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he proposal of future electronics with
Torganic molecules as device compo-

nents' has stimulated considerable
research effort aiming at single-molecule
function in a solid-state environment.>*
Scanning tunneling microscopy (STM) has
proven to be a powerful experimental tool
in this context because it combines imaging
and spectroscopic means with the capabil-
ity to manipulate matter at the atomic scale.*©
To explore model cases of single-molecule
function in an environment compatible
with existing device technologies, it is of
interest to employ semiconductor materials
as templates. On semiconductor surfaces
with unsaturated dangling bonds, such as
Si surfaces, organic molecules are generally
chemisorbed”® or even fragmented® upon
adsorption. Nonetheless, STM studies of
single molecules covalently linked to Si
surfaces revealed a reversible conductance
switching due to rotational movements be-
tween stable adsorption configurations'®
and biconformational switching'"""? driven
by the tunneling electrons. On the other
hand, a concept utilizing molecular building
blocks with predefined properties that are
not quenched, or even significantly per-
turbed, upon adsorption would require a
molecule—semiconductor system charac-
terized by a moderate electronic coupling.
Maintaining and controlling an unper-
turbed functionality inherent to the free
molecular state has not yet been demon-
strated for single molecules adsorbed on a
semiconductor surface.

In this article we describe a weakly
coupled molecule—semiconductor hybrid
system involving a lll—V semiconductor sur-
face with fully saturated dangling bonds and a
planar z-conjugated molecule that exists in
two tautomers due to an internal hydrogen
transfer reaction. As a consequence of the
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Bistable organic molecules were deposited on a weakly binding I11—V semiconductor surface
and then pinned into place using individual native adatoms. These pinning atoms, positioned
by atomically precise manipulation techniques in a cryogenic scanning tunneling microscope
(STM) at 5 K, stabilize the sz-conjugated molecule against rotation excited by the tunneling
electrons. The pinning allows triggering of the molecule's intrinsic switching mechanism (a
hydrogen transfer reaction) by the STM tunnel current. Density-functional theory calculations
reveal that the energetics of the switching process is virtually unaffected by both the surface
and the pinning atoms. Hence, we have demonstrated that individual molecules with
predictable, predefined functions can be stabilized and assembled on semiconductor
templates.

KEYWORDS: scanning tunneling microscopy - density-functional theory -
semiconductor surfaces - indium arsenide - STM manipulation of single molecules

weak coupling, the adsorbed molecule is

highly sensitive to inelastic excitations by

the tunneling electrons, inducing an in-

plane rotation about its center. To stabilize

the molecule, we applied STM-based

manipulation techniques and assembled

adatom—molecule complexes in which the

rotational degree of freedom is sterically  *Address correspondence to
hindered. The STM data, in combination steven.erwin@nrl.navy.mil;
with first-principles total-energy calcula- foelsch@pdi-berlin.de.

tions, reveal that the intrinsic hydrogen  Rgeceived for review February 15, 2012
transfer (experimentally evident from a con-  and accepted April 11, 2012.
ductance switching by 1 order of magnitude) Published online April 11, 2012
remains unperturbed by both the substrate  10.1021/nn300690n

and the adatoms that prevent rotation of

the molecule. ©2012 American Chemical Society
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Figure 1. Molecular rotation stimulated by STM tunnel current. (a) Three equivalent rotational orientations of a phthalo-
cyanine molecule (H,Pc, black) physisorbed on the InAs(111)A-(2 x 2) surface. (b) Structural model of the free H,Pc molecule as
determined from DFT. (c—e) Rotational jumping triggered by STM tunnel current at different values of sample bias. Fast
rotation at 0.35 V reveals the underlying 3-fold symmetry of the InAs substrate, while slower rotation at 0.18 V reveals discrete
H,Pc orientational jumps. The rotation completely stops at 0.15 V. All images acquired at constant current / = 50 pA. (f)
Normalized jump rate e/I7 (z: residence time in a given orientation) versus sample bias, as determined from time-dependent
current spectra acquired with the tip intentionally fixed away from the molecular center as marked in (d). Set point
parameters: 50 pA, 0.18 V. Inset: representative time spectrum showing the three-level current signal.

RESULTS AND DISCUSSION

We performed cryogenic scanning tunneling micro-
scopy experiments on the InAs(111)A surface com-
bined with complementary density-functional theory
calculations. The InAs(111)A surface (Figure 1a) is free
of partially filled dangling bonds—and thus chemically
nonreactive—due to its intrinsic (2x2) cation-vacancy
reconstruction.'® Here, we focus on free base phthalo-
cyanine (H,Pc, Figure 1b), which is a planar sw-conju-
gated molecule with D,;, symmetry.'* H,Pc is known to
undergo a tautomerization reaction in which the two
inner hydrogens in the cavity switch their positions
from one pair of opposite nitrogens to the other.”

