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Nanowires of four epitaxial hexagonal silicides grown on Si „001…
Yong Chen,a) Douglas A. A. Ohlberg, and R. Stanley Williams
Quantum Science Research, Hewlett-Packard Laboratories, 1501 Page Mill Road, Palo Alto,
California 94304

~Received 14 August 2001; accepted for publication 26 October 2001!

Epitaxial self-assembled silicide nanowires can be grown on Si~001! if the magnitude of the lattice
mismatch between epilayer and substrate is large along one crystal axis and small along the
perpendicular axis. This phenomenon is illustrated with four examples: ScSi2 , ErSi2 , DySi2 , and
GdSi2 , which have lattice mismatches of24.6%, 6.3%, 7.6%, and 8.9%, respectively, along one of
the Si^110& directions and mismatches of 0.8%,21.6%,20.1%, and 0.8%, respectively, along the
perpendicular Si^110& direction. The resulting self-assembled nanowires have widths and heights in
the range of 3–11 and 0.2–3 nm, depending on the lattice mismatches. The average lengths of the
nanowires are in the range 150–450 nm, and are determined primarily by kinetic issues. The
epitaxial growth of silicide nanowires should prove interesting to those studying quasi-one-
dimensional systems. ©2002 American Institute of Physics.@DOI: 10.1063/1.1428807#
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I. INTRODUCTION

In recent years, tremendous interest has been gene
in the fabrication of nanoscale wires.1 When wire width and
height become comparable to characteristic lengths~e.g.,
electronic wavelength or magnetic domain width!, new
physical properties are expected that may lead to a new
eration of electronic, optoelectronic, and magnetic device2,3

To realize these new properties, the width and height of
wires usually need to be in the single-digit-nanometer sc
or even less.2,3 This regime is very difficult to reach with
lithographic methods, particularly when macroscop
amounts are to be fabricated. Natural self-assembly meth
become the method of choice, and various techniques h
been used to grow quasi-one-dimensional structures on
including Ge wires on Si~001!,4 CaF2 wires on Si~111!,5 In
and Ga wires on Si~001!,6 Bi wires on Si~001!,7 PtSi wires
on Si~001!,8 Ge wires on Si~113!,9 and Dy and Ho silicide
wires on Si~001!.10,11Each of these linear structures depen
on some type of symmetry-breaking phenomenon at the
strate surface to encourage one-dimensional growth alo
preferred direction, which can be step edges on vici
substrates,4,5 the preferential capture of adatoms onto an o
ented string of dangling bonds at a surface,6,7 or asymmetric
strains induced by lattice mismatches between epitaxial
terials and substrates.8–11

In general, an atomically flat two-dimensional epitax
layer can be grown when the lattice constant of the epila
matches that of the substrate on which it is grown. Wh
there is a significant lattice-mismatch~.2%! between epil-
ayer and substrate, the lattice mismatch will limit the late
growth. For a system with symmetrical lattice mismatc
e.g., Ge on Si~001! and InAs on GaAs~001!, the strain energy
in the deposited film can be relaxed by the creation of isla
~or dots! of the epitaxial material.12 Based on these observa
tions, we proposed a strategy for the intentional epitax
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growth of nanowires; choose an epilayer that is closely
tice matched to the substrate along one major crysta
graphic axis but has a significant lattice mismatch along
perpendicular axis.13 In principle, this should allow the un
restricted growth of the epitaxial crystal in the first directio
but limit the width in the other. The asymmetrical line
growth was first observed in Dy silicides grown Si~001!,
although the asymmetric lattice mismatch between the
silicide and Si~001! were not realized as the reason to cau
the asymmetric growth.10 By applying this principle to the
ErSi2 /Si(001) system, which has perpendicular lattice m
matches of 6.3% and21.6%, we have observed sel
assembled ErSi2 nanowires with widths of a few nanomete
and lengths of a few hundred nanometers. The formation
similar nanowires have also been reported in Dy and
silicides grown on the Si~001! surface.11 In order to extend
this principle to different systems and to control the sizes
nanowires by an appropriate choice of the large and sm
lattice mismatches, we have reviewed the crystal structu
and binary phase diagrams of all the compounds listed
Refs. 14 and 15. Those stable compounds that satisfy
requirements for forming nanowires on Si~001! are shown in
Fig. 1. All but two of the compounds~ScSi2 and YSi2! are
rare earth ‘‘disilicides,’’ and all have the hexagonal AlB22x

crystal structure except for TmSi22x , which has the ortho-
rhombic BCr structure. Detailed thermodynamic and str
tural studies have determined that these silicides are usu
silicon deficient by;3%–20%.16–18Thin silicide films with
the AlB2 structure grown on Si~001! usually have their

