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Structure of Si atomic chains grown on the SiÕCu„110… c„2Ã2… surface alloy
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The surface atomic structure of Si atomic chains grown on the Si/Cu~110! surface alloy has been investi-
gated by a combination of different experimental techniques. For Si coverages below 0.5 monolayers the
low-energy electron diffraction~LEED! pattern shows ac(232) reconstruction, corresponding to the forma-
tion of a surface alloy. Upon further Si deposition, the LEED pattern evolves toward a (232)-like structure
with streaks along the@001# direction. Scanning tunneling microscopy~STM! images show the presence of
linear atomic Si chains on top of the surface alloy layer. We present an atomic model for the surface termi-
nation based on the STM images and on the main atomic directions of the (232)-like phase found by a simple
analysis of the Si 2p full hemispherical x-ray photoelectron diffraction patterns. This model consists of linear
atomic Si chains running along the@1I 10# surface direction formed on top of the surface alloy. The chains
present small (232) domains, which are not in phase with respect to each other. After heating the (232)-like
phase up to 250 °C, a quasi-(334) structure is developed. This structure consists of similar chains exhibiting
a different periodicity. Furthermore, we have used synchrotron radiation photoemission~x-ray and ultraviolet
photoemission spectroscopy! to gather information about the electronic structure of the atomic chains.

DOI: 10.1103/PhysRevB.63.115414 PACS number~s!: 68.35.Bs, 68.37.Ef, 79.60.2i
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I. INTRODUCTION

The interface formed by depositing Si on a Cu substrat
of great technological and fundamental importance. The
ture of the Schottky barrier is a fundamental problem in so
state science with important applications in the microel
tronics technology. This is the reason why, in the last ye
many metal–semiconductor interfaces have been studie
means of surface-sensitive methods, such as x-ray ph
emission spectroscopy~XPS!, Auger electron spectroscopy
or ultraviolet photoemission spectroscopy~UPS!.1,2 How-
ever, despite its technological importance and the great n
ber of works devoted to this topic, no agreement has b
found in explaining the origin of the Schottky barrier and t
aspects dominating their magnitude. The role of the thi
ness and the number of defects at the interface could pla
important role in the height determination.3,4 For this reason,
it is important to learn more about the first stages of interf
formation and particularly about defects at the interface. F
thermore, a wealth of information is already available
metal-on-semiconductor interfaces but just a few works d
with the reversed deposition sequence, as in the pre
paper.3,4 Hence, we have investigated the growth and
interface developmentpreviousto the Schottky barrier for-
mation of Si deposited on a Cu~110! surface. Moreover, the
Si–Cu interface has recently acquired great importance
microelectronics. The transition from Al– to Cu
interconnects in semiconductor manufacturing is rapidly t
ing place. Two primary factors drive this transition, th
lower resistivity and the increased electromigration res
tance that Cu offers relative to Al.5 Thus, understanding th
structural properties, growth mechanisms, and differ
phases between Si and Cu is an important issue for the
croprocessor technology.
0163-1829/2001/63~11!/115414~9!/$15.00 63 1154
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On the other hand, another motivation for this work is t
fundamental study of a system presenting a low-dimensio
structure. Linear atomic chains are of great importance
cause they can be thought as one-dimensional systems.
formation of atomic lines on well-characterized surfac
gives valuable information about self-organization proces
and electron confinement along the chains. Recently, ato
dimmer chains have been reported for group III and IV m
als deposited on Si~100!.6,7

Recently it has been shown that room temperature de
sition of 0.5 monolayers~ML ! of Si deposited on a clean
Cu~110! surface leads to the formation of ac(232)
superstructure.8 The surface atomic structure of the overlay
has been resolved by means of full-hemispherical x-ray p
toelectron diffraction~XPD!8 and quantitative low-energy
electron diffraction~LEED!.9 It consists of an alternative
substitution of the outmost Cu atoms from the@1I 10# rows by
the deposited Si atoms. The Si atoms are slightly inw
relaxed with respect to the Cu atoms. This atomic arran
ment can be regarded as a surface alloy and it is schem
cally represented in Fig. 1~a!. In this figure, shaded circle
represent the deposited Si atoms. The (131) and the
c(232) surface unit cells are also drawn. Figure 1~b! repre-
sents the corresponding LEED pattern. In this paper we
interested in the structures that are formed upon furthe
deposition on thec(232) surface alloy, i.e., for Si cover
ages ranging between 0.5 and 0.8 ML.A priori several pos-
sibilities can be regarded. The arriving Si atoms could eit
form an ordered structure by bonding to Si atoms from
surface alloy in order to form a structure close to a Si b
crystal or form amorphous Si clusters.

