Figure 4 (1-T3.1): SEM images of the Si(100) :H surface after transfer printing. The
progressive SEM zoom-in on the surface shows triangular Au nano-islands have been
successfully transferred from the MoS, stamp to the Si :H surface.

Following the successful adaptation of the transfer printing technology to the UHV
environment last year, the formation of nano-pads with controlled shape on the MoS, surface
has been achieved this year by P11-Singapore. The next step is to use the P11-Singapore
UHV nano-probe system for STM imaging of these triangles in UHV (see Task 4-T1.1) as
well as testing their one by one manipulation on the Si(100)H surface to form adequate
geometries for dangling bond wires interconnects in a two probes configuration and in the
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1-T3.2 : Fabrication of metallic nano-pads on a semi-conductor surface
(Man month real/Forseen: P10 5/24)

The P10-Krakow goal in this task is focused on obtaining by growth, self assembling and/or
by nano-manipulation, a system of well separated metallic mesa-like islands, located on pre-
defined sites on a passivated Ge(001):H surface. The islands should eventually serve as
interconnects between atomic/molecular conductive wires and the external, microscopic
metallic electrodes, such as 4 STM tips of the P10-Krakow UHV multi probe system.

In the 2011 AtMol report, P10-Krakow had demonstrated that assembling of nanoscale,

atomically structured conductive pads on a Ge(001) semiconductor surface could be obtained
by a simple gold deposition at low temperature and a subsequent thermal annealing of the
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Au/Ge(001) system at a temperatures above 720 K. The pads consist of regularly spaced
structure of anisotropic wires aligned along the direction of Ge(001) reconstruction rows with
an inter wire spacing of 1.6 nm. The unique properties of this Au/Ge(001) system i.e. the co-
existence of Au islands on nanowire domains seems to offer good Ohmic contacts for multi-
probe conductance measurements as required for Deliverable 1-D3.2. But surface tunnelling
current spectroscopy measurements reveal that there is no electronic gap in the surface band
structure of the wires and the 2-probe conductance measurements indicate a 2D metallic
surface character of the pad resistance dependence on their separation.

To extend this work towards atomic scale interconnects on a Ge(001) surface ready for an H
passivation process, P10-Krakow encounters 2 fundamental problems which preclude such
possibility: (1) the clean Ge(001) areas between Au nanowire pads and islands are heavily
damage after the thermal treatment necessary for the regular wire/island formation and (2) the
distribution of the pads is random and cannot be positioned/manipulated into desired
locations on the sample and it was demonstrated by P11-Singapore on the MoS2 surface.

Taking the alternative route of depositing and assembling the metallic nano-pads by a growth
processes on a passivated surface, it must be clearly stated that the adsorption of metals on a
hydrogenated semiconductor surface is virtually unknown (see the first image of metallic
nano-island supposedly soft-landed on a Si(100)H surface in Fig. 3 (1-T3.1) above. On the
other hand, it was shown long time ago that an Si(001)H can accomodate single Ag atoms
into the dangling bonds present on the surface. Additionally, pads and wires structures can be
created by hydrogen desorption induced by the STM tip. The calculations show that for the
Ag atoms on a si(100)H surface, it is energetically favorable to bind to a dangling bond rather
than form a cluster or stay isolated on a perfect passivated surface

The atomic scale technology for fabricating dangling bond wires and pads on Ge:H has been
developed by P10-Krakow and is reported in Unit 3, 3-WP 2. It has been found that atomic
scale wires and pads can be created by STM tip-induced desorption of hydrogen from the
hydrogenated surface of Si(001) and Ge(001). Although atomic precision of the STM
scanning is unquestionable, the size and the speed of fabrication of the structures have natural
limits. Alternatively, large area patterning of the hydrogen resist could be done using focused
e-beam of the SEM. Using a 25 keV SEM electron beam, the M. Simmons group had
demonstrated that structures of a lateral size below 200 nm can be formed with insignificant
contaminations from the UHV environment. Furthermore, it was suggested that using
electrons of even lower energies, the lateral dimensions of those structures could still be
considerably lowered. This year, P10-Krakow had extended this work considerably inside its
UHYV atomic scale interconnection machine in 2 consecutive steps:

(1) By using the low energy e-beam of Krakow’s Gemini column on this machine. The
optimal parameters for e-beam patterning of the Ge(001)H surface with highest possible
lateral resolution have now been determined,

(2) The e-beam fabricated nano-wires and contacting nano-pads are used for a controlled
anchoring of metals, such as Au and Ag. The optimum local position of the metallic atoms are
going to be determined by SEM/STM imaging and the surface conductance of resulting
structures will be measured in Task 4-T1.2 in year 2013.

