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he study of surface defects and, in

particular, dangling bonds (DB) on

semiconductor surfaces and at inter-
faces has been an area of interest for years.
Interest was driven from the unique char-
acteristics of the DB, due to fact that the DB
state lies within the bandgap of the semi-
conductor. However, once deemed pro-
blematic, nanoscale science is now taking
advantage of DBs for possible technological
applications. For example, the creation, pat-
terning, dynamics, and electronic properties
of individual DBs, DB wires, and clusters
have been discussed both experimentally
and theoretically."'” DB clusters have re-
cently been shown to enter into a tunnel
coupled relationship at close distances, pro-
viding applications in quantum cellular
automata and as charge qubits.’®"2° The
chemical reactions of DBs are also under-
stood and allow templating of organic mo-
lecules on silicon surfaces.?’ As well, the
charge of the DB (positive or negative) can
selectively dictate the type of chemical
reaction that occurs at the surface.?? It has
also been demonstrated that charged dan-
gling bonds can control the flow of current
through single molecules on silicon sur-
faces and the charge distribution in tunnel
coupled DB systems.'®?® Because the
charge state of the DB can control the
chemical and electronic properties of nano-
structures, methods to control the charge
state of a DB are desirable. One way to alter
the DB charge state is through changing the
dopant type or density. For example, highly
doped n-type silicon ensures negative DBs,
while minimally doped creates neutral
DBs.'#"823 However, this method is imprac-
tical as it affords no active control over the
DB charge state. Therefore, it is essential to
develop a method to actively control the
charge state of a dangling bond. In this
manuscript, we propose and show that the
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ABSTRACT Titanium silicide (TiSi,) nanoscale Schottky contacts were prepared on hydrogen-

terminated n-type Si (100) surfaces. The Schottky contact created a region of upward band bending

surrounding the TiSi, contacts. The surface band bending was observed as a sloping surface

depression using the scanning tunneling microscope. Scanning tunneling spectroscopy measure-

ments also show shifted //V data consistent with upward band bending. Charge control of dangling

bonds was accomplished through a distance relationship between the dangling bond and the TiSi,

contact. The lowered chemical potential in the near contact region removes the ability of dangling

bonds to become negatively charged while dangling bonds outside the close contact region remain

fully charged. Methods to actively control dangling bond charge states are discussed.
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charge state of a DB can be altered by using
nanoscale Schottky contacts.

Schematically, the experiment is depicted
in Figure 1. A nanoscale Schottky contact
is created on the surface of hydrogen-
terminated silicon. Because the hydrogen
termination minimizes the number of sur-
face states, the Fermi level is not pinned,
and the bands are free to move under the
potential influence of the contact. Therefore
it is expected that band bending would be
observed along the surface of the silicon,
resulting in a depletion of electrons in the
near surface region close to the contact. For
highly doped n-type silicon, a local measure
of the chemical potential in the vicinity of
the contact predicts that the silicon close to
the contact will image similar to low-doped
silicon, while silicon at further distances
from the contact will behave according to
the bulk dopant density. It is therefore pre-
dicted that DBs that would normally appear
negatively charged far from the contact
would appear uncharged close to the con-
tact. Electrically contacting the TiSi, islands
and applying an external bias in order to
alter the depletion region could be used to
actively control the charge state of nearby
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Figure 1. (a) Schematic representation of a Schottky contact on hydrogen-terminated silicon with nearby surface dangling
bonds. Colors represent the charge state of the dangling bonds; red indicates negatively charged, and blue indicates
uncharged. The charge state of the DB is dependent on the Fermi level. The band diagram illustrates the band bending along
the silicon surface, from the titanium silicide contact, at equilibrium. The blue and red lines illustrate the chemical potential at
distances from the Schottky contact. Blue: Fermi level is near the mid gap; DBs will appear uncharged. Red: Fermi level is near
the conduction band; DBs will appear charged. (b) Schottky contact in forward bias. The bands are pulled down creating
negatively charged DBs indicated with red arrows. (c) Schottky contact in reverse bias. The bands are pushed up creating

uncharged DBs indicated with blue arrows.

