Charge-state lifetimes of single molecules on ultrathin insulating films
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In scanning tunneling microscopy (STM) experiments of molecules on insulating films, tunneling through molec-
ular resonances implies transiently charging the molecule. The transition back to the charge ground state by
tunneling through the insulating film is crucial, for example, for understanding STM-induced electrolumines-
cence. Here, using STM, we report on the charge-state lifetimes of individual molecules adsorbed on NaCl films
of different thicknesses on Cu(111) and Au(111). To that end, we approached the tip to the molecule at resonant
tunnel conditions up to a regime where charge transport was limited by tunneling through the NaCl film. The
resulting saturation of tunnel current is a direct measure of the molecule’s charge-state lifetime, thus providing
a means to study charge dynamics and, thereby, exciton dynamics. Comparison of anion and cation lifetimes on
different substrates reveals the critical role of the level alignment with the insulator's conduction and valence

band, and the metal-insulator interface state.

Introduction

Single-molecule charge transfer plays a significant role in many areas, from molecular electronics [1,2], single-
molecule light emission [3-9], photocurrent generation [10] to natural processes such as photosynthesis [11].
Over the past 20 years, the tremendous progress in high-resolution scanning probe microscopy has facilitated
the investigation of single molecules with charge state control [5,8,12—17]. In scanning tunneling microscopy
(STM), this was enabled by introducing a thin insulating film as a decoupling layer between molecule and metallic

substrate, preventing hybridization between molecule and substrate while still allowing charge transfer and pre-



serving a sufficient conductance for STM [3,18-20]. This facilitates, for example, mapping molecular ion reso-
nances, which is based on a transient change in the charge state of the molecule [19]. For the investigation of
molecular electroluminescence in STM-induced luminescence (STML) experiments, the decoupling layer serves
two purposes: It reduces luminescence quenching from the metallic substrate [3,21-23], and, due to the finite
lifetime of charged species, it enables an exciton formation mechanism based on subsequent charge transfer

from tip and sample [7,24].

Such experiments on thin insulating films have in common that at sufficiently high bias voltages, sequential tun-
neling through a molecular resonance sets in. In this two-step sequential tunneling process, the molecule is
transiently charged by a tunneling event between molecule and tip, followed by a tunneling event between
molecule and metallic substrate. In almost all cases, the former tunneling event involving the tip is the current-
limiting factor, such that little is known about the rate of the second tunneling transition involving the substrate.
However, the latter can be critical for the interpretation of experimental results. For example, the aforemen-
tioned sequential tunneling process can — depending on the level alignment — lead to the formation of an excited
state [3,7,8], which can subsequently decay under the emission of a photon. The excitation mechanism is fun-
damentally different from optical excitation because it entails a two-step process [8,9,25], i.e., charging from
the tip and subsequent charge transfer to the substrate. Hence, the entire cycle of electroluminescence including
the emission of a photon already involves (at least) three transitions with their respective rates. In addition, the
creation of the exciton by charge transfer competes with the neutralization of the molecule to its neutral ground
state involving even a fourth rate. Thus, the charge-state lifetime of the adsorbed molecule needs to be taken
into account in any consideration of dynamics in STML experiments, all-electric pump-probe measurements of

excited states [24,26—30] as well as yields in photocurrent generation [10].

The average elapsed time between charging by tunneling between tip and molecule, and neutralization by
charge transfer between molecule and substrate depends on the tunneling probability between molecule and
metallic substrate and thus on the thickness of the insulating film [15,16,31,32]. Although this time is a property
of the entire system and occurs in an out-of-equilibrium situation, in the following we refer to this quantity as

the charge-state lifetime.

One way of experimentally determining charge-state lifetimes has been demonstrated for Cl-vacancies in NaCl
films of various thicknesses [31]. Analogously to surface-adsorbed molecules, these defects exhibit electronic
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resonances and can be transiently charged at sufficiently high bias voltages. At resonance, the system represents
a double-barrier tunnel junction with one barrier corresponding to tunneling between tip and defect (vacuum
barrier) and the other corresponding to tunneling between defect and metal substrate (NaCl barrier). At tunnel
conditions in typical STM experiments, the charging step by tunneling through vacuum is the rate-limiting step
and therefore determines the measured current /. In this (usual) regime, the current /(z) increases exponentially
with decreasing tip height z. At close distances, however, the time for charging the neutral defect by tunneling
through vacuum (tc) can become smaller than the time to discharge the defect through the insulating film (i.e.,
the charge-state lifetime t4), and thus, /(z) reaches a z-independent saturation current /s.¢ for small z. Specifically,
at the first (positive and negative) ion resonance, the doubly-charged state is energetically not available due to
Coulomb repulsion, such that in this regime, I is limited by the defect’s charge-state lifetime s and for small z
no longer depends on z [22,29-32]. Hence, under these conditions, one can directly deduce ts = g//lsat, with the
elementary charge g, from the saturation current Isq. Since Cl-vacancy states are localized within the top-most
NaCl layer, possess an s-wave character as well as strong lateral confinement, and have no occupied state in the

relevant energy range, it is not straightforward to generalize the results from vacancies to molecules.

Here, by extending this approach to single molecules, as sketched in Fig. 1, we investigated charge-state lifetimes
of ZnPc and H2Pc molecules, both of which are frequently used model systems in STML experiments [4,29,33],
adsorbed on 3-5 monolayers (ML) of NaCl on Au(111), i.e., NaCl/Au(111) and Cu, i.e., NaCl/Cu(111). Comparing
results on the different work function surfaces Au(111) and Cu(111) allows us to shift the molecular electronic
states with respect to the sample’s electrochemical potential in order to probe the effect of different possible

tunnel channels for the neutralization event.

