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Improvement of Scanning Tunneling Microscopy Resolution with H-Sensitized Tips
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Recent scanning tunneling hydrogen microscopy (STHM) experiments on PTCDA (perylene-3,4,9,10-
tetracarboxylic-3,4,9,10-dianhydride)/Au(111) have shown unprecedented intramolecular and intermo-
lecular spatial resolution. The origin of this resolution is studied using an accurate STHM theoretical
simulation technique that includes a detailed description of the electronic structure of both the tip and
sample. Our results show that H, molecules are dissociated on the Au tip; the adsorbed H atoms change
the density of states at the Fermi level (Ef) of the tip, increasing its p-orbital character and reducing the
s-orbital contribution. Also, due to the interaction with the H-decorated tip, E is shifted to the middle of
the PTCDA lowest unoccupied molecular orbital peak, increasing dramatically the density of states of the
sample at Er. These effects give rise to the enhanced STHM resolution.
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Three decades ago, the invention of scanning tunneling
microscopy (STM) [1] revolutionized the surface science
community allowing us, for the first time, to obtain atomic
resolution by probe microscopy. Combined with atomic
force [2] and kelvin probe force microscopy techniques
[3], STM is widely used to characterize electronic structure
and corrugation properties of semiconducting surfaces and
interfaces at the nanoscale level [4]. Although nowadays
STM is a standard technique for surface characterization,
many aspects of its operation are not well understood [4-7].

In the recently developed scanning tunneling hydrogen
microscopy (STHM) [7-9], improved geometrical resolu-
tion is achieved by filling (flooding) the STM chamber at
low temperature with molecular hydrogen [7]. A paradig-
matic case for STHM is PTCDA (perylene-3,4,9,10-tetra-
carboxylic-3,4,9,10-dianhydride)/Au(111) [8,9], where a
spectacular enhancement of the molecule intramolecular
resolution has been obtained; moreover, the intermolecular
hydrogen bonds for the herringbone PTCDA monolayer on
Au(111) are observed in the STHM image [8]. Although
H, molecules seem to dissociate on gold clusters and other
nanostructures [10-14], it has been argued that the pres-
ence of H, molecules between the tip apex and the sample
is the key element for the improved resolution [7,9]; how-
ever, the way in which H, molecules at the STM junction
affect the STM image remains a mystery.

The lack of understanding of the physical mechanism
underlying STHM resolution is largely related to our lack
of theoretical simulations for STHM images, which is a
very challenging task [4]. In the standard application of the
Tersoff-Hamman approach [15], the STM tunneling cur-
rent is simply proportional to the density of states (DOS) at
the Fermi level (E) of the sample at the position of the tip;
thus, contour maps of this DOS have been used to generate
theoretical STM images. This method has proven very
useful, obtaining qualitatively correct STM images for
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moderately simple interfaces. Nevertheless, this theoretical
approach fails for slightly more complex systems, for
instance, when p (or d) orbitals in the tip play a significant
role in the STM current [6], or in the case of tip
contamination.

In this work, we analyze theoretically the physical
mechanism of STHM resolution for PTCDA/Au(111)
[8,9]. For this purpose, we use an accurate STM theoretical
simulation technique that includes a detailed description of
the electronic properties of both the tip and the sample.
Using this technique, based on a combination of a Keldysh
Green’s function formalism and local orbital density func-
tional theory (DFT) [16], we analyze the effect on the STM
images of both atomic and molecular hydrogen interaction
with the tip and sample. Our results show that the enhanced
spatial resolution observed in STHM is due to atomic H
adsorbed on the metallic tip. This conclusion is reinforced
by the observation that, in our calculations, the H, mole-
cules dissociate on the Au tip, as previously reported for
other Au nanostructures [10-14]. Our theoretical analysis
reveals the physical mechanism underlying STHM spatial
resolution. First, the interaction with the H-decorated tip
shifts the position of E, to the middle of the narrow
PTCDA lowest unoccupied molecular orbital (LUMO)
peak, magnifying the STM current for very low bias volt-
ages (~ 5-10 mV); moreover, the adsorption of atomic H
on the tip changes the orbital character of the tip DOS at
Er, increasing the DOS for the p orbitals while reducing it
for the s orbitals. The combination of these two factors
results in an improved resolution on the STM images,
including the experimentally observed enhanced visibility
of the PTCDA intermolecular bonds [8].

