base phthalocyanine
molecules (H,Pc) are incorporated into a hexagonal
boron nitride (hBN) tunnel diode [17,18]. In the molec-
ular hybrid version of these structures, we have previ-
ously shown that the trapped molecules may be excited
into both spin-singlet and -triplet states which can sub-
sequently relax through the emission of photons, thus
forming an electroluminescent device [5,19]. The close
proximity ( < 1nm) between the organic emissive layer
and the contact layers in these devices is analogous to
scanning tunnelling microscopy luminescence (STML)
experiments in which electroluminescence from organic
molecules, separated from a metallic substrate by ultra-
thin alkali halide layers, is induced by tunnelling between
the STM tip and substrate [20-26]. This architecture
is distinct from that of conventional organic electrolu-
minescent devices, where carriers are typically injected
from remote contacts with an engineered work func-
tion and form excitons which diffuse to an emissive
centre and recombine [27,28]. In our previous studies
we have investigated electroluminescence from hybrid
devices with trapped perylene tetracarboxylic di-imide
(PTCDI) molecules [5] and, also, monolayers of poly-
thiophene adsorbed with their conjugated backbone
aligned parallel to the hBN tunnel barriers [19,29].
In our current paper we study a device incorporat-
ing a HyPc monolayer. This molecule differs signifi-
cantly from PTCDI since the frontier orbitals, particu-
larly the highest occupied molecular orbital (HOMO),
lie at much higher energies. We argue that this differ-
ence in energy levels leads to an alternative relaxation
mechanism for the triplet state of HyPc. Our work shows
the importance of the alignment of energy levels in
the control of the lifetime of excited states of trapped
molecules.

We use polymer stamp-assisted van der Waals assem-
bly [30-33] to fabricate our devices. In this approach,
flakes of few-layer graphene (FLG) and hBN are sequen-
tially picked up to form a van der Waals stack in which
a tunnel barrier is positioned between two FLG layers
which can be independently contacted. To fabricate a
device we first use a polymer stamp to pick up a large
(lateral dimensions 10's of wm) thick (10 s of nm) hBN
flake, which is ultimately used to cap the device. This hBN
flake is then used to pick up a FLG flake which serves
as the top contact of the completed device, followed by
an hBN flake with thickness of, typically, 1-3 monolayers
which forms the upper tunnel barrier. This van der Waals

stack is then used to pick-up a second hBN tunnel bar-
rier, also with a thickness of 1-3 monolayers, on which a
H,Pc monolayer has been pre-deposited by sublimation
as described previously [34]. This part-formed tunnelling
device is then released from the stamp onto a second FLG
flake which forms the lower contact and has been pre-
deposited on a supporting substrate (Si/SiO;); the release
site is chosen so that the upper and lower graphene layers
make independent contact with two pre-formed metallic
(Cr/Au) electrodes which can be connected to external
wiring. Further details are provided in Supplementary
Information (SI).

The completed device consists of a monolayer of H,Pc
sandwiched between few layer hBN and overlaid FLG
contacts, as depicted in Figure 1(a) (the upper thick hBN
layer, and a supporting thick hBN flake which provides a
supporting substrate for the lower graphene are omitted
for clarity; neither plays an active role in the device oper-
ation). The FLG provides transparent top- and bottom-
electrodes allowing carrier transport through the H,Pc
monolayer under an applied bias.

Images acquired using high-resolution atomic force
microscopy (AFM) of a sublimed H,Pc monolayer on
an hBN flake are shown in Figure 1(b) and reveal the
expected [34] near-square regular array of flat-lying
molecules (the deposition and characterisation of H,Pc
and preparation of the hBN surface prior to incorpo-
ration in the device follow our previous work [34] and
are discussed in SI; the structure of the molecule is
shown in Figure 1(a)). An optical image of a com-
pleted device is shown in Figure 1(c); the active area
of the device is marked and corresponds to the region
where the upper and lower FLG layers overlap. The
different layers are resolved more clearly in the image
acquired using scanning electron microscopy in Figure
1(c) inset; here the hBN and FLG are highlighted. Over-
all, this device corresponds to a heterostructure with the
sequence hBN/FLG/hBN/H,Pc/hBN/FLG/hBN.

The bottom and top FLG are contacted to Cr/Au elec-
trodes which are shown, respectively, on the left and the
right side of the optical image (Figure 1(c)). The cur-
rent-voltage characteristics of the device were measured
in an optical cryostat at a temperature T = 6 £ 2K, and
are highly non-linear as expected for a tunnelling device
(see Figure 1(d); note the near-exponential rise in current
revealed in the inset to Figure 1(d)). For this device the
current-voltage dependence is highly symmetric with
respect to polarity which indicates that the upper and
lower barriers have the same thickness. The effective area
of the device is estimated to be 26 42 um?.