Results

We performed current-versus-distance spectroscopy /(z) within the electronic resonances of ZnPc and H2Pc mol-
ecules adsorbed on 3 to 5 monolayer (ML) thick NaCl films on Cu(111) and Au(111) substrates. To that end we
applied voltages V at and, in absolute values, up to few 100 mV above the respective peak positions in d//dV,
Vrir and Viir (see Methods as well as Fig. 2e, f and Fig. S2 in the Supporting Information for scanning tunneling

spectra and additional information). Figures 2a and b show /(z)-curves recorded above a lobe of a ZnPc at the



first negative ion resonance (NIR) and positive ion resonance (PIR), respectively, for different NaCl film thick-

nesses dnaci.

As in the case of Cl-vacancies, the spectra in Fig. 2a, b show two distinctively different regimes: At large z, the
I(z) spectra exhibit an exponential z-dependence; the current-limiting tunnel process is the tunneling through
vacuum between tip and molecule. For small z, /(z) shows a plateau at the saturation current /s.:. This shows that
at the electronic resonances tunneling between tip and metal substrate is governed by a two-step tunnel process
via the molecule, whereas the contribution of direct tunneling, which should increase exponentially with de-
creasing z, is negligible. In addition, in the regime of saturation the tunnel current is governed by tunneling

through the NaCl barrier, and the molecule is charged most of the time.

The lateral dependence of the current can be used to experimentally verify if the saturation observed in I(z) is
due to the effect described above. If the current was indeed limited by molecule-to-substrate tunneling, it should
be also largely independent of the lateral tip position. Only if the tip was placed laterally off of the entire mole-
cule, the current should drop. Constant-height (c.h.) STM images recorded at resonance, shown in Fig. 2c for
ZnPc adsorbed on 5 ML NaCl recorded at the PIR, i.e., V=-1.2 V, show a transition to this regime. For a larger
tip-height offset of Az = 6.5 A, the c.h. STM map shows a maximum current of about 0.5 pA, which is smaller
than the saturation current Isqar, and a significant variation of the tunnel current is observed as a function of the

lateral tip position above the molecule, as usual [19].

Upon decreasing z, the current increases in all regions above the molecule, however, only until reaching the
saturation current /sat for ZnPc/NaCl(5 ML)/Au(111) of about 0.9 pA, compare with Fig. 2b. At Az = 4.5 A, we
obtain a “flat-top” contrast with the saturation current reached at all positions above the molecule, and nodal
planes can no longer be observed. This confirms that 14 is independent of the position at which the charge had
been attached to the molecule. Such current behavior in c.h. STM maps is reproduced for different film thick-
nesses and resonances, see Supporting Information Fig. S1. Bias voltage dependent measurements reveal that
T4 remains the same within a few 100 mV around the peak voltage of the resonance and several 100 mV above
it (see Fig. S3a, b). By changing the total applied bias voltage (and tip height), the voltage drop across NaCl also
changes by a small amount [34]. /st being independent of V (for voltages associated to a certain ion resonance,
see Fig. S3a, b) and of the tip height z (Fig. 2a, b) indicates that the charge-state lifetime does not vary signifi-
cantly as a function of the voltage drop across NaCl for a specific ion resonance. A more detailed discussion of
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the voltage dependence and the partial voltage drops in vacuum and NaCl is given in the Supporting Information

S2.

The I(z)-curves shown in Fig. 2a, b can be fitted assuming a total rate I;,; for the entire charge transfer process
between tip and metal substrate that comprises the charging time tc of the neutral molecule by tunneling
through the vacuum barrier, with an exponential z-dependence, and the charge-state lifetime t4 by tunneling

through the NaCl film that is independent of z.
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Here, I,,. (2) is the rate at which the neutral molecule is charged via the tip through the vacuum barrier (as a
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function of z) and I,2, is that rate for z = 0. I2. as well as k,, = o are fitting parameters, with the

electron mass me and the effective vacuum barrier height (between molecule and tip) @vac. The fits to the ex-

perimental /(z)-curves are shown as dashed red lines in Fig. 2a and b, respectively.

Figure 3 shows the extracted saturation currents and related charge-state lifetimes 14 of anions and cations of
ZnPc and H2Pc on NaCl films on Au(111) and Cu(111) as a function of dwaci. The charge-state lifetimes ts range
from around 50 ps (3ML NaCl/Cu(111)) to 20 ns (5ML NaCl/Au(111)). The previously reported charge-state life-
times of the anionic charge states of Cl-vacancies in NaCl [31] are about one order of magnitude smaller (on the
order of 1 ns for 5ML NaCl) compared to the charge-state lifetimes of the investigated negatively charged mol-
ecules on 5 ML NaCl. Aside from other effects, e.g. different barrier heights and energetic positions of the reso-
nances, this relates to the probed Cl-vacancies being located within the top monolayer of the NaCl-film, whereas

molecules are adsorbed on top of the NaCl film with an adsorption height of approximately 0.3 nm [35].

As conventional /(z) spectroscopy can be used to extract @vac [36,37], the slope m = In(/sat)/dnaci provides access
to the effective NaCl barrier height ®naci. Comparing the data in Fig. 3, we make two important observations:
First, the slopes m for both molecules and at both ion resonances (PIR and NIR) are very similar, with m = -2.9

ML for Cu(111), see Fig. 3a, and m = -3.4 ML for Au(111), see Fig. 3b. That is, for both cations and anions, /sat



decreases (14 increases) by a factor of 18 for Cu(111) and by a factor of 30 for Au(111), per added monolayer
NaCl. The corresponding extracted effective NaCl barrier-heights are @wacycu = 0.9 eV on Cu(111) and @naci/au =
1.3 eV on Au(111). The full list of slopes and effective barrier heights is reported in the supporting information
in Table S1. Second, while on Cu(111), the lifetimes of cations (PIR) and anions (NIR) are similar (see Fig. 3a), on
Au(111), the lifetime of the cations is about one order of magnitude longer compared to that of the anions (NIR)

(comparing same NaCl layer thicknesses, see Fig. 3b).

