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Holmium growth on Si„001…: Surface reconstructions and nanowire formation
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Holmium deposition on the Si~001! surface at elevated temperature results in the formation of Ho silicide
islands coexisting with a Ho reconstructed substrate surface. At metal coverages below a monolayer, most of
the islands are highly elongated nanowires. Structural details of both the reconstructions and the nanowires
derived from scanning tunneling microscope data are presented. In addition, scanning tunneling spectroscopy
shows that the nanowires are more metallic than either the reconstructed surface, or large silicide islands.
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I. INTRODUCTION

Epitaxial rare-earth~RE! silicides grown on silicon have
attracted particular interest because of the tunable lattice
match between the silicide and silicon.1 In the study of RE
silicides grown on Si~001!, it has been reported that sever
RE silicides can form nanowires. Preinesbergeret al. first
showed that Dy on Si~001! forms nanowires under certai
conditions,2 and then Chenet al. demonstrated that nanow
ires can also be grown in the case of ErSi2 on Si~001!.3

Holmium is another RE metal which can form nanowires
Si~001!.4 This nanowire formation is ascribed to good latti
match in one direction and bad lattice match in the perp
dicular direction.3,4

Although a few structural studies of Ho on Si~111! have
been done,5,6 there has been no investigation in Ho o
Si~001! surface yet. In this work we present a scanning tu
neling microscopy~STM! and scanning tunneling spectro
copy ~STS! study of Ho growth on Si~001!.

II. EXPERIMENTAL METHODS

All experiments were performed in an ultra high vacuu
~UHV! system with a base pressure of,2310210 Torr. The
chamber was equipped with an STM, a four-grid low ene
electron diffraction~LEED! optics, and facilities for sample
heating and metal deposition. The Si~001! samples were
p-type wafers (2.6V cm), chemically cleaned, and then ou
gassed by heating to 975 °C. After outgassing, they w
flashed briefly at 1160 °C to remove surface oxide, and h
at 975 °C for 10 min, and then cooled slowly to room te
perature~RT!. The temperatures of the samples were m
sured using an optical pyrometer. Holmium was evapora
from a tungsten wire basket, and the evaporation rate
calibrated by a quartz-crystal thickness monitor. Typi
evaporation rates were 0.05– 0.09 monolayers~ML ! per
minute@1 ML56.7831014 cm22# and total coverages stud
ied were between 0.06–0.9 ML. The chamber pressure
mained below 131028 Torr during evaporation, and imme
diately recovered to below 5310210 Torr after the metal
source was turned off. All growth was done at a substr
temperature of 600 °C. All STM imaging and LEED obse
vation were done at RT.
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III. RESULTS AND DISCUSSION

A. Coverage dependence

Figure 1 shows the coverage dependence of Ho growth
Si~001! at 600 °C. The horizontal axis is the metal covera
in monolayers~ML !, and both LEED pattern and topograph
are shown. Black circles are the metal coverages at wh
experiments were done. There are roughly two types of
pographies, both of which are comprised of a tw
dimensional ~2D! reconstructed substrate, coexisting wi
three dimensional~3D! silicide islands. The LEED pattern
reflect the 2D ordered surface. For low metal coverageQ
<0.4 ML, the islands are highly elongated nanowires w
typical width 1.1–7.3 nm, height 0.2–1.2 nm, and leng
100–500 nm@Fig. 2~a!#. As the coverage increases, 3D com
pact silicide islands are found of varying shape@Fig. 2~b!#.
Nanowires and 3D islands coexist at coverages above
ML. A 2 34 phase dominates the 2D reconstructed surf
structure at most of the coverages shown in Fig. 1 altho
clean Si 231 dimer rows are observed in places below 0.
ML. In addition, a 237 phase appears in the 0.4–0.55 M
coverage regime, and it coexists with the 234 phase.