We have observed that deposition of about 0.2 Si ML
top of thec(232) superstructure@i.e., 0.7 ML of total Si
coverage on clean Cu~110!# leads to the formation of a
©2001 The American Physical Society14-1
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streaked (232) LEED pattern overimposed on thec(2
32) pattern from the surface alloy. Streaks in the LEE
pattern are associated with one-dimensional disorder,
thus, local probes should be employed for this type of stu
As will be shown, the LEED streaks are related to a s
shape elongated along one of the high symmetry directio
Thus, from now on, we will call this structure quas
(232). Further Si deposition leads to an unstructured LE
pattern indicating that the surface long-range order is l
By combining several experimental techniques@LEED, scan-
ning tunneling microscopy~STM!, XPS, XPD# we will find
out what is the surface atomic structure of the qua
(232) phase and the atomic origin of the LEED patte
streaks. We will see that this structure consists of Si ato
chains running along the@1I 10# surface direction, with the S
atoms placed on a center fcc site position. Furthermore,
nealing of the quasi-(232) phase leads to the formation of
complicated (334) LEED pattern. STM and XPD experi
ments on this phase have revealed that similar chains,
with different periodicity, are also present in this case.

Hence, information about surface termination and lo
order has been gathered by STM, about the long-range o
at the surface by LEED, and information about the adso
tion site has been directly derived from full-hemispheric
angle-scanned XPD. Furthermore, we have used synchro
radiation photoemission~XPS and UPS! to characterize the
electronic structure of the atomic chains.

The paper is organized as follows. First, a general
scription of the growth of Si on Cu~110! based on the LEED
pattern evolution is given. Second, the two most import
ordered phases are described on the basis of the STM im

FIG. 1. ~a! Schematic representation of thec(232) Si/Cu~110!
surface alloy. Shaded circles represent the deposited Si atoms
(131) and thec(232) surface unit cells are drawn.~b! The LEED
pattern corresponding to thec(232) surface alloy. The beam en
ergy is 70 eV.~c! The LEED pattern corresponding to the qua
(232) structure. The beam energy is 70 eV. The arrow indica
the fractional spot~1,1/2!. ~d! The LEED pattern corresponding t
the (334) structure. The beam energy is 60 eV. The arrow in
cates the fractional spot~2/3,3/4!.
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and XPD data, and an atomic model is proposed. Finally
general discussion about the electronic properties of
chains formed in both phases is made.

II. EXPERIMENTAL DETAILS

Experiments were performed in three different expe
mental systems. One is equipped with STM and LEEDI –V
techniques. The second with an ESCA-UPS analysis sys
where XPD patterns have been recorded. Finally, exp
ments were performed at the LURE~Laboratoire pour
l’Utilisation du Rayonnement Electromagne´tique! synchro-
tron radiation facility. All the STM images presented we
recorded in topographic mode, and they have been slig
filtered ~smoothed!. Full-hemispherical XPD patterns wer
performed using a VG-ESCALAB Mk II spectrometer mod
fied for motorized sequential angle-scanning data acqu
tion. Photoelectron spectra were recorded using MgKa ra-
diation (hn51253.6 eV). Synchrotron radiation photo
emission spectra were performed at the SA72 beamline
the Super-ACO~LURE! storage ring. The photon energ
range was varied from 15 to 400 eV using different grati
monochromators. Typical resolution~beamline plus ana-
lyzer! was around 200 meV at 100-eV photon energy.

The clean Cu~110! surface consists of rows of Cu atom
running along the @1I 10# direction and presenting a
(131) LEED pattern. This surface was prepared by t
standard method of repeated cycles of Ar1 sputtering and
annealing at 600 °C Si was evaporated in the 10210-mbar
range from a liquid nitrogen cooled electron bombardm
evaporation cell which was calibrated before and after
periments with a quartz microbalance. Also, the Cu to
x-ray photoelectron spectroscopy~XPS! intensity ratios
matched the ones expected for the coverages.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. LEED pattern evolution with coverage