The first observation, namely the similar m for positive and negative ion resonance, indicates that the NaCl ef-
fective barrier heights ®@naci for the transitions from anion and cation to the neutral state are similar. This is
different compared to tunneling through vacuum, where the barrier height increases with increasing energy

difference to the vacuum level and therefore is smaller for the NIR compared to the PIR.

In the following, we will discuss these observations based on the energetic alignment of potential tunnel chan-
nels that may be involved in the neutralization process with respect to the substrate states (Fig. 4). Note that
the picture presented in Fig. 4 is a sketch with estimations based on previous experiments (see Fig. S5), which

could be refined and better quantified by future experiments and theoretical investigations.

In general, neutralization of a charged species in a Do* state can, depending on the level alignment between
molecule and metal substrate, proceed via several channels, i.e., in addition to transitions to the neutral ground
state (So) transitions to excited states (e.qg., T1, S1) could be energetically allowed [3,4,9,38]. Because only a small
fraction of the applied bias drops in the NaCl film, about 10-20% for the used geometries (see, e.g., [15] and
Supporting Information S2), by changing the applied bias voltage we can shift the molecular levels only within a
very limited energy window with respect to the substrate’s electrochemical potential. Instead, we can use metal
substrates with different work functions to compare situations where only the channel to the neutral ground
state is energetically allowed, to situations where also channels to excited states are possible. Although the exact
positions of the anion’s/cation’s electronic levels are not accessible in STM on ultrathin insulating films, we can
deduce for which cases excited states can be formed in the neutralization step, e.g., from comparison to STML
measurements and comparing the energies of the PIR and NIR with excited state energies (i.e., energies of opti-
cal transitions). This information allow us to draw an estimated picture of the level alignments between the
transiently charged molecules and the substrate. We assume that on Cu(111) the anion, formed at the NIR at
about Vwir = 1V, only neutralizes to the ground state So, whereas the cation, formed at the PIR at about Vpr = -
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2.2V, can also form the excited S1 and Ti state upon neutralization. On the other side, we assume that on Au(111)
the cation, formed at the PIR at about Veir =-1.1V, only neutralizes to So, whereas the anion, formed at the NIR
at about Vwir = 2.1V, can also form the excited S1 and T: state [5,38]. For a more detailed discussion see the
Supporting Information S3 and Fig. S5. This energetic alignment of the different channels is considered and re-
flected in the schematics shown in Fig. 4, and it allows us to discuss how the lifetime changes when different
channels are open for neutralization. Note that the level alignments in Fig. 4 depict the molecular resonances
after the charging event via the tip, which differ from those of the neutral molecule (Fig. 2e, f) due to, e.g.,

Coulomb repulsion, lifted spin degeneracy and reorganization energy [7,15].

The experimentally observed similar m for anion and cation indicates similar effective barrier heights for the
charged-to-neutral transitions. If here the effective barrier height simply corresponded to the respective ener-
getic difference to the vacuum level (or another single fixed energy level, e.g., the conduction band minimum or
valence band maximum), the extracted effective barrier height ®nac would be significantly different for the PIR
(neutralization of the cation) compared to the NIR (neutralization of the anion). Note that in general, for the NIR
(PIR) neutralization occurs by electrons tunnelling at energies above (below) the chemical potential of the metal
sample, i.e., to unoccupied (from occupied) sample states. We hypothesize that the similar m result from the
effective NaCl barrier height ®Onsc being determined by the relative energetic position of the tunnel channels
with respect to the band structure of the NaCl film. It has been shown that for tunnel processes involving states
that are energetically near the VBM, hole tunneling, for which the tunnel barrier height is given with respect to
the VBM and thus decreases with decreasing carrier energy, can dominate [39]. Especially for the cation (Fig.
4b, d), the energetic difference of one of the tunnel channels to the VBM becomes comparable to the energetic
difference of tunnel channels to the CBM and vacuum level in other cases, which could explain its similarly small
m compared to the anion (Fig. 4a, c). However, since the different neutralization processes involve tunnel chan-
nels with different energetic alignment with respect to the substrate’s states and thus with respect to CBM and
VBM (see Fig. 4), it seems unlikely that the effective barrier heights result from the energetic separation of these
channels to either VBM or CBM alone. Instead, the similar m suggest that the effective barrier height for the
neutralization of the ionic molecules is nearly energy independent for the different processes studied in this
work. In fact, tunnelling through a solid is correctly described by a complex band structure [40—42]: inside the

band gap the wave vectors become imaginary and the wave functions decay exponentially into the bulk. Such



imaginary wave vectors adequately describe the tunnelling and thereby translate into an effective tunnelling
barrier. Complex band structure calculations for the wide-band-gap insulator MgO suggest that deep inside the
band gap the imaginary wave vector becomes nearly independent of energy [40-42]. We expect the complex
band structure of NaCl to be qualitatively similar, which would explain our observation of m being nearly inde-
pendent of energy. Note that, in direct vicinity to CBM or VBM, we expect the effective barrier height to be
smaller and exhibit a stronger energy dependence compared to deep in the band gap, as observed for doubly
charged Cl vacancies [31]. The potential landscape being influenced by the different transient charge states of
the molecule as the initial state of the tunnelling process through NaCl may further influence the effective barrier

heights.

