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Abstract. Electron beam lithography in ultra-high vacuum is combined with epitaxy of silver on
Si(111) to generate crystalline metal nanowires of few atomic layers thickness and a width of less
than 20 nm on an insulating support. The experiments are performed in a combined SEM-STM
system for confocal and simultaneous operation of both microscopes at variable sample
temperatures in the range 60-900K. Employing electron beam-induced selective thermal
desorption, clean Si(111) windows are generated within a thin thermal surface oxide layer of 0.3-
0.7 nm thickness. During deposition of Ag at a sample temperature of 130K small Ag islands
nucleate in the Si windows as well as on the oxide areas. Subsequent annealing to room
temperature or above leads to the formation of continuous flat epitaxial Ag islands constricted to
the window areas. When the surface is annealed up to 700K the islands coalesce in the direction
that is unconstricted by the oxide mask up to a length of some 100 nm while spherical non-

percolated Ag clusters with diameters of several nanometers form on the oxide areas.

1. INTRODUCTION

Metal nanostructures have interesting prospects for
future nanoelectronics applications. Compared to
semiconductors, metals feature a high density of
charge carriers for electrical transport so that metal
nanowires may be benefitial when single molecules
or components of molecular electronics need to be
contacted on a scale of few nanometers. With char-
acteristic dimensions and electron confinement in
the range of the Fermi wavelength, metal
nanostructures are also expected to reveal inter-
esting quantum phenomena which may be exploited
for nanoscale devices. Metal-based single-electron
transistors have been demonstrated to work up to
room temperature [1] because the energy difference
of quantum levels is increasing as the scale of con-
finement is getting smaller.

With metal nanostructure cross sections on the
scale of few atomic distances single structural de-
fects become important for the electronic proper-
ties. Therefore the nanostructures should be well-

defined on the atomic scale, meaning that they
should be crystalline and exhibit either no defects
or the defects should be at least well characterized.
Furthermore, the metal nanostructures should be
generated on an insulating support so that arbitrary
lateral shapes and circuits may be formed.
Bottom-up approaches to the generation of atomi-
cally well-defined metal nanostructures usually ex-
ploit self-organisation during metal epitaxy and have
demonstrated the generation of more or less perfect
atomic chains or wires [2]. These structures, how-
ever, have been generated mostly on specific metal
substrates and their shape is determined by the mor-
phology of the underlying substrate. On the other
hand, top - down approaches that employ high-reso-
lution electron beam-, X-ray-, or ultraviolet lithogra-
phy render possible the generation of nanoscale
metal structures of arbitrary lateral shape also on
insulating substrates. Here, however, the structures
usually exhibit a lot of defects because the metal
does not form epitaxial layers on the chosen sub-
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strate and ex situ processes involving organic pho-
toresists and etches cause contamination. So far
epitaxial metal nanostructures with characteristic
dimensions in the range of some 10 nm on insulat-
ing substrates have been reported for Mo on sap-
phire [3].

Here we report on our first results of combining
electron beam lithography with epitaxy of silver on
silicon for the generation of epitaxial metal nanowires
on an insulating support. In order to avoid surface
contamination induced by lithographical processes
we employ an in situ nanolithography technique for
silicon surfaces developed by M. Ichikawa and his
group that takes place in ultra-high vacuum, entirely.
It will be demonstrated that this nanolithography
technique in combination with low-temperature sil-
ver epitaxy may generate ultrathin continuous epi-
taxial metal nanowires with a width below 20 nm.

2. EXPERIMENTAL

The experiments were carried outin ultrahigh vacuum
(base pressure below 3-10® Pa) in a combined scan-
ning electron microscope (SEM) — scanning tun-
neling microscope (STM) system (JEOL SPM 4500
SX). Both microscopes are confocal and can be
operated simultaneously at variable sample tempera-
tures in the range 60-900K. While the electron gun
(1-25 keV) provides an SEM resolution of 4 nm, an
eucentric tilting mechanism of the sample stage
renders possible to vary the angle of incidence of
the electron beam between 0 and 30° (see Fig. 1).
At glanzing incidence microprobe reflection high-
energy electron diffraction (WRHEED) may be used
to check the crystillanity of generated structures.
By means of a movable optical detector underneath
the RHEED screen the intensity of any diffraction
spot may be chosen as input signal for scanning
reflection electron micrographs (SREM). The sys-
tem is additionally equipped with an electron en-
ergy analyzer that enables us to perform Auger elec-
tron spectrocopy (AES) and scanning Auger elec-
tron microscopy (SAM).

