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Single-molecule light emission at room temperature on a wide-band-gap semiconductor
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Room-temperature light emission from single chemisorbed perylene based molecules adsorbed on silicon
carbide (SiC) is probed by scanning tunneling microscopy (STM). A new approach to STM-induced luminescence
of a single molecule is explored using a wide-band-gap semiconductor to decouple electronically the molecule
from the surface. After molecular adsorption, the lowest unoccupied molecular orbital and the highest occupied
molecular orbital (HOMO) both lie within the bulk band gap and below the Fermi level of the substrate. The
maximum photon energy of the light emission from the molecule shows a fixed shift of 1.5 eV relative to the
maximum energy of the tunnel electrons. This is consistent with the photons being generated by inelastic electron
tunneling between the HOMO and the unoccupied electronic states of the STM tip.
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I. INTRODUCTION

Electroluminescence of a single molecule using tunnel
electrons from scanning tunneling microscopy (STM) is
attracting much attention as it provides a unique tool to
characterize (i) the chemical structure, (ii) the dynamics of
the excited states, and (iii) the charge and energy transfer of a
single molecule in interaction with its environment [1].

Photon emission by inelastic electron tunneling (IET) was
first observed in tunnel junctions [2,3], where it was recognized
that the photon emission originated from the excitation of
plasmons at the electrode surface. With the advent of the STM,
IET was applied to local atomic-scale excitation [4–7]. On
clean surfaces, photon emission by IET with the STM was
shown to occur via inelastic transitions between states at the
apex of the STM tip and electronic states of the surface [8–10],
thus leading to atomic-scale resolution of the photon emission
excitation. Subsequently, STM-induced photon emission from
molecular layers on surfaces was reported [11–13]. Indeed,
submolecular lateral resolution has been achieved, either by
probing the molecular vibronic states [14,15] or by using the
molecule as a spacer so that the photon emission produced in
the nanocavity is modified slightly by the molecule [16–18].

Several STM activated mechanisms have been proposed
to explain photon emission from molecular layers, includ-
ing transitions between the lowest unoccupied and highest
occupied molecular orbitals (LUMO→HOMO) [19–23] and
IET between surface states of the STM tip and molecular
vibronic states [22,24]. Similar studies on single molecules
instead of molecular layers are very demanding because
the molecule needs to be electronically decoupled from the
metallic substrate by an insulating layer and must not diffuse
across the surface during STM excitation. This has been
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achieved with the LUMO-HOMO optical transition in single
molecules [14,17,18], the fluorescence of an anionic molecule
[15,25,26], and the radiative transition between electronic
states of the STM tip and electronic molecular states [27].
Regardless of the inelastic tunneling mechanism involved,
detection of photons in the far field occurs, in most cases, via
coupling to the plasmons of the tip-sample nanocavity [21].

In this paper, we explore a new approach for STM excitation
of the luminescence of a single molecule by using a wide-band-
gap semiconductor to decouple the molecule electronically
from the surface. We emphasize that a wide-band-gap bulk
semiconductor substrate is markedly different from thin
oxide layers [25,28]. In the latter case, energy transfer from
the electronically excited molecule to the metallic substrate
through the oxide layer can be very efficient and prevent
fluorescence from occurring. This type of energy relaxation
process does not exist for a bulk wide-band-gap substrate.

Here, we present STM luminescence experiments
of the N,N′-bis(1-hexylheptyl)perylene-3,4:9,10-bis
(dicarboximide) (DHH-PTCDI) molecule. As we have
shown previously, this molecule is chemisorbed on the
wide-band-gap 6H -SiC(0001) 3 × 3 surface [29,30]. Upon
molecular adsorption, both the LUMO and HOMO of the
molecule are below the Fermi level of the surface and lie
within the bulk band gap of 3 eV of the 6H -SiC substrate. In
general, electron transport at surfaces is governed by the nature
of the interactions between an adsorbed molecule, the surface
states, and the bulk states [31]. Here, the strongly bound
DHH-PTCDI molecule presents a paradox in that it is isolated
electronically from both the bulk and surface states of the
SiC substrate despite being chemisorbed [29,30]. However,
the LUMO-HOMO optical transition cannot be observed
because the LUMO is completely decoupled from the SiC
surface states. Indeed, the observed electroluminescence of
the DHH-PTCDI molecule is assigned to IET between the
HOMO of the molecule and the surface states of the STM tip.
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II. EXPERIMENT