The photoluminescence from the active region of our
device has been measured (see inset in Figure 1(e); exci-
tation laser 405 nm focussed using a 50x objective lens
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Figure 1. FLG/hBN/H;Pc/hBN/FLG heterostructures. a Schematic of device in which a monolayer of H,Pc is encapsulated between two
hBN tunnel barriers and charge can be transported between upper and lower FLG contacts under the application of an applied bias;
lower left — schematic of the molecular structure of HPc. b AFM image of a monolayer coverage of HyPc on hBN. Inset, high resolution
image with schematic overlay. c Optical image of a device showing gold contacts and the van der Waals heterostructure. The dashed line
indicates the active area of the device where the upper and lower FLG layers overlap. Inset top: SEM image of the highlighted area in
false colour showing the FLG (grey) and hBN layers (blue). Inset bottom: scanning electroluminescence image taken ata +2.2 V bias and
1 s integration time confirming that light is emitted from the active area of the device. d current-voltage (black) and differential current-
voltage (blue) characteristics. Inset: current-voltage on a logarithmic scale. e Electroluminescence spectrum. Inset, black: experimental
PL spectrum, grey: fit using three Lorentzian curves with peak positions 704, 720 and 741 nm. Scale bars b 15 nm, b inset 2 nm, ¢ main

image and insets 10 wm.

to a spot with a diameter ~ 2pum - see SI for fur-
ther details) and may be decomposed into three peaks
at wavelengths 70441, 720+ 1 and 741+ 2nm (cor-
responding respectively to 1.76, 1.72 and 1.67 eV). The
peaks at 704 and 741 nm are close to the values recently
determined for, respectively, the 0-0 direct (706 & 2 nm)
and 0-1 vibronic (742 £2nm) transitions in the pho-
toluminescence spectrum of an H;Pc monolayer [34]
adsorbed on uncapped hBN. The peak at 720 nm is not
observed in the spectrum for uncapped H;,Pc, and we
suggest that this feature arises from molecules which are
trapped between the hBN layers. The red-shift of the 0-0
peak of the encapsulated molecules by ~ 20 nm, com-
pared to HyPc on uncapped hBN, represents a shift in
photon energy ~ 40 meV.

It is interesting to compare the energies/wavelengths
of the 0-0 direct transition of HyPc in the gas phase [35]
(1.876 €V/661 nm), adsorbed as a flat-lying monolayer on
hBN [34] (1.76 eV/706 nm) and as a flat-lying monolayer
sandwiched between two hBN layers (1.72 eV/720 nm) as
in the current work. We have shown previously that [4]
a red-shift (relative to the gas phase) is expected when

a planar organic molecule is absorbed on an insulator.
This is due to the dielectric effect of the substrate which
results in a non-resonant red-shift due to the screen-
ing of the electrostatic interactions within the adsorbed
molecule giving rise to changes to the frontier energy
levels and relevant electron-hole interactions. The tran-
sition energies for molecules in the gas phase, adsorbed
on uncapped hBN and trapped between two hBN layers
can be calculated using time-dependent density func-
tion theory (TDDFT) as described in SI. The predicted
transition energies are 1.84, 1.75 and 1.68 eV for H,Pc
in, respectively, the gas-phase, adsorbed on uncapped
hBN and trapped between two hBN layers. These val-
ues are in good agreement with experimental observa-
tions and reproduce the trend of progressively larger
red-shift in the different hBN environments. In our pre-
vious work we have also noted [4,34] that additional
resonant shifts occur due to the coupling of the transi-
tion dipole moment with image charges in the dielectric
substrate, and also through coupling with the transition
dipoles of neighbouring molecules. However, for H,Pc
on hBN these effects lead to red-shifts which are much
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smaller than the non-resonant effects [34] and so are not
considered further here.