Since we find similar slopes m in In(/sat) for the decharging of anion and cation from the sample, the second
observation, i.e., the cation lifetimes on Au(111) being about one order of magnitude longer than that of the
anions, cannot be explained by differences in the effective barrier height for the involved tunneling events. In-
stead, the observed differences can be rationalized by considering the sample’s local density of states (LDOS) at
the energy of the ion resonances. The interface state (IS) band that descends from the Shockley surface state of
noble metal (111) surfaces [43,44] upon adsorption of a dielectric [45—48] extends the sample’s LDOS, and thus
reduces the length of the tunnel path through NaCl for transitions including the IS, and modulates
it [34,46,49,50]. The onset of the NaCl/metal IS for Cu(111) is at about V =-220 mV and for Au(111) at V=-270
mV [45,46]. Figure 4 shows schematically in a single-electron picture how the IS potentially contributes to tun-
neling through the NaCl barrier: It contributes for all systems studied, except for the cation on Au(111), where
presumably only tunneling from the substrate at energies below the onset of the IS can neutralize the cation,
see Fig. 4d. We propose that this is the main reason for the comparably long lifetimes of the cations on Au(111).
In contrast, for the cations on Cu(111), tunneling from the substrate to neutral excited states is energetically
possible [5,7,8,38], opening channels at IS energies, see Fig. 4b. In addition, the number of accessible tunnel
channels might influence the lifetime. Differences in the spatial extension of the singly occupied orbitals’ wave-
functions will also affect the relative contributions of the different channels. The latter argument is not consid-

ered in Fig. 4.

In summary, on both surfaces, the neutralization of the anion and cation by tunnelling through the NaCl film

exhibits very similar effective barrier heights, although the energetic separation of the involved tunnel channels



with respect to the vacuum level, the VBM, and the CBM is very different. This leads us to the conclusion that
@nacr results from the relative energetic position of the tunnel channels inside the band gap of the NaCl film.
Deep inside the band gap, @nac does not seem to vary significantly with the relative energetic position of the
tunnel channels. In addition, on Au(111), the longer lifetimes observed at the PIR compared to the NIR — despite
similar effective barrier heights — indicate tunnelling across different distances. This can be rationalized by the
increased LDOS due to the IS, that contributes to at least one channel in all situations (Fig. 4a, b, c) except for

the PIR on Au(111) (Fig. 4d).

As a side remark, if several channels are open, i.e., as for the PIR on Cu(111), see Fig. 4b, and for the NIR on
Au(111), see Fig. 4c, the fastest channels should dominantly govern the charge-state lifetime and the measured
effective barrier height. However, in our experiment we cannot separately measure the rates of competing
channels. Based on our results and arguments discussed above we would expect that the channels that involve
the IS, sketched bold in Fig. 4, are faster and thus dominant. STML showing light emission from the S: state for
the NIR on Au(111) [5,17,38], indicates that out of the three channels that involve the IS, shown in Fig. 4c, the

channel that is lowest in energy contributes at least significantly.

We note that momentum conservation as well as the wave vector parallel to the surface (IT”) can additionally
influence the tunneling probabilities [51-54], but estimating this influence based on the momenta of the in-

volved states [46,55,56] is beyond the scope of this work.

At voltages sufficiently exceeding the first electronic resonances, additional tunnel channels can be ac-
cessed [31,57,58]. Figure 5a shows /(z) spectroscopy of ZnPc on NaCl(5 ML)/Au(111) at different negative sample
voltages. Very similar /(z) spectra and saturation currents /sa: are measured for V from -1.6 Vto-2.4 V. At V = -
2.5V, however, the current shows a much less pronounced plateau at about z =-0.5 A and then further increases
with decreasing z. For z <-1.5 A, the current significantly exceeds the saturation current of /sat = 0.9 pA measured
at less negative voltages. This is also visualized in c.h. STM images at V =-2.5V at different tip-sample distances
(Fig. 5b). For Az > 5.0 A, the same behavior as for smaller negative voltages is observed, i.e., with decreasing z,
the current reaches saturation at an increasing number of lateral positions above the molecule until a flat-top
current image is observed (at Az = 5.0 A). Going closer with the tip (Az < 4 A), we observe that the current

increases further at some lateral positions but remains "flat" in other regions above the molecule. Interestingly,



the spatial distribution of regions of increased current shows a ring of 12 maxima, as on a clock, with bright
maxima at positions 3, 6, 9, 12 o’clock and two equally spaced fainter maxima in between. This corresponds to
the shape and symmetry observed for the LUMO rather than the HOMO density, which exhibits three (not two)

equally spaced fainter lobes between the bright lobes (see Fig. 5¢ for comparison).

The contrast that we observe at V = -2.5 V for small z (at Az = 3 A) could be explained by transitions involving
higher-lying states of ZnPc, such as for example higher charge states [57-59], i.e., the dication (So**), or trionic
states (Dn*) [5,17]. Some potentially accessible states and corresponding transitions are shown in a many-body

energy diagram in Fig. S3 in the SI.

The dication, i.e., the doubly positively charged ground state (So?*), could be accessed by applying sufficiently
large currents and bias voltages in a two-electron process, which becomes significant in a regime where the Do*
— So transition (neutralization by tunneling through NaCl) is slower than Do* = S¢?* (tunneling another electron
to the tip), i.e., at small z. We observe a corresponding behavior in the /(z)-curves in Fig. 5a and the c.h. STM
maps in Fig. 5b, where for Az = 5 A, we observe the saturation of the tunnel channel corresponding to the So —

Do* transition as well as a subsequent increase of the current at Az <5 A.

Due to a non-zero population of So?*, transitions into other higher-lying states, such as the cation’s excited state
Di*, become accessible. Thus, different tunnel channels can contribute to the overall tunnel current [60,61], and
the contrast in STM results from a superposition of these channels [60,62]. In the transition D:* = So**, for ex-
ample, an electron is removed from the former LUMO (which is singly occupied in D:*) by tunneling through the

vacuum barrier, which could explain the observed contrast in Fig. 5b at Az = 3 A.

The results in Fig. 5 demonstrate that additional transitions can contribute to the overall tunnel current when
increasing the bias voltage, and their relative contribution can be tuned with tip-sample distance. These transi-
tions can play an important role, for example, in the formation of excited states in STML experiments, where
exciton formation via the singly charged molecule is not always energetically possible and is thus sometimes

only observed at higher-lying ion resonances [5,27,63—65].