Figures 1~b!–1~d! show the LEED patterns of the differ
ent ordered structures at the Si–Cu~110! interface for sub-
monolayer coverage. In all of them, the electron kinetic e
ergy was set to 70 eV. Figure 1~b! shows thec(232)
superstructure obtained after depositing approximately
ML Si at room temperature~RT!. The real spacec(232)
unit cell responsible for the LEED pattern of Fig. 1~b! is
sketched in Fig. 1~a!.8,9 As has already been indicated, th
structure corresponds to an ordered surface alloy. This LE
pattern has low background intensity indicating that the s
face alloy presents well-ordered and extended terrace10

Further Si deposition~around 0.8 ML of total Si coverage!
on this overlayer leads to the formation of the streak
(232) LEED pattern represented in Fig. 1~c!. The back-
ground has significantly increased with respect to the pre
ous case. Streaks in a LEED pattern indicate that the sur
structure is one-dimensionally disordered.11 In this figure an
arrow indicates the position of the~1,1/2! LEED spot. This
spot is strongly elongated along the@001# direction, albeit a
maximum of intensity is found for the 1/2 fractional positio
For this reason this structure will be referred to as qua
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STRUCTURE OF Si ATOMIC CHAINS GROWN ON THE . . . PHYSICAL REVIEW B 63 115414
(232). The LEED pattern of Fig. 1~d! was obtained after
heating the quasi-(232) structure of Fig. 1~c! up to 250 °C.
As in the previous case, the high background intensity
streaks indicate one-dimensional disorder. A quasi-(334)
periodicity is observed in Fig. 1~d!. The arrow on this figure
indicates the position of a~2/3,3/4! fractional spot, which is
narrower along the@1I 10# than along the@001# direction.
Next, we will focus on describing the morphology of bo
ordered phases and on finding the atomic geometrical
rangements, which account for these LEED patterns.

B. The quasi-„2Ã2… phase

Figure 2~a! shows a general view of the surface prese
ing the quasi-(232) symmetry. The total scanned area
3803200 Å2. In this image we observe that the general m
phology of the surface consists of close-packed ato
chains extending along the@1I 10# surface direction present
ing many defects such as vacancies or unresolved clus
All these imperfections are responsible for an increase of
LEED background intensity. Details of this surface is p
sented in Fig. 2~b!. The total scanned area of this image
45342 Å2 and some chains are seen closely. They are s
rated by different distances along the@001# direction. These
distances are indicated in the figure, where ‘‘a2’’ represents
the modulus of the surface unit-cell vector of the substr
along the@001# direction (a253.61 Å). The most frequently
found distance is 2a2 . As will be discussed next, this is th
reason for the streaks along the@001# observed in the LEED
pattern. The image also shows that the chains are no
phase with each other and they are about 100 Å long@see
also Fig. 2~a!#.

In order to understand more about the formation proc
and the atomic structure of the chains we have recorded S
images for coverages slightly higher than the surface a
~i.e., at around 0.55 ML!. Thus, it is easier to isolate a
individual chain, avoiding confusion due to the coalesce
of chains, which complicates the analysis of the structu
Figures 3~a!–3~c! show STM images recorded for a Si co
erage of 0.55 ML. In these images information about the fi
stages of the formation of the quasi-(232) chains can be
gathered. Figure 3~a! corresponds to a STM image record
at 400 mV and with a scanned area of 3303280 Å2. Two
terraces, showing thec(232) structure separated by

FIG. 2. Topographic STM images of the quasi-(232) structure
formed for 0.8 Si ML deposited on Cu~110!. Bias voltage 80 mV,
tunnel current 0.9 nA.~a! General view of the surface. The tota
scanned area is 3803200 Å2. ~b! Region of the image showing th
existence of chains on the surface. The scanned area
45342 Å2.
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monoatomic step, are visible on the image. Additional
some linear chains running along the@1I 10# direction are
visible on the terraces. The average length of the chain
around 80 Å. The separation between consecutive chain
variable, ranging from 2 to 4 times the distance betwe
@1I 10# Cu rows. Interestingly, it can be noticed that th
chains start at a defect or unresolved cluster, which is ima
as a protrusion. All those facts suggest that the chains f
by Si surface diffusion on the alloy terraces until the diffu
ing Si atom finds a defect~e.g., cluster, vacancy, or oxyge
atom!. This defect acts as a nucleation point that anchors
diffusing Si and makes the formation of Si chains possib
This could also be the reason for the absence of continuit
the chains visible in Fig. 2~b!. We can confirm that the
chains grow independently of each other and finally c
lesce. Since the growth has started at different points,
tiphase domains are formed. This can be seen in Fig. 3~b!,
where the separation between the three visible chains is
ferent. Similar behavior~atomic chains starting at a defec!
has been reported for the growth of Sn and Pb on Si~100!.6,12

