
Nucleation of βFeSi2 nanostructures at pinned step bunches on the
Si(111) surface
R. P. Brady, A. S. Sharma, R. L. Giblet, R. J. Cottier, T. D. Golding et al. 
 
Citation: Appl. Phys. Lett. 86, 223102 (2005); doi: 10.1063/1.1940128 
View online: http://dx.doi.org/10.1063/1.1940128 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v86/i22 
Published by the American Institute of Physics. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1166814913/x01/AIP/Nvidia_APLCovAd_728x90Banner_03_2012/TESLA-GPU_SimCluster-WBS_728x90-FINAL.jpg/774471577530397266546b41416f5654?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. P. Brady&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. S. Sharma&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. L. Giblet&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. J. Cottier&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=T. D. Golding&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1940128?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v86/i22?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Nucleation of b-FeSi2 nanostructures at pinned step bunches
on the Si „111… surface

R. P. Brady, A. S. Sharma, R. L. Giblet, R. J. Cottier, T. D. Golding, and J. M. Pereza!
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We report the preferential nucleation and synthesis ofb-FeSi2 nanostructures at pinned step bunches
on the Sis111d surface. The nanostructures are synthesized by depositing Fe on Si at room
temperature and subsequent annealing. The surface topography is studied using scanning tunneling
microscopy and atomic force microscopy. The size, shape and orientation of the nanostructures
indicate that the phase is the semiconductingb-FeSi2 phase. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1940128g

Nanostructures such as quantum dotssQDsd and nano-
wires have optical and electronic properties that can be tuned
by changing their size. Such nanostructures have applica-
tions in lasers, light-emitting diodes and sensors.1 Silicon is
the most commonly used material for microelectronic appli-
cations. Therefore, there has been considerable interest in the
growth of silicide nanostructures on Si such as metallic
TiSi,2 CoSi2,

3 NiSi,4 and FeSisRef. 5d QDs and nanowires.
The semiconducting iron disilicide phase,b-FeSi2, is an es-
pecially promising material for optoelectronic applications
because its band gap of,0.87 eV corresponds to a wave-
length of 1.55mm used for optical communications.6–11 Re-
cently, ion-beam synthesizedb-FeSi2 precipitates in Si have
been shown to produce electroluminescence at,1.5 mm at
room temperaturesRTd.10 In this letter, we report, the pref-
erential nucleation and synthesis ofb-FeSi2 nanostructures at
pinned step bunches on the Sis111d surface. The nanostruc-
tures are synthesized by depositing Fe at RT on a Sis111d
surface having pinned step bunches followed by annealing.
Using scanning tunneling microscopysSTMd in ultrahigh
vacuumsUHVd and atomic force microscopysAFMd in air,
we study in detail the nucleation, size, shape and orientation
of the nanostructures.

The substrates used for these studies were boron-doped

Si s111d wafers miscut by 1° towardf1̄1̄2g. Iron was depos-
ited using an e-beam evaporator in a growth chamber that is
coupled to a STM chamber. The chambers are at a base
pressure of 1310−10 Torr. The substrates were cleaned in
the growth chamber by flash heating them to approximately
1100 °C for 10 s by applying a direct current through them.
During heating, the pressure in the growth chamber momen-
tarily rose to about 5310−9 Torr due to outgassing. After
cooling, the substrates were transferred under UHV to the
STM chamber and imaged to verify a 737 reconstruction.
The substrates were then transferred to the growth chamber,
exposed to Fe and annealed. After cooling, the samples were
transferred back to the STM chamber and imaged. Tunneling
currents of 1 nA with a sample bias of 1–1.5 V were used.
The surface microstructure was also studied using AFM in
air.

On the Si s111d surface, step pinning occurs due to
sublimation-induced step flow, which is impeded by carbide

impurities formed by annealing near 1100 °C.12–14 Latyshev
et al.15 showed that pinning of steps by contaminant adsor-
bates occurs on the Sis111d surface when the sample is an-
nealed after a short exposure to poor vacuum. In our experi-
ments, we observe using AFM that pinning of steps occurs
during the high temperature cleaning process as a result of
the momentary rise in pressure to 5310−9 Torr due to out-
gassing. The pinned step bunches consist of 2–10 single
atomic steps.

Figure 1sad shows a UHV STM image of a sample pre-
pared by depositing about 1 ML of Fe at RT on a Sis111d
substrate prepared as described above, followed by annealing
at 500 °C for 15 min and then 650 °C for 20 min. Observed
are nanostructures on the Sis111d 737 surface that have a
long axis oriented along one of the Sik110l directions that

adAuthor to whom correspondence should be addressed; electronic mail:
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FIG. 1. sad UHV STM image of a Sis111d surface after deposition of 1 ML
of Fe at RT followed by annealing at 500 °C for 15 min and then 650 °C for
20 min. Nanostructures are observed at step pinning sites.sbd Close-up of
sad showing alignment of a nanostructure along one of the Sik110l
directions.
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make an angle of 60° with each other, as shown in Fig. 1sbd.
The nanostructures nucleate at the pinning sites of step
bunches consisting of approximately 3–5 single atomic steps,
as indicated by the arrow in Fig. 1sad. The nanostructures are
three-dimensionals3Dd having lengths of approximately
10–40 nm, widths of 9–12 nm and heights of about 5 nm.