DBs; reverse bias leading to the changing of negative
DBs to neutral, and forward biases changing neutral
DBs to negative. This charge control of individual DBs
would help to realize proposed applications of quan-
tum dot DB constructs and single-atom derived elec-
tronics.

Titanium adsorption and silicide formation on clean
silicon surfaces have been studied using scanning
tunneling microscopy (STM).>*~2® STM measurements
of TiSi, island formation on Si(111) 7 x 7 and Si(100)
2 x 1 have shown that the TiSi, segregates into
nanoscale islands. Both C49 and C54 phases have been
observed and characterized. Barrier heights have been
measured for titanium silicide islands on the order of
100 nm—1um sizes,>” while islands of ~5 nm diameter
showed Coulomb blockade and Coulomb staircase
effects at room temperature.®® Patterned TiSi, micro-
electrodes have been prepared on Si(111) surfaces. It
was shown that the patterned contacts survive mo-
mentary flashing to 1200 °C and do not contaminate
the formation of Si(111) 7 x 7 between the microelec-
trode contacts.?® Patterned TiSi, microelectrodes have
also been shown to survive cleaning and NHF,
etching conditions during the formation of hydrogen-
terminated Si(111).3°

In this report, we prepared TiSi, islands on ultrahigh
vacuum (UHV) prepared hydrogen-terminated Si(100).
The hydrogen-terminated surface offers several advan-
tages compared to the previously studied clean sur-
faces, in that the surface is not reactive but more
importantly the bands are not pinned and are free to
bend under potential influence. We show that surface
band bending at nanoscale titanium—silicon islands
on hydrogen-terminated silicon is directly observed
using the scanning tunneling microscope (STM). This
band bending induced by the contact results in the
depletion of electrons from the region close to the
TiSi, islands. Dangling bonds that would normally be
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negatively charged far the TiSi, contact are found to
exhibit a reduced charge state when observed within
the depletion region.

RESULTS AND DISCUSSION

Figure 2 shows the sequence of steps to prepare
the silicide islands on hydrogen-terminated silicon.
Figure 2a shows the clean silicon surface of the Si(100)
crystal relatively free of defects. Dimer rows, orthogo-
nal to one another on alternating terraces, are visible
under magnification. The steps between terraces are
clearly visible. Figure 2b displays the as deposited tita-
nium film from the thermal source. The steps of the
silicon surface can still be observed. After annealing to
900 °C, the titanium film reacts with the silicon surface
and forms islands of titanium silicide (Figure 2c). The
size of the islands is dependent on the amount of
titanium deposited and on the annealing temperature
with higher coverages and temperatures leading to
larger islands. The temperature used for the formation
of the TiSi, islands is known to produce the C54 phase
of the TiSi,. The STM image in Figure 2d is equal to
literature identifications of the C54(110) surface.

Figure 3 shows the surface after hydrogen termina-
tion. The effect of hydrogen termination of the silicon
surface does not appear to alter the structure of the
silicide islands (Figure 3a). Additionally, the silicide
island does not affect the hydrogen termination pro-
cess of the silicon surface as the hydrogen covered
portions of the silicon surface appear identical to sur-
faces prepared with no silicide. For most experiments
the hydrogen termination process occurred immedi-
ately after silicide formation.

