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Abstract. The growth of submonolayer metallic or molecular nanostructures via ton-beam sput-
tering onto reconstructed semiconductor surfaces, followed by in-situ scanning probe imaging of the
formed nanostructures, give an interesting insight into developing new molecular multifunctional nano-
architectured materials for various applications. The case of pentacene, as one of the most important
candidates in the field of organic thin film electronics, molecules and also Au metallic nanostructures,
deposited in the submonolayer regime onto a reconstructed InP (0 0 1) surface, is discussed in view of
the observed growth modes, structure and topology. During initial stages of growth, a uniazial diffusion
channel dominates, and long pentacene molecular chains self-organize parallel to the [110] crystallographic
direction on the InP surface. The study is performed by in-situ non-contact atomic force microscopy
mvestigations with atomic resolution. It is shown that the self-assembling of molecular structures onto flat
terraces is dependent on the flatness and orientation of the terraces reconstructed onto the semiconductor
surface. Moreover, it is possible to create functional molecular nano-architectures by nano-manipulation of
single molecules with the AFM tip. Thuis procedure may have a large tmpact on technological applications,
such as organic TFT and molecular nanowires.
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INTRODUCTION

The scientific research related to the properties of
nanoscopic systems and the nanometer-scale modi-
fication of materials is nowadays on an ascending
trend [1-10]. Among the most interesting aspects
in nanosciences is the design and characterization
of functional materials for specific applications, such
as arrays of magnetic nanoparticles and magnetic
semiconductors [1], and materials based on the ma-
nipulation of magnetic spin orientation onto recon-
structed semiconductor surfaces [2]. For a variety of
technological applications, a wide range of research
interest have been devoted to surface preparation
and functionalization [3-8], surface investigations at
atomic resolution with scanning probe methods [9-
11] and the growth of submonolayer molecular [11,12]
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or metallic [13-15] nanostructures onto reconstructed
semiconductor surfaces. Metallic nanostructures with
interesting magnetic properties [16-18] may also be
deposited onto substrates with a logic potential for
magnetic and magneto-optic devices [19,20]. The
control over processes occurring at the atomic scale,
such as surface nano-patterning, site-sensitive chem-
ical reactions and the self-organization or growth of
ultrathin magnetic layers represents a key issue in
developing novel nanostructured materials for various
applications. For the engineering of well-controlled
metallic nano-dots, nanowires or well ordered molecules
regularly assembled onto flat surfaces, investigation by
means of scanning probe techniques of the processes
of surface reconstruction and functionalization is of
definite importance [7-10].

The surfaces under scrutiny in the present work,
i.e. the semiconductor (001) InP polar surfaces, from
the larger class of A By compounds, may undergo
different kinds of reconstruction process depending on
the surface stoichiometry [8,11].

As a relatively new scanning probe technique,
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the Non-Contact Atomic Force Microscopy (NC-AFM)
which is extremely versatile for imaging local struc-
tures on surfaces, both conductive and insulating,
has easy access to the probe (devices of a small
scale) and has fast data (image) recording. The
experimental investigations are conducted in the scan-
ning probe microscopy laboratory. Surface prepa-
ration, reconstruction and functionalization are per-
formed in the three-chamber multi-purpose ultra-high-
vacuum facility by ion-beam sputtering, while the
manufacturing of metallic or molecular nanostructures
onto the reconstructed surface is done by evapora-
tion in UHV from raw material sources. To inves-
tigate the resulting nanostructures, surface analytical
tools, such as in-situ Low-Energy Electron Diffraction
(LEED), are used, and various in-situ scanning probe
techniques, such as Scanning Tunneling Microscopy
(STM) and Non-Contact Atomic Force Microscopy
(NC-AFM), are employed operating inside the UHV
system.