In conclusion, we reported lifetimes of transiently charged molecules on thin NaCl films on Au(111) and Cu(111)
surfaces. Previously, Hanbury Brown-Twiss interferometry and phase fluorometry in combination with STML

have been used to access exciton dynamics in single molecules adsorbed on ultrathin insulating films [27,29].
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The extracted lifetimes comprise time constants for both excitation and decay of molecular excitons and are of
similar magnitude as the charge-state lifetimes reported here (on the order of 500 ps for 3ML NaCl). This indi-
cates that, for certain geometries, the neutralization process from the substrate is the rate limiting process in
the formation and decay of molecular excitons and, thus, the previously extracted time constants are likely dom-
inated by the charge-state lifetime. Our results further indicate that the effective NaCl barrier heights for neu-
tralization are governed by the energetic alignment of the tunnel channels inside the band gap of the insulating
decoupling layer. Moreover, the energetic alignment of the tunnel channels for neutralization with the interface
state significantly impacts the charge-state lifetime. Our results provide an improved understanding of the tun-
nel processes in these relevant double-barrier tunnel junctions and a quantification of the lifetime of transiently
charged molecules, important for understanding excited-state formation by charge attachment in the growing

field of STML experiments.

Methods

We performed the experiments in a home-built low-temperature (T = 5 K) combined STM/AFM system operated
under UHV conditions and at a base pressure of 1x102° mbar. The voltage V was applied to the sample. The
metal substrates were cleaned by repeated Ne* ion sputtering and annealing cycles. NaCl was deposited at sam-
ple temperatures between 250 K and 300 K [45]. ZnPc and H2Pc were sublimed onto the cold (T = 10 K) substrate

from a Si-wafer.

For constant-height STM and /(z) spectroscopy, we approach the tip by the tip-height offset Az from a given STM-
controlled setpoint, indicated in each caption. In /(z) spectroscopy the offset for the tip height z is chosen such
that at /= 0.5 pA, z is 0 A in every spectrum. Increases in z and Az correspond to increases in tip-sample distance.
We define the voltages corresponding to the peaks in d//dV as Vrir and Viir, respectively. The voltages V used in
the experiment for probing the lifetime at PIR and NIR were chosen such that, by varying z and thus changing
the lever arm for the voltage drop across NaCl, the molecular electronic resonances stay accessible. To this end,
we typically used for all tip heights slightly larger voltages (up to few 100 meV) compared to the respective peak

positions in d//dV for the larger tip heights probed.
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Figure 1: Resonant tunneling through a molecule adsorbed on a thin
NaCl film. (a) Schematic depiction of the transient negative charging of
the molecule at positive bias. The charging time through the vacuum bar-
rier Tc can be varied by changing the distance between tip and molecule;
thicker arrows indicate smaller charging times. The discharging time, i.e.,
the charge-state lifetime, through the NaCl film T4 is governed by the film
thickness. The two cases that are schematically depicted here correspond
to tip-molecule distances where Tc is longer (long, thin arrow) and shorter
(short, thick arrow) compared to t4. (b) Corresponding one-electron pic-
ture of the double-barrier tunnel junction shown in (a).
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Figure 2: Current as a function of tip height for ZnPc adsorbed on NacCl films of different thick-
nesses on Au(111). /(z) spectroscopy at the (a) negative ion resonance (NIR) and (b) positive ion
resonance (PIR) of ZnPc molecules adsorbed on 3 - 5 monolayer (ML) NaCl/Au(111). Fits to the
data are shown in red. On 3 ML at NIR, the molecule dislocated at z = -4.8 A, resulting in an abrupt
change in current. The insets in (a) and (b) exemplify the lateral position of the tip, atop regions
of high orbital density, during the spectra. (c) Constant-height (c.h.) STM images (V =-1.2 V) of
ZnPcadsorbed on 5 ML NaCl/Au(111) recorded at at different tip-sample distances. The tip-height
offset Az is given with respect to the STM setpoint of V =-1.2 V, I = 0.5 pA above the bare NaCl
surface. The scale bar corresponds to 1 nm and applies to all images in (c). (d) Line profiles along
the dashed lines indicated in (c). (e, f) dI/dV(V) of H,Pc adsorbed on 4 ML NaCl on Cu(111) (set-
point V=1.6V, /= 0.5 pA, Az =-1 A) (e) and 3 ML NaCl on Au(111) (setpoint V=2V, | = 0.5 pA, Az
=-1A) (f). The dI/dV(V) was obtained by numerical differentiation of constant-height /(V)-curves.
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Figure 3: Charge-state lifetimes. Measured saturation currents /s, (left axis, log scale) and corresponding
charge-state lifetimes tq (right axis, inverted log scale) of ZnPc and H,Pc on NaCl on (a) Cu(111) and (b) Au(111)
as a function of NaCl thickness. The saturation current was recorded at voltages within the ion resonances. The
voltages that were typically used to record the /(Az)-curves are indicated in the legends. Their absolute values