Dangling bonds on the hydrogen-terminated sur-
face image with dark surrounding halos are identical to
samples prepared with no silicides (Figure 3b). The
high Fermi level associated with the highly n-type
doped hydrogen-terminated silicon causes the DB
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Figure 2. TiSi, formation: (a) 125 nm? STM image of the
clean silicon surface prior to deposition of Ti and (b) 125
nm? STM image of the thermally deposited Ti. Steps are still
observed. (c) TiSi, island formation after annealing the
surface in image (b) to 900 °C (500 nm?). (d) C54 phase of a
TiSi island (12 nm?).

c) CBM %

VBM

Figure 3. (a) Hydrogen termination of the surface does not
affect the TiSi, structure; 125 nm? STM image shows that the
TiSi, structures appear equivalent to those in Figure 1c. (b)
Hydrogen-terminated silicon and dangling bonds on the
surface appear normal in the STM image (50 nm?). DBs
appear negatively charge in accordance with the bulk
dopant density used in the experiments (three are indicated
with yellow arrows). (c) A band diagram representative of a
negatively charged surface DB. Negative DBs are identified
by a dark depression created by the upward band bending
of the surrounding H—Si due to the negatively charged
atom.

gap states to become occupied by one extra electron
for a total of two electrons, rendering them negatively
charged. The charged DBs bend bands upward, thereby
locally inhibiting electron injection from the STM tip into
the conduction band (CB) and causing a dark halo to
surround DBs in unoccupied state images. A band
diagram is shown in Figure 3c to schematically illustrate
the local band bending induced by the charged DB
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Figure 4. (a) STM image (1.6 V, 60 pA) of the hydrogen
surface surrounding a small TiSi, island. The silicon sur-
rounding the TiSi, appears darkened. The inset shows
schematically the upward band bending and subsequent
measurement of the depression surrounding the TiSi,
island using empty state imaging. (b) Line profiles of the
silicon surface collected at various voltages. Higher voltages
reveal less depression in the silicon.

leading to the dark surrounding halo. The local band
bending due to the charged DB is realized because the
hydrogen termination process creates an unpinned sur-
face with few defects. DB imaging is consistent regard-
less of whether they are created by single hydrogen
atom removal with the STM tip or are naturally occurring,
as a result of incomplete hydrogen termination.

Figure 4a shows an empty state STM image, ac-
quired at 1.6 V, of a 14 nm radius TiSi, island on
hydrogen-terminated Si(100) 2 x 1. It is quite clear
that a depression is observed around the TiSi, island.
The TiSi, island in the image is graphically saturated in
order to emphasize the features of the silicon surface.
The depression is not a result of a tip convolution from
the 3 nm high TiSi, island, as this would lead to a
brightening of the surface. This depression is a result of
a decreasing ease of electron injection into the silicon
surface with proximity to the TiSi, island. This is indi-
cative of upward band bending and is analogous to the
description of band bending associated with isolated
DBs. The filled state images (—2V, 0.1 nA) show almost
no slope in the hydrogen surface and indicate that tip
induced band bending obscures the local band bend-
ing induced by the TiSi, island.>'

Line profiles for various empty state imaging biases
are shown in Figure 4b. They show that the depth of
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the observed depression is dependent on the imaging
voltage with lower voltages showing the greatest de-
pression and longest lateral range. The dependence of
the depression depth and length with imaging voltage
indicates that the tip-induced band bending of the
hydrogen-terminated surface is competitive with the
intrinsic band bending of the TiSi, island. At larger
biases (>3 V), the slope is almost completely absent.

Figure 5 shows [—V spectra acquired at various
distances from another TiSi island. The tip height was
set using tunneling parameters of —2Vand 0.1 nA. The
black I=V curve is an average of 10 individual spectra
taken in close proximity to the TiSi island (~5 nm). The
red /—V curve is an average of 10 individual spectros-
copy curves acquired at an average distance of 15 nm
to the TiSi, island. The green /—V curve is an average
of 10 individual spectroscopy curves acquired at an
average distance of 40 nm to the TiSi, island and
is indicative of our measurement of the hydrogen-
terminated silicon surface with no TiSi, islands.