The STM experiments were performed at room temper-
ature in an ultrahigh vacuum chamber (base pressure 3 ×
10−11 Torr). A highly nitrogen-doped (density 5 × 1019 cm−3)
n-type 6H -SiC(0001) single-crystal wafer was used. After
outgassing, the SiC sample was flashed at 1100 °C to remove
the native oxide, followed by silicon deposition on the surface
at 650 °C for a few minutes [32–34]. Annealing at the same
temperature (650 °C) for 10 min led to a well-reconstructed
3 × 3 surface that presented a sharp low energy electron
diffraction (LEED) pattern. Silicon deposition is required to
produce the 3 × 3 reconstruction of the SiC(0001) surface.
This silicon-rich surface is composed of a complete Si adlayer
(on top of the bulk) with supplementary Si trimers placed at
regular intervals; where each Si trimer is topped with a Si
adatom to form a pyramid. Only the Si adatoms are visible in
the STM images [32]. There are three surface states created
by the 3 × 3 reconstruction, U1, S1, and S2 at +0.8, −0.8,

FIG. 1. (Color online) (a) Optical detection apparatus comprise
an adjustable in vacuum three-lens system with the focal point
1 cm beyond the quartz view port [22]. An optical fiber bundle
transmits the emitted light to a grating spectrometer, where the
light is collected by a liquid-N2-cooled CCD camera. (b) Op-
tical transmission of the two gratings used in the experiment.
(c) Transmission of the optical pathway as a function of wavelength.
All spectra were normalized using the total transmission efficiency.
Overall the maximum transmission achievable with this optical
setup is 12%.

and −1.8 eV, respectively; all three are observed in STM
experiments [32,33] and photoemission studies [35,36]. The
S2 state is delocalized over the Si adalayer between the bulk
and the Si pyramids, while the U1 and S1 states arise from the
Mott-Hubbard splitting of the Si adatom dangling bond state
into unoccupied (U1) and half-occupied (S1) orbitals due to
correlation effects. The Fermi level is pinned midway between
the U1 and S1 states 2 eV above the valence band edge and
1 eV below the conduction band edge [35,36].

The detection of photons in the far field occurs via
the conversion of the plasmons generated in the tip-sample
nanocavity, so electrochemically etched silver (Ag) tips were
used because they have a higher conversion efficiency than W
tips. The experimental setup has been described before [32],
where the light emitted from the sample under the STM tip
was collected at 32° from the surface by a system composed
of three lenses mounted in vacuum [Fig. 1(a)]. The collected
light was transmitted through an optical fiber, dispersed by a
grating spectrometer, and detected by a liquid nitrogen cooled
charge-coupled device (CCD) camera. As shown in Fig. 1(b),
the spectra were obtained over a wavelength range from
350 to 1100 nm (depending on whether grating I or grating
II was used). Figure 1(c) shows that the transmission drops
towards shorter wavelength. All spectra were normalized
using the total transmission efficiency. Overall the maximum
transmission achievable with this optical setup is 12%.

The DHH-PTCDI was synthesized by reaction of
perylene-3,4,9,10-tetracarboxylic di-anhydride with
1-hexylheptylamine, prepared from 7-tridecanone [37].
Double-pass chromatography (chloroform/SiO2) was used
for final purification. The DHH-PTCDI molecules have an
optical gap of 2.6 eV [38,39]. They were deposited on the
clean SiC(0001)-3 × 3 surface using a Knudsen cell with a
crucible temperature of 200 °C placed 4 cm in front of the
sample.