The percentage of the 2D surface covered with Ho
either the 234 or the 237 phase is not monotonic with
coverage as shown in Fig. 3. At lowest coverage, 0.06 M
there is only 234 structure and bare Si on the 2D surfac
As the coverage is increased, most of the 2D surface is c
ered by the 234 structure, and both the density and t
average height of nanowires increase. When 3D islands
pear, the percentage of the 2D surface covered by 234 de-

FIG. 1. Coverage dependence of LEED patterns and topogra
for Ho growth on Si~001! at 600 °C.
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creases and bare Si substrate reappears. From mass c
vation, Ho atoms moved from the 2D surface to the
islands. This fact implies 3D silicide islands are preferable
either a Ho reconstructed substrate, or the elongated nan
ires in terms of accommodation of Ho. The initial stage
nanowire growth can be described as Stranski-Krasta
However, the reappearance of bare Si once 3D islands
formed shows that the growth mode changes to Volmer W
ber at higher coverage.

B. Nanowires and 3D islands

As seen in Fig. 2~a!, every nanowire grows on a singl
atomic terrace, and runs along a^11̄0& type direction. Each
nanowire usually terminates at a step edge or at a per
dicular nanowire, but perpendicular nanowires are on dif
ent terraces and do not cross. At higher coverages, recta
lar islands can nucleate at the intersection of nanowires.
nanowires in Fig. 2~a! are comparatively long as the ste
density on this substrate is low. On substrates with hig
step density, steps can flow to accommodate nanowires
shown in Fig. 4~a!. In this image, the steps curve to follo
the nanowires so that each remains on a single terrace.
ertheless, there is some limit to the number of steps that
flow to accommodate a nanowire, and so nanowire lengt
still limited by step density.

FIG. 2. Two 4003400 nm2 images of Ho nanowires and 3D
islands.~a! Nanowires formed by 0.36 ML of Ho. Each nanowi
grows on a single terrace.~b! As the coverage is increased~0.90
ML !, 3D compact silicide islands are found.

FIG. 3. Relationship between coverage and the percentag
surface covered with Ho surface reconstruction, nanowires, and
islands.
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As shown in Fig. 4~a!, there are two distinct nanowire
morphologies: one is triangular in cross section, and
other is rectangular. Figures 4~b! and 4~c! are cross-sectiona
profiles of these nanowires. At 0.2–0.3 ML, both types
nanowires are seen at equal probability. As the coverage
creases up to 0.4 ML, rectangular nanowires are more o
observed and at the same time nanowires tend to form
allel bundles as shown in Fig. 5~a!. While the narrow nanow-
ires at the edges of bundles are mostly triangular in cr
section, those in the middle of the bundles are certainly re
angular.

The structure of the rectangular nanowires can be un
stood in terms of the bulk silicide HoSi1.7, which has a hex-
agonal AlB2 type structure, with the@0001# axis parallel to

of
D

FIG. 4. ~a! Triangular~left! and rectangular~right! nanowires at
0.3 ML (2003200 nm2). Steps on the substrate flow to accomm
date the nanowires. Lines A-B and C-D show the locations of
cross sections shown in~b! and ~c!.

FIG. 5. ~a! Bundled nanowires with second layer growth at 0.
ML (90390 nm2). ~b! Atomic resolution on bundled nanowire
(12314 nm2). A single c(232) unit cell is marked with a white
square.
3-2
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HOLMIUM GROWTH ON Si~001!: SURFACE . . . PHYSICAL REVIEW B 66, 165323 ~2002!
the surface, and the@112̄0# direction along the long axis o
the nanowire.3,4 Atomic resolution on the top surface of rec
angular nanowires showc(232) periodicity@Fig. 5~b!#. The
same periodicity is seen on the surface of second layer n
wire growth. The height of the second layer nanowire
always 0.33 nm which corresponds to 1 bulk HoSi2 unit cell
height.4 This height includes one metal layer and two
layers. The apparent height of the first nanowire silicide la
varies because the electronic properties of the nanowire
substrate surface are different. The structure of the triang
cross section nanowires is not clear from the STM data,
it is likely that it has the same epitaxial characteristic of t
rectangular nanowire with the@112̄0# direction lying along
the long axis. It is possible that these triangular wires
simply a minimal width rectangular wire with perhaps a d
ferent step edge structure.