(11̄00) plane parallel to the Si~001! plane, and their@0001#
axis along one of the Si^110& axes in the silicide/Si
interface.19–21

Thin films of these disilicides display a wide range
interesting electronic properties. Those that have been m
sured are metallic conductors with resistivities in the ran
1025– 1024 V cm21–23 and form contacts ton-type ~p-type!
silicon with a very low ~high! Schottky barrier.22,24 They
have been proposed for applications in metal-base tran
3 © 2002 American Institute of Physics
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tors, tunable infrared detectors, and ohmic contacts in c
ventional microelectronics. Reducing the silicides from bu
or thin film form to one-dimensional nanowires should pr
vide a fascinating field of study for new physical propertie
and may have important implications for nanoscale techn
ogy. Here we report on the growth and structural charac
ization of four different silicides that form self-assembl
nanowires on Si~001!: ScSi2 , ErSi2 , DySi2 , and GdSi2 ,
which have large lattice mismatches~24.6%, 6.3%, 7.6%,
and 8.9%, respectively! along one of thê 110&Si directions
and much smaller lattice mismatches~0.8%,21.6%,20.1%,
and 0.8%, respectively! along the perpendicular̂110&Si di-
rection. We chose these four silicides to represent the var
magnitudes and signs of lattice mismatch evident in Fig
as well as their interesting physical properties.21–24 This
work is a first step toward rational epitaxial nanowire fab
cation and structure modification for future systematic m
surements of physical properties correlated to structure.

II. EXPERIMENTAL PROCEDURE

In our experiments, device quality ‘‘flat’’ Si~001! sub-
strates were prepared by heating to 1200 °C for about
seconds in an ultrahigh vacuum~UHV! chamber with a pres
sure,131029 Torr. Prior to deposition, the surface stru
tures of the substrates were investigatedin situ with an Omi-
cron scanning tunneling microscope~STM! with a pressure
,2310210 Torr to examine the nature of the steps on t
starting surface and to ensure they were clean. Scand
erbium, dysprosium, and gadolinium were then deposited
the substrates with anin situ electron-beam evaporator wit
the thickness monitored by an internal flux meter that w
calibratedex situby Rutherford backscattering spectromet
The substrate temperatures during depositions ranged
room temperature to 620 °C. The deposition times ran
from a few seconds to 7 min, yielding coverages of the ra
earth elements on Si~001! up to;0.5 monolayer~ML !. After
a deposition, the samples were annealed at tempera
ranging from 600 to 800 °C for a few minutes to ensure t

FIG. 1. Diagram showing lattice mismatches of silicides that have a la
absolute value lattice mismatch between 4% and 10% and a small la
mismatch within62%, with respect to Si~001! along two perpendicular
^110&Si directions.
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all the deposited metal had reacted with silicon. The surfa
of the samples and the silicide nanowire structures were t
investigated again with the STM.

III. EXPERIMENTAL RESULTS

Figure 2 is a typical STM image of a clean and annea
Si~001! substrate before deposition. The well-known ‘‘231’’
reconstructed surface structure can be observed on Si~001!
terraces between single atomic steps. As measured from
STM images, the average terrace widths along@110#Si and

@11̄0#Si were 57.8 and 21.3 nm, respectively, implying th
the normal direction of the surface of the Si substrate use
our experiments was misoriented from@001#Si toward
@120#Si by ;0.4°.

