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We studied physical and electronic properties of iridium silicide nanowires grown on the Si(110) surface with
the help of scanning tunneling microscopy and spectroscopy. The nanowires grow along the [001] direction
with an average length of about 100 nm. They have a band gap of ~0.5 eV and their electronic properties show
similarities with the iridium silicide ring clusters formed on Ir modified Si(111) surface.

© 2015 Elsevier B.V. All rights reserved.

Ir (Iridium)-silicides have the lowest (highest) Schottky barrier for
holes (electrons) which can be used in various device applications on
silicon. For example, among silicides, Pt (Platinum)-silicide/p-doped
Silicon (Si) diodes are employed in large focal plane arrays for detection
in the medium-wavelength infrared light (3-5 pum) [1]. The Schottky
barrier height between Pt-silicide and p-doped Si(001) is about
0.23 eV corresponding to a cutoff wavelength of 5.4 ym [2]. In order to
extend the cutoff wavelength, it is necessary to choose interfaces with
lower Schottky barrier height. The Schottky barrier height between Ir-
silicide/p-doped silicon is approximately 0.17 eV corresponding to a
cutoff wavelength of 7 yim which makes Ir-silicide a promising material
for infrared detector applications [3].

As continuous miniaturization challenges lithography techniques in
electronics, self-assembly based processes become more attractive. One
particularly important self-assembled component is metal-silicide nano-
wires. These nanowires can function as low-resistance interconnects, as
fins in FinFET [4] devices and as nano-electrodes for attaching small elec-
tronic components within an integrated circuit. It has already been shown
that a variety of metals form self-assembled silicide nanowires on the sur-
face of flat and/or vicinal Si substrates [5-9]. Nanowires can be made up of
various elements ranging from Bi [10] and rare-earth metals [11-13] to
transition metals [14,15]. In comparison to Si(111) and Si(001) surfaces,
Si(110) surface has received relatively less attention because the surface
reconstruction is complicated and it is difficult to grow single large do-
mains. However, higher hole mobility in devices fabricated on Si(110)
surface and the possibility of employing self-assembled nanowires in var-
ious applications have recently increased number of studies on these sys-
tems [16-18]. Unlike 4-fold symmetric Si(001) surface, Si(110) surface is
two-fold symmetric which can lead to formation of nanowires along the
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same direction. Various studies have already reported the existence of
metal-silicide nanowires on Si(110) [6,19,20,21-23]. In this letter, we re-
port the formation of Ir-silicide nanowires.

The Si(110) samples used in the Scanning Tunneling Microscopy/
Spectroscopy (STM/STS) experiments were cut from nominally flat
76.2 mm by 0.38 mm, single side-polished n-type (phosphorous
doped, R = 1.0-10.0 Ohm-cm) wafers. The samples were mounted on
molybdenum holders and contact of the samples to any other metal
during preparation and experiment was carefully avoided. The STM/
STS studies have been performed by using an ultra-high vacuum system
(UHV) with a base pressure of 2 x 10~ ®mbar equipped with an Omi-
cron Variable Temperature STM. Before introducing Si(110) samples
into the UHV chamber, samples were washed with isopropanol and
dried under the flow of nitrogen gas. Si(110) samples were degassed ex-
tensively and after that flash-annealed at 1250 °C. Then the samples
were annealed at various temperatures to obtain various reconstruc-
tions of pristine Si(110) and Ir-silicide nanowires (see details below).
The sample temperature was measured with a pyrometer. The quality
of the clean Si(110) samples was confirmed with STM prior to Ir depo-
sition. Ir was deposited over the clean Si(110) surface from a current
heated Ir wire (99.9 %). All the STM experiments were performed at
room temperature. [-V curves measured while measuring high resolu-
tion STM images of the surface. Then the measured -V curves were av-
eraged. The local density of states curves (LDOS) were calculated out of
the I-V curves [24].

Fig. 1a and b show two STM images of pristine Si(110) surface before
Ir deposition. It has been shown that the reconstruction of Si(110) surface
depends strongly on the annealing temperature [25]. Annealing
the sample at 600 °C leads to the formation of well-defined
“16 x 2” domains however annealing at and above 800 °C, disor-
dered phase forms (see Fig. 1a and b). So far, different structures
have been proposed to explain Si(110)-“16 x 2” structure [26-28].
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Fig. 1. a and b are the STM images of clean Si(110) annealed at 600 °C and 800 °C, respectively. The arrows indicate the high symmetry directions of the “16 x 2” domains. The sample bias

and the tunneling current for the STM image in a (b) are —1.2V (—1 V) and 0.2 nA (0.2 nA).

The ad-atom-tetramer-interstitial (ATI) is the most accepted of them
[29,30]. According to this model, four ad-atoms of the top layer and
one first layer atom come together and form a pentagon that surrounds
an interstitial atom at its center.