In Fig. 1 (1-T3.2) the SEM image of a Ge(001)H surface is presented with a 2500
magnification. The dangling bond pads are imaged as small black rectangular dots on the
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right hand side of the black rectangle in the center of the image. They were fabricated on the
Ge(001)H surface by an electron-beam lithography technique with the use of the low keV
energy e-beam of the UHV-SEM microscope. The large rectangles of tens of micrometers
sizes (contrast from gray to black) were produced as markers to guide the SEM navigation

and the scanning with an LT-UHV-STM. Those markers allowed imaging the designated

desorbed DBs nano-pad area on the high resolution LT-UHV-STM attached to the P10-
Krakow UHV SEM/4-probe machine mentioned above.
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Figure 1 (1-T3.2): UHV-SEM image of dangling bond pads (small black rectangular dots)
created on Ge(001):H surface with a low keV energy electron beam of the SEM microscope.
The large rectangles of tens of micrometers sizes (contrast from gray to black) are produced
as markers to guide the SEM navigation and the LT-UHV-STM scanning.

The high resolution LT-UHV-STM images are presented in Fig. 2 (1-T3.2). The left panel
shows well passivated area with characteristic monohydrite (2x1) reconstruction of the
Ge(001)H surface prior to the e-beam desorption. After its e-beam exposure, approximately
the same wafer surface area was LT-UHV-STM imaged as presented in the central panel of
the Fig 2 (1-T3.2). The exposed surface clearly shows up a mixture of c(4x2) and p(2x2)
reconstruction of a clean Ge(001) surface.
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Figure 2 (1-T3.2): High resolution LT STM images of approximately the same area (to the
accuracy of our marker lateral dimensions used for SEM and STM positioning) of the
Ge(001) wafer. The left panel (a) shows well passivated area with characteristic mono-hydrite
(2x1) reconstruction of Ge(001) surface prior to electron beam desorption. Central panel (b)
represents STM image of the clean Ge(001) exposed after e-beam desorption of the passivated
sample are from (a). Panel (c) represents STM image of the same DB pad from (b) after 0.25
ML deposition of Au at room temperature. All STM images are taken at 77 K with tip
parameters U = -2 V and tunnelling current I = 25 pA, 50 pA, 100 pA from (a) to (c)
respectively.

In the next step, on such a prepared with DBs pads sample, P10-Krakow is going to test the
growth of a small amount of some promising metal like Au. In Fig 2 (1-T3.2) ¢, the LT-
UHV-STM image is presenting of the same DBs pad as imaged on the panel 1b but after a
room temperature 0.25 ML deposition of Au. Clearly, several white corrugations can be
observed reflecting adsorption of the deposited Au atoms.

In conclusion, P10-Krakow have demonstrated that e-beam from the UHV-SEM of the atomic
scale interconnection machine can be successfully used for controlling the desorption of
hydrogen from a passivated Ge(001)H surface forming the desired pattern for surface
interconnects. Post-deposited Au atoms seem to anchor at the exposed DBs pads on the
surface and with an increasing Au dose; P10-Krakow should be able to get a complete
coverage of the DBs pads with a gold over layer.

Conclusion for 1-WP3

In conclusion of this workpackage, P10-Krakow and P11-Singapore are developing pure
UHYV technologies to be able to directly interconnect for example a single DB atomic wire to
contacting metallic nano-pads to be then interconnects with their respective UHV atomic
scale interconnection machine. Those developments are essential for interconnecting with the
best possible atomic scale precision a single atomic scale circuit constructed atom by atom or
to interconnect a single molecule circuit. Both the UHV transfer printing and the new e-beam
pre-patterning are two fantastic routes to “a la physicienne” experiment on truly atomic scale
devices. This is fully complementary with the more long range wafer like technology
presented in 1-WP1 and 1-WP2.
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