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Energy-level alignment of a single molecule on ultrathin insulating film
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Elucidation of the energy-level alignment mechanism at a molecule/insulator/metal interface is a key to
understanding the molecular and interfacial phenomena. Herein, we provide a detailed investigation into the
electronic structures of a free-base phthalocyanine on NaCl films of various thicknesses using scanning tunneling
microscopy/spectroscopy (STM/STS). The energy of the ionization and the affinity levels of the molecule were
deduced from the STS spectra, and we determined their dependence on the NaCl-film thickness, which can be
explained based on three effects: a voltage drop within the NaCl films, the degree of electric-field screening
around the molecule, and a variation in the work function of the substrates. We further found that the energy
levels relative to the vacuum level are independent of the work function of the substrate, and that the size of
the energy gap increases with the thickness. Our results suggest that it is possible to predict the energy levels at
the interfaces based on the energy levels of the molecules in a gas phase, the work function of the substrate, and
the thickness of the insulating films.
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The alignment of the ionization and the affinity levels of a
molecule with respect to the adsorbent, i.e., the energy-level
alignment (ELA), at a molecular interface plays a crucial
role in understanding the molecular and interfacial phenom-
ena, such as the catalytic reactions, molecular luminescence,
charge transport, and charge exchange through the interface
[1,2]. The ELA has been extensively investigated mainly at
the molecule/metal and molecule/bulk-insulator interfaces. At
the molecule/metal interfaces, interfacial interactions, such
as a charge transfer between the molecule and the metal,
shift the charge neutrality level of the molecule toward the
Fermi level (EF) of the metal substrate [3,4]. In contrast, at
the molecule/bulk-insulator interface where the ionization and
affinity levels of the molecules are located in the band gap
of the insulator, no charge transfer can occur. In such a case,
the energy levels of the molecule are not drastically changed
upon the adsorption, and thus the energy differences between
the molecular energy levels and the vacuum level (Ev) are
preserved.
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A different type of molecular interface, namely, a
molecule/insulator/metal interface, is prepared by forming in-
sulating films of a few atoms in thickness on metal substrates,
upon which the molecules are only weakly coupled or de-
coupled with the underlying metal substrates. The molecules
at this interface show novel phenomena that have not been
previously observed on metal surfaces, such as reaction path-
way control [5,6], molecular luminescence [7–11], and a
manipulation of the charge states of the adsorbates [12–15].
Molecule/insulator/metal interfaces are classified between
two extreme systems in terms of the degree of interaction be-
tween the molecule and metal, which can be varied according
to the thickness of the insulating film between them. Thus, to
describe the ELA at a molecule/insulator/metal interface, it is
necessary to know the energies of the molecular levels with
respect to both EF and Ev of the substrates as a function of
the film thickness, which has yet to be quantitatively clarified.

Scanning tunneling microscopy/spectroscopy (STM/STS)
have been used for an investigation of the ELA of isolated
molecules on ultrathin insulating films [15–18]. However, it
has been reported that the peak positions observed in the dif-
ferential conductance (dI/dV) spectra of molecules adsorbed
on insulating films are significantly affected by the tip-sample
distance [19,20]. The peak shift in the dI/dV spectra was
ascribed to the voltage drop taking place in the insulating
layer [19]. Therefore, to correctly describe the ELA at the
molecule/insulator/metal interface, it is crucial to compensate
the peak shift induced by the voltage drop. In addition, a direct
measurement of the work function is necessary to determine
the energies of the molecular levels with respect to Ev.

In this Rapid Communication, we propose a general de-
scription of the ELA for an isolated single organic molecule
adsorbed on a thin insulating film grown on a metal substrate,
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which is rationalized through a systematic analysis of the
dI/dV spectra measured on free-base phthalocyanine (H2Pc)
adsorbed on NaCl films of various thicknesses. The peak shift
in the dI/dV spectra arising from the voltage-drop effect is
compensated by modeling the tunneling junction as a paral-
lel plane capacitor partially filled with a dielectric material
[19,20]. Furthermore, the energy of the ionization level (Ev

i )
and the affinity levels (Ev

a ) from Ev were determined based
on the work functions derived from the measurement of the
dZ/dV spectroscopy. These analyses demonstrate that, while
the energy gap (Ev

i − Ev
a ) monotonously increases with an

increase in the thickness of NaCl, the energetic position of the
gap center Ev

i +Ev
a

2 is aligned despite the work functions of the
substrates having a dependence on the thickness of the NaCl
film. Our findings suggest that the energy levels of molecule
decoupled from a metal substrate can be predicted using the
energy levels of the molecule in the gas phase, the thickness
of the insulating film, and the work function of the substrate.