After depositing H,Pc at low coverage (~1 x 10'?
molecules per cm?) and substrate temperatures below
20 K we find a planar adsorption geometry with the
molecule always centered above the In vacancy site of
the reconstructed surface. Although H,Pc is of D,
symmetry, constant-current STM imaging of the ad-
sorbed molecule at 0.35V sample bias (Figure 1¢) yields
a uniform protrusion of 3-fold symmetry. Imaging at
reduced bias reveals rotational fluctuations of the
molecule within the tunnel junction (0.18 V, Figure 1d),
which come to a halt at even lower bias (0.15 V,
Figure 1e), eventually reflecting the expected cross-
shaped appearance of the molecule. We find three
equivalent adsorption states with the molecular lobes
oriented parallel/perpendicular to any of the three
(110) in-plane directions, as illustrated in Figure 1a.

The rotational jumps between the three in-plane
molecular orientations give rise to a three-level signal
in the tunnel current / when the tip is placed at an off-
center position above the molecule with a disabled
feedback loop and at sufficiently large bias U. The inset
in Figure 1f shows a corresponding current-versus-time
spectrum recorded at 0.21 V with the tip held at the
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position indicated in Figure 1d. The bias-dependent nor-
malized jump rate (the probability per tunneling electron
to induce a single jump, e/Ir, 7: mean residence time in a
given state) in Figure 1f shows a nearly symmetrical bipolar
threshold behavior,'® suggesting that an inelastic scatter-
ing of the tunneling electrons (inelastic electron tunneling,
IET) is important for exciting the molecular rotation. IET-
induced rotational excitations were previously reported for
molecules adsorbed on metal surfaces.'”” %

The [ET-induced rotation observed here suggests
the absence of the covalent molecule—surface bonds
commonly formed between molecules and semicon-
ductor surfaces with unsaturated dangling bonds.”®
We propose that van der Waals (vdW) interactions are
the primary binding mechanism in the present system
and that, for this reason, the barrier for in-plane rota-
tion is sufficiently low to be overcome by IET at small
bias voltages of ~0.1 V and above. The rotational
fluctuation of the weakly coupled H,Pc molecule can
be stabilized by applying STM-based atom and mole-
cule manipulation techniques,**' as demonstrated in
Figure 2a,b: First, two native In adatoms (In,q) are
positioned on two adjacent next-nearest neighbor In
vacancy sites along (110) (spacing 2do+v/2 = 17.14 A,
ap = 6.06 A: cubic InAs lattice constant) by vertical
manipulation.”? Next, an H,Pc molecule is moved
along the surface by lateral manipulation®® (red line
in Figure 2a) and dragged in between of the two In,g.
The tunnel current response during lateral manipula-
tion?'?* indicates that the molecule is repositioned by
means of short-range attractive force interaction with
the STM tip. The resulting complex in Figure 2b shows a
stable cross-shaped appearance of the incorporated
H,Pc molecule, confirming that its rotation is sterically
hindered by the two In,q atoms nearby.

Bias-dependent STM imaging reveals the existence
of a left-handed and a right-handed conformer, as
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Figure 2. Hydrogen atom switching within an H,Pc molecule pinned between two In adatoms. (a, b) STM images (75 pA, 0.25 V) of
the intermediate and final configurations of an H,Pc molecule being positioned between two In,q atoms by lateral manipulation.
(c—h) STM images (50 pA) of two rotationally inequivalent chiral conformations of the pinned H,Pc; compare panels (c—e) with
(f—h). (i) Normalized switching rate e/lt between the two conformers versus sample bias, as determined from time-dependent
current spectra acquired with the tip fixed at the position shown in (c). Set point parameters: 50 pA, 0.5 V. Inset: representative time

spectrum showing the two-level current signal.

evident from the images in panels c—e in comparison
to those in panels f—h of Figure 2. It is possible to
reversibly switch between the two enantiomers. This is
achieved, for example, by placing the STM tip at the
position indicated in Figure 2c and applying a bias of
—0.75 V. The two-level current response (inset in
Figure 2i) recorded with disabled feedback loop re-
flects a binary switching with a high to low current ratio
on the order of 10 to 1. In addition, a bipolar threshold
in the bias-dependent normalized switching rate is
revealed that is nearly symmetrical with respect to
the Fermi level at U = 0 (Figure 2i), albeit at significantly
higher bias voltages than for the IET-induced rotation
(Figure 1f). These observations suggest that the ada-
tom-induced single-molecule pinning leaves the tau-
tomerization switching largely undisturbed and that it
can be triggered by the tunneling electrons.>>~” For
the unpinned molecule, on the other hand, read-out of
the tautomerization switching is obscured by the ex-
citation of low-energy rotational fluctuations.