The final state of the nanowires was influenced by th
growth conditions, such as deposition and annealing te
perature, deposition rate, coverage of deposited atoms,
annealing time. The physical properties of Sc, Er, Dy, and
are similar~e.g., their melting points are 1539, 1522, 140
and 1314 °C, respectively!, and the experimentally deter
mined growth conditions for producing dislocation-fre
nanowires are also very close. The optimum substrate t
perature and time for defect-free nanowire growth we
;575–620 °C and;2–5 min, respectively. When the an
nealing temperature and/or time exceeded these ranges
locations were introduced into the silicide crystals to relie
the lattice-mismatch strain, leading to the coarsening
fragmentation of the nanowires.25 When the annealing tem
perature and/or time fell below the optimum ranges, the
action between the deposited metal and Si substrate wa
complete, and the nanowires remained in their early stage
growth. The amount of deposited metal was usually;0.05–

e
ce

FIG. 2. ~Color! STM topograph (400 nm3400 nm) showing a clean Si~001!
surface. The substrate slopes downward from top right to bottom left w
terraces of different heights~in the order of red, green, blue!. The single

atomic steps primarily oriented along the@ 2̄10# direction.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. ~Color! STM topographs (400 nm3400 nm) showing~a! ScSi2 , ~b! ErSi2 , ~c! DySi2 , and~d! GdSi2 nanowires grown on Si~001! surface shown in
Fig. 2. The substrate slopes downward from top right to bottom left with terraces of different heights~in the order of red, green, blue! and are often separate
by single atomic steps, but many step bunches can be observed near the ends of the nanowires.
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0.5 ML. When the coverage fell below this range, only ra
domly distributed atomic clusters were formed; when
coverage exceeded this range, coarsening and intersecti
the nanowires resulted in the formation of silicide meshes
even continuous thin films. The detailed kinetic study
ErSi2 nanowires under various growth conditions has be
presented elsewhere.25 Here we focus on how the structure
of different silicide nanowires depend on lattice misma
under their optimum growth conditions.

Typical STM images of ScSi2 , ErSi2 DySi2 , and GdSi2
nanowires grown on ‘‘flat’’ Si~001! substrates typical of Fig
2 are shown in Figs. 3~a!–3~d!, respectively. For these
samples, the metals were deposited on Si substrates at 6
Downloaded 08 Mar 2003 to 192.6.19.190. Redistribution subject to AI
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for 2 min, yielding coverages of;0.35 ML Sc,;0.20 ML
Er, ;0.25 ML Dy, and;0.28 ML Gd. After the deposition,
the samples were then annealed at 600 °C for 2 more m
Nanowires aligned along one of the two perpendicu
^110&Si directions can be observed on all four samples. T
wires are straight and do not follow or terminate at single
atomic steps, but rather the steps form a zig–zag pattern
significant step bunching that locally follows the nanowire

The widths and heights of the different silicide nano
ires varied significantly because of their different lattice m
matches with respect to the Si substrate. The average dim
sions of the ScSi2 , ErSi2 , DySi2 , and GdSi2 nanowires
shown in Fig. 3 were measured from STM images w
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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higher magnification, and are shown as a function of
appropriate lattice mismatch in Fig. 4. As shown in Figs. 4~a!
and 4~b!, the average widths and heights of the nanowi
decreased monotonically as the absolute values of the la
mismatches along the width direction increases. Howe
there was no simple relation between the average length
the nanowires and the lattice mismatches along the len
direction, as shown in Fig. 4~c!.

High-resolution STM images of ScSi2 , ErSi2 , DySi2 ,
and GdSi2 nanowires are shown in Fig. 5. The lattice spa

FIG. 4. ~a! Average widths vs large lattice mismatches,~b! average heights
vs large lattice mismatches, and~c! average lengths vs small lattice mis
matches, respectively, of ScSi2 , ErSi2 , DySi2 , and GdSi2 nanowires along