III. RESULTS AND DISCUSSION

Figure 2 shows filled state STM images of the DHH-PTCDI
molecules adsorbed on the SiC(0001)-3 × 3 surface after
two different deposition times of (a) 30 s and (b) 180 s.
The SiC surface is seen as a regular hexagonal array with
an adatom spacing of 9.28 Å. In Fig. 2(a), there are five
molecules in the STM image; each is 14 Å long, composed of
double protrusions with an apparent height of 3 Å. There are
three equivalent orientations of the molecules with respect to
the surface corresponding to the threefold structure of the
surface [Fig. 2(a)]. A close inspection shows that the long axis
of the molecule is slightly offset with respect to the Si adatoms.
Prior to adsorption, the molecule is essentially planar in the gas
phase. Adsorption occurs through a pseudo-Diels-Alder 12+2
cycloaddition via two carbonyl oxygen atoms on the same side
of the molecule, with two neighboring Si adatoms of the 3 ×
3 reconstructed SiC surface. Adsorption induces significant
curvature to the molecule when adsorbed on the SiC surface
and strongly modifies the electronic structure; electron transfer
from the surface to the molecule populates the LUMO creating
a singly occupied molecular orbital (SOMO) just below the
Fermi level [29,30].
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FIG. 2. (Color online) Filled state STM images of the DHH-
PTCDI molecules adsorbed on the SiC(0001)-3 × 3 surface after two
different deposition times of (a) 30 s and (b) 180 s, corresponding
to 0.1 and 0.9 monolayer. Image conditions: (a) 12 × 12 nm, −3 V,
0.3 nA; (b) 20 × 20 nm, −3 V, 0.3 nA. (c) Top view of the ball and stick
model of the DHH-PTCDI molecule showing the hexylheptyl chains
attached to the imide nitrogen atoms. (d) Side view of the ball and
stick representation of the DFT calculated adsorption configuration
involving bonding via the oxygen atoms of the two carbonyl groups
on the same side of the molecule. The alkyl chains are omitted for
clarity.

One of the difficulties with room-temperature STM experi-
ments is the presence of thermal drift of the tip with respect to
the sample, which is about 2 Å/min in our system. Since the
size of the DHH-PTCDI molecule is 14 Å, the STM tip remains
over one molecule for �2–5 min. To obtain clear luminescence
spectra, photons were accumulated for at least 10 min. The
drift problem was solved in one of two ways. The first required
imaging a high coverage region [approximately 0.9 monolayer
of DHH-PTCDI, shown in Fig. 2(b)] successively for the
duration of the measuring time for the luminescence spectra,
while the second involved taking at least five 4-min-long
spectra on a single molecule and adding them (the two
methods gave similar results). Luminescence spectra were
obtained at different sample voltages V between −3 and −5 V
and different tunnel currents between 0.5 and 3 nA using
a collection time of 1000 s. In our experiment, a negative
sample bias is applied implying that the electrons inducing
the scattering events pass from the sample to the tip. No
spectra were obtained at positive sample bias because above
+3.5 V, electron injection from the STM tip induces molecular
displacement across the surface or molecular dissociation.

A. Luminescence of the clean SiC surface

Figure 3(a) shows the room-temperature luminescence
spectra of the clean SiC(0001)-3 × 3 surface. On the clean SiC
surface, the light emission spectra are recorded at relatively
low tunnel currents of 0.5 and 1 nA in Figs. 3(a) and 3(c),
respectively. As a result, hνmax, the maximum energy of
the emitted photons, varies as a function of the applied

FIG. 3. (Color online) Luminescence spectra taken with a sample
bias of −3.5 V. (a) For a tunnel current I = 1 nA, the clean surface
shows a difference �E of 0.9 ± 0.1 eV between the absolute value
of the tunnel voltage and the maximum photon energy, with respect
to the photon threshold, and (b) for a tunnel current I = 2 nA, the
molecules show a difference �E of 1.4 ± 0.1 eV. (c) Maximum
photon energy hνmax as a function of the sample voltage V measured
from the luminescence spectra of the clean SiC surface (blue circle
= 0.5 nA and black triangle = 1.0 nA) and the molecules (red circle
= 2.0 nA and pink triangle = 3.0 nA). The black lines indicate the
average threshold value e|V |−�E of 0.9 ± 0.15 eV and 1.5 ± 0.1 eV,
respectively.