For the case of Sn, this fact has been assigned to a diffe
atomic adsorption site of the first atom of the chain.6

Figure 3~c! shows a detail of the image of Fig. 3~a! where
the chain structure is appreciated. The scanned are
100350 Å2. In this image an atomically resolvedc(232)
terrace is observed. The brilliant spots on the terraces co
spond either to Si or Cu atoms because only one of the
different atoms that form thec(232) unit cell is imaged by
the STM ~see Fig. 1!.10 On top of the terrace two atomi
chains showing a periodic structure are visible. The start
point of both chains appears as an extended feature, pos
indicating the starting defect from which the chain is forme
The distance between them is three times the distance
tween@1I 10# rows ~i.e., 3a2). Figure 3~d! presents a profile
along one of the chains indicated in Fig. 3~c! by a line. This
figure shows that the periodicity between bumps in the ch
and in the surface alloy terrace is the same, i.e., twice
modulus of the unit-cell vectora1 (a152.55 Å). The same
distance between bumps along the chain is found in F

is

FIG. 3. Topographic STM images of the surface after deposit
of 0.55 Si ML on Cu~110!. Bias voltage 400 mV, tunnel current 1.
nA. ~a! A general view of the surface. The total scanned area
3303280 Å2. ~b! The scanned area is 150375 Å2. ~c! The scanned
area is 100350 Å2. ~d! Profile along the line represented in~c!.
4-3
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2~b!. The corrugation in the chain is around 0.1 Å, similar
the corrugation in the terrace. The height of the chain w
respect to the terrace is around 0.7 Å. Although this va
could be strongly affected by the different electronic stru
ture of the chain with respect to the surface alloy, its mag
tude is close to what is expected for a single atom depos
on the terrace. Thus, the STM images suggest that the ch
consist of individual adatoms every two Cu bulk atoms alo
the @1I 10# direction. Along this direction the periodicity i
constant and it is at the origin of well-defined spots in t
LEED pattern of Fig. 1~c! along this direction.

Summarizing the structural information obtained by t
STM analysis, the quasi-(232) surface structure consists o
atomic chains running along the@1I 10# surface direction. The
distance between atomic bumps is always twice the lat
parameter along the@1I 10# direction but the separation be
tween chains is variable, most of them are distant by t
lattice distances along the@001# surface direction. However
the STM images do not give us any hint about the registry
the chains with the substrate.

Full hemispherical XPD is a powerful technique for o
taining structural information of surface overlayers. A visu
inspection of XPD patterns recorded at high kinetic energ
permits one to distinguish the directions where enhancem
of emission is produced.13 These peaks can be associat
with forward scattering directions and, thus, they corresp
to the main bonding directions of the sample under stu
More details about the XPD technique and the measu
procedure can be found in Refs. 14 and 15. Figure 4~a! dis-
plays the experimental XPD pattern obtained by measu
the XPS Cu 3p emission intensity of a clean Cu~110! sample
whereas Fig. 4~b! has been recorded for Si 2p for an approxi-
mate coverage of 0.8 ML Si and it corresponds to the LE
pattern of Fig. 1~c!. The experimental kinetic energies for th
Cu 3p and Si 2p emission lines are 1179 and 1153 eV, r
spectively. The patterns have been azimuthally averaged
cording to the twofold rotational symmetry of the syste
and normalized with respect to the mean intensity for e
polar emission angle. The angular distribution of the pho
electron intensity is plotted using the stereographic pro
tion. The center of the plot corresponds to the surface nor
and the outer circle represents grazing emission along
surface~90° off-normal emission!. It is important to remark
that the intensity has been measured up 88°. The@1I 10# azi-
muth corresponds to the horizontal direction. In the XP
pattern from Fig. 4~a! the main Cu~110! crystallographic di-
rections are found. This pattern has been deeply discuss
Ref. 14. In Fig. 4~b! intense forward scattering peaks a
observed at polar emission angles of 60° with respect to
surface normal and at 55° off with respect to the azimut
@1I 10# direction~horizontal direction in the figure!. They are
labeled in Fig. 4 with capital letters. These four forward sc
tering peaks correspond to the low-index~011! crystallo-
graphic direction of the Cu crystal. Interestingly, for pol
emission angles higher than 60° with respect to the sur
normal, the XPD pattern shown in Fig. 4~b! presents the
same features as the Cu 3pXPD pattern from Fig. 4~a! and
corresponding to the clean surface. The XPD techniqu
giving information about the local environment around
11541
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emitter atom. As patterns for Si and Cu emitter atoms sh
the same features, one can affirm that the Si emitting ato
in the quasi-(232) structure have the same atomic enviro
ment as the Cu atoms in the clean Cu~110! surface. Further-
more, the absence of forward scattering emission for po
angles smaller than 60° indicates that the emitting Si ato
do not have a scatterer atom on top of them. Examining
detail the atomic structure of the Cu~110! surface and of the
c(232) surface alloy, we can conclude that the emitter
atom responsible for the diffraction pattern is the Si ato
from the surface alloy which is underneath the atom
chains. This situation is illustrated in Figs. 4~c! and 4~d!,
where the main bonding directions responsible for the f
ward scattering peaks of Fig. 4~b! are indicated and labeled
Thus, the photoemission intensity of the Si 2p atoms from
the surface alloy is forward focused by the adatoms in
chains. These facts clearly indicate that both emitter a
scatterer Si atoms are placed at a center fcc position of
second and top layer, respectively, as shown in Figs. 4~c! and
4~d!. This affirmation can be made without any calculatio
because we deal with high-energy forward scattering pe
in which the main contribution is geometrical.13