The Si(111) substrate samples, sized 0.3x1.5x7
mm, were cut from wafers of high resistivity (>1000
Qcm). The substrate surfaces were prepared by re-
peated flash-heating to 1400K by direct current while
keeping the ambient pressure below 1107 Pa. To
oxidize the surface the sample temperature was
raised to 943K for 10 min after oxygen (99.999%)
was introduced into the chamber at a pressure of
2-10* Pa. It has been demonstrated before that a
complete layer of oxide, 0.3 nm thick, is formed
under these conditions [4-6]. The surface quality
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Fig. 1. Schematic of the SEM-STM main chamber
set up for SAM, RHEED, and SREM. Sample (fac-
ing to the right) and STM are mounted on a stage
for eucentric tilting with respect to the SEM. Sample
temperature can be varied in the range 60-900K
during microscopy.

and contamination was monitored by STM, RHEED,
and AES. Silver was evaporated from a well-out-
gassed Knudsen cell. The deposition rate was de-
termined using a quartz microbalance calibrated via
STM measurements. For calibration Ag was depos-
ited in submolayer amounts onto the substrate held
atatemperature of 700K. The areal fraction of Si(111)
(«/gx 3)-Ag regions was determined and the Ag
coverage calculated, assuming a density of 1 Ag
atom per Si atom of the topmost layer (7.83:10"
cm?) in the (+/3 x+/ 3 )-reconstructed regions ac-
cording to the HCT model [7].

3. RESULTS

The lithographical process is shown schematically
in Fig. 2. After preparation of a clean Si(111)-(7x7)
substrate surface a complete ultrathin thermal sur-
face oxide layer is generated. Selected areas are
irradiated by the focused electron beam, stimulat-
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Flg. 2. Schematic of e-beam lithegraphy in UHV for the generation of silver nanastructures on silicon: thin
thermal oxide on 5i (1}, electron-induced oxygen desorption in selecied areas (2), void formation in the
oxide via tharmal desorption of 510 (3), and Ag deposition leading to cluster formation in oxide areas and

epitaxial Ag layers in Si window.

ing desarption of oxygen from the cxide. The sur-
face is then heated so that Si0 desorbes from the
irradiated areas while Si0, remains stable on the
surface, thereby leading to the formation of 5i win-
dows with sharp baundaries to the surrounding ox-
ide, Silver is then deposited at low temperature on
the surface and annealed, forming clusters on the
oxide areas and epitaxial layers in the Siwindows.

The following presentation of first results is ar-
ranged according o our expenmental approach and
slarts with the generation of Si windows within a
thin thermal oxide., Then details of the epitaxy of
silver on bare Si(111) and on Si{ 111431 oxide tem-
plates will be reported while a third subsection on
the Ag wetling layer completes the results,

3.1. Generation of Si{111)/Si oxide
templates

The formation of clean silicon windows in an oxide
mask due to electron-beam induced selective ther-
mal decomposition and desorplion of the oxide has
been described in detail by M. lchikawa and co-
warkers [8 8], The width of the silicon windows de-
pends on the primary electron dose and the dura-
tiom of the subsequent heating. The total eleciron
dose has to be optimized in order to obtain continu-
ous Si windows while maintaining a good lateral
resolution as the plume of secondary electrons dam-
ages the oxide around the focus of the primary elec-
tron beam. In our expenments the sample surface
was irradiated at an angle of =10° with respect to

the surface plane with & total surface electran dose
of 100-200 Clem? and an electron energy of 25 kel
After electron irradiation the surface was heated up
to 780 °C for 10-30 s. Besides the desorption of
Si0, etching of Si0, by bared Si leads to the de-
composition of the oxide [6] which is seen by a
continuous propagation of the oxide boundary and
widening of the 5i windows during prolonged haat-
ing. STM has demaonstrated that the Si surface in
the window areas is atomically clean.