When the widths and the heights of silicide islands
measured, it is clear that the 3D compact silicide islan
have widely varying dimensions whereas those of nanow
are restricted to narrow ranges. Figures 6~a! and 6~b! are the
distributions of the width and the height of single nanowir
and compact silicide islands, respectively. The top gra
show the details of the leftmost bar on the bottom grap
and include data from both isolated nanowires and nanow
in bundles. Narrower widths shown by ‘‘A’’ come from th
edges of bundled nanowires, and except for these data,
is no particular difference between the widths of bundled a
isolated nanowires. For isolated nanowires, rectang
nanowires are wider than triangular ones. The most prob
nanowire width is in the range in 2 –3 nm, which corr
sponds to 5 –9 silicide cells wide. The maximum nanow
width of ;5 nm can be related to the 6.8% lattice misma
between HoSi2 and Si substrate along thec axis. This was
also noted for DySi2 nanowires which have similar lattic
mismatch and maximum width.4

The most probable nanowire height is 0.4–0.6 nm, wh
is 1 –2 bulk HoSi2 unit cell heights. Although we have sta
tistics for comparatively few compact 3D islands, it is cle
that both the width and the height of the compact silic

FIG. 6. The distributions of the width~a! and the height~b! of
single nanowires and 3D islands.
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islands are spread over a much wider range than those fo
nanowires. The fact that the 3D islands’ sizes can exceed
maximum width of the nanowires suggests that their grow
is not coherent. It is possible that there are dislocations at
interface that do not propagate up to the surface of the
lands. However, for most islands there is no clear indicat
of such dislocations from the STM images, unlike the dis
cation networks observed for other epitaxial silicides gro
on Si~111!.7 Further work with transmission electron micro
copy would be useful in clarifying the structure of the i
lands.

C. Two-dimensional substrate surface reconstructions

Figures 7~a! and 7~b! are empty- and filled-state images
slightly different areas of the same surface with 0.55 ML H
Coexistence of 234 and 237 structures on the 2D surfac
is observed. A nanowire runs diagonally across the ima
and gray circles on both Figs. 7~a! and 7~b! indicate the same
physical position on the surface.

Figures 8~a! and 8~b! show the empty-state~1.76 V! and
filled-state ~21.76 V! images of the 234 structure corre-
sponding to the square areas numbered by ‘‘1’’ and ‘‘3’’
Fig. 7, respectively. These images are of the same area o
surface. Both figures have three sets of 234 unit cells along
the Si dimer row direction (@11̄0#) outlined in white. In the
empty-state image@Fig. 8~a!#, three maxima are visible in
each 234 unit cell. There are two types of maxima that a
lined up in one of two possible configurations; a dark
maximum ~small circle! between brighter maxima~big
circles!, or a brighter maximum between two darker maxim
Either combination is equally probable. In the filled sta
image @Fig. 8~b!#, the contrast between the two types
maxima is reversed, and more pronounced. Bright o
maxima appear in the positions of the darker filled st
maxima.