The devices emit light when a current flows. Figure
1(e) shows the electroluminescence spectrum which
reveals a dominant peak at 723 £ 1 nm with a width of
15nm (this measurement is derived from light emit-
ted from the whole device area). This peak is attributed
to electron-hole radiative recombination by electrically
excited HpPc molecules. This is further confirmed by a
map of the electroluminescence showing the spatial vari-
ation of the peak intensity — see Figure 1(c) inset — which
confirms that the active region of the device, where the
FLG/hBN/H,Pc/hBN/FLG overlap, is the source of the
photon emission. The electroluminescence peak emis-
sion is close to the position of the peak in PL at 720 nm,
which is attributed above to encapsulated molecules.
Note that only the encapsulated molecules would be
expected to couple strongly to the FLG contact layers, so
the additional peaks in PL at 704 and 742 nm would be
expected to appear only in PL and not EL, in agreement
with our observations. It is likely that the PL peaks at 704
and 741 nm are either due to emission from molecules
from surrounding regions which are excited by scat-
tered incident light, or molecules which are not efficiently
trapped between the hBN layers due to inhomogeneities
in the fabricated device, so that their emission is charac-
teristic of uncapped H,Pc. We also observe a small peak
in the EL spectrum at 689 & 2 nm which we attribute to
an anti-Kasha (1-0) vibronic transition (a similar peak
has recently been reported in STML studies of napthalo-
cyanine [36]). We thus attribute the EL emission to radia-
tive electron-hole recombination by electrically excited
H;Pc molecules encapsulated with hBN.

The spectra recorded at different voltages are pre-
sented in the form of a colour map in Figure 2 which
shows that the position and line width of the EL peak
is voltage-independent. The integrated EL intensity for
this device is also shown in Figure 2. The EL spectra do
not show a strong polarity dependence (in our measure-
ments the voltage is applied to the top contact); additional
results on voltage dependence are included in SI (Figures
S4 and S5).

We have also investigated EL at voltages close to the
onset for photon emission as shown in Figure 3. Measure-
ments at each voltage were performed with acquisition
times ranging from 100s to 600 s; the longer acquisition
times were required for the detection of weaker EL emis-
sion at smaller (absolute) bias voltages. An EL emission
peak located at 720 £ 4 nm can be observed in Figure 3
for each bias voltage value in the range —1.6 Vto —1.9V.
This peak position is consistent with emission from the
encapsulated H,Pc monolayer, as discussed above. Inter-
estingly, EL is detected at bias voltages of —1.6V and

EL intensity (Counts)
— —

0

integrated EL (counts/s)

2 2.5 3
Voltage (V)

Figure 2. Electroluminescence in FLG/hBN/H;Pc/hBN/FLG het-
erostructures measured at room temperature. Colour map of the
EL spectra as a function of applied bias. White circles, right axis:
integrated intensity of EL over the wavelength range 700-750 nm.
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Figure 3. Electroluminescence spectra acquired at T = 6 + 2K
from a FLG/hBN/H,Pc/hBN/FLG heterostructure device for a series
of bias voltages ranging from —1.5 to —1.9V. The bias voltage
and acquisition time for each spectrum is annotated in the corre-
sponding colour. The spectra acquired at —1.6 and —1.7 V exhibit
photon up-conversion.

—1.7 V (our detection of EL peaks at lower voltage is lim-
ited by noise in our CCD detection electronics; a very
weak peak at —1.5 V cannot be ruled out). In this voltage
range the energy of the emitted photons, hv > eVgp, the
energy gained by the tunnelling electrons due to the bias
voltage between the contacts. This is an example of pho-
ton up-conversion and implies that the excitation of the
molecule into the singlet state involves a multi-electron
process. Up-conversion has previously been reported for
similar devices containing an encapsulated monolayer of
PTCDI molecules [5] and also in STML studies of H,Pc
[24].



In similar devices which incorporate a PTCDI mono-
layer, it has been shown that the up-conversion process is
mediated by an intermediate triplet state; this hypothesis
was based on the fact that the lifetime of any intermediate
state should be longer than the typical time between suc-
cessive electron tunnelling events (which can be deduced
from the current density and the molecular dimensions).
The role of triplet intermediates was confirmed by the
presence of an additional peak in the PTCDI EL spec-
trum due to triplet emission. In the proposed mechanism
the PTCDI was first excited to a triplet state, and then,
in a second inelastic event, excited from the triplet to
the excited singlet state. In the H,Pc analogue device
considered here we observe a similar up-conversion and
propose that a similar mechanism is responsible. We note
that photon emission from H;,Pc is observed at a mea-
sured current density of 6.5 pA pum =2 (at Vsp = —1.6 V).
Taking the area per molecule to be 2.25 nm?, we estimate
alower bound for the average time interval between elec-
trons tunnelling through an effective molecular area to be
11+ 2 ns. The lifetime of the H,Pc triplet state is much
longer, of the order 130 ps [37], confirming that this state
can participate as an intermediary in a multi-electron
inelastic scattering pathway (note that the lifetime of
other excited states, such as vibronic states are expected to
be much shorter). In the proposed mechanism, a 2-step
inelastic tunnelling process leads to up-conversion. The
first inelastic scattering event excites the molecule into
the triplet state (T;). This state is sufficiently long-lived
that during the triplet lifetime further inelastic tunnelling
events can occur, promoting the excited electron from
the T} state into the first excited singlet state (S;), which
rapidly relaxes via the emission of a photon.