In order to simulate theoretically the STHM images, we
split the system into sample and tip, where the sample is
the herringbone PTCDA/Au(111) surface and the effect of
hydrogen is analyzed by adding hydrogen atoms (or
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molecules) to the tip in different configurations. In our
calculations we have explored different Au, W, and mixed
Au/W tips (see Supplemental Material [17]) with similar
results. In this paper we focus on the Au case.

In the tunneling regime at low temperature, the STM
current is given by [16]

47re? (Ep+eV,

I==- dwTi{ T py ()T py(w — eV)] (1)

where V; is the surface voltage, p,,(w) and p,,(w) are the
DOS matrices, in the local orbital basis, associated with the
tip and sample, while T,, and T, are the local orbital
Hamiltonian matrices coupling tip and sample (see
Ref. [16] for details). In our STM simulations, p(w) is
calculated using the Hamiltonian for PTCDA/Au(111) ob-
tained with the local orbital DFT code [18], where charging
energy effects are taken into account to properly determine
the molecule transport gap [19,20] (see Ref. [21] for de-
tails). This is a critical correction to obtain reliable STM
images, since these images depend sensitively on the value
of this transport gap and, in particular, on the position of E.
The adsorption distance for PTCDAO on Au(111) is taken
from the experimental evidence (3.4 A [22]). p,(w), as well
as the different hopping matrix elements between orbitals in
the tip and sample (defining the coupling terms 7', and 7',)
are also calculated using local orbital DFT [16,18].

Figure 1A.t shows the theoretical STM image for the
herringbone PTCDA/Au(111) surface, for the case of a
clean Au tip. In order to mimic the experimental conditions
[8,9], we have used a bias voltage of V, = 230 mV; the
scanning height is 4 A (a very similar image is obtained for
35 A or 45 A). In the PTCDA/Au(111) surface, the
LUMO is located approximately 0.5 eV above Ep [21];
the interaction with the Au tip shifts Er 0.27 eV closer to
the PTCDA LUMO peak, as shown in Fig. 3A, so that a
bias voltage of approximately 0.2 V is enough to tunnel to
this state. Figure 1A.e shows the corresponding experimen-
tal STM image [8]. The agreement between both images is
excellent.

At this stage (H-free Au tip), the STM image does not
reveal any significant information about the PTCDA intra-
molecular structure or the intermolecular bonding between
neighboring molecules. In order to analyze the improved
resolution when hydrogen is added to the STM chamber,
we have first explored the inclusion of a H, molecule
between the tip and sample [9] for different geometries,
and either adsorbed on the tip or on the PTCDA molecule.
As a representative example, Fig. 1B.t1 shows the theo-
retical STM image for the case of a H, molecule adsorbed
with the molecular axis along the vertical direction (z)
between the tip and sample. The tunneling current associ-
ated with the H orbitals yields an STM image that reflects
the PTCDA LUMO density [Fig. 1B.t2]; to this, we have to
add the STM current related to the Au orbitals (and inter-
ference terms) in order to obtain the total STM image,

FIG. 1 (color online). Comparison of experimental [9] and
theoretical STM images for PTCDA on Au(l111): (A)
Theoretical (t) and experimental (¢) STM image for the clean
Au tip. (B) dI/dV images at V, =0 for a Au tip with a H,
molecule adsorbed between tip and sample: (t.1) total; (t.2) H,
contribution. (C.e) Experimental STHM image. Top: schematic
representation of the last few atoms for the tips used in the
theoretical images. Scanning height: (A.t): 3.8 A; (B.t1 and
B.L2): 4.5 A.