Fig. 3 shows a ring-shaped 5§ 111} window within
&n oxide mask as seen by SEM, SREM, and STM.
The visibility of the generated structures by SEM or
SREM is a prerequisite for navigating the STM tip
towards the area of interest. The SREM image was
generated using the intensity of a first order RHEED
spot on the flucrescent screen as input sgnal for
the scanning eleciron micrograph. The Si window
appears as bright area due to the high lateral order
of the clean Si{111) surface. On the contrary the
secondary electron emission exhibits only weak
contrast bebween the oxide and the window areas.
Only the boundary betweean the thin oxide layer and
the bared substrate area is visible as bright feature
in the SEM image, probably due to topographic
contrast.

Fig. 4 shows line-shapad 5i{111) windows which
ware generated as templates for silver nanowines,
With electron doses and the subsequent heating
procedure optimized, the windows ara continuous
owver a distance of several micrometears (Fig d4a). We



Fig. 3. Ring-shaped Si{111) window in cxide mask:
SEM shows border between oxide and window area
while SREM (integer-order RHEED spot intensity
as input signal) shows well-orderad 5i(111) surface
in window area. Right panel: STM of wides! section
of ing-shaped window. Thia width is due to the small
angle of incidence {=10° with respect to the surface
plang) during lithography.

have generated windows as narrow as 10 nm whike
windows with @ width of 20 nm as shown in (D) are
achieved regularly, also on substrates with a high
step density where the boundaries betwesn oxide
and windows often appear less sharp than an large
single terraces. Fig. 4c shows the result of prolonged
heating after electron iradiation. The consumption
of silican fram the bared areas during decomposi-
fion of the oxide is evident by etch pits that form
aspecially at atomic steps but also on flat Si{111)
terraces in the window areas. The etch pits are ana
atomic layer deep and their borders are probably
aligned along {110} directions as cbserved, e.g., for
Si({171) etching by water [10].

3.2. Ag epitaxy

Having Si{111)/Si oxide templates, the deposition
of silver is the naxt step in the lithographical pro-
cess. On bare silicon surfaces silver grows epitaxi-
ally without forming silicides, making silver an ideal
candidate for insulated metal nanostructures on sili-
con with a well-defined interface between metal and
substrate. Before depositing silver on SVSi oxide
templates we have studied the growth of Ag layers
on bare Si{111), varying growth parameters in a
range that appears promising for the generation of
continuous Ag nanowires.

At room temperature silver grows on Si(111) in
the Stranski-Krastanov mode [11]. However, for sil-
ver deposition at low temperatures (< 170K) and
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Fig. 4. STM: (a) Line-shaped Si{111) windows in Si
oxide mask generated by electron irradiation (total
doses 30-300 Cicm?). (b) Detail of ineshaped Si{111)
window with a width of 20 nm. (¢) Elch pits {one
atomic layer deep) along {110} directions after pro-
longed heating.

e

various annealing procedures, a varety of mata-
stable structures have been reported as a result of
limited kinetics. STM studies have shown that sil-
ver grows layer by layer and is atomically flat at a
sample temperature of 100K [12]. Layer by layer
growth has also been observed for deposition at 150-
170K [13]. With increasing amount of deposited
material interconnected islands, fat islands on top
of a rough wetting layer, and continuous Ag layers
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Fig. 5. Left panel. STM of 4 ML Ag/Si{111) deposited at 130K and annealed to room temperature. Right
panel: Histogram of relative height in units of d=0.236 nm (thickness of Ag{111) monolayer) showing preferred

heights of 3and 7 d.

have been observed when the surfaces were an-
nealed to room temperature after deposition [14].
Far the flat islands preferred island heighls have
been identified. Whila tha reason for the cccurance
of different preferred heights in seemingly similar
experiments (2 ML [13-15] and 6 ML [16]) has not
been clarified, yet, these magic heights are ascribed
to a contribution of electron confinefmeant within the
metal layer to its free energy [15). Spot profile analy-
sis of LEED has shown that the continuous films
consist of atomically fiat grains, forming a small-
angle (6") rotational mosaic [17]. Grain diameters
in the range of 1.5 to 8.5 nm have bean observed,
depending on the substrate lemperatures during
depositon and annealing.