As expected for a multi-electron process we observe
a super-linear dependence of intensity on current, I, for
low voltages (intensity o %1 see Figure 4(a)) similar to
that reported in recent STML studies [24] of H,Pc which
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were also attributed to triplet-mediated up-conversion.
We also observe a significant change in the dependence
of intensity on current at a voltage of ~2.54 V. This is
apparent in Figure 4(a) and, consequently, corresponds
to a reduction in the EL efficiency (photons emitted per
tunnelling electron) as shown in Figure 4(b). Within
the model proposed above this implies the appearance
of a voltage-dependent mechanism for the relaxation of
intermediate triplet states. Interestingly, this behaviour is
not observed in the analogue PTCDI device which was
reported previously [5] for which the efficiency increases
monotonically over the complete voltage range under
investigation. It is possible that this difference arises
from the relative position of the energy levels of the two
molecules. PTCDI is an n-type organic semiconductor,
whereas H,Pc is p-type, meaning that the HOMO of
H,Pc lies at a much higher energy compared to PTCDI.
Energy level diagrams of the HPc and PTCDI devices
under 0 and 1.6 V bias are shown in Figure 5(a—c). These
energy level diagrams illustrate the relative energies of the
HOMO, LUMO, S;, and T; states of HyPc and PTCDI
compared to the Fermi levels of the FLG electrodes. The
energies of the S; and T, states were obtained, respec-
tively, from experimental values and the literature [37],
and the HOMO/LUMO values determined from theo-
retical calculations (see SI). In the absence of an applied
voltage (Figure 5(a)), both the S; and T energy levels of
H,Pc lie below the Fermi level of the FLG electrodes and
no current flows through the device. When the device is
under bias, however, the relative positions of the energy
levels of the FLG and H;Pc shift due to the applied volt-
age. This is demonstrated schematically in Figure 5(b),
while Figure 5(c) shows an equivalent diagram for a
PTCDI device. The application of an applied voltage leads
to changes in the carrier concentrations in each electrode
and, consequently, a shift in the Fermi level of the top and
bottom (EFy) electrodes and, in addition, a relative shift
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Figure 4. a Dependence of EL intensity on current; b Dependence of efficiency on applied voltage. Data are acquired at room

temperature.
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Figure 5. Energy level diagrams for a H,Pc tunnelling device under zero bias (a), 1.6V bias (b), and a PTCDI tunnelling device under 1.6V
bias (c). Inelastic electron scattering (IES) events are labelled. (a) Under zero bias both the H,Pc singlet, Sq, and triplet, Ty, states lie below
the Fermi energy of the bottom graphene electrode, Er;. (b) At 1.6V bias, Ty lies 100 meV above Ef,. Up-converted electroluminescence
from Sq is observed at 1.6V bias. (c) The lower-lying energy levels of PTCDI mean that under 1.6V bias, both Sy and Ty lie below Ef,; and

emission is observed from both states.

of the Dirac point such that the total energy difference
between the FLG Fermi levels is equal to eVsp(see SI for
details of these calculations). The molecular energy levels
are also shifted, and, assuming that the hBN barriers have
the same thickness, the energy levels are shifted by half
the bias voltage (eVsp/2) relative to their position under
zero bias.

From a comparison of Figure 5(a,b), it can be seen
that the relative alignment of the HyPc T; level and
Ergchanges significantly when a 1.6 V bias is applied. In
Figure 5(a), T} lies 0.7 eV below Ef,, whereas in Figure
5(b), the shifting of energy levels results in T; lying
0.1eV above Ep;. In contrast, since the frontier energy
levels of PTCDI are much lower-lying than the corre-
sponding states in H,Pc, the PTCDI T; and S; energy
levels lie below Ep;(Figure 5(c)) under a bias of 1.6 V. It
is possible that an additional non-radiative pathway for
triplet relaxation could occur for voltages at which the
triplet energy is raised above the Fermi energy of the
adjacent electrode, for example due to ionisation, which
might account for the reduction in efficiency observed
at high voltage (Figure 4(b)). From our simple model
presented in Figure 5 we predict that the triplet state is
in alignment with the Fermi level for voltages of 1.4V
(H,Pc) and 3.8 V (PTCDI). While this is consistent with
presence (absence) of reduction in efficiency for H,Pc
(PTCDI), the measured voltage position of the peak effi-
ciency of H,Pc is significantly higher than the calcu-
lated threshold for triplet/Fermi level alignment. This
difference may be due to uncertainties in the values
used for the HOMO and triplet energies, but may also

