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Scanning probe microscopy can be used to probe the internal atomic structure of flat organic molecules.
This technique requires an unreactive tip and has, until now, been demonstrated only at liquid helium and
liquid nitrogen temperatures. We demonstrate intramolecular and intermolecular force contrast at room
temperature on PTCDA molecules adsorbed on a Ag/Si(111)-(v/3 x v/3) surface. The oscillating force
sensor allows us to dynamically measure the vertical decay constant of the tunneling current. The precision
of this method is increased by quantifying the transimpedance of the current to voltage converter and
accounting for the tip oscillation. This measurement yields a clear contrast between neighboring molecules,

which we attribute to the different charge states.
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In 2008, scanning tunneling hydrogen microscopy [1]
revealed intramolecular resolution that resembled a ball-
and-stick molecular model. Molecular hydrogen was intro-
duced in the vacuum chamber and trapped between the tip
and the sample, and the force interaction caused an indirect
signal in the tunneling current [2]. Intramolecular force
contrast was then directly observed with atomic force
microscopy (AFM) using a CO-terminated tip [3]. It was
shown that Pauli repulsion was the dominant force between
the inert O atom and the molecular adsorbate [4]. Follow-
up investigations showed that intramolecular contrast can
be observed with a number of inert atoms or molecules at
the apex of the tip, including Xe and CH, [5,6]. All of these
investigations were conducted at liquid helium temper-
atures. Operation at liquid helium temperatures is helpful
both in reducing thermal drift, in that AFM data can be
acquired slowly with a large integration time, and in
engineering a precise and stable tip apex.

The key components to achieving intramolecular reso-
lution, therefore, are a high signal-to-noise ratio and an
unreactive tip. In 2014, intramolecular contrast was dem-
onstrated at liquid nitrogen temperatures [7]. While the
precise tip termination was unknown, the authors proposed
that it was one of the molecules that had been adsorbed on
the surface.

In this Letter, we present intramolecular contrast in force
and dynamic current-distance measurements at room temper-
ature of a monolayer of perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) on Ag/Si(111)-(v/3 x v/3)R30°
[Ag/Si(111)]. This system has been studied previously with
scanning tunneling microscopy (STM) [8-10], and the
molecule is known to lie approximately flat on the surface,
forming a network via hydrogen bonding. We focused on
islands of PTCDA ordered in the herringbone phase, in which
the unit cell of the molecular layer contains two molecules.
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We then acquired STM data of the system while the tip was
oscillating, allowing us to simultaneously measure the vertical
decay constant (k) of the tunneling current. While this
dynamic x measurement usually requires a calibration with
a current-distance spectrum, we have optimized the method to
remove this requirement. The x images show a clear contrast
between the two molecules of the unit cell even when the two
molecules appear similar in STM.

All measurements were performed with a custom-built
combined AFM and STM equipped with a qPlus sensor
[11] with a tungsten tip operating at room temperature in
ultrahigh vacuum. The AFM was conducted in frequency-
modulation mode [12] with a Nanonis SPM controller
(SPECS Zurich), where the tip was oscillated with an
amplitude A and the interaction with the surface was
detected via the frequency shift Af from the resonant
frequency f(. The sensor had a quality factor Q = 3195
and f, = 26553 Hz. The first harmonic of the tunneling
current was monitored with a SR850 DSP Lock-in
Amplifier (Stanford Research Systems).

Si(111)-(7 x 7) was prepared by several flash and anneal
cycles. Silver was evaporated from a silver pellet wrapped
with a tungsten wire filament on a freshly prepared 7 x 7
surface to form Ag/Si(111). Depositing Agon Si(111)-7 x 7
at elevated temperatures results in a /3 x /3 reconstruction
[13] where the top Si atoms reconstruct into trimers that are
saturated by the Ag atoms. The Ag/Si(111) surface has been
used as a substrate for a number of molecular studies (e.g.,
Ref. [14]) because it is relatively flat and unreactive. PTCDA
was evaporated from a heated crucible. This molecule was
selected because it is a well-studied, archetypical system for
the understanding of organic epitaxy and molecular self-
assembly [15]. PTCDA is a planar molecule consisting of
several Cg rings that is stable on Ag/Si(111) at room
temperature.
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To acquire Af images, the tip was approached in STM
feedback and a suitable area was selected. After waiting for
the drift and creep to decrease, we turned the feedback off.
We then manually approached the surface with the tip,
looking for contrast in Af.