are slightly larger than the voltages, at which the corresponding resonance is seen in d//dV. The solid lines are
fits to the data.
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Figure 4: Transition from a molecule's transiently charged state to the neutral charge state by tunneling through the NaCl
barrier. The frontier molecular levels, chemical potentials of tip (i) and sample (ps), and the interface state (IS) are indicated.
The shown level alignment corresponds to voltages of the ion resonances deduced from the positions of the neutral mole-
cule’s ion resonances and STML. The dashed lines indicate which single electron states derive from the HOMO (lower pair of
states) and LUMO (higher pair of states) of the neutral molecule, the corresponding a and B spin channels are indicated. The
grey shaded area indicates the linewidth of the levels. Because of different work functions, the vacuum-level aligned molec-
ular ion resonances are shifted to larger bias values on Au(111) compared to Cu(111) [12,32]. Thicker (thinner) arrows indi-
cate channels that involve (do not involve) the IS. In a)-c), the IS contributes to at least one channel, while in d), it does not.
A more detailed depiction of how the shown level alignment was derived is shown in the Sl in Fig. S5. By schematically
showing the conduction band minimum (CBM) and valence band maximum (VBM) of NaCl we indicate the need to consider
the NaCl’s band structure for tunneling. References [66-68] suggest that the CBM is roughly aligned with the vacuum level
while the band gap is at least 8 eV (see section S5 in the SI).
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Figure 5: Contribution of higher lying states of ZnPc on 5 ML NaCl/Au(111).
(a) /(z)-curves atop one of the lobes of the ZnPc HOMO at different V from -
1.6 Vto-2.5V. (b) C.h. STM maps on ZnPc adsorbed on 5 ML NaCl/Au(111)
at different Az recorded at V =-2.5 V. The dashed lines indicate the position
of the line profiles shown in the right panel. The scale bar corresponds to 1
nm and applies to all images. Az is given with respect to the STM setpoint of
V=-2.5V,/=0.5pA above the bare NaCl surface. (c) C.h. STM images of ZnPc
adsorbed on 5 ML NaCl/Au(111) at PIR (HOMO) and NIR (LUMO) for compar-
ison.
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S1. Additional constant-height current maps
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Figure S1: Constant height current maps at different tip-sample distances on ZnPc adsorbed on (a) 4 ML NaCl/Au(111), rec-
orded at the PIRat V =-1.2 V and (b) 5 ML NaCl/Au(111), recorded at the NIR at V = 2.2 V. The line profiles correspond to
current traces along the respective dashed lines at Az = 2.5 A, 2 A and 1.5 A in (a) as well as Az = 4 A in (b). Az is given with
respect to the STM setpoint of V =-1.2 V, | = 0.5 pA above the bare NaCl surface in (a) and V=2.2V, /=0.5 pAin (b). The
scale bar in (a) corresponds to 1 nm and is valid for all maps.

Figure S1 shows additional constant-height current maps recorded on ZnPc on 4 and 5 ML NaCl/Au(111). To
ensure that the probed ionic resonance (PIR or NIR) is accessible at all probed tip heights and NaCl thicknesses,
we used bias voltages V slightly above (below) the peak position of NIR (PIR) in d//dV. This is further detailed in
section S2. In the constant-height STM images in the regime of current saturation (see linescans in Fig. S1), we
observe aslightly larger saturation current at the rim of the molecule compared to its center. This effect probably
results from a different screening of the tip’s electric field by the molecule at different tip positions, slightly
affecting the tunnel rates through the NaCl barrier.



S2. Distance and voltage dependence of the charge-state lifetime
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Figure S2: d//dV(V) recorded on different systems. (a) H2Pc on 3 ML NaCl/Au(111) (setpoint / = 0.5 pA, V=2V, Az =-1A). (b)
H,Pc on 4 ML NaCl/Cu(111) (setpoint / = 0.5 pA, V= 1.6 V, Az = -1 A). (c) ZnPc on 3 ML NaCl/Au(111). (d) Comparison of H,Pc
on 3 ML and on 4 ML NaCl/Au(111) (setpoint / = 0.5 pA, V = 2 V, Az = -1 A). The onsets of PIR and NIR are indicated by the
dashed lines.

The voltage drop across the tip-sample junction is composed of the voltage drop over the vacuum gap (between
tip and molecule) and the one over the NaCl film (between molecule and metal substrate). The ratio of these
two voltage drops depends on the exact geometry, i.e., the tip-molecule distance z, the tip position, the thick-
ness of the NaCl film dnaci, and the tip-radius. Following the estimation given in ref. [1], we estimate the relative
voltage drop over NaCl to be in the range of 10-20% of the total applied bias voltage for the geometries present
in this study.

Upon applying a bias, the voltages of the molecular ion resonances are shifted with respect to the zero bias
condition by the voltage drop across the NaCl film. As a consequence, changes in z or dnac directly affect the
voltages of the ion resonances. To avoid shifting of the molecular ion resonances outside the voltage window
when changing the lever arm (z or dwacr), we typically used absolute bias voltages slightly larger (up to a few 100
mV larger) then the corresponding peak positions in d//dV, Veir and Vair. One example for the shift due to the
changed lever arm is shown in Fig. S2d, where we show dI/dV(V)-curves recorded atop H:Pc adsorbed on 3 and
4 ML of NaCl on Au(111). The peaks and onsets of PIR and NIR shift to higher absolute values on 4 ML NaCl, as a
result of the larger relative voltage drop across NaCl on 4 ML compared to 3 ML.
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Figure S3: /(z) spectroscopy at different V. (a) /(z) at different positive bias voltages atop a lobe of an H,Pc and (b) ZnPc
adsorbed on 4 ML NaCl/Au(111). In (b), the ZnPc molecule dislocated at V= 2.8 V at about z = -4 A. (c) (z) at different negative
bias voltages atop one lobe of a ZnPc adsorbed on 5SML NaCl on Cu(111). Here, z corresponds to the tip-height offset Az when
the STM feedback was opened, i.e., at the position the spectrum was recorded at / = 0.5 pA, and V=2.0V (a), V=2.2 V (b),
and V=-2.8V(c).

A similar trend is expected for decreasing z (i.e., a decrease in z will lead to an increase in voltage drop across
NaCl and thus an up-shift of the absolute values of Vrir and Viir) [2]. Unaffected by the changed lever arm, the
saturation current, i.e., the charge-state lifetime, does not vary with decreasing z (see, e.g., Fig. 2b in the main
text). In addition, we recorded bias dependent /(z) curves (Fig. S3), showing that, also independent of the applied
bias voltage, the charge-state lifetime remains the same. This indicates that the charge-state lifetime, and with
it the barrier height for the corresponding tunneling process through NaCl, does not vary significantly as a func-
tion of the voltage drop across NaCl.