After depositing 0.25 ML of Ir on the surface, the sample was
annealed at 800 °C for two minutes while keeping the pressure below
2 x 10~ °mbar. Fig. 2a shows a large scale STM image of the surface
where several nanowires are visible. The nanowires grow along the
[001] direction. Fig. 2d shows a line scan graph measured on the

(c)

Fig. 2. (a) is a 400 nm x 400 nm and (b) is a 100 nm x 100 nm STM images of Ir modified Si(110) surface. Ir silicide nanowires grow along the [001] direction.
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nanowire shown in Fig. 2b. The average height, length and width of
nanowires are 1.76 nm 4+ 0.32 nm, 106.27 nm 4+ 21.76 nm and
14.63 nm + 2.97 nm respectively. The variances in length and width
are correlated since the values closely follow the equation [31]:

0% = (WY20? + (LY*0% + 2(W - Loy

where 0, 01, Oy are standard deviations of the area, the length and the
width of the nanowires. (W), (L) stand for expectation value of the
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width and the length of the nanowires. oy, represents covariance of the
width and the length of the nanowires. The strong correlation between
the width and the length of a nanowire indicates that the length and the
width must be physically coupled via strain, diffusion and etc.

High resolution STM images similar to Fig. 2b show that the terraces
on which nanowires form have a superstructure that looks rather differ-
ent than the pristine Si(110) surface. The superstructure has two equiv-
alent domains that are rotated with respect to each other (see Fig. 3).
Empty state image of the same region does not show any clear periodic
structure (Fig. 2¢). With the help of the matrix notation, the unit cell of
the superstructure can be defined as (for domain A, see Fig. 3),

-4 -1
Mterrace = <_2 3 >

A careful analysis of STM images revealed that there are domain
walls even within a single domain of the superstructure (see Fig. 3).
These walls separate well-defined periodic regions, marked by the
green rectangles. The domain walls are even thicker than the domains
themselves indicating that the corrugation of the superstructure/sub-
strate potential is significantly small compared to the lateral interac-
tions between the constituents of this superstructure [32].

Kim et al. studied the electronic structure of Si(110)-“16 x 2" surface
with angle resolved photoemission spectroscopy (ARPES) [33]. Their
data show that there are four surface states located at — 0.2 eV (S1),
—0.4 eV (S2), —0.75 eV (S3) and — 1.0 eV (S4). Later, with the help
of STS measurements, the state at —0.2 eV was assigned to the penta-
gons and the rest of the states were attributed to the surface states at
the step edges [34]. Fig. 4a shows the LDOS curve we measured. The
LDOS curve reproduced most of the states below the Fermi level. One

Domain A
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important difference is that the LDOS curve has a just single peak
located at — 0.3 eV instead of two peaks at —0.2 eV and — 0.4 eV as
measured with ARPES. This can be due to the broadening of the STS
peaks. The broadening corresponds to approximately 0.1 eV at room
temperature [35]. LDOS data published by Setvin et al. also shows a sin-
gle peak albeit their peak is located at 0.2 eV [36]. On the other hand, the
LDOS graph has a shoulder at 0.3 eV and two well resolved peaks at
0.75 eV and 1.3 eV which are also attributed to pentagons on the surface
[28].

Fig. 4b shows two LDOS curves measured on Ir-silicide nanowires
(black) and the terrace (red) surrounding them. The nanowires and
the terrace have band gap of about 0.5 V (see Fig. 4c) which is signifi-
cantly wider than the band gap of “16 x 2” domains (~0.2 eV). Both
LDOS curves have one well-resolved peak below the Fermi level. The
peak coincides well with a well-known projected bulk band [33]. How-
ever, it can still have some surface contribution. Previously, we studied
Ir ring clusters on Si(111) surface extensively [37,38]. Ab-initio density
functional theory calculations performed on this surface revealed that
below the Fermi level, there is a state associated with Ir atoms embed-
ded in the ring clusters. The position of this state in the spectrum almost
perfectly matches with the peaks observed on the Ir-silicide nanowires
and the underlying terrace. Above the Fermi level, the LDOS curves in
Fig. 4b look different. The terrace has a broader feature originating
from conduction band. On the other hand, the nanowires have two
well-resolved states located at 0.75 eV and 1.4 eV. The position of
these peaks is comparable to the position of peaks measured on Ir ring
clusters. On Ir ring clusters, we determined that these peaks belong to
Ir atom and six Si adatoms that constitute the rings. Similarities on the
electronic properties between the two surfaces suggest that the build-
ing blocks of these nanowires may resemble Ir-ring clusters.
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Fig. 3. Top: A schematic diagram of domain A (left) and domain B (right) of the superstructure is presented. X and y are basis vectors of Si(110) lattice pointing along [1-10] and [001]
directions. Bottom: An STM image of the terrace showing the two B-type domains (green rectangles) separated by a domain wall. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) LDOS graph measured on pristine Si(110)-“16 x 2” surface. (b) LDOS graphs measured on Ir-silicide nanowires (black) and terrace surrounding the nanowires (red). (c) dI/dV
graph measured on Ir-silicide nanowires that shows a gap of about 0.5 eV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

In summary, we report the formation of Ir-silicide nanowires on
Si(110) surface. The average length of a nanowire is about 100 nm. Sta-
tistical analysis of the size distribution reveals that the length and the
width of the nanowires are correlated. This provides an opportunity to
adjust the dimensions of these nanowires by changing growth parame-
ters for the specific application. Ir-silicide nanowires are semiconductor
with a band gap of about 0.5 eV. The position of the electronic states is
similar to the Ir-ring cluster of Ir modified Si(111) surface. Although,
we could not obtain an STM image that shows internal structure of
the makings of the nanowires and the underlying superlattice, the sim-
ilarities of the electronic properties between Ir-silicide nanowires and
Ir-ring clusters suggest that the chemical composition of both surfaces
may be similar.
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