All measurements were conducted using a low-temperature
STM (Omicron) operated at 4.7 K under an ultrahigh vacuum
(∼7 × 10−11 Torr) using electrochemically etched W tips.
Single-crystal surfaces of Au(111) and Ag(111) were cleaned
through repeated cycles of Ar+ ion sputtering and annealing
[10,11]. Deposition of NaCl films onto the crystal surfaces
was conducted using a homemade evaporator heated at 900 K
[10], while the substrate was held at room temperature. The
sample was cooled down to 4.7 K in the STM head, followed
by exposure of the evaporated H2Pc using another evaporator
heated at 675 K. The temperature of the sample surface
during the evaporation was kept at below 10 K. The dI/dV
spectra, which represent electronic structures near EF of the
substrates, were measured using a standard lock-in technique
with a bias voltage modulation of 10 mV [Fig. 2(a)] or 0
mV [Fig. 3(a)] at 617 Hz while opening the feedback loop.
The distance between the STM tip and the metal surface (Z)
was measured as a function of the bias voltage applied to the
sample (Vs), with the feedback closed to obtain the dZ/dV
spectra, which is related to the work function of the substrate,
as based on a numerical differentiation of the Z-Vs curves.
The spatial distribution of the dI/dV signals (dI/dV map) was
recorded in a constant height mode with the feedback loop
open.

Figure 1(a) shows a large-scale STM image of as-grown
NaCl islands on Au(111), where islands of 1 and 2 mono-
layers (MLs) (100)-terminated NaCl films can be observed.
The apparent height of the 1 and 2 ML films are 200 and
350 pm under the scanning conditions, respectively. After
annealing the sample to 370 K, the NaCl islands grow thicker,
the apparent height of which is 650 nm, corresponding to
NaCl(4 ML) [Fig. 1(b)] [21]. Because a Au(111) herringbone
reconstruction is observed in all STM images through the
NaCl films, the reconstruction beneath the NaCl islands is
preserved, indicating a relatively small interaction between
the NaCl islands and the underlying metal substrate. H2Pc
molecules are deposited on these 1, 2, and 4 ML NaCl
films and the bare Au(111) surface. As shown in Fig. 1(c),
individual H2Pc molecules adsorb on the NaCl islands with
the molecular plane parallel to the surface, and the orientation
of the molecule aligned toward the [001] direction.
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FIG. 1. (a), (b) STM images of NaCl films on Au(111) surface
(a) before and (b) after annealing (sample voltage, Vs = −2.0 V;
tunneling current, It = 4 pA), and (c) an STM image of H2Pc/NaCl(2
ML)/Au(111) (Vs = +1.3 V, It = 4 pA).

In the dI/dV spectra measured on H2Pc/NaCl(1,2,4
ML)/Au(111) and H2Pc/Au(111) [Fig. 2(a)], two pronounced
peaks corresponding to the affinity and ionization levels can
be observed. The molecular orbitals contributing to these
levels are visualized using dI/dV maps acquired at the voltages
corresponding to their peaks [Figs. 2(b) and 2(c)]. We noticed
that the dI/dV map of H2Pc/NaCl/Au(111) measured at the
ionization level (Vs < 0) is similar to the spatial distribu-
tion of the highest occupied molecular orbital (HOMO) in
the gas phase calculated through density functional theory
(DFT) [Fig. 2(d)], indicating that resonance tunneling through

on Au

on 1 ML 

 on 2 ML 

on 4 ML 

(a)

dI
/d
V

 (a
rb

. u
ni

t) 

VS (V)

(b)

(d)

(c)

-1.3 V 0 V 1.1 V 1.4 V

-0.8 V 0 V 1.0 V 1.3 V

HOMO LUMO LUMO+1

-2 -1 0 1 2

bare Au

HOMO
LUMOs

FIG. 2. (a) dI/dV spectra measured on bare Au(111),
H2Pc/Au(111), and H2Pc/NaCl(1,2,4 ML)/Au(111). (b), (c)
dI/dV maps of (b) H2Pc/NaCl(1 ML)/Au(111) and (c) H2Pc/Au(111)
imaged at Vs pointed at in (a). The measurement was conducted
in constant height mode. The image sizes are 3.5 × 3.5 nm2.
(d) Molecular structure of H2Pc and DFT calculation results of the
spatial distributions of the HOMO, LUMO, and LUMO+1 of H2Pc
in the gas phase.
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FIG. 3. (a) Plot of the peak top position of the HOMO (Vi)
in the dI/dV spectrum as a function of 1/dvac, where dvac is the
distance between the tip and the NaCl films as defined in (b). (b),
(c) Schematic illustration of the energy diagrams at Vs = 0, and
at Vs = Vi, respectively. The error bars indicate a two-sided 95%
confidence interval.