The STM and XPD techniques together give informati
about the geometrical position of the scatters, not about
chemical nature of them. Thus, several possible mod
emerge from these experimental results. We cannot dis
guish whether the scatter atom of the topmost layer is ei
a Cu or a Si atom or a mixture of both of them, i.e., wheth
the chains are made of Si, Cu, or both atoms are mixed in
chain. A Cu atom at the surface layer would indicate a s

FIG. 4. Full angle XPD pattern of the~a! Cu 3d emission from
a clean Cu~110! surface. Electron kinetic energy is 1179 eV.~b!
Si 2p emission for a film 0.8 ML thick deposited on Cu~110! at
room temperature. Electron kinetic energy is 1153 eV. Low ind
crystal directions and labels for the main forward scattering pe
are indicated.~c!, ~d! Schematic representation in top~c! and side
view ~d! of the bonding directions responsible for the peaks of~b!.
4-4
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face segregation process. If this is the case, the surface
will end in a double-layered surface alloy. However th
model is unlikely because its formation will implicate R
diffusion toward the surface of the deep Cu atoms. The m
probable model is to suppose that the extra Si atoms de
ited occupy center fcc positions at the surface layer. To h
information about the atoms in the chains we have stud
the Si and Cu XPS intensity as a function of the covera
We have seen that as Si is deposited the Cu XPS signal
constantly attenuated, indicating that the deposited Si at
remain on the surface.

Finally, and combining all the above-presented inform
tion by different techniques, we can propose an atom
model for the surface structure. We can conclude a qu
(232) symmetry derived from the LEED pattern, the pre
ence of chains and the interatomic distance obtained by S
images, a center fcc adsorption site derived from XPD, an
Si termination of this structure from XPS analysis. All the
findings allow us to draw a unique geometrical model for
surface termination. This model is schematically represen
in Fig. 5. Black filled circles represent Si atoms from t
chains, shaded circles Si atoms from the surface alloy,
empty circles Cu atoms.

Once we have a model for the geometrical surface ter
nation, we will focus on understanding the LEED streaks.
discussed previously, the LEED pattern is sampling the lo
range order at the surface. The fact that the spots bec
streaked with Si coverage suggests one-dimensional d
der. However, this disorder is not reflected in the XPD p
tern, which probes short-range order. The origin of
streaks becomes evident by analyzing the STM images.
ure 6 shows a sketch of the surface termination derived f
the image of Fig. 2~b!. The hairline represents the (232)
unit cell. The dark balls represent the Si atoms from
chains. Although the most likely separation between cha
is 2a2 , other distances along the@100# surface direction such
as 3a2 and 4a2 are found on the images~see Fig. 3!. How-
ever, along the@110# row direction~along the Si chains!, all
atoms are separated by 2a1 Å. Thus, the separation betwee
chains is not constant along the@100# direction suggesting
that every chain is formed independently from each ot
and that an enhanced diffusion mechanism along the ato
rows at this temperature could be responsible for the hig