@110#Si and @11̄0#Si directions, respectively. The variation ranges of t
nanowire sizes are shown by error bars, which represent standard devia
~6s! of the data.
Downloaded 08 Mar 2003 to 192.6.19.190. Redistribution subject to AI
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ings on all the nanowire surfaces along their length dir
tions agree with the value of the atomic spacing alo
^110&Si directions on the Si~001! surface, 0.384 nm, within
the measurement uncertainties. The observed periodic s
tures on the top surfaces of the nanowires agree well wi
‘‘2 3n’’ reconstruction of a slightly distorted silicide surface
where n varies for the different silicides, and thus the silic
lattices appear to be elastically strained to fit the Si subst
in the width direction. No dislocations were observed in t
STM images of the nanowires grown under the growth c
ditions specified above. The top and the edges of the nan
ires are usually atomically smooth except for occasio
point defects~mainly vacancies!. The lattice mismatch also
influenced the shape of the nanowires. As shown in Fig. 5~a!,
the ScSi2 nanowires usually have a trapezoidal cross sec
with sidewall slopes in the range 15°–21°. For the silicid
in compression, the nanowires have larger width to hei
ratios with a (11̄00) plane defining the top surface, but the
shape does change with increasing lattice mismatch.
ScSi2 , ErSi2 , and DySi2 nanowires always grew on the to
of a Si terrace, but some sections of GdSi2 nanowires grew
into a Si terrace and appeared to be slightly below the le
of the surrounding Si as detected by STM@Fig. 5~d!#.

Figure 6 displays the wide variety of GdSi2 nanowire
environments, which provide some clues for the nanow
growth. Some atoms were observed to align into atom
strings, as labeled A1–A4, which may be the nuclei
GdSi2 nanowires. The strings were single or double atom
rows with lengths less than 15 nm. They were distribu
randomly along the two perpendicular^110&Si directions on
the Si terraces~A1 and A2! or at Si step edges~A3 and A4!.
The nanowires themselves were always oriented along on
the two perpendicular̂ 110&Si directions and based on
single terrace. They could grow entirely on the top of a
terrace~e.g., the nanowire B1!. When the end of a growing
nanowire approached a Si step, it did not change directio
follow the original Si step edge, but rather the step co
formed to the nanowire~e.g., the Si step along the nanowi
C1! and/or retreated from the advancing nanowires~Si steps
at the end of the nanowires C3 and C4!. Such step/nanowire
interactions were also observed for ScSi2 , ErSi2 , and DySi2
~see Fig. 3!. However, GdSi2 nanowires were unique in tha
when some approached Si steps, they could cut into
higher Si terrace and form sections of GdSi2 nanowire em-
bedded within the terraces~e.g., nanowires C1–C4!. In this
case, the apparent height sensed by STM of the nano
was lower than the surrounding Si.

III. DISCUSSION

The size and shape of the self-assembled nanowire
strongly influenced by their asymmetric lattice mismatch
with respect to the Si lattice. All the silicides studied he
have the AlB2 hexagonal crystal structure.14–21Based on the
known crystallographic orientation of silicide thin films wit
respect to a Si~001! substrate and the interfacial structur
proposed in Ref. 13, the relative orientations of the b
atomic structures of the silicide and Si crystals are illustra
in Fig. 7. ScSi2 , ErSi2 , DySi2 , and GdSi2 , have large lattice

ons
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 5. ~Color! High-resolution STM topographs showing sections of~a! a ScSi2
nanowire~width: 13.05 nm, height: 1.79 nm!, ~b! an ErSi2 nanowire~width: 4.69 nm,
height: 0.70 nm!, ~c! a DySi2 nanowire~width: 4.83 nm, height: 0.56 nm!, ~d! a GdSi2
nanowire~width: 3.27 nm, height:20.05 nm, below the Si terrace!, as determined by
STM, which responds to both geometrical and electronic structure differences.
Downloaded 08 Mar 2003 to 192.6.19.190. Redistribution subject to AI
mismatches~24.6%, 6.3%, 7.6%, and 8.9%, respectivel!
along @0001#silicide and one of thê 110&Si directions and
much smaller lattice mismatches~0.8%,21.6%,20.1%, and
0.8%, respectively! along the perpendicular@112̄0#silicide and
^110&Si directions. To minimize the strain energy, the silicid
crystals grow preferentially along the@112̄0#silicide direction,
leading to the formation of elongated silicide wires.

The tendency for the asymmetric growth increases w
the large lattice mismatch along the width (@0001#silicide) di-
rection increasing in the order of ScSi2 , ErSi2 , DySi2 , and
GdSi2 , resulting in the widths and heights of the nanowir

FIG. 6. ~Color! STM topograph (200 nm3200 nm) showing GdSi2 nanow-
ires grown on Si~001!. The substrate slopes downward from top right
bottom left ~in the order of red, green, blue! with Si terraces of different
heights separated by single atomic steps. The short silicide atomic st
are marked by A1–A4. The nanowire B1 is on the top of a Si terrace.
top left sections of the nanowires C1 and C2 are on the top of the lowe
terraces, while the bottom right sections impinge into Si terraces. The
tions of nanowires C3 and C4 shown here are completely incorpor
within their Si terraces.