the HOMO is responsible for the dI/dV peak of the ion-
ization level. Interestingly, at the affinity level (Vs > 0) of
H2Pc/NaCl/Au(111), a slight difference in bias voltage results
in different appearances in the dI/dV maps. At a lower voltage
near the threshold of the affinity levels, the dI/dV distribution
has twofold symmetry, which is similar to the lowest unoccu-
pied molecular orbital (LUMO). As the voltage is increased to
the peak top, the dI/dV map reaches quasi-fourfold symmetry.
The former twofold symmetry can be explained through a
lift of degeneracy of LUMO and LUMO+1. Note that the
degeneracy of LUMO and LUMO+1 is lifted in H2Pc because
the molecular symmetry is decreased by the two hydrogen
atoms at the molecular center, which is in contrast to the
case of metal- Pcs with fourfold symmetry, such as MgPc and
CuPc, where LUMO has fourfold symmetry. The latter quasi-
fourfold symmetry cannot be explained only through LUMO
or LUMO+1; however, we believe that it visualizes both
LUMO and LUMO+1 because of the small energy difference
between them (∼0.2 eV) [22] and the broad resonance in the
dI/dV measurement.

In the dI/dV maps of H2Pc/Au(111) [Fig. 2(c)], the distri-
bution observed in the ionization level (Vs < 0) has a fourfold
symmetry, which is consistent with HOMO in the gas phase.
However, the nodal structure is more fuzzy on Au(111) than
those of H2Pc/NaCl/Au(111). The dI/dV maps at the affinity
level (Vs > 0) and within the gap (Vs = ∼ 0) show a cross
shape with a small Vs dependency, which is quite different
from the intrinsic MOs. These observations indicate that,
although the intrinsic characteristics of the MOs are partially
preserved on the inert Au(111), there is a considerable hy-
bridization between the MOs and the electronic states of the
Au(111) surface.

These peak positions in the dI/dV spectra are not fixed, and
shift depending on the measurement conditions, specifically
the tip-NaCl surface distance (dvac) [Fig. 3(a)]. By approach-
ing the STM tip toward the substrate, the ionization peaks
measured on the H2Pc/NaCl/Au(111) shift toward the lower
voltage side, and the gaps between the ionization and affinity
levels increase. Such a shift in peak was not observed on the
H2Pc/Au(111). These results suggest that the peak positions
in the dI/dV spectra measured at the molecule/insulator/metal

interfaces are determined not only by the intrinsic energy
levels of the molecules but also by another factor dependent
on dvac. Therefore, we decided to conduct a detailed analysis
of the dI/dV spectra to know the intrinsic energy levels.

It is reasonable to assume that the shift in the dI/dV
spectrum is caused by a voltage drop within the NaCl films
[19,20], which is schematically illustrated in Figs. 3(b) and
3(c). Because the voltage drop is induced by a finite Vs

[Fig. 3(c)], the intrinsic energy levels at Vs = 0 V [Fig. 3(b)]
should be deduced by compensating the voltage drop. By
modeling the tunneling junction as a parallel plane capacitor
partially filled with NaCl, the peak positions observed in the
dI/dV spectra (Vη) are correlated with their energy levels at
Vs = 0 V (Eη) through the following equation [19].

Vη = dNaClEη

εr

1

dvac
+ Eη (η = a or i). (1)

Here, Va (Vi) is the observed peak position of the affinity
(ionization) level, and Ea (Ei) is the energy of the affinity
(ionization) level at Vs = 0 V with respect to EF of the sub-
strate. In addition, εr is the relative dielectric constant of NaCl
films, and dNaCl is the thickness of the films. This model fits
our results well, which show a linear relation of Vi as a func-
tion of 1/dvac [Fig. 3(a)]. The fitted parameters are given by
Vi = − 0.16

dvac
− 1.18 on NaCl(1 ML) and Vi = − 0.18

dvac
− 1.10 on

NaCl(2 ML). Equation (1) shows that the slope corresponds

to dEη

εr
, and that the intercept corresponds to Eη.