voltage since hνmax = e |V | − �E, giving a �E = 0.9 eV.
The constant difference of 0.9 ± 0.15 eV between the sample
voltage and hνmax suggests that the luminescence is generated
by IET between the S1 surface state of the clean SiC and the
unoccupied electronic states of the STM tip [Fig. 4(a)]. Indeed
in Fig. 4(b), in STM dI/dV spectroscopy the S1 surface state
is observed at 0.5–0.9 eV below the Fermi level [29,32]. No
double peak is observed in the emission spectra. In Fig. 3(a),
the photon emission through the S1 state is favored with respect
to the S2 state because the S1 state is closer to the vacuum
level. The transmission probability through the tunnel barrier
is higher for the S1 state than the S2 state because the S2 state is
lower in energy and faces a wider tunnel barrier. While photon
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FIG. 4. (Color online) (a) Schematic band diagram of the STM
junction on the clean surface, showing photon emission from the S1

surface state. (b) Derivative of the I (V ) spectroscopy of the clean
SiC(0001)-3 × 3 surface, showing the three surface states (S2, S1,
and U1) within the bulk band gap. (c) Schematic band diagram of the
STM junction on the DHH-PTCDI molecules showing emission from
the HOMO. (d) Derivative of the I (V ) spectroscopy of the PTCDI
molecule adsorbed on the SiC(0001)-3 × 3 surface, showing a single
molecular state (HOMO) within the bulk band gap. In (b) and (d), the
shaded areas below −2 V and above +1 V indicate, respectively, the
valence and conduction bands of the SiC surface. The spectroscopy
curves are reproduced from Ref. [29].

emission from the S2 state cannot be excluded, it will be hidden
below the threshold of the S1 emission. Our observations differ
from our earlier experiments [32], where photon emission of
the clean SiC surface was observed only from the S2 surface
state located 1.5–1.8 eV below the Fermi level. In the present
experiment, a relatively small tunnel current of 0.5–1 nA was
used, whereas higher tunnel currents in the range 3–25 nA were
used previously [32]. The change in behavior is due to the high
resistance (of the order of 1.0 G�) of the S1 surface state; high
tunnel currents (3–25 nA) prevented the observation of any
IET through the S1 state [32]. The much smaller resistance
(<0.03 G�) of the S2 surface state allows IET through the
S2 surface state with high tunnel currents (3–25 nA), as
previously reported [32]. At this point, it is important to
mention that we assume a flat band scenario. This is justified
for two reasons: (i) the SiC sample has a high n-type doping
(5 × 1019 cm−3), and (ii) the Mott-Hubbard splitting of the Si
adatom dangling bond state into U1 and S1 due to correlation
effects pins the Fermi level midway between the U1 and
S1 states.

B. Luminescence of the DHH-PTCDI molecule

On the DHH-PTCDI molecules, the light emission spectra
are recorded at intermediate tunnel current values, i.e., 2–3 nA
[Figs. 3(b) and 3(c)]. No spectra could be recorded at tunnel
currents lower than 2 nA on the molecule; the light emission

intensity is reduced by at least a factor of 3 compared to
the clean SiC surface. The maximum energy of photons
increases linearly as the tunneling voltage V is increased
up to about −4.5 eV, according to hνmax = e |V | − �E.
For higher voltages, the maximum photon energy remains
the same due a reduction in transmission of the optical
system above 3.2 eV (�400 nm). The plasmon response
of the Ag tip might also contribute to this saturation of
the maximum energy of the photons. The energy difference
(�E) for molecular luminescence between the absolute value
of the tunneling voltage and the maximum photon energy
is 1.5 ± 0.1 eV in the tunneling regime and for sample
biases between −3.3 eV and −4.5 eV. The linear variation
of hνmax as a function of the sample voltage shows that
the luminescence of PTCDI on SiC is not produced by an
interorbital transition (e.g. LUMO→HOMO), since hνmax

would not vary with the sample voltage. Instead, the constant
difference of 1.5 ± 0.1 eV between the sample voltage and
hνmax suggests that the luminescence is from IET between
the molecular HOMO and the unoccupied electronic states
of the STM tip, similar to the observation by Lutz et al.
[28]. The HOMO lies 1.5–1.8 eV below the Fermi level of
the SiC substrate [29,32], corresponding to the measured �E

value of 1.5 eV. In passing, two things should be noted: first
the scanning tunneling spectroscopy (STS) experiments were
performed at room temperature and second the HOMO state
was partially decoupled from the surface (see discussion of the
luminescence mechanism below). Both a partially decoupled
HOMO and room-temperature experiments will naturally give
a broad peak.