For a direct comparison, we also studied Cu phtha-
locyanine (CuPc) molecules on InAs(111)A, ie., a Pc
species of Dy, symmetry'* that does not exhibit a
tautomerization-based bistability in the free molecular
state. Similar to the case of free base Pc shown in
Figure 1, the isolated CuPc molecule is excited by the
tunnel current to perform rotational jumps, and the
bias-dependent jump rate shows a bipolar threshold
behavior symmetrical with respect to zero bias. On the
other hand, when a CuPc molecule is pinned by two
Inaq Nnearby—analogous to the H,Pc-related complex
shown in Figure 2—no current switching or bistability
of any sort is found. Figure 3 shows bias-dependent
STM images of a CuPc molecule pinned in between
two In,q located on next-nearest neighbor vacancy
sites along (110), indicating an STM appearance with
two mirror planes: one normal to, and the other
coplanar with, the (110} direction connecting the In,q
positions.

NACCI ET AL.

Figure 3. (a—d) STM images of a CuPc molecule pinned by
two In,q atoms located on nearest-neighbor vacancy sites
along (110) recorded at bias voltages as indicated and a
tunnel current of 0.1 nA. Different from the H,Pc case
(Figure 2), the complex exists in one conformation only,
characterized by an STM appearance with two mirror
planes: one normal to, and the other coplanar with, the
(110) direction connecting the In,4 positions.

We performed density-functional theory (DFT) cal-
culations to support and explore three aspects of our
experimental findings: the equilibrium physical geo-
metry of H,Pc adsorbed between two In,q atoms on
InAs(111)A; the constant-current STM topography of
this system; and the reaction pathway and activation
barrier for tautomerization switching between the two
equivalent enantiomers of the adsorbed, pinned H,Pc.
Because the binding of the H,Pc molecule to the InAs
surface is dominated by vdW interactions, total ener-
gies and forces were calculated within the DFT-D2
method of Grimme, in which vdW interactions are
included through a semiempirical term added to the
standard DFT total energy.?®
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Figure 4. Simulated STM imagery and theoretical energy landscape for hydrogen-atom switching. (a) Theoretically simulated
STM image of one of the two equivalent ground-state conformations. (b) Close-up view of the STM image in Figure 2h for
comparison; In,4 positions are marked. (c, d) Potential-energy surface (PES) for hydrogen atom switching in an H,Pc molecule
pinned between two In,4 atoms on the InAs(111)A-(2x2) surface, as determined from DFT-D2 calculations. The two degrees of
freedom are the x coordinates of the two H atoms; the y coordinates were fully relaxed, as were all other atomic coordinates
describing the molecule and surface, at each point in the PES. Several critical points are illustrated in (c) and marked in (d): the
two equivalent ground-state conformers (A and D), one of the two transition states connecting them (B, nearly degenerate
with B’), and a metastable intermediate state (C). The minimum-energy pathway connecting the two conformations is

A—B—C—B'—D.

We describe first the equilibrium position and
orientation of H,Pc on clean InAs(111)A-(2x2). Starting
with gas-phase molecular coordinates we systemati-
cally varied the position, height, and orientation of the
molecule to locate the minimum-energy adsorption
site. In agreement with STM observations, the center of
the molecule is located at an In-vacancy site with the
molecular lobes oriented parallel/perpendicular to a
(110) in-plane direction, as illustrated in Figure 1a. At
this site the internal molecular geometry and surface
structure were then fully relaxed within DFT-D2. Only
negligible distortions occur within the molecule and
at the nearby surface. The equilibrium adsorption
height is 3.1 A above the InAs surface plane; without
vdW interactions the molecule sits approximately 1 A
higher, demonstrating the importance of including this
term in the total energy.

The two In adatoms were then added to the surface,
and full structural relaxation of the entire system was
repeated. Relative to the initial gas-phase geometry,
the final molecular relaxation was small, less than 0.1 A.
Figure 4a shows a filled-state STM image, simulated
using the method of Tersoff and Hamann,?® for one of
the two equivalent enantiomers. Experimental STM
imaging does not unambiguously resolve all the details
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of the simulated nodal structure, primarily because the
simulations lead (for technical reasons) to apparent
heights that are significantly closer to the physical
surface (typically less than 5 A) than the experimental
tip height (close to ~10 A). In addition, finite-size
effects of the tip apex, which are not taken into account
in the simulations, may further reduce the STM con-
trast. Nonetheless, we can associate the overall appear-
ance of the simulated enantiomer in Figure 4a with
that of the experimental image in Figure 2h, repro-
duced in a close-up view in Figure 4b for direct
comparison.