The values of Ei are directly obtained from the intercept
in the plots. From the slope of the plots, we estimated εr as
2.1 and 3.5 for NaCl(1 ML) and NaCl(2 ML), respectively,
using dNaCl values of 288 pm (1 ML) and 576 pm (2 ML) from
the crystal structure. The estimated εr values of NaCl films on
Au(111) are smaller than the value of bulk NaCl, i.e., 5.9 [23],
and become smaller as the NaCl-film thickness decreases. The
thickness dependency of εr is due to the size effect in a thin
film structure [24], and the estimated values are comparable
with the previously reported εr values of 2.0 and 3.2 for 1 and
2 ML NaCl on Ag(100), respectively [25]. The values of Ea

are deduced from the dI/dV peak position using the estimated
εr values. For estimating Ea and Ei on NaCl(4 ML), we used
the εr value of the bulk NaCl instead of an experimentally
determined value. A direct measurement of εr of NaCl(4
ML)/Au(111) is difficult because the molecules on relatively
thick and slightly conductive films were easily attached to
the STM tip when dvac was reduced, which prevented us
from obtaining the dI/dV peak shift within a sufficiently wide
range of dvac to determine εr. The use of the bulk value
is rationalized by a theoretical study [24] which has shown
that εr values saturate to the bulk values quickly when the
thicknesses become thicker, especially if the bulk values are
smaller than 10 as is the case for NaCl. The estimated values
of Ea and Ei are summarized in Table I.

We denote the intrinsic energy levels of the molecule
with respect to EF of the substrate as EF

η (η = a or i ),
and plot the values in Fig. 4(a). Because the plot does not
reveal a systematic dependence on the film thickness, we
instead determined the ionization and affinity levels with
respect to Ev through a measurement of the work function
of the substrates [Φs in Fig. 3(b)]. The value of ΦAu(111) is
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TABLE I. EF
a , EF

i , εr , and parameters used in the calculations.

dvac
a dNaCl

b Va Vi EF
a EF

i EF
a − EF

i

Substrate εr (pm) (pm) (eV) (eV) (eV) (eV) (eV)

Au(111) 750 1.20 −0.80 1.20 −0.80 2.00
NaCl(1 ML) 2.1 774 288 1.39 −1.33 1.18 −1.18 2.36
NaCl(2 ML) 3.5 777 576 1.76 −1.40 1.45 −1.10 2.56

aThe tip-surface distance or the thickness of the vacuum gap in the
tunneling junction [Fig. 3(b)]. The tip height refers to the point
contact between the tip and the metal surface.
bDistance between neighboring [100] planes in a NaCl single crystal.

modified through thin film growth owing to the formation of
an interfacial dipole under the thin film. Such work function
changes from a bare metal surface have been determined
through an observation of Gundlach oscillation [26,27] in
differential Z/V spectra using STM [Fig. 4(b)]. A Gundlach
oscillation is a series of standing-wave states formed in a
tunneling gap, and the difference in work function between
two surface regions is derivable from the shift in the Gundlach
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FIG. 4. (a) Energies of the ionization and affinity levels with
respect to EF. (b) dZ/dV spectra of 1 ML (blue), 2 ML (green), and
4 ML (red) NaCl films and bare Au(111) (black) as a reference.
The orders of the field emission resonances are assigned from the
lowest voltage. (c) Energies of the ionization and affinity levels with
respect to Ev. (d) A schematic illustration of the ELA of a molecule
on an insulating film supported by a metal substrate as a function of
the thickness of the insulating film. The two extremes, thickness =
0 and infinity, correspond to the cases with a molecule adsorbed
directly on metal substrate or on the bulk insulator, respectively. The
dashed lines represent the ionization potential (blue), and the electron
affinity (red) of the molecule in the gas phase. The Fermi levels of
the bare metal substrate are shown by a black line.

oscillation patterns [25,27–29]. In the dZ/dV spectra shown
in Fig. 4(b), the peaks marked by the triangles correspond
to the standing-wave states, which are considerably shifted
toward the lowered voltage side on the NaCl from those on
Au(111). The differences in the work function between the
Au(111) and NaCl/Au(111) were deduced from the averaged
shifts of the standing-wave states as 1.09, 0.89, and 0.77 eV
for 1, 2, and 4 ML, respectively. The energetic position of
the affinity and ionization levels at Vs = 0 V with respect to
Ev are denoted as Ev