Fig. 1B.tl. Although this theoretical STM image presents
significant intramolecular resolution, it does not resemble
the experimental STHM image, Fig. 1C.e. Similar results
have been obtained for other Au tip + H, geometries, e.g.
see Supplemental Material [17]. We conclude that the
presence of H, molecules between the tip and sample
cannot explain the observed STHM image.

The adsorption geometry for this case was obtained
through a constrained minimization in which the H atoms
are allowed only to relax along the z-direction. In free
relaxations we find that the H, molecules are spontane-
ously dissociated, resulting in atomic H atoms adsorbed on
the Au tip (see videos in Supplemental Material [17]).
Thus, we have explored STM images for different Au
tips decorated with H atoms, where the tip geometry is
calculated relaxing the atomic positions. Figure 2C.tl
shows the theoretical STM that best resembles the experi-
mental STHM image (Fig. 1C.e, [9]); this image corre-
sponds to a Au tip with an atomic H adsorbed on the apex
and all nearby bridge positions saturated with H atoms (see
inset in Fig. 3A). The bottom panel of Fig. 2 shows the
normalized dI/dV along different high symmetry scanning
lines for the 2C.t1 image. Figure 2C.t3 shows this image in
a larger scale, showing how the improved resolution is
collaterally manifested through an enhancement of the
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FIG. 2 (color online). dI/dV images at V, = 0 for the her-
ringbone monolayer of PTCDA molecules on Au(111). Scanning
height: (C.tl, C.t3): 3.8 A; (C.t2): 3.5 A. (C.e) Experimental
STHM image [8]. Bottom panel shows the normalized dI/dV
along different high-symmetry scanning lines (see bottom left)
for the C.tl image (solid line), and the Au apex (see Fig. 3)
contribution (dashed line).

visibility of the intermolecular bonding between neighbor-
ing PTCDA molecules, as observed experimentally (see
Fig. 2C.e, [8]); in particular, the intermolecular bonds
between O and H atoms in neighboring PTCDA molecules
are quite visible. Figure 2C.tl corresponds to a tip sample
distance of 3.8 A; for a distance of 4.5 A, Ehe image is
similar, but slightly blurred, while for 3.5 A the image
starts to resemble the LUMO electron density (see
Fig. 2C.t2). This reveals that the experimental STHM
image [Fig. 1C.e] is essentially a blurred image of the
PTCDA LUMO state. Our simulations suggest that the
case shown in Fig. 2C.t2 cannot be observed experimen-
tally, since for a tip sample distance of 3.5 A, the H atom on
the tip apex is no longer stable.

Our analysis reveals that the resolution enhancement
observed in STHM is related to the dissociation of H,
molecules, resulting in atomic H adsorbed on the tip. We
further analyze the physical mechanism for this improved
resolution. Figure 3A shows the DOS on the PTCDA
monolayer and how the interaction between the tip and
surface shifts the position of the Fermi level with respect to
the PTCDA DOS: in the case of the clean Au tip, Er moves
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FIG. 3 (color online). (A) DOS on the PTCDA monolayer. The
interaction with the Au tip shifts £ upwards with respect to the
molecular DOS; for the H-decorated Au tip (shown in the inset)
Ey is in the middle of the narrow LUMO peak. Middle: different
contributions to the STM image of Fig. 1B.tl coming from the
Au apex (also separated into s, p and d contributions) and the
apex H atom. (B) DOS on the Au apex atom around E for
the clean (Ep, “p) and H-decorated (E Fiau /H)_“p) Au tips: (i) total;
(ii) d-orbitals; (iii) s-orbitals; (iv) p-orbitals.