be affected by additional energy barriers due to elec-
trostatic effects, as well as dynamic factors involving
tunnelling rates which are also expected to be voltage-
dependent. Implicit in our argument is that, since up-
converted emission from the singlet state is observed,
the triplet relaxation time of this additional pathway is
longer than the time between successive electron traver-
sal time (11 ns) but shorter than the lifetime of the triplet
state. This implies a prospective relaxation time, t,,_;, for
this non-radiative pathway in the range, 10ns <t,_, <
130 ps. Notably, this relaxation time is much longer than
the lifetime of the singlet state (~250ps) [38] and so
would not be expected to suppress singlet emission. We
also note that the efficiency of our H,Pc devices, typ-
ically 107°-1071° photons per electron, is lower than
that of analogue PTCDI devices, (107571078 photons per
electron [5]).

Our results show that electroluminescence from
molecular/2D van der Waals heterostructures can occur
for organic molecules with widely varying frontier orbital
energies. This suggests a common mechanism for excita-
tion and relaxation of the molecules and the observation
of photon up-conversion which we observe for both H,Pc
and PTCDI is suggestive of a long-lifetime intermediate
state which, as we argue above, we attribute to a triplet.
Interestingly, for both the PTCDI and the H,Pc devices
discussed here, a peak in the EL spectrum which can
be assigned to an anti-Kasha (1-0) vibronic transition
[36] is observed. Although the peak has low intensity,
its presence suggests that molecules may also be vibra-
tionally excited due to inelastic energy transfer from the



tunnelling electrons so that there is a non-equilibrium
occupation of vibrational levels; this peak is not observed
in the PL spectra of either molecule.

Despite the similarities between the properties of
our H,Pc and previously published PTCDI devices, the
absence of emission from the triplet state in the current
study represents a significant difference. In our previous
work [5] we observed a clear peak in the EL spectrum
which was assigned to triplet emission. It is possible that
the additional relaxation pathways for triplets (see above)
may account for the absence of a triplet emission peak
in the current work, although we cannot rule out other
explanations such as an intrinsically lower rate for triplet
emission from H,Pc molecules in the device structure, or
that the signal is beyond the detection limits of our exper-
imental arrangement (note the lower efficiency even for
singlet emission discussed above).

Moreover, it has recently been suggested that the
assignment of emission from a triplet in a related STML
study [39] is actually due to trion emission from a charged
molecule. Although not directly relevant to the results
discussed here, it is interesting to consider whether tri-
ons might play a role in the EL of molecular/van der
Waals tunnel devices. Trion emission occurs when singly-
charged molecular anions are excited into a doublet state
and subsequently relax through the emission of a photon;
this transition conserves spin and is optically-allowed.
We would expect that both trion emission, and the pres-
ence of long-lived charged molecules in our devices
would be detected in changes in the voltage-dependent
PL of our device structures. In fact, PL measurements
reveal a complete absence of any voltage dependence.
These data were previously reported for the PTCDI vari-
ation of the device (Ref 5 SI Figure S6) and similar mea-
surements for the current study on H,Pc are shown in SI
(Figure S6); for both molecules the PL peak positions are
close to those previously reported for the same molecules
on thick hBN flakes [4,34] and confirm that the molecules
remain neutral over the measured voltage range. These
results show charged molecules cannot account for the
long-lived intermediary excited states which are neces-
sary for up-conversion and which have been previously
attributed to the presence of triplets [5,24]. However,
it is not possible to rule out (or in) a possible path-
way in which a long-lived triplet acquires a charge via
electron capture followed by rapid relaxation via trion
emission. To determine whether this process might be
relevant would require the identification of the spectral
position for trion emission for PTCDI which would, in
turn, require a means of forming an ensemble of charged
molecules for investigation using PL. Interestingly this
may be possible using an asymmetric variation of our
device in which the upper and lower barrier thicknesses
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are significantly different and we plan to undertake such
studies in the near future.

Currently there is no detailed theoretical framework to
underpin the phenomenological explanations reported
here and our work motivates further studies of the mech-
anisms of energy transfer from tunnelling electrons to
organic molecules, including transitions to the triplet
state which are optically-forbidden. While there remain
some uncertainties in the detailed explanations of the
optoelectronic properties of our devices, we stress that
the current work provides insights into the possible
role of energy level alignment on the generation of sta-
ble intermediary states of relevance to the fundamental
study of long-lived molecular excited states with potential
applications in quantum spin-based technologies and,
through photon up-conversion, low-voltage light emit-
ting devices.
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