η (η = a or i ) and are correlated with
EF

η through Ev
η ≡ φs − EF

η . The values of Ev
η and the center

of these levels Ev
c ≡ Ev

i +Ev
a

2 are plotted in Fig. 4(c), which
reveals clear tendencies. First, the energy gap (Ev

i − Ev
a )

increases with the thickness of the NaCl film. Second, the
energy of Ev

c is constant regardless of the work function of
the substrates, except for H2Pc/Au(111). The change in gap
size can be explained by the screening of the electric field
around the tentatively ionized molecule from the underlying
metal substrates, which reduces the Coulomb potential. The
screening effect is expected to decrease with the increase
in the molecule-metal distance as determined by the film
thickness [30], which is consistent with our observations and a
previously reported theoretical investigation [31]. The invari-
ance of Ev

c indicates the “vacuum-level alignment” of both the
ionization and affinity levels [32], which has been observed
when the electronic states of adsorbates are decoupled from
the metal substrates. In contrast, Ev

c of H2Pc/Au(111) are
shifted toward EF of the substrate, 5.31 eV, suggesting a con-
siderable hybridization between the MOs and the electronic
states of the Au(111) surface. These results demonstrate that
only a few atomic layers of insulating materials are sufficient
to decouple a molecule, and that the energy levels still receive
a long-range screening effect from the metal.

Figure 4(d) shows a schematic illustration of the
ELA of the molecule/insulator/metal interface as well as
molecule/metal and molecule/bulk-insulator interfaces. At a
molecule/metal interface (thickness = 0), Ev

η shifts toward EF

of the metal substrate as a result of interfacial interaction,
such as charge transfer and orbital hybridization between a
molecule and a metal [2,33]. In contrast, at a molecule/bulk-
insulator interface (thickness → ∞), no charge transfer oc-
curs when Ev

a and Ev
i are in the band gap of the insula-

tor. Although the molecular energy levels are not drastically
changed upon the adsorption, the insulator is expected to
reduce the energy gap between Ev

a and Ev
i as a result of

reorganization [34,35]. As discussed above, the ELA at the
molecule/insulating film/metal interface is described by a
vacuum-level alignment combined with the screening effect.
This description for the finite film thickness is different from
that for the well-studied two extreme cases. When increasing
the thickness, the ionization (affinity) level originating from a
tentative charged state shifts downward (upward) owing to the
reduced screening from the metal. The center of these levels
with respect to Ev remains unchanged from the bulk insulator
to the ultrathin limit.

Our model suggests predictability of the value of Ev
c

on thin insulating films based on the energy levels of the
molecule in the gas phase. Actually, Ev

i and the energy
gap (Ev

i − Ev
a ) of H2Pc in the gas phase are 6.4 [36] and
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4.12 eV [37], respectively. The resulting Ev
c calculated from

these values is 4.34 eV, which is in good agreement with
our result, namely, 4.26 ± 0.09 eV. Moreover, the energy
gap at a molecule/insulator/metal interface can be estimated
by a theoretical method based on a simple dielectric model
[34]. Another support of our model is based on an additional
experiment conducted with H2Pc/NaCl(2,3 ML)/Ag(111),
which have work functions of 3.58 and 3.57 eV, respectively
(see Supplemental Material [38]). The experiment results
are shown in Supplmental Material Fig. S1 and Figs. 4(a)
and 4(c). Measuring dI/dV spectra followed by the compen-
sation of the voltage drop using dNaCl, and εr (3.2 for 2 ML,
3.5 for 3 ML [25]), the values of EF

i and EF
a are found to

be −1.93 and 0.58 eV on 2 ML, and −2.02 and 0.69 eV on
3 ML, respectively [the right panel of Fig. 4(a)]. The values of
Ev

i and Ev
a are calculated using EF

η and the work functions as
5.51 and 3.00 eV for 2 ML, and 5.59 and 2.88 eV for 3 ML,
respectively, as shown in the right panel of Fig. 4(c). Despite
considerable work function difference from NaCl/Au(111),
the values of Ev

c on NaCl(2,3 ML)/Ag(111) are identical
within the margin of error. Moreover, the gap size on NaCl(3
ML)/Ag(111) is larger than that on NaCl(2 ML)/Ag(111),
which is expected according to our model.

In conclusion, we have clarified the mechanism of the
ELA of an isolated H2Pc on NaCl films grown on metal
substrates using STM/STS. Despite the variation in work

function among the substrates with NaCl films of different
thicknesses on Au(111) and Ag(111), the value of Ev

c on the
insulating films was found to be constant. In addition, the
energy gap between the energy levels increases as thickness
of the NaCl film increases. These observations are explained
through the vacuum-level alignment and electric-field screen-
ing from the metal substrate. Our findings allow us to control
the charge injection barriers using the energy levels of the
molecule in the gas phase, the work function of the substrate,
and the thickness of the film. It is also suggested that the
charge injection barriers can be tuned by applying an external
electric field from the STM tip [19,39]. These insights will be
very useful for selecting the combination of organic material
and substrate in an organic electronic device to optimize the
charge injection efficiency.
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