Fig. 5 shows an STM image of 4 ML Ag on Si{111)
with a high step density (average terrace width = 15
nm) deposited al 130K and annealed o room tem-
peratura by passing a small direct current through
the sample. Atomically flat islands with diamaters
up ta samea 10 nm are observed on top of a welting
monolayer which shows corrugation in STM. The
islands are aligned along the step edges and ax-
hibit preferred heights as depicted in the histogram
shown in the right panel of Fig. 5. The features of
the height distribution are very wide because the
relative height was determined with respect to a ref-
erence plane, neglecting the substrate steps and
the inclination of the substrate terraces with respect
to the reference plane. Nevertheless magic heights
of 3, 7, and 10 monolayers above the wetting layer
can be observed. Comparing our result fo previously

reported magic heights of 2 and 6 ML above the
watting layer, respectively, we may only speculate
{hat the preferrad island thickness is altered in pres-
ence of substrate steps.

Fig. 6 shows an STM image of 10 ML Agon a
5i(111) substrate with a low step density and wide
terraces in the range of 100 nm. The silver layer
was deposited at 130K and annealed to room tem-
perature. Instead of a continuous Ag layer we find a
percolated network of islands, obviously aligned

height [nm]
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Fig. 6. STM of 10 ML Ag/Si{111) deposited at 130K
and annealed to room lemparatura showing perco-
lated network of fiat islands. Line scan shows nar-
row range of island height around 4 nm.
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Fig. 7 STM {150x150 nm?, sample bias +8 V. tunneling current 45 pA) of 7 ML Ag deposited at 130K on
line-shaped Si{111) window in oxide mask and annealed to (a) 300K and (b) to TOOK, respectively. Height
profiles under the STM images show 3 nm high Ag islands in window areas (borders of window areas are
marked by arraws). The positions of the height profiles are depicted as white lines within the comesponding

STMimage.

along low-index directions of the substrate lattice
{the STM image in Fig. 6 is not comected for ther-
mal drift). The islands have all about the sama haight
of 4 nm with a variation of not more than £15%, as
the line scan in Fig. 6 shows.

Such a percolated netwaork of islands of uniform
height in a line-shaped Si window within an oxide
mask would make a perfect nanowire. Fig. 7a shows
T ML Ag deposited on a S5i{111)/Si oxide template
at 130K and annealed to room temperatura. On the
oxide area spherical Ag nanoclusters have formed.
The low surface free energy of the oxide surface
inhibits & metal wetting layer.

In the line-shaped Si(111) window separate flat
epitaxial islands with diameters in the range of 10-
20 nm are detected. Obviously the growth mode in
tha narrow Si 111) window differs from that.on bare
Si{111), mither due to defects acting, &.g., as
nucleation sites, or due to additional kinebc limita-
tions. Apparently there is no significant transport of
silver from the oxide area fo the siflicon window and
vice versa. All material hitting the oxide area is con-
sumed by the clusters, When diffusional transport
of silver atoms ks restricied (o the line-shaped Si(111)
window, any coarsening of islands may be hindared.

The STM measurements on Ag-covered oxide
areas require rather high sample biases and low
currents in order to keep the distance between tip
and surface large enough 5o that picking-up and
maving-around silver atoms from the surface is
avoided. The STM images in Fig. 7 have been taken
with a sample bias of +8 V and at a tunneling cur-
rent of 50 pA, compromising tip stability with reso-
lution.

Fig. 7b shows the result of annealing 7 ML Ag
deposited at 130K on a line-shaped Sil111)/5i ox-
ide template up to about TOOK. Comparison with (2)
reveals that the clusters on the oxide have coars-
ened. Stll they appear to be spherical in shape,
indicating that they are not interconnected. Within
the Si(111) window a single elongated istand has
formed. The line scan depicted undemeath the STM
image reveals that the island |s about 3 nm high,
has a flat top, and is separated from the adjacent
clusters on the oxide area.

Such nanowire sections have been observed with
a total length up to 250 nm in our STM experimants.
Fig. 8 shows two nanowire sections with a width of
15-25 nm in adjacent Si{111) windows. The distur-
bances visible in the STM image are due to tip
changes, presumably induced by detachment or at-
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template showing wire-shaped metal islands in
narrow Sl windows (width of 20 nm) and 2D islands
in wider window (80 nm)

tachment of silver atoms. Fig. 8 also shows two
islands inan 80 nim wide Si(111) window. Their lateral
shape appears as round as It is expacted for silver
deposition on bara silicon. Obviously, the tendency
to form elongated nanowire sections is promoted
by narrow Si windows. The role of the interface
between the Si window and the oxide for Ag diffusion
and nucleation of Ag islands has nol been
investigated, yel.