C. Luminescence mechanism

The luminescence mechanism can be understood from the
schematic of the light emission presented in Fig. 4(c) and
the STM dI/dV spectroscopy of the adsorbed PTCDI molecule
in Fig. 4(d). Due to charge transfer from the substrate to the
molecule, the LUMO is shifted below the Fermi level. Density
functional theory (DFT) calculations give a value of −0.2 ±
0.4 eV for the position of the LUMO that is not visible in the
STS. Given that these orbitals and surface states have a certain
width of around 0.6–0.8 eV, one can consider that the LUMO
and S1 are in the same energy window. On the other hand,
the HOMO has an energy close to that of the S2 surface state
[29]. Compared to molecules adsorbed on a metallic substrate
[28], IET from the LUMO and/or HOMO is more difficult to
achieve in the case of a molecule adsorbed on a wide-band-gap
surface, such as SiC, since both the LUMO and HOMO lie
within the bulk band gap (3 eV) of the SiC substrate. In this
case, the STM current must travel across the surface through
the surface states (S1 and S2) before it can tunnel inelastically
through the LUMO and/or the HOMO. In fact, the electronic
interaction between the LUMO and the S1 surface state is
significantly reduced compared to the interaction between the
HOMO and the S2 surface state [29]. Upon adsorption, the
PTCDI molecule forms two new Si-O bonds between the
carbonyl groups of the molecule and the Si-adatom of the SiC
surface. As we showed in the DFT calculations previously [29],
electron density is found within the energy window from −3.7
to −4.3 eV, indicating the presence of the Si-O bonds. Before
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adsorption, the DFT calculations also clearly showed electron
density associated with the S1 state (−0.3 eV below the Fermi
level). After adsorption, the LUMO is displaced below the
Fermi level as a result of accepting an extra electron and is
observed in the same energy window as the S1 state before
adsorption, only there is now no electron density associated
with the S1 state. The π -system of the PTCDI molecule is
relatively unchanged, even though the molecule is no longer
planar [29,30]. The absence of electron density will reduce
the conductivity, effectively decoupling the LUMO from the
surface [marked by the X in Fig. 4(c)]. As a result, the LUMO
is completely invisible in the conductance spectra—from the
dI/dV spectra the LUMO-substrate resistance is estimated
at >30 G�; no current passes through the LUMO. The
interaction of the LUMO with the delocalized S2 state will be
weak for the same reasons: (i) the energy difference is around
1.5 eV and (ii), the LUMO is 5 Å above the S2 state. On the
other hand, after adsorption of the molecule the S2 surface state
is still present underneath the molecule; the HOMO-substrate
resistance was estimated from I (Z) spectroscopy at around 2
G�. In this case, the current can pass through the HOMO. In
addition, the tip is roughly 10 Å above the S2 adlayer state
when it is over the molecule. This will reduce significantly
any emission from the S2 state. It follows that passing the
current across the sample through the S1 state and then
tunneling (elastically or inelastically) through the LUMO is
much less probable than passing the current through the S2

surface state and tunneling through the HOMO. Thus, the
observed photon emission is only possible by IET from the
HOMO to the unoccupied states of the STM tip [red arrow
in Fig. 4(c)]. The probability of other electronic mechanisms
involving the LUMO are significantly reduced, in particular,
the LUMO→HOMO transition is not observed.

IV. CONCLUSION

Wide-band-gap materials, such as SiC, having an energy
gap (3 eV) that is larger than the HOMO-LUMO gap
of molecule, offer interesting perspectives to achieve STM
electroluminescence of a single molecule. In the particular
case studied here of a DHH-PTCDI molecule adsorbed on a
6H -SiC(0001)-3 × 3 surface, the LUMO and HOMO of the
molecule both lie within the bulk band gap and are below
the Fermi level of the substrate. Nevertheless, even with this
electronic configuration of the molecule-surface system, the
photon emission process is complex since it could occur from
(i) IET between the LUMO and the unoccupied states of the
STM tip, (ii) IET between the HOMO and the unoccupied
states of the STM tip, or (iii) the LUMO→HOMO transition.
The balance between these three photon emission processes
depends on the strength of the electronic couplings between
the LUMO and HOMO of the molecule and the S1 and S2

surface states as well as the resistance of the S1 and S2 surface
states across the surface. Due to the high resistance of S1

relative to S2 and the poor electronic coupling between the
LUMO and S1 (relative to the electronic coupling between the
HOMO and S2), the observed photon emission is dominated
by the inelastic electron transition between the HOMO and the
unoccupied electronic states of the STM tip.
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