However, for significantly increased voltages, see Fig. S3c at V= 3.8 V, the saturation current becomes affected
by the increased voltage. This indicates that for ZnPc on Cu(111) for V <-3.8 V additional tunnel channels become
accessible. Figure S4 shows higher-lying states that could potentially contribute to the overall tunnel current at
elevated bias voltages (i.e., -3.8 V on Cu(111), Fig. S3c, and -2.5 V on Au(111), Fig. 5) in an energy diagram in-
cluding many-body transitions. Note that here we do not discuss transitions to states that become directly ac-
cessible from So in a single-electron tunneling event (faded arrows in Fig. S4) for the following reason: The in-
crease in current above Isot and change in contrast in c.h. STM only appears at small z, i.e., sets in only at a large
tunnel rate between tip and molecule. This indicates that the underlying process is of higher order (i.e., a two-
or more-electron process) and involves tunneling into a transient state of the molecule (e.g., T1 or Do*) and hence
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0 _Aectron tunneling through NaCl
So —— electron tunneling through vacuum

transition at constant charge state

+1 +2
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Figure S4: Energy diagram of ZnPc on Au(111), including higher-lying states and possible many-body transitions that become
accessible at increased absolute voltage values. Blue arrows indicate charge-state transitions by tunneling between molecule
and sample (through the NaCl barrier), and red arrows by tunneling between molecule and tip (through the vacuum barrier).
Single-electron transitions from the neutral ground state Sp (faded red lines) are not considered for the observed increase in
current at small z. Yellow arrows indicate transitions that do not involve a change in charge state, such as radiative transi-
tions. The dashed red arrows indicate charge-state transitions in which electrons are removed from higher-lying orbitals (the
LUMO of the neutral molecule). These transitions could lead to the observed contrast in constant-height STM images at V =
-2.5 V and small tip height. Note that this diagram is simplified and does not contain additional, even higher-lying excited
states of the system.



only becomes accessible if charge transfer from the tip happens at comparable or faster time scales than the
depopulation of the involved transient state.

At elevated bias voltages and for small z, charge transfer from tip to molecule could thus lead to transitions to
So**, from which transitions to D1* are possible, as indicated in Fig. S4, which can rationalize the observed in-
crease in saturation current. Furthermore, the observation of the shape and symmetry of the LUMO density
could relate to charge state transitions from the tip that involve higher-lying orbitals, as indicated by the red
dashed lines in Fig. S4. The observed increased tunnel current in Fig. 5, which resembles the shape of the LUMO,
could be caused, for example, by alternating charge transitions between the D:1* and So?* states.



$3. Decharging from the substrate

Figure 4 in the main text schematically depicts, in a single-electron picture, the molecular energy levels of
ZnPc/H2Pc after charging from the tip. Note that the single-electron picture is used here to depict the level align-
ment of the channels with respect to, e.g., VB, CB and IS. Although the energy levels derive from the neutral
molecule’s HOMO and LUMO, their energetic positions are different from the neutral molecule’s levels because
of, e.g., Coulomb interaction, the lifted spin degeneracy, and reorganization [1,3]. The exact energetic positions
of these levels, corresponding to transiently charged states, cannot be probed in our experiment. However, we
can estimate the energetic position of the cation’s (anion’s) singly unoccupied (occupied) frontier orbital with
respect to the tip’s electrochemical potential, based on the positions of the PIR (NIR) peak in d//dV and estimat-
ing the reorganization energy. From these levels (SOMO of anion at NIR and SUMO of cation at PIR), we construct
the levels corresponding to the transitions to S; and T; states by using reported energies of luminescence and
phosphorescence, respectively. The positions of the lowest unoccupied level at NIR and the highest occupied
level at PIR are estimated from experiments in which molecules were doubly negatively charged on thick NaCl
films [4], with consideration of the lever arm [3]. The charging energy Echarge2 for doubly charged states, corre-
sponding to the additional energy needed from the single charging event to double charging, is estimated here
as Echarge2 = 1.2 eV for both dianions and dications.

In addition, to corroborate the accessibility of possible channels to excited states in the neutralization step, we
compared our conclusions to previous STML experiments on these systems. If a molecule shows luminescence
in STML at PIR or NIR (on a given surface) the transition from the corresponding charged Do state back to the
neutral charge state can entail the transition to S: [5-8]. Hence, if at a given bias voltage luminescence can be
observed for the system, the channel to the S;: state is accessible for the neutralization of the molecule.

Based on these arguments, we sketch in Fig. 4 the energetic positions of the molecular single-electron energy
levels of the charged molecule with respect to tip and sample states, taking into account several literature values
and observations from STML experiments, indicating possible pathways for the neutralization of the singly
charged systems.

Figure S5 depicts the quantities that were taken into account for the level alignment presented in Fig. 4 in the
main text, using the examples of the anion at bias voltages that correspond to the NIR (Fig. S5a) and the cation
at voltages corresponding to the PIR (Fig. S5b) on Au(111). The sample voltages for these conditions, i.e., at NIR
and at PIR, correspond to the respective peaks in d//dV. As a result of reorganization, the anion’s (cation’s) en-
ergy levels are shifted down (up) by the reorganization energy Ereorg With respect to the corresponding energy
levels of the neutral molecule. We assume here a reorganization energy of Ereorg = 0.4 €V. The energy levels are
broadened due to electron-phonon coupling [2,9]; the total peak width, being the energy range within which
tunneling into the molecular orbitals is appreciable in the experiment, is here assumed to be w = 0.6 eV. The
energetic difference between the molecular levels are associated with the transition energies of the So-S: and
So-T1 transitions, respectively.