3.3. Ag wetting layer

When silver on 5i(111) is annealed up to TOOK or
deposited at that temperature, 3 wetling monolayer
forms which is composed of (+/ 3 x+/ 3 }-Ag domains
[18]. The {+/ 3 x4/ 3 )-Ag surface has a metallic sur-
face state band as demonstrated by the observa-
tion of standing electron waves [18] and & two-di-
mensional plasmon [20]. Furthermore, a surface
state conductivity in the range of 5-10-10* (3" has
baan reported [21]. Consequently, besides the 3nm
high nanowire sections, the Ag wetting layer in the
Si{111) windoews may be regarded as a metal
nanowire in its own right. In coniras! to the nanowire
sections the wetting layer is limited in length only
by the size of the 5i{111) window.

The wetting layer formation on bare Si{111) is
shown by STMin Fig. 9a. An amount of 0.25 ML Ag
was deposited at & temperature of TO0K and at a
depasition rate of 0.05 ML/min. Continuous areas
of (+/3 x+/3 }-Ag domains decorate the substrate
steps. The adatoms of the clean 5i(111) (Tx7) re-

e 100 nm j
L P e oL T
Fig. 8. 5TM images: (a) 0.25 ML Ag deposited on
Si(111) at 700K at a rate of 0.05 ML min. Decora-
tion of steps by (/3 x+/3 )-Ag islands. STM shows
the adatoms of the clean Si(111)-(7x7) area. (b) and
(g) 0.5 ML Ag deposited on Si{111)/5i axide tern-
plate at 780K at a rate of 0.13 ML/min. Si windows
are covered by continuous Ag wetting layer. (c)
shows detail of (b).
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gions are resolved in the STM image while the atomic
details of the (+/ 3 x4/ 3 )-Ag structure are not re-
solved4Close to the raised (ﬁ x\/g )-Ag domains
at the upper substrate step edge dark regions can
be seen within the (7x7) terrace. These regions rep-
resent (\/5 x\/g )-Ag domains on a lower substrate
terrace which form due to the transport of silicon
involved in the Ag-induced surface reconstruction
[18].

Figs. 9b and 9c¢ show the wetting layer forma-
tion in line-shaped Si(111) windows within an oxide
mask with panel (c) showing a section of (b) in more
detail. While only 0.5 ML Ag were deposited on the
surface (dep. temperature: 790K, rate: 0.13 ML/min)
the window areas are completely covered by the
wetting layer, indicating Ag diffusion from the oxide
to the window area. The aforementioned pits due to
the Ag-induced surface reconstruction as well as
islands of an additional layer can be seen in the
window areas. The observed height differences within
the windows always correspond to multiples of the
Si(111) bilayer thickness. This observation indicates
that the Si substrate is completely covered by the
wetting layer because the height difference between
(7x7) and adjacent (/3 X\/% )-Ag terraces would
clearly differ from the Si bilayer thickness.

The wetting layer on the Si(111)/Si oxide tem-
plates shows a surface corrugation which is not
presenton the (JE x«/g )-Ag areas on bare Si(111)
(panel a). The origin of the corrugation has not been
clarified, yet.

4. CONCLUSIONS

We have demonstrated the generation of ultrathin
crystalline metal nanostructures with characteris-
tic lateral dimensions of 20 nm on an insulating
support by means of a combination of electron beam
lithography in ultra-high vacuum and Ag epitaxy on
Si(111). Line-shaped clean Si windows were gener-
ated within a thin thermal oxide layer and the re-
sults of silver epitaxy on such Si/Si oxide templates
were compared with silver epitaxy on bare Si(111).
On the oxide area the formation of spherical Ag clus-
ters is observed. With respect to the bare Si areas
the growth modes are similar for both types of sub-
strate. However, we find details of the morphology
of the metal deposit depending on the lateral con-
striction imposed by the oxide mask. Consequently,
growth parameters have to be optimized for Si/Si
oxide templates individually. So far we have gener-
ated two different instances of nanowires: Deposit-
ing 7 ML silver at 130K and annealing to 700K we
find islands elongated up to few 100 nm and a few
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nanometer high in narrow (20 nm) Si windows. By
depositing submonolayer amounts of silver at a tem-
perature of 790K a continuous wetting layer forms
in the window areas. A more detailed analysis of
the nanowire morphologies and charactization of
their structural details is in progress as we aim at
studying the influence of single defects on electri-
cal transport at a later stage.
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