By comparison of both bias images with respect to
Si~001! substrate, the registration of empty and filled state
maxima of the 234 structure can be diagramed as in F
8~c!. All the empty-state maxima are positioned in wh
would normally be the centers of Si dimer positions, and
filled-state maxima are located in the same positions as
darker empty-state maxima. The overall character of th
34 structure is the same as that seen for Dy on Si~001!.8

FIG. 7. ~a! Empty- and~b! filled-state images of slightly differ-
ent areas of the same surface with 0.55 ML Ho showing both
34 and 237 structures (30330 nm2). The position of gray circle
on the nanowire in~a! corresponds to that in~b!.
3-3
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Figures 9~a! and 9~b! show enlargements of the 237
structure corresponding to the square areas numbered by
and ‘‘4’’ in Fig. 7, respectively. Two types of rows~rows A
andB! are observed and three types of maxima are visibl
both biases. In the empty-state image@Fig. 9~a!#, row A con-
sists of oblong maxima elongated along the 73 direction.
Row B consists of three maxima and the smaller maximum
located between two larger maxima. In the filled-state ima
row A includes paired maxima, and rowB has three maxima
and the larger maximum is located between two sma
maxima. The registration of 237 phase can be obtained b
comparison with positions of 234 phase from both bias im
ages.

The registration and approximate spatial extent of
empty- and filled-state maxima of the 237 structure are dia-
grammed in Fig. 9~c!. This illustration contains five rows
~row ABABA! which are seen in Fig. 9~b!, and the clean
231 Si dimer row positions are shown on top as a referen
The empty-state maxima of the bright features in rowA and
B are represented by gray oblongs and circles, respectiv
The filled-state maxima are illustrated using dark circles
three sizes. In rowA, the paired filled-state of maxima ar
located on the bridge site, and an oblong empty-state m
mum is positioned off bridge site. In rowB, in both states,
middle maximum is located on the bridge site, and the b
edges of maxima are positioned off bridge site. RowA or B

FIG. 8. ~a! Empty-state~1.76 V! and ~b! filled-state~21.76 V!
images of the 234 phase in the reconstructed surface shown
Fig. 7 (10310 nm2). ~a! and ~b! correspond to the square are
numbered by 1 and 3 in Fig. 7, respectively.~c! Line drawing show-
ing the empty-state~gray circles! and filled-state~dark circles!
maxima of the 234 structure. Clean 231 Si dimer positions are
shown as a reference on the topmost low.
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in both states often shifts by 1a in the perpendicular direc

tion to the 231 Si dimer row (@11̄0#). In this sense, the
overall periodicity should be defined as the coexistence
237 andc(2314) unit cells. For simplicity, we denote thi
phase by 237. Since at a given coverage Ho metal can
distributed in nanowires and both the 234 and the 237
reconstructed surfaces, it is difficult to decide the density
Ho in the 237 structure. Therefore we are not proposing
atomic structure for the 237 phase.

D. Ho content of the 2Ã4 substrate reconstruction
and the nanowires

From the results in Fig. 3, one can compare experime
coverage with calculated coverage under different assu
tions for Ho content of both the 2D substrate reconstruct
and the nanowires as shown in Fig. 10. The calculation w
done on the basis of the first five coverages in Fig. 3. T
table on the right in Fig. 10 shows two different assumptio
of Ho content. The first assumption is the number of H
atoms per 234 unit cell on the 2D surface: ‘‘A,’’ ‘‘B,’’ and
‘‘C’’ indicate one, one and half, and two Ho atoms per
34 unit cell, respectively. The second assumption is
number of metal layers in a nanowire: ‘‘1’’ and ‘‘2’’ represen
one and two metal layers in the minimum height nanowi
respectively. Here we also assumed that each metal laye
the nanowire has a density of 1 ML as implied by the bu
crystal structure.4 The coverages shown in the graph on t

n

FIG. 9. ~a! Empty-state~1.76 V! and ~b! filled-state~21.76 V!
images of the 237 phase extracted from Fig. 7.~a! and ~b! corre-
spond to the square areas numbered by 2 and 4, respectively
37 unit cell consists of three types of maxima in rows labeledA
and B in both images.~c! Line drawing showing the empty-stat
~gray circles and oblongs! and filled-state~dark circles! maxima of
the 237 structure. 231 Si dimer positions from the clean surfac
are shown as a reference on the topmost low.
3-4
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HOLMIUM GROWTH ON Si~001!: SURFACE . . . PHYSICAL REVIEW B 66, 165323 ~2002!
left hand side where calculated under the six possible c
binations of assumptions enumerated to the right, along w
the measured percentage of the surface covered by bare
face, 234, and nanowires as shown in Fig. 3. The b
model should come closest to the diagonal line. Error b
are omitted for clarity. The error in coverage is less th
20%, and the error in the vertical position of the symbols
less than 10%.