On the left sides of Figs. 1(a) and 1(b), a ball-and-stick
model of the molecular island in the herringbone phase is
shown. Constant-height AFM images are presented on the
right side of these figures. The AFM image in Fig. 1(a)
shows an increase in Af above each molecule, indicating
repulsive interaction. In low-temperature data, such as
those reported by Gross et al. [3], an increase in Af over
the molecule coincides with the onset of intramolecular
resolution, whereas in this image, intramolecular resolution
cannot be seen.

Figure 1(a) shows a contrast between the molecules
where the hydrogen bonds are expected, as has been
previously reported for similar molecular structures
[2,7,16]. However, as has been recently discussed, these
features cannot be unambiguously assigned to hydrogen
bonds [17,18]. The effect of a tip interacting with atoms
that are near one another (in terms of atomic spacing) is
enough to cause a feature to appear in AFM images, even
where no bond is present [17,18].

In Fig. 1(b), intramolecular resolution can be seen. The
contrast enhancement in this image is probably due to a
molecule-terminated tip apex [19]. The internal perylene

FIG. 1 (color online). AFM constant height images of PTCDA
with (a) intermolecular resolution (V;, = —0.125 V, A = 50 pm)
and (b) intramolecular resolution (V;, = 0.1 V, A = 40 pm).

structure can be observed. The magnitude of this Af
contrast is comparable to that which has been previously
reported [7].

In both Figs. 1(a) and 1(b), the Af contrast over both
molecules in the unit cell is similar, indicating that the two
molecules are at approximately the same height.

When scanning with the tunneling current as feedback,
we can take advantage of the oscillating tip to simulta-
neously record the vertical decay of the tunneling current.
Experimentally, it has been observed that the tunneling
current / depends exponentially on the vertical distance
z [20],

I = Iyexp (—2kz), (1)

where /) is the current at z = 0 m. A simple approximation
is that there is a square potential barrier between the tip and
sample, and that only electrons at the Fermi level partici-
pate in tunneling, in which case k = v2m® /A [21], with m
being the mass of a free electron, ® the work function, and
7 the reduced Planck constant. While it has been shown
that this approximation cannot be used to accurately
determine ® [22], it can be used to relatively compare
areas of a surface with different values of ® [23]. It has even
been applied to determine the charge distribution within a
molecule [24]. We discuss the artifacts that occur when
expressing ® in terms of x in Ref. [25] and therefore
indicate the experimental x values rather than converting
them to ®.

The idea of dynamically measuring « was first proposed
by Binnig et al. for STM setups [21]. Briefly, the tip is
oscillated vertically and the modulation of the current is
recorded at the oscillation frequency. This method has been
successfully used to study atomic [31,32] and molecular
adsorbates [33,34]. As has been previously suggested by
Herz et al., we combine this method with the oscillating tip
of an AFM to measure k [35].

Figure 2(a) is a STM image of PTCDA in the herring-
bone phase. As has been previously reported [8,9], each
molecule appears as two parallel lobes along its long axis.
Figure 2(b) is the simultaneously acquired x image [25].
While both molecules have similar heights in the STM
image, there is a clear contrast difference in the x image
between the inequivalent PTCDA molecules.

While there are imaging parameters for which the two
molecules of the unit cell appear to be different in the STM
image, we selected parameters in which the two molecules
appear to be similar to highlight the additional electronic
information provided in the x channel. We have other data
sets in which there is a clear contrast in the STM images
between the two molecules of the unit cell, and the x data
show a clear contrast in these images as well.