EXPERIMENTAL SET-UP FOR SURFACE
PREPARATION

The experimental set-up system used for surface re-
construction, functionalization and analysis consists
of three ultrahigh vacuum (UHV) chambers; one for
surface preparation, the second for surface analysis and
the last for scanning probe microscopy. The chambers
are interconnected and samples can be transferred
and in-situ synthesized, reconstructed and analyzed in
UHV. The base pressure in the system is 5 x 107!
mbar. The sample holders may be heated up to
1000 K in both preparation and analytical chambers
using controlled voltage power supply devices. The
InP samples are in the form of epi-ready wafers,
commercially available. Small pieces of wafer are
carefully cut and mounted on special plates. The plates
are fixed, using clams or soldered conductive wires,
to the Cu sample holder. Indium or gallium metal is
used for the thermal contacting of different parts. The
holder with the new sample is then introduced into
the introductory chamber. Prior to the introduction
into the vacuum system, the samples are repeatedly
rinsed with pure ethanol and blown dry with pure
nitrogen gas. This is subsequently heated to outgas
the new sample and, in UHV conditions, is manip-
ulated, transported towards the preparation chamber
and mounted on the Cu sample stage. The temperature
is accurately measured on the sample stage with a
thermocouple. In the UHV chamber, the samples are
pre-annealed overnight. This allows one to acquire
a vacuum in the 107'° mbar range for the heated
samples. InP samples are initially heated up to 750 K
for approximately 2 min. Subsequently, the sample is
cooled down to 600 K and cleaned with a rastered ion
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beam. The sputtering cycles for the InP samples were
done with an Ar™ ion beam of 0.3 keV, 0.3 mA /cm?
average. A usual sputtering cycle duration is 60 min;
the ion beam is directed half the time at 4+60° and
half at —60° off normal. Cleaning cycles are repeated
until chemically clean (as checked by AES) and well
ordered (as verified by LEED) flat terrace surfaces are
obtained. Short sputtering-annealing cycles are applied
every few days in order to avoid gradual contamination
of the surface due to adsorption of residual gases.
This “restoring sputtering” cycles lasts usually 2 x 15
minutes, half the time at +60° and half at —60° off
normal.

After the sputter-cleaning procedures, the sam-
ples are submitted to annealing in the UHV analytical
chamber in a 107!! mbar vacuum range. The annealing
temperatures were varied between 620 K and 710 K,
depending on the samples. Usually, the annealing is
performed at temperatures slightly higher than the
sputtering temperatures. The annealing times varied
between several minutes and several hours, depending
on the sample and on the quality of surface details.
After annealing and cooling down the samples, in-situ
low-energy electron diffraction is employed in order to
estimate the degree of ordering on the rastered and
annealed sample surfaces.

After moving the samples from the analytical
chamber and mounting them on the microscope stage,
the samples are imaged with various #n-situ scanning
probe techniques in UHV, 10~!! mbar range at ambient
temperature.

Scanning probe microscopy is performed with a
Park Scientific Instrument VP2 AFM/STM (atomic-
force/scanning-tunneling microscopy) device. All data
are collected at room temperature. Atomic-force
images are obtained in a Frequency Modulation (FM)
mode with the use of a Nanosurf “EasyPLL” demod-
ulator. Commercially available piezoresistive silicon
non-contact cantilevers are used as probes. The
resonant frequencies of the cantilevers are typically
about 200 kHz and the spring constant is 20 N/m.
The amplitudes of cantilever oscillations used during
the measurements are around 10 nm and detunings
(detuning is a difference in resonance frequency be-
tween the interacting and the free cantilever, which
is set by the microscope user) are typically below
200 Hz. Scanning rates are 0.5 — 3 scan lines per
second. Two imaging sub-modes are used. The first
is the topographic mode used for large-scale images,
when the feedback loop changes the tip-surface distance
and keeps constant the frequency of the cantilever
oscillation. In this case, a constant-frequency surface
is measured. The second is a quasi constant-height
mode more often used for atomically resolved images.
In that case, the feedback loop is set to a very low value
and consequently the tip-surface distance is determined
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by averaging the interaction over several atomic sites
remaining almost constant (within a 0.1 A range). Asa
consequence, one obtains the frequency shift (D) map
of the investigated sample. The atomically resolved Dy
maps contain constant background, which is tuned in
order to better show the investigated nanostructures.
In particular, when the roughness of the surface is high
enough, only the most protruding atoms are imaged
with the constant-height mode, since the short-range
interaction vanishes over trenches or valleys. In such a
case, the zero level of the short-range interaction may
be well identified on the D; maps, with a certain level
of gray constituting smooth fields over low parts of
the structure. Consequently, atomic-scale objects that
interact via attractive and repulsive short-range forces
can be identified in correlation to the zero level gray as
the brighter and the darker sharp features, respectively.
The corrugation of Dy maps is typically of the order of
few Hertz.
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RESULTS
(2 x 4) InP Surface