The nanostructures in Fig. 1 have the same size, shape
and orientation asb-FeSi2 nanostructures reported by Shao
and Homewood11 that precipitate in Si as a result of Fe im-
plantation followed by annealing. In Ref. 11, transmission
electron microscopy studies of the nanostructures showed
that they have lengths of approximately 10–20 nm, a long
axis oriented in the Sik110l directions, and a crystallo-
graphic structure corresponding tob-FeSi2. The average
length/width ratio of the nanostructures in Fig. 1 is 2.8±0.7,
which compares well with the average length/width ratio of
nanostructures in Ref. 11 of 3.0±1.2. The normal to the
b-FeSi2s001d plane should be orthogonal to the Sis111d
substrate,11 which is consistent with our observations. We
propose that the nanostructures observed in Fig. 1 are
b-FeSi2 since they have the same size, shape and orientation
as the nanostructures in Ref. 11.

We find that initially annealing the sample at 500 °C
after Fe deposition is necessary to observeb-FeSi2 nano-
structures as shown in Fig. 1. Annealing at 500 °C results in
a surface that is covered by 232 reconstructed layers that
have a nearest-neighbor distance of 7.6 Å and thickness
ø3 Å, as shown in Fig. 2. Such layers have been previously
reported and attributed to a metastable FeSi2 phase that is
stabilized by surface strain.8,9 For FeSi2 layers having a
thickness *2 nm, a transition from the metastable to
b-FeSi2 phase has been observed.8 We propose that when the
sample is subsequently annealed at 650 °C, atoms in meta-
stable FeSi2 layers diffuse and accumulate at pinning sites
forming 3D b-FeSi2 islands.

Figure 3 shows a 232 mm2 AFM image of a sample
prepared by depositing about 6 ML of Fe at RT on a Sis111d
substrate prepared as described above, followed by annealing
at about 500 °C for 12 h and then 850 °C for 1 h. Observed
in Fig. 3 are pinned step bunches that have an average height
of ,5 nm. At the pinning sites, crystallites are observed that
have the same shape and orientation as the smaller nano-
structures in Fig. 1. The crystallites have a long axis oriented

along one of three directions, denoted by A, B and C in Fig.
3, which make an angle of 60° with each other. Examples of
crystallites in the A, B and C directions are indicated by
arrows 1, 2 and 3, respectively, in Fig. 3. Crystallites in the A
direction have lengths of approximately 200–300 nm, widths
of 70–100 nm and heights of 20–25 nm. Crystallites in the B
direction have lengths of 100–200 nm, widths of 60–90 nm
and heights of 10–20 nm. Crystallites in the C direction have
lengths below 100 nm, widths of 60–90 nm and heights of
10–15 nm. The average length/width ratio of the nanostruc-
tures in the A and B directions is 2.9±0.2. In Figs. 1 and 3,
the growth of the nucleated structures seems to avoid the
long axis parallel to the average step direction. However, it
seems much more likely that the nucleation is induced by the
carbide pinning site rather than the step grouping.

We suggest that the pinned step bunches in Fig. 3 are
higher than those in Fig. 1 due to the pinning of additional
steps as a result of step motion that occurs when the sample
is annealed at 850 °C for 1 h. To minimize surface energy,
higher step bunches result in wider terraces.14 The wider ter-
races and greater amount of deposited Fe result in the growth
of larger crystallites, as observed in Fig. 3. Annealing at
temperatures greater than 850 °C, results in evaporation of
the nanostructures.

A meter stick used to determine the length scale at which
quantum confinement occurs is the exciton Bohr diameter
dx=2"2«D«0/m*qe

2, whereqe is the charge of the electron,«0
is the permitivity,«D is the dielectric constant, andm* is the
exciton reduced mass given by 1/m* =1/me+1/mh whereme
and mh are the electron and hole effective masses, respec-
tively. For b-FeSi2, me=0.49m0, mh=1.0 m0, wherem0 is
the free electron mass, and«D=31.4.6,7 Using these values,
dx<10.0 nm. We conclude that the nanostructures shown in
Fig. 1 have dimensions where we would expect quantum
confinement effects to play a significant role.

The pinning and bunching of steps on the Sis111d sur-
face can be controlled by controlling the density of immobile
adsorbates, direction of direct current during heating, anneal-
ing temperature and miscut angle.14–16 Such control has al-
lowed the design of atomic step networks that can be used as
templates17–19 and guides16 for nanostructure growth. Con-
trolling the pinned step pattern and amount of Fe deposited
provides a method for controlling the pattern and size of
b-FeSi2 nanostructures.

FIG. 2. UHV STM image of the sample shown in Fig. 1 after annealing at
500 °C for 15 min and before annealing at 650 °C. Observed are thin meta-
stable FeSi2 layers that have a 232 reconstruction. The FeSi2 layers are
separated by amorphous regions.

FIG. 3. AFM image of a Sis111d surface after deposition of 6 ML of Fe at
RT followed by annealing at 500 °C for 12 h and then 850 °C for 1 h.
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In summary, we observe the nucleation and synthesis of
b-FeSi2 nanostructures at pinned step bunches on the Sis111d
surface. The nanostructures are synthesized by depositing Fe
at RT on a Sis111d surface having pinned step bunches,
followed by annealing at 500 °C for 15 minutes and 650 °C
for 20 min. The nanostructures have sizes with dimensions
necessary for spatial quantum confinement effects. By con-
trolling the pinned step pattern and amount of Fe deposited,
the pattern and size ofb-FeSi2 nanostructures can be
controlled.
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