FIG. 7. Schematic diagram illustrating the projected relative positions o
atoms in a silicide with an AlB2 structure and in an unreconstructed Si~001!
surface~not drawn to scale!. At an actual interface, the silicide atoms loca
ing next to the interface will be strained.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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decrease monotonically with increasing absolute value of
large lattice mismatch along the width (@0001#silicide) direc-
tion ~see Fig. 4!. Since strain energy is proportional to th
square of the lattice mismatch, one might naively expect
length to width aspect ratio of the nanowires to vary with t
square of ratio of the large to the small lattice mismatch
each silicide. However, there is no such correlation, and
4~c! shows that there is not a strong relationship betw
small lattice mismatch and average nanowire length. In f
ScSi2 appears to lie well outside the behavior of the oth
silicides when considering nanowire length, which may
related to the fact that this silicide is in tension rather th
compression in the width direction.

Although it is energetically favorable to form silicid
nanowires by the reaction between deposited metal ada
and Si atoms on the substrate, kinetically this reaction m
break Si–Si bonds at the substrate surface. High temp
tures and/or long annealing times can ensure complete r
tion of the metal, but dislocations will be introduced into t
silicide crystals to relieve the lattice mismatch strain. T
introduction of dislocations into the epitaxial nanocryst
relieves the asymmetric lattice mismatch, resulting in coa
ening and/or fragmentation of the nanowires. Since, the
timum temperature window for dislocation-free nanow
growth is relatively low, 575–620 °C, the most likely sour
of Si atoms to react with the deposited metal is step ed
because of the lower number of Si–Si bonds.13,25 The ar-
rangement of the nanowires and Si steps after growth i
cates that when the leading end of a growing nanowire
proaches a Si step, the step retreats from the advan
nanowire. The original Si steps are deformed to conform
the nanowires, which creates a ‘‘snowplow’’ effect, causi
successive step edges to bunch up ahead of the nanowire~see
Figs. 3 and 6!. The average terrace widths on the Si~001!

substrate before deposition along@110#Si and @11̄0#Si were
57.8 and 21.3 nm, respectively, and all the steps were
atom high~see Fig. 2!. The average lengths of the nanowir

along @110#Si and @11̄0#Si @see Fig. 4~c!# were significantly
longer ~except for ScSi2 , which were only slightly longer!

than the original terrace widths along@110#Si and @11̄0#Si ,
respectively, which demonstrates that the growth of
nanowires cannot be limited by a single Si atomic step. T
growth of the nanowires is either terminated by intersectin
perpendicular nanowire or by reaching a step bunch tha
too large to dissociate. The GdSi2 nanowires only have av
erage heights of 0.16 and 0.26 nm along@110#Si and

@11̄0#Si , respectively ~as measured from the nanowire
and/or nanowire sections grown on the top of the Si t
races!. During the growth, they can advance into a higher
terrace@see Figs. 5~d! and 6#, since the consumption of loca
Si atoms at the leading end of a growing GdSi2 nanowire
within its width can supply enough Si atoms for its growt
This phenomenon was not observed in ScSi2 , ErSi2 , and
DySi2 nanowires, which are thicker and therefore need
detach more Si atoms from the nearby Si step edges for
growth.
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IV. SUMMARY

ScSi2 , ErSi2 , DySi2 , and GdSi2 have appropriate asym
metric lattice mismatches with respect to Si~001! substrates
to form self-assembled epitaxial nanowires. The lattice m
matches along the width direction of the ScSi2 , ErSi2 ,
DySi2 , and GdSi2 nanowires increased in this order, and t
average widths and heights of the nanowires decrease
this order. The silicides shown in Fig. 1 provide a wide ran
of lattice mismatches, and alloys between them should p
vide the ability to fine tune the lattice mismatches to obt
desired nanowire widths. The lengths of the nanowires
determined largely by kinetic issues, which must be stud
further to extend wire length. These epitaxial nanowires m
provide interesting systems for the study of the electro
properties of one-dimensional systems.
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