InP Surface Reconstruction: Cumulative
Effects of Repetitive Sputtering Cycles

The NC-AFM images of (2 x 4) InP (001) surface,
after several cumulative sputtering + annealing cycles,
are presented in Figure 1. After the 1st cycle of
sputtering + annealing, the surface imaging shows the
occurrence of small In droplets. The 2nd cycle shows
improvement in the quality of the surface and the
small droplets start to coalesce. Incipient formation
of continuous terraces and elongated features along
the direction of the sputtering beam is observed from
the 3rd cycle of sputtering + annealing. After the
4th cycle, the surface presents atomically flat terraces;
most of them elongated shapes, separated by steps
of monolayer height, oriented preferentially along the

In P (cleanned with 300 eV AR and ---)

12.00

8.00

4.00

0.00

0.4 pm

0620S007.HDF
bomb.@330 C and annealing@400 C for 5 min

(2)

8.00
4.00

0.00

0.4 pm

0 0.2
06225007.HDF
bomb.@350 C and annealing@400 C for 5 h

(c)

12.00

8.00.

4.00

0.00

0.4 pm

0621S013.HDF
bomb.@350 C and annealing@400 C for 30 min

(b)

8.00.
6.00
4.00
2.00
0.00.

0623S046.HDF
bomb.@350 C and annealing@450 C for 2 h

(d)

Figure 1. NC-AFM images of (2 x 4) InP surface. (a) Sputtered at 330°C and annealed at 400°C for 5 minutes. (b)
Sputtered at 350°C and annealed at 400°C for 30 minutes. (c) Sputtered at 350°C and annealed at 400°C for 5 hours. (d)

Sputtered at 350°C and annealed at 450°C for 2 hours.
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direction of the sputtering beam. The size of the
terraces ranges between few tens and hundreds of
nanometers.

The atomic resolution image of the terraces (Fig-
ure 2) shows the smoothness of the terrace steps.
As seen in the image, the steps are usually over
one interatomic distance. Well-formed rectangular
elongated features of the surface structure would al-
low the correct identification of the nano-structures
of metals or molecules that will form on the InP
surface after deposition. The 2 x 4 arrangement
of atoms on the reconstructed InP surface has been
proven by LEED observations reported elsewhere [8].
At this stage, the (2 x 4) InP (001) is ready to
be used for deposition of metallic nanostructures or
molecules.

Pentacene on (2 x 4) InP (001)

Pentacene (CgoHiy4) is a promising candidate for ap-
plications in organic thin-film electronics, owing to its
ability to form highly ordered thin films with excellent
electrical properties near room temperature. Most of
the studies have been reported on pentacene concern
nucleation and growth of pentacene molecules on SiO5.
Nevertheless, some studies on semiconductor surfaces
have also been reported. The electronic properties
of pentacene have been widely studied due to the
relatively high field effect mobility of this material and
its promising applications in thin film transistors. The
fundamental limits of charge transport in pentacene
thin films depend on an optimal p-orbital overlap,
which, in turn, depends on the molecular packing
within the organic crystal. Thus determining the
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Figure 2. Atomically resolved NC-AFM image of the

(2 x 4) InP (001)flat terraced surface after the 4th cycle of
sputtering + annealing.
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film structure and molecular ordering is essential in
understanding the charge transport mechanisms in
pentacene thin films.