Finally, we analyzed tautomerization in the ad-
sorbed and pinned H,Pc molecule by computing the
DFT-D2 potential-energy surface for hydrogen switch-
ing. The x coordinates of the two H atoms provide two
convenient degrees of freedom for the PES, as illu-
strated in Figure 4c. At every point in the x,;; —x; plane
all other degrees of freedom (the y coordinates of the H
atoms, as well as all other atomic positions) were fully
relaxed. The resulting PES (Figure 4d) reveals that the
minimum-energy pathway connecting the two equiva-
lent conformers (states A and D) proceeds via the
metastable intermediate cis conformation (state C).
This result is very similar to ones previously reported
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for gas-phase H,Pc.3° The transition state (B) has an
activation barrier of 0.58 eV, which is consistent with
the measured bias thresholds of the switching rate in
Figure 2i. The metastable state C is 0.40 eV above the
ground state A. These critical points and barriers—and
indeed the entire PES—are qualitatively and nearly
quantitatively indistinguishable from those of the iso-
lated H,Pc molecule. This establishes that the InAs
surface and the two pinning In adatoms, both of which
are important for enabling and controlling molecular
function, also leave unperturbed the desirable char-
acteristics of hydrogen tautomerization within the
H,Pc molecule.

CONCLUSIONS

To summarize, we find that switchable organic
molecules adsorbed on a lll—-V semiconductor surface

METHODS

Experimental Section. The experiments were carried out with
an STM operated at 5 K and in ultrahigh vacuum (UHV) at a base
pressure in the lower 1077 Pa range. We used electrochemically
etched tungsten tips that were cleaned in UHV by Ne ion
sputtering and electron beam heating. STM images were
recorded in constant-current mode; bias voltages refer to the
sample with respect to the STM tip. InAs(111)-(2x2) samples
were prepared in a molecular beam epitaxy (MBE) system by
desorbing the native oxide from the surface of an InAs wafer
(purchased from Wafer Technology Ltd.) exposed to an arsenic
flux at a substrate temperature of 753 K. To facilitate a sample
transfer between the MBE and STM system under ambient
conditions, the surface was capped with arsenic at a sample
temperature below 273 K immediately after the preparation by
MBE. The As capping layer was desorbed in the UHV chamber of
the STM system by annealing at 630 K, and the sample
transferred into the microscope cooled to 5 K. InAs(111)A
samples prepared in this way showed the same surface features
as MBE-grown and in situ investigated samples.?>*'~33 H,Pc
(purchased from Aldrich) was purified in UHV by repeated cycles
of degassing. Low coverages (~1 x 10'2 molecules per cm?) of
H,Pc were deposited directly into the microscope at sample
temperatures < 20 K by sublimation from a tantalum crucible
heated to 628 K.

Theoretical. Total energies and forces were calculated within
the DFT-D2 method of Grimme, in which a semiempirical term
representing vdW interactions is added to the standard DFT
total energy.”® This method provides a computationally effi-
cient and numerically accurate description of the binding
between the molecule and surface. For the DFT contribution
we used the generalized-gradient approximation of Perdew,
Burke, and Ernzerhof and projector-augmented-wave poten-
tials as implemented in vasp.>* The InAs surface was represented
by a four-layer passivated slab, the topmost three layers of
which were allowed to relax, with a vacuum region of 15 A. The
adsorption of individual H,Pc molecules was simulated using a
large (6x6) supercell of the InAs(111) surface unit cell. The
surface Brillouin zone for this supercell was sampled with a 2x2
I'-centered grid, and the plane-wave cutoff was 280 eV.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This work was supported in part by the
U.S. Office of Naval Research, the Japan Agency of Science and
Technology, and the German Research Foundation (FO 362/1-3;
SFB 658, TP A2). Computations were performed at the DoD
Major Shared Resource Centers at AFRL and ERDC.

NACCI ET AL.

are only weakly coupled to the template. This is
manifested by their high sensitivity to IET-induced
excitations and the feasibility to reposition them with
the STM tip at atomic-scale precision. Molecule—adatom
complexes were assembled by STM-based manipula-
tion to stabilize the weakly bound molecule, allowing
us to trigger and probe its intrinsic bistability (here a
hydrogen transfer reaction) by the tunnel current. First-
principles total-energy calculations elucidate the reac-
tion pathway and reveal that the energetics of the
switching process is negligibly affected by the sub-
strate and the stabilizing adatoms. Our results thus
demonstrate that individual switchable molecules can
be pinned into place on a semiconductor platform in a
manner that leaves their switching characteristics un-
disturbed, fulfilling two prerequisites for the realization
of nanoscale circuitry.
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