The figures show that there is a shift of the |-V
spectra. Current injection into the silicon from the tip
becomes increasingly difficult as the tip is moved
horizontally across the silicon surface toward the TiSi,

a) 04 b)
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Figure 5. (a) STM image of a TiSi, island on hydrogen-
terminated silicon. The black, red, and green bars indicate
the regions where the corresponding spectra (b) were
collected. Ten measurements were averaged for each of the
three spectra. A shift of the I—V spectra is observed due to
the surface band bending induced by the TiSi, island.

island. This is consistent with an upward band bending
of the silicon surface as schematically depicted in
Figures 1 and 4. This shift is qualitatively similar to that
seen in cross-sectional STM studies of cleaved silicon—
gold systems.?’ These observations indicate that there
is band bending observed along the surface, induced
by the contact of the TiSi, island.

We have demonstrated that TiSi, islands induce
band bending along the surface of hydrogen-termi-
nated silicon. We now consider the effect that this
band bending has on surface defects. It is known that
the position of the Fermi level controls the charge state
of the DB. For example, with n-type silicon samples,
DBs are negatively charged when the dopant concen-
tration is relatively high (>10'7cm?®) but appear neutral
in charge when the dopant concentration is low.'®
Therefore, it is predicted that DBs that would normally
appear negatively charged, based on the bulk doping
density, should appear neutral in charge when created
within the depletion region close to the TiSi, islands.
STMimaging should be able to discern the charge state
of the DBs using unoccupied state imaging; negatively
charged DBs are observed to have a characteristic dark
halo surrounding a small central spot, while uncharged
dangling bonds appear as bright protrusions under the
same imaging conditions.'*'8"?

Figure 6a—c shows examples of STM images of DBs
in close proximity to TiSi islands. The DBs close to the
TiSi, island appear as bright protrusions, while those
further from the island appear with halos. Note that the
curving silicon surface representative of the band
bending is observed in the STM images. Figure 6¢
shows a magnified region taken from Figure 6b along
with a schematic representing the surface band bend-
ing of the silicon due to the TiSi, contact (from Figure 1).
The image shows that there is a relationship between
the charge state of the DB and the distance to the TiSi,
contact; uncharged DBs are only observed close to the

Figure 6. (a) A STM image showing dangling bonds at various distances from TiSi, islands. The TiSi, island is only partially
shown as a saturated white feature. Dangling bonds appear as bright protrusions at close distances to the TiSi, islands,
labeled with blue arrows. Dangling bonds at distances from the islands appear as negatively charged with dark depressions,
labeled with red arrows. (b) Another experiment showing uncharged dangling bonds in close proximity to the TiSi, island. (c)
Schematic representation of the TiSi,-induced band bending creating uncharged DBs. The STM image is from a magnified
region from (b) showing the distance dependence, from the TiSi, island, on the charge state of the DBs.
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titanium silicide islands. It is, however, probable that
each of the uncharged DBs become charged for a
fractional time, based on the local Fermi level position
resulting from the local band bending induced by the
TiSi, contact, and that the experiments are performed
at room temperature. This explains the very slight
depression sometimes observed around the much
brighter DB.'®'® One might even expect the STM to
observe a varying degree of time-averaged DB charg-
ing based on the distance of the DB to the TiSi, contact.
However, this effect has not been observed with the
STM imaging conditions of the current experiments
and is likely due to the effect of tip-induced band
bending as well as the electron tunneling dynamics.
Future experiments including a full theoretical analysis
of DB imaging will be provided elsewhere.

METHODS

All STM images were collected with an Omicron VT-AFM/STM
at room temperature in an UHV chamber with a base pressure
of 6 x 10" Torr. The experiments were performed on n-type
Si(100) 2 x 1 surfaces (As, 0.08 Q-cm). The clean surface was
prepared after outgassing of the sample at 600 °C for 12 h and
flashing to 1250 °C. Titanium was then evaporated, using a
thermal source, on to the clean surface held at room tempera-
ture. The surface was annealed to 900 °C for 30 s and then
immediately cooled to 300 °C at which point the surface was
hydrogen terminated by exposure (120 s) to atomic hydrogen
created by a hot tungsten filament with a hydrogen pressure of
107° Torr.
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