Pentacene exhibits polymorphism in its crys-
talline structure with two well-known polymorphs com-
monly found in bulk pentacene crystals. A different
structure is obtained when thin films of pentacene are
thermally evaporated onto silicon oxide or other inert
substrates. This structure has been referred to as the
“thin film phase” in the literature and is identified by
its longer inter-planar spacing: dgo; = 15.4 A. Until
today though, little is known about the evolution of
the thin film structure with film thickness (submono-
layer range is expected to provide different ordering
mechanisms than in bulk or multilayer pentacene).
From island size distributions and dynamic scaling
arguments, it has been argued that the growth of
pentacene is diffusion-mediated and the critical island
size is about four molecules.

It has been argued that the nucleation and growth
of pentacene in the submonolayer range onto SiOs
substrate [21] exhibit a dendritic-like ordering with up
to 5 molecules in a so-called standing mode (molecules
on top of each other, with the molecular plane per-
pendicular on the substrate). Lack of long range
ordering of the molecules and the dendritic-like growth
of the pentacene molecules have also been reported
by other authors [22,23]. Irrespective of the chemical
nature of the substrate, the formation of monolayer-
thick pentacene islands has been observed [24]. The
islands correspond to pentacene molecules standing
upright but slightly inclined on the substrates. On
the inorganic substrates, highly ramified structures at
low deposition rate (below 2 nm/min) are observed.
These are similar to the typical structures described by
the irreversible “hit and stick” picture of the diffusion-
limited aggregation model.

The ultra-high-vacuum deposition of pentacene
on the (2 x 4) InP (001) reconstructed substrate was
performed at a base pressure of 5 x 10™° mbar. Prior
to deposition, the pentacene source was purified by
vacuum sublimation at a temperature slightly below
the deposition temperature (around 110°C). Pentacene
molecules were evaporated from a fused quartz crucible
heated by a tungsten wire. The temperature of the pen-
tacene during deposition was kept constant at 125°C.
The substrate temperature was kept at 100°C. The
source heating was chosen as to ensure an extremely
low deposition rate of 0.3 monolayers / min. Deposition
rate and nominal film thickness were measured by
a carefully calibrated quartz crystal balance. This
ensures the same amount of pentacene on the whole
area of the sample. Two samples were synthesized
with different pentacene film thicknesses: 0.07 ML and
0.2 ML.

The NC-AFM images of the 0.07 ML and 0.2 ML
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Figure 3. Atomically resolved NC-AFM images of the 0.07 ML and 0.2 ML pentacene on (2 x 4) InP (001) together with

the images of InP terraces prior to the deposition.

pentacene on (2 x4) InP (001), together with images of
InP terraces prior to deposition are shown in Figure 3.

The 3D image of the 0.07 ML pentacene on (2x4)
InP (001) presented in Figure 4 shows the incipient
formation of standing mode dendritic-like ordering of
the pentacene molecules.

The identification of the pentacene molecule or-
dering on the (2 x 4) InP (001) is made possible by
the line profile measurements of the atomically resolved

100
0 A

Figure 4. 3-D atomically resolved image of the 0.07 ML
pentacene on (2 x 4) InP (001).

images. The results of the line analysis of the two
atomically resolved images from Figure 3 are shown
in Figure 5.