FIG. 5. Schematic representation of the proposed model for
(232) surface structure. Left part, top view. Right part, side vie
Black filled circles represent Si atoms from the chains, sha
circles represent Si atoms from the surface alloy, and empty cir
represent Cu atoms.
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degree of order observed along the@110# direction. Other
irregularities along@100# originate from different domains
as represented in the upper-right part of Fig. 6. In this c
the chains are shifted by one position and then, they do
match each other anymore. All these irregularities cause
loss of long-range order along the@001# direction and as a
consequence the appearance of streaks in the LEED pa
along this direction. Furthermore, the discussed feature
the XPD pattern of Fig. 4~b! ~labeled as A–D! show equal
intensity instead of a symmetry breaking between A–C a
B–D ~Fig. 4! as could be derived from Fig. 5. That is, n
only the A and C directions are detected as they should
corresponding to a perfect, single-domain (232) structure
but also B and D directions are appreciated. The existenc
four symmetry directions, evidenced by the presence of f
forward scattering peaks is additional proof of the existen
of different domains.

The presence of different domains at the surface and o
dimensional disorder is responsible for the elongation of
LEED spots. The diameter,d, of the ordered structures con
tributing to the LEED pattern, i.e., the island size, is appro
mately determined through11

d50.88al/„wA~a22 l 2l2!…,

wherea is the periodicity along the studied direction~in our
case 2a2), l the electron wavelength,l the diffraction order,
andw the full width at half maximum~FWHM! of the dif-
fraction spot expressed in radians. Performing these calc
tions for the~1,1/2! spot of Fig. 1~c! we obtain a mean island
width value of 26 Å for the quasi-(232) structure. This
value corresponds to four scatters separated by a dist
2a2 along the@100# direction. The result can be compared
fair agreement~within error bars from piezo incertitude plu
standard deviation! with the measured island size of 37
along the@100# direction in several STM images. This is a
indication that the origin of the width of the spots is relat
to the island size.

e
.
d

es

FIG. 6. Schematic representation of the image 2~b!, indicating
the origin of the one-dimensional disorder.
4-5
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C. The quasi-„3Ã4… phase

Figure 1~d! shows the streaked 334 LEED pattern ob-
served after depositing around 0.7 ML Si and then heating
the surface to temperatures around 250 °C. This struc
will be referred to as the quasi-(334) phase.

The general topography of the surface, as observed
STM, consists of linear structures very similar to those fou
for the quasi-(232) surface. Figure 7~a! is a STM image
showing a general view of the surface. The total scan
area in this image is 4803480 Å2. The chains are longe
along @1I 10# than for the quasi-(232) phase but more or
dered along the@100# surface direction~perpendicular to the
chains!. Figure 7~b! shows details of those chains. The mo
frequent spacing between them is ‘‘4a2 ,’’ although other
longer distances are found. An analysis of several ima
shows that one can find different distances which are resp
sible for the streaks in the LEED pattern, as illustrated
Figs. 7~b! and 7~c!. Figure 7~c! shows a profile along the two
main surface directions as indicated in Fig. 7~b!. The upper
curve corresponds to a cut along the@1I 10# direction and the
lower one along the@001# direction.

Moreover, the full hemispherical XPD pattern data r
corded on this phase reflect the same symmetry as that fo
in Fig. 4 ~data not shown!, suggesting the presence of a sim
lar chain structure. Thus, one can conclude that the ato
structure for both the 232 and the 334 phases is similar
but the atomic periodicity within the chain is different.
tentative explanation for this longer periodicity could be
lated to the selective Si diffusion toward the Cu bulk. Inde
we have reported in a previous work that annealing of
232 phase~0.6 Si ML! to temperatures higher than 200 °
induces Si diffusion toward the bulk.16 Additionally, the XPS

FIG. 7. Topographic STM images of the surface after deposi
of 0.8 Si ML on Cu~110! and posterior annealing at 250 °C. Tunn
current 0.8 nA.~a! General view of the surface. The total scann
area is 4803480 Å2. Bias voltage 480 mV.~b! Detail of the linear
chains. The scanned area is 62362 Å2. Bias voltage 400 mV.~c!
Profiles along the indicated directions of~b!.
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ratio Si 2p/Cu 3d is smaller than the ratio found for th
quasi-(232) coverage, indicating that some Si atoms ha
disappeared during the annealing procedure.