The energies for the S1—So transition in H2Pc and ZnPc are 1.81 eV and 1.89 eV, respectively [5,10]. T1 energies
of 1.24 eV for H2Pc and 1.14 eV for ZnPc have been reported for molecules in chloronaphthalene solu-
tion [11,12]. Note, however, that the presence of the substrate and the tip is known to shift the energies of
optical transitions with respect to the values in solution [13,14], and phosphorescence from T1 of H2Pc or ZnPc
in STML has not been reported as of now.



Note that for the PIR on Au(111), the applied bias voltages are close to being sufficient to facilitate the formation
of the T1 upon neutralization from the substrate. However, the exact energies of the T1 = So transition for H2Pc
and ZnPc adsorbed on an ultrathin insulating film atop a metal substrate are not known. We tentatively excluded
the tunnel channel for T1 formation in Fig. 4d based on the energetic arguments given above. However, it cannot
be fully ruled out because of the uncertainty of the energy of the T1 — So transition and the significant level
broadening on NaCl.
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Figure S5: Sketch depicting the estimated quantitative alignment of the anionic (a) and cationic (b) energy levels with respect
to sample and tip states. The assumed values for reorganization energy are E.org = 0.4 €V, charging energy for doubly charged
states Echargez = 1.2 €V, and linewidth of the energy levels w = 0.6 eV, indicated by the grey shaded areas around the molecular
levels. The energetic difference between the molecular levels are associated with the transition energies of the Sp-S; and Sp-
T; transitions, respectively. The onset of the IS for NaCl/Au(111) is V =-0.27 V. All shown energy differences are to scale.

The conduction band minimum (CBM) and valence band maximum (VBM) are indicated in Fig. 4 to highlight the
need to consider the NaCl’s band structure for tunneling. References [15-17] suggest that the CBM is roughly
aligned with the vacuum level while the band gap is at least 8 eV. The NaCl film lowers the metal work function,
i.e., 4.9 eV for Cu(111) and 5.3 eV for Au(111), by about 1 eV [18,19]. Thus, the band gap ranges from around 4
—5 eV below the electrochemical potential of the sample to around 3.5 —4.5 eV above.



S4. Extraction of effective NaCl barrier heights
For a single-barrier tunnel junction, the tunnel current as a function of distance z is given by

1(2) = Iy~ e 2%

The exponent is determined by Kk = , with the electron mass me and the effective barrier height @efs.

2medefy
—
For tunneling between the molecule and metallic substrate, the effective barrier height for tunneling through
the NaCl film @nac can be determined from the exponent of the Isat(dnac) dependence, i.e., the slope m of

|n(/sat(dNaC/)).

We determined slopes m and effective NaCl barrier heights @nacr at both ion resonances for ZnPc and HzPc ad-
sorbed on NaCl on Au(111) and Cu(111). The results are summarized in the following Table S1. Note that, for
H2Pc on Au(111) and ZnPc on Cu(111), the saturation current could only be recorded on two different NaCl film
thicknesses and hence, the values determined for these systems have a larger uncertainty.

m at PIR m at NIR Increase of Increase of @naci at PIR @naci at NIR
Td per ML Td per ML

NaCl NaCl

at PIR at NIR
ZnPc/Au(111) -3.4+0.2 -3.3+0.2 x30+6 x28+4 13+0.2eV 1.3+0.1eV
H2Pc/Au(111) -35+04 -3.2+0.3 x32+11 x25t6 1.4+03eV 1.2+0.2eV
ZnPc/Cu(111) -2.8+0.2 -29+0.2 x17+4 x19+4 0.9+0.2eV 1.0+0.2eV
H2Pc/Cu(111) -29+0.1 -29+04 x17+2 x17+6 0.9 +£0.1eV 0.9+0.2eV

Table S1: Summary of slopes m, increase in charge-state lifetime per additional ML NaCl, and corresponding effective NaCl
barrier height for ZnPc and H,Pc adsorbed on Cu(111) and Au(111) and recorded at PIR and NIR.

The saturation current was determined with the fitting procedure discussed in the manuscript. The correspond-
ing uncertainty is estimated based on the standard deviation of the data points.

The uncertainty margin of the slopes was determined from the linear fit in the case of ZnPc/Au(111) and
H2Pc/Cu(111). For H2Pc/Au(111) and ZnPc/Cu(111), where the saturation current was only measured for two
different NaCl film-thicknesses, this uncertainty was determined from the standard deviation of the measured
saturation current.



S5. Estimation of valence band maximum and conduction band minimum

— 3 ML NaCl / Cu(111)
4 ML NaCl / Au(111)

(‘'n'e) AP/IP
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Figure §6: dl/dV(V) on 3 ML NaCl/Cu(111) (black curve, setpoint V=-0.2V, [ =2 paA,

Az =2 A) and 4 ML NaCl/Au(111) (grey curve, setpoint V=-5V, | =2 pA, Az=0 A).

The curves were obtained by numerical differentiation of /(V) curves.
Figure S6 shows dI/dV(V) spectra recorded atop the bare NaCl surface for different underlying metal substrates.
Note that the measured apparent onsets of tunnelling depend on the tip-NaCl distance and might relate to image
potential states [20,21] and only serve as a rough lower bound for the band onsets. The combination of
refs. [15—17] indicate that the CBM is located close to the vacuum level and that even for films of only few atomic
layers the band gap of NaCl is (almost) fully developed, i.e., about 8.5 eV. The NaCl film lowers the metal work
function, i.e., 4.9 eV for Cu(111) and 5.3 eV for Au(111), by about 1 eV [18,19]. We estimate that the band gaps,
that is VBM and CBM, should extend from roughly 4 - 5 eV below the Fermi level to roughly 3.5 - 4.5 eV above

it.
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