As can be seen in the figure, the best fit is for B1 wh
implies 1.5 Ho atoms per 234 unit cell, and one layer o
metal atoms in the minimum height nanowire. There is o
layer of metal atoms in each bulk unit cell of the silicide, a
so this is not a surprising result. Nevertheless, this cover
dependent analysis was necessary to deduce this fact
the geometric height of the first layer nanowires as seen
STM was bias dependent. We cannot exclude the possib
that the minimum height nanowire may have more than t
layers of Si atoms, but this depends in some sense on
definition of where the substrate ends and the nanowire
gins.

The 1.5 Ho atoms per 234 unit cell is somewhat more
surprising. The simplest interpretation is that one of the t
types of filled state maxima is associated with a single
atom. As shown in Fig. 8, two possible configurations
234 unit cells alternate on the surface, one with a brig
dim-bright arrangement of maxima, and the other with
dim-bright-dim arrangement. There are equal populations
both types of unit cells, meaning that the average densit
either type of maxima is 1.5 per 234 unit cell. This is not to
say necessarily that the maxima seen in either bias is a
atom. In the case of the Dy 234, there appears to be thre
metal atoms per unit cell and yet bright and dim maxima
seen as well. Determination of the atomic structure of
234 surface and the origin of the differences between
Ho and Dy induced structures will require complementa
information from other surface analytic techniques.

E. Scanning tunneling spectroscopy

Figure 11~a! shows the STSI -V curves and normalized
spectra of a nanowire, 3D island, and the adjacent area
reconstructed substrate at 0.56 ML. Since the 2D surfac
reconstructed by Ho, the spectrum of the substrate is dif
ent from that of clean Si. The upper two curves are the ac

FIG. 10. Comparison of experimental coverage with calcula
coverage under different assumptions of Ho content~see text!
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I -V data, and the lower three curves are the logarithmic
rivative. STS data were acquired at every pixel of the ima
shown in Fig. 11~c!. Each STS curve is an average of th
data taken in the area enclosed by the solid or dashed li
The normalized spectra show that the nanowire has non
conductivity at near-zero bias. Figure 11~b! is the STSI -V
curves at near-zero bias voltage. It is clear that theI -V curve
of the nanowire is steeper than that of 3D island and
reconstructed substrate. Although both nanowire and 3D
land are metallic, nanowire has greater surface conductiv
Bulk HoSi2 is metallic with a conductivity of approximate
4.43103 @(V cm)#21 at RT.9

IV. CONCLUSIONS

We have studied the initial stages of Ho growth
Si~001! surface. Metal coverages between 0.06–0.9 M
were deposited onto substrates heated to 600 °C, and
samples were then cooled to room temperature for study
STM. Under these growth conditions, Ho forms either high
elongated silicide nanowires or compact 3D silicide islan
together with several possible Ho induced 2D substrate
face reconstructions. STS spectra reveal that the nanow
are more metallic than either the large 3D islands or
reconstructed substrate. The details of high coverage gro
and preliminary transport measurements of a HoSi2 nanowire
network will be reported elsewhere.

d

FIG. 11. ~a! The STSI -V curves and normalized spectra for
nanowire, 3D island, and the reconstructed substrate.~b! Magnifi-
cation of the STSI -V curves at near-zero bias voltage. Each S
spectrum was averaged from the STS data acquired in the a
shown by solid or dashed lines in the STM image shown in~c!
(40340 nm2).
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