In order to have an additional proof about the chain co
position of the quasi-(334) phase we have performed io
scattering spectroscopy~ISS! at very low energy~1 keV!.
Due to the high neutralization probability of the ions, th
technique is extremely surface sensitive.17 In Fig. 8 ISS
spectra are presented corresponding to the clean Cu su
~top!, to the surface alloy~center, 0.5 Si ML!, and to the
quasi-(334) phase~bottom, 0.8 ML Si!. Inclusion of Cu
atoms in the chains will preserve the ratio of Si/Cu atoms
the surface, and then the ISS Cu to Si signal ratio will be
same with respect to the surface alloy. However, this is
observed in Fig. 8. The attenuation of the Cu peak for
quasi-(334) phase indicates that the chains formed on
surface are Si chains. The Cu signal is coming from
Si–Cu surface alloy, which is visible because of the ve
open fcc~110! structure~see Fig. 5!. This observation is in
agreement with the XPS ratio evaluation, and it is an ad
tional proof for the Si composition of the (334)-like chains.

D. Some considerations about the electronic structure
of the chains

The XPS technique gives information about the chemi
species present in the surface region of a sample. Figu
represents the Si 2p core-level photoemission spectra for th
different structures under study. The photon energy was
at 180 eV. The upper spectrum corresponds to thec(232)
surface alloy. The two maxima are split by 0.6 eV and th
correspond to the Si 2p1/2 and Si 2p3/2 components. Thes
components are indicated in Fig. 9 by two parallel thick lin
separated by 0.6 eV. On the left-hand side of the spectru
shoulder indicates the presence of small components w
are shifted. A previous high-resolution core-level photoem
sion study10 has shown that the Si 2p peak can be decom
posed in four different peaks, associated with differe
atomic environments~islands, clusters!. The main peak has
been taken as energy reference and it corresponds to
surface alloy. Due to the high degree of order of the surf
alloy, the Si 2p core-level peak is very narrow~The narrow-
est FWHM reported in literature for a Si 2p core level peak

n

FIG. 8. Low-energy ion scattering spectroscopy spectra of
clean Cu~110! surface,c(232), and quasi-(334) structures as a
function of the reduced energy~kinetic energy/primary energy!.
4-6
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in the solid state is reported in Ref. 10 for this surface allo!.
The binding energy of the Si 2p level measured from a
Si~111! crystal~bulk peak! in our experimental configuration
is 0.62 eV shifted with respect to the surface alloy pe
toward the high binding energy side of the spectrum and
binding energy is marked in Fig. 9 by a dotted line. W
believe that this difference is related to extra atomic rel
ation effects rather than to a charge transfer process from
to Si. Core level shifts up to 5 eV induced by screening ha
been theoretically predicted for a Si adatom on a hi
density metal surface~jelium!.18 Additionally, a 0.4-eV shift
in the Si 2p peak from a metallic ErSi1.7 exclusively induced
by extra-atomic effects has been reported.19 The surface al-
loy is similar in the sense that in both materials Si atoms
forming a metallic bidimensional system.

The central spectrum in Fig. 9 corresponds to the qu
(232) phase. The maximum of this peak appears shif
with respect to the surface alloy by 0.54 eV, and its bind
energy is very close to the Si bulk binding energy. The pe

FIG. 9. Si 2p core level photoemission peak for thec(232)
surface alloy, quasi-(232), and quasi-(334) structures. The bes
fit is represented by a thin solid line overlapping the experime
points. The dotted vertical line represents the position of a bulk
crystal. The thick lines at the bottom of every spectrum repres
the main components of the Si 2p1/2 and Si 2p3/2 split by 0.6 eV.
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corresponding to the surface alloy is still present and it
visible as a shoulder, indicating that the quasi-(232) phase
is not destroying the surface alloy but growing on top of
This observation is in agreement with the model propose
Fig. 5 where the surface alloy exists below the Si chai
Moreover, the XPS peak has broadened, indicating hig
disorder with respect to the surface alloy phase. The shif
0.54 eV toward higher binding energies indicates that
atomic environment of Si in the quasi-(232) phase is closer
to that of Si bulk. Si atoms in the chains have two Si ato
from the surface alloy as neighbors~see Fig. 5!. It is impor-
tant to note the possibility at this energy to also find t
signal from amorphous Si clusters associated with defec

When the quasi-(334) phase is formed~lower spectrum
in Fig. 9!, the maximum of the XPS appears at 0.35 eV fro
the energy reference, i.e., 0.2 eV shifted toward lower bi
ing energies with respect to the quasi-(232) phase. This
indicates that the Si atoms of the chains feel stronger
metallicity of the surface alloy underneath. Furthermore,
c(232) structure is also visible and well resolved. Peaks
narrower indicating that this structure presents a higher
gree of order than the quasi-(232) phase. Although the
maximum appears at 0.35 eV from the surface alloy pea
shoulder is seen at 0.54 eV indicating that some Si cha
with a 232 periodicity are still present in the surface.