The system of PTCDA on Ag/Si(111) is not as well
studied as the related system of PTCDA on Ag(111) (e.g.,
Ref. [15]). At first, it might not seem that the two systems
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FIG. 2 (color online). (a) STM topography, in which neighbor-
ing molecules appear to be similar and (b) simultaneously
acquired x image in which there is clear contrast between
neighboring  molecules  (V, =—-12V, (I); =200 pA,
A =50 pm).

should be comparable. However, a study of PTCDA on
Ag/Si(111) showed that the electronic structure of
the molecular layer was quite similar to PTCDA on
Ag(111) [36].

Rohlfing et al. used STM measurements along with DFT
calculations to investigate PTCDA on Ag(111) and showed
that the two molecules in the herringbone phase have
energy levels shifted by 0.1-0.2 eV [26]. This implies a
different charge transfer from the surface to the molecules
and therefore different surface dipoles. As surface dipoles
are an important component of the work function [37], we
propose that the variations in x that we observe are directly
related to the different overall charges of the molecules.

Highly accurate k measurements of molecular adsorbates
are typically only acquired at low temperatures where
current-distance spectra can be acquired with little influ-
ence of creep or drift [24]. Dynamic x measurements at
room temperature usually include the approximation that
the output of the lock-in amplifier is proportional to the
derivative of I with respect to z [31,33,38]. The problem
with this assumption is that d7/dz is not constant over one
oscillation cycle of the tip. While a correction term can be
derived by acquiring an /(z) spectrum [38], this is only
valid for a given set of parameters (e.g., a constant
amplitude).

We derive an accurate method of evaluating «, taking
into account both tip oscillation and the role of the STM
current to voltage converter (I — V converter). The oscil-
lation of the tip can be described as z = zy + A cos (27zf1),
shown in Fig. 3(a). Combining this with Eq. (1) and
averaging over one tip oscillation, the time-averaged
tunneling current,

(I)r = loexp (=2kz9)Zo(2¢A), (2)
where 7, is the modified Bessel function of the first kind.

Rather than the amplitude of the first harmonic of I being
proportional to dI/dz, the correct description is

Iy = =2Iyexp (—2kz9)Z,(2«A) (3)

and is shown in Fig. 3(b).

In order to properly calibrate the output from the lock-in,
we take into account the gain (more accurately, the
transimpedance, Z;) of the STM I —V converter, which
is frequency dependent and acts as a low-pass filter with a
cutoff frequency usually far below the sensor frequency.
The transfer function of a home-built 7 — V converter can
be explicitly calculated or, as is the case for a commercial
I —V converter, can be measured. The input capacitance
due to microscope wiring must also be taken into account.

Explicitly, the lock-in signal can be written as

T:(2kA
Vi = ZZf<I>TZ%' (4)
k can therefore be accurately determined from the lock-in
output signal with five inputs: the measured tunneling
current (Z;(I) ), the lock-in signal (V ), A, f, and Z. The
k image shown in Fig. 2(b) was generated by numerically
solving Eq. (4) pixel by pixel [25].

In summary, we have shown that intramolecular reso-
lution is possible at room temperature. We have made use
of the oscillating AFM tip to simultaneously record the x
channel, which relates to the local surface dipole. The
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FIG. 3 (color online). (a) Schematic model of the tip oscillating
at an amplitude A and bias V,, over a PTCDA island. (b) Simu-
lated plot of the tunneling current vs time dependence (7) (black
solid line), and the Fourier series of / up to the zeroth order (red
dashed line) and first order (green dash-dotted line).
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ability of AFM to directly observe the internal structure of
molecules has great potential to characterize complex
systems. The long-term goal of this work is to bring the
beautiful successes that we have seen demonstrated at low
temperatures, including identification of an unknown
molecular species [39] and of intermediates in a chemical
reaction [40], to room temperature, making them applicable
to a wide range of devices and reactions.
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