On line profiles B and C, taken on the level
of two formed pentacene molecules, (Figure 5a), an
intermolecular distance of 15.3A in agreement with
the previously reported pentacene inter-planar spacing
(doo1 = 15.4 A) has been retrieved. On line profile
D, the distance between 3 consecutive substrate atoms
(equivalent to two inter-planar spacings of the sub-
strate lattice) is quite accurately found to be 38.3 A.
In Figure 5b, corresponding to the 0.2 ML pentacene
on (2 x 4) InP, line profiles A and B are drawn on the
level of the supposed pentacene molecules grown onto
the InP. On line A, the distance between 3 consecutive
pentacene molecules (equivalent to two interplanar
spacings) is found to be 31.3 A, in good agreement
with the reported value of dyg; = 15.4 A. On line B, the
inter-planar distance (15.7 A) is also found to be quite
close to the reported pentacene inter-planar distance.
On the contrary, from line profiles C and D, on the InP
substrate lattice, an accurate interplanar distance is
found to be 18.8 A. Thus, the line profile measurements
of atomically resolved images (Figure 5) have allowed
precise identification of the interplanar spacings of both
InP substrate lattice and the dgg; of the pentacene, and
have given additional evidence regarding formation of
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Figure 5. Line profile measurements on atomically resolved NC-AFM images of 0.07 ML (a) and 0.2 ML (b) pentacene on

(2 x 4) InP.

pentacene molecules in a standing growth mode in the
submonolayer regime.

Case of Au on (2 X 4) InP

The deposition of metals onto the (2 x 4) InP (001)
reconstructed surfaces has also been attempted. In the
submonolayer regime -0.1 ML of Au- the formation of
elongated well-ordered nanostructures onto InP do not
occur. Instead, quasi-regular monodispersed Au nano-
dots were observed (Figure 6). The reasons for this
behavior, different from the case of Au on the InSb
surface, are not yet understood, but they may reside
in the mixed-dimer model commonly associated with
the (2 x 4) InP (001) highly corrugated polar surface.
In the case of (2 x 4) InP, it has been shown [8] that
post-sputtering annealing to temperatures higher that
750 K leads to the formation of many In droplets.
Consequently, the metal diffusion mechanisms may
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Figure 6. NC-AFM image of 0.1 ML Au on (2 x 4) InP

reconstructed surface.
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compete with the off-stoichiometric surface sites due to
the high mobility of the In atoms during the sputtering
and metal deposition. It means that locally In enriched
surface regions may act as nucleation centers for the Au
atoms.

CONCLUSION

Functionalized surfaces, in the form of regular terraces,
by using ion-beam sputtering of ultrasmooth semicon-
ductor surfaces, have been developed. It has been
shown that the formation of regular nanostructures to
be used as a template for architectured nanostructures
is controlled by the experimental parameters. By using
non-contact atomic force microscopy with atomic res-
olution, incipient formation of continuous terraces and
elongated features along the direction of the sputtering
beam is observed. After the 4th cycle of sputtering,
the surface presents atomically flat terraces separated
by steps of monolayer height, oriented preferentially,
along the direction of the sputtering beam. The size
of the terraces ranges between few tens and hundreds
of nanometers. On these functionalized surfaces, sub-
monolayer metallic or molecular nanostructures have
been grown and the as-formed structures were in-
situ imaged by NC-AFM. In the case of pentacene
grown onto (2 x 4) reconstructed InP (0 0 1), it
has been observed that during the initial stages of
growth, a uniaxial diffusion channel dominates, and
long pentacene molecular chains self-organize parallel
to the [110] crystallographic direction on the InP
surface. Atomically resolved NC-AFM images were
allowed to unambiguously identify the pentacene self-
organized onto the terraces by measuring interplanar
distances. A standing growth mode has been proven
for the pentacene molecules, if the coverage fraction is
within the submonolayer regime. In the case of Au onto
a (2 x 4) reconstructed InP (0 0 1) surface, the forma-
tion of nanodots was observed. Such a growth mode
can be explained by taking into account that possible
In-rich regions formed during the reconstruction of the
surfaces may act as nucleation sites for the metal dots
formation.
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