It is very difficult to obtain information about the elec
tronic structure of individual chains. STM is a technique th
could offer this information. However, it is not clear wheth
the tunneling current comes from the metallic surface al
that supports the chain or from the Si chain itself. Thus,
did not interpret changes in the chain topography induced
the bias voltage, indicating the absence of localized dang
bonds orp-type states. However, we have measured s
chrotron radiation ultraviolet photoemission spectra for d
ferent stages of the growth. In Fig. 10 we show the vale
band evolution for different Si coverages recorded in norm
emission for a photon energy of 21 eV. The bottom spectr
corresponds to the clean Cu surface and it is characterize
the strong emission of the 3d levels at around22.3 eV of
binding energy. The surface alloy phase is electronica
characterized by the appearance in the valence band of
new states, labeled as Si1 and Si2 in Fig. 10. Both have b
deeply discussed in a previous publication.20 In that work, by
means of local density of states calculations, the Si1 pe
were assigned to two-dimensional states characteristic of
surface structure. The state Si1 consists of two close pe
located at20.9 and21.2 eV of binding energy. These tw
peaks have higher intensity when thec(232) LEED spots
are sharper, for an approximate coverage of 0.5 ML~surface
alloy formation!. The peak labeled as Si2 consists of a bro
structure centered at around23.0 eV. We also find a ne
increase in the total number of counts at the Fermi level w
coverage, indicating that the formed alloy is metallic. S
states disappear when the quasi-(232) phase is formed, and
the peak labeled as Si2 increases strongly. We know that
peak has an important contribution from Si 2p states.20 A
very tiny state, labeled as Si3, appears in the quasi-(232)
phase at21.5 eV. This peak may be characteristic of the
chains. This state does not disperse with photon energy~data
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not shown!, indicating its bidimensional character, and the
fore, may be assigned to a surface state characteristic o
Si-chains. The Si3 state disappears at the quasi-(334)
phase. It is clear from the figure that the number of count
the Fermi edge drops when Si chains are formed. This is
indication of a predominant Si–Si semiconducting bond
between the Si in the chains and the metallic Si from
surface alloy.

Si chains have been reported as a metastable recons
tion of the cleaved Si~111! 231. The surface structure i

FIG. 10. Valence band photoemission spectra recorded at
mal emission for the different structures indicated. Photon ene
21 eV.
a

do

u
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characterized by quasi-one-dimensional zigzag chains o
atoms bonded byp orbitals.21,22 For this reason the chain
have been called Sip chains. The Sip chains exhibit impor-
tant electronic effects if the tunnel voltage is reversed,
duced by bonding and antibonding states.22 However, this is
not the case for the Si chains presents at the Si–Cu interf
We did not find any change in the chain topography induc
by the bias voltage. Moreover, for the Sip chains at the
Si~111! 231 surface the corrugation within the chain vari
from 0.05 to 0.6 Å, depending on the bias voltage and
sharpness.21 In the case under study, the corrugation with
the chain for any tried voltage is around 0.1 Å~see Fig. 3!.
Both the absence of electronic effects and low corrugati
indicate the lack of localized states on the Si chains form
on the Si–Cu interface and suggest a high hybridization w
the substrate.

IV. CONCLUSIONS

Si deposited on the ordered and well-characteriz
Si/Cu~110! surface alloy forms Si chains characterized by
streaked (232) LEED pattern. These chains run along th
@1I 10# surface direction and they form (232) domains with-
out coherence between them. The combination of exp
mental results from different techniques allows us to pres
an atomic model for the geometrical structure of the chai
The surface alloy structure is preserved and the Si chains
grown on top of it in a center fcc position. Similar chains a
found after heating the quasi-(232) phase up to 250 °C bu
exhibiting a (334) periodicity.
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