0.27 eV upwards, closer to the LUMO peak, while for the
Au tip decorated with H atoms (inset in Fig. 3A) the Fermi
level is pinned at the LUMO peak. Due to this shift, the
DOS of the sample, p,, (see Eq. (1)) at Er is much larger,
increasing substantially the conductance for very low volt-
ages. This is in agreement with the experimental observa-
tion that the clearest geometric resolution is obtained in the
limit of zero bias [7]. The position of Er in the middle of
this narrow peak is also reflected in the peak observed
experimentally at zero bias in the dI/dV spectrum [9].
The middle panel of Fig. 3 shows the different contri-
butions to the STM image of Fig. 2C.t1. The s-orbital
image is similar to the clean tip case [Fig. 1A.t]; now,
however, this contribution is substantially reduced: the
interaction with the adsorbed H atoms changes the orbital
character of the DOS close to Er. for the Au apex atom, as
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FIG. 4 (color online). Potential energy surface for the lateral
displacement of the H atom at the tip apex.

shown in Figs. 3B.i-iv, significantly reducing the Au
s-orbital DOS while increasing the DOS for the directional
p and d Au orbitals. Thus, we find that the enhanced
resolution is mainly due to the p-orbital contribution (the
contribution from d-orbitals is less important due to their
shorter range), with some contribution also from the H
atom at the apex. This finding is in agreement with a recent
study using CO-functionalized tips [6], where it was shown
that the intramolecular resolution in the STM images was
due to p-orbitals tip states.

Our results show that, under a H,-saturated atmosphere,
some H, molecules dissociate on the tip, the resulting H
atoms adsorbing on bridge positions and on the tip apex.
This is confirmed by total energy plane wave DFT [23]
calculations that show that the H-contaminated Au tip
(inset of Fig. 3A) is 0.42 eV lower in energy than the clean
Au tip plus two H, molecules [24]. We have also analyzed
the stability of this H-decorated Au tip. For this purpose,
we have performed different calculations where only one
PTCDA molecule and the tip are involved. In these new
calculations, the tip is fixed over one hollow position on the
PTCDA molecule (see Fig. 4). Then, we have performed
constrained relaxations, fixing the x, y coordinates of the
apex H atom, while its vertical coordinate z and the rest of
the system are relaxed until it reaches the energy mini-
mum. Doing this for different x, y positions we calculate
the potential energy surface (PES) for the motion of the
apex H atom. Figure 4 shows the result for two different
paths, A—B and A-C (see inset), as calculated with a DFT
plane wave code PWSCF [23] (similar results are obtained
using the local-orbital code FIREBALL [18]). These calcu-
lations show that the position of this H atom in between the
tip and the PTCDA molecule, directly below the tip apex,
is very stable: the energy barrier for this H atom to leave its
potential well is of the order of 2 eV. Thus, it can be
assumed that the H atom stays below the tip during the
complete STM measurement, following the apex every

time the tip is moved (see video in Supplemental
Material [17]). Other starting positions for the tip have
been checked obtaining very similar results.

The results of Fig. 4 can be used to understand the origin
of the inelastic features observed in STHM; whereby, the
STHM enhanced resolution disappears above a voltage
Vine Of the order of 50 mV [9]. Using a harmonic approxi-
mation for the PES in Fig. 4, we estimate a vibrational
excitation energy of approximately 42 meV for deuterium.
This result suggests that inelastic electron tunneling indu-
ces a stepwise excitation of higher vibrational modes
[26,27], resulting in a loss of resolution in the STM image.

In conclusion, we have analyzed the origin of the intra-
molecular and intermolecular resolution attained in STHM
for the paradigmatic PTCDA/Au(111) case. We find that
H, molecules are easily dissociated by the Au tip, resulting
in atomic H adsorbed close to the tip apex. The interaction
of the H-decorated Au tip with PTCDA/Au(111) pins Ef in
the middle of the narrow PTCDA LUMO peak, increasing
dramatically the DOS of the sample at Er and allowing
electrons to tunnel from or to this peak at very low bias
voltages. Also, the adsorbed H atoms change the DOS of
the Au tip at Ep, increasing its p-wave character and
reducing the s-orbital contribution. The combination of
these two effects gives rise to the enhanced STHM intra-
molecular resolution, as well as the increased visibility of
the intermolecular bonds.
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