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This paper presents angle-resolved photoemission spectroscopy data of the core lines of a heavily

implanted and laser-annealed Si(100) surface. For the first time unambiguous data show that the

laser-annealing process induces an almost complete reconstruction of the inner-layer electronic

structure, whereas the outermost layers preserve the behavior of the ion-implanted surface.

Ab initio electronic structure calculations performed on a Si„H3 —3 cluster strongly indicate that

the modifications observed are due to the loss of coordination of the Si atoms, which is recovered

after laser annealing only in the inner layers.

I. INTRODUCTION

Ion implantation requires a subsequent thermal treat-
ment to remove the damage and to electrically activate
the implanted dopant atoms. Several procedures have
been used: heat. treatment in a furnace for a time interval
of hours, rapid thermal annealing for a time interval of a
few seconds, and pulsed-laser irradiation in a time inter-
val ranging from nanoseconds to picoseconds. The struc-
ture of the ion-implanted layer after annealing has been
investigated by several analytical techniques. ' ' In
many cases the information shows the residual damage
and the overall electrical characteristics of the doped lay-
er. The electrical properties are related to the spatial ar-
rangements of the silicon atoms in the very last surface
layers. This region is not as easy to investigate by the
usual techniques and it should depend on the annealing
procedure adopted.

The surface electronic structure of a (heavily) ion-
implanted and subsequently annealed Si single crystal is
still rather poorly understood. This is especially true,
for instance, with respect to the knowledge of the mecha-
nisms of reconstruction induced by the rapid process of
melting and solidification on the outermost surface re-
gion, =20 A thick.

The importance of an unambiguous understanding of
the surface structure of a heavily ion-implanted and an-
nealed semiconductor arises both from technological and
scientific considerations. ' As device dimensions become
increasingly smaller, the near-surface region will become
even more important, and it will be necessary to pay
more attention to the knowledge of its electronic and
crystallographic structure. On the other hand, in the
case of pulsed irradiation a knowledge of the surface elec-
tronic structure may be useful for determining the driv-
ing mechanisms of the liquid-phase epitaxial regrowth

that follows the melting due to the rapid deposition of en-

ergy from a Q-switched laser.
In this paper, we present angle-resolved photomission

spectroscopy (ARPS) data, obtained on an As-implanted
Si(100) single-crystal surface annealed by a Nd: glass
(neodymium-doped yttrium iron garnet) pulsed laser.
The data show that the laser-annealing process induces
almost a complete reconstruction of the inner layer's
structure, whereas the outermost layer is still disordered,
and it shows the same behavior as the ion-implanted sur-
face. Ab initio electronic structure calculations per-
formed on a Si„H3 3 cluster are used to interpret the
experimental data. This model strongly indicates that the
modifications observed in the Si 2p electronic structure of
the ion-implanted surface are due to the loss of coordina-
tion of the Si atoms. The correct coordination is
recovered after laser annealing in the inner layers,
whereas the outermost layers keep their lattice disoder.

II. EXPERIMENTAL

(100) silicon-oriented silicon wafers were implanted
with 100-keV As+ at a current of = —2 mA and an aver-
age current density of = 10 JMAcm . The electron
beam electrostatically scanned on an optically polished
4-in. -diameter wafer about 500 pm thick. In the specific
case considered here a fluence of 10' As+ cm was
adopted. Annealing of the implanted layers was per-
formed with neodymium-glass-pulsed laser of 30-nsec
duration and an energy density of up to 2 Jcm . The
As profiles as well as the quality of the surface region
were determined by 2-MeV He+ backscattering in com-
bination with channeling. No evidence of As atoms was
found on the surface. Before transferring the samples
into the ultrahigh-vacuum (UHV) analysis apparatus,
surface contaminants were eliminated by etching the
sample surface using a 50%%uo dilute HF acid in an inert at-
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mosphere. The etching time and the acid concentration
were suScient to remove only the possible SiO„present
on the Si surface. After the etching, the samples were

directly transferred through an UHV interlock into the
analysis chamber of an ARPS monochromatized system,
a Perkin-Elmer 5300. The total contaminants, i.e., C, 0,
and F, concentration was less than —,', of a monolayer

when survey spectra were taken at a takeoff angle of 20'.

III. RESULTS

The calibration of the spectrometer was performed us-

ing the Si(100) surface of a single crystal which was

cleaned using the method described above. The ultimate
resolution of the instrument, as measured on the Si 2p
core lines using a pass energy of 4.5 eV, was 0.35 eV.
Figure 1(a) shows the Si 2p cores lines as measured in this
experiment; in Table 1(a) the Si 2p core-line experimental

TABLE I. (a) XPS deconvolution data of the Si(100) single crystal and As-ion-implanted surface measured at takeoff angles of ].0
45', 60', and 90'. The data marked by asterisks refer to Si 2p core lines of the threefold- and twofold-coordinated Si atoms. The
core-line intensities I2p have been measured from the respective XPS line areas. (b) XPS deconvo]ution data of the laser-annealed
Si(100) As-ion-implanted surface as measured at 10', 25', 45', 60', and 90'. Symbol captions are given in Table I(a).

(a)

Sample

Si(100)
ion
impl.

Si(100)
ion
impl.

Si(100)
ion
impl.

Si(100)
1on

impl.

Takeoff

angles

45'

10'

45'

90'

10'

25'

45

90'

Si core

lines

2p 3/2

2p1/2

2p3n
2p1/2

2p3/2»

2p1/2»

2p3/2

2p1/2
2p 3/2»

2p 1/2»

2p 3/2

2p1n
2p3/24

2p 1/2»

2p3/2

2p1n
2p3/24

2p 1/2

2p3/2

2p1/2
2p 3/24

2p]/24

2p 3/2

2p1/2
2p 3/2»

2p1/24

2p3/2

2p3/2»

2p1/24

2p 3/2

2p1/2

2p3/2»
2p 1/2»

2p 3/2

2p 1/2

2p3/2

2p1/2

Binding
energy

(eV)

99.0
99.6

99.06
99.68
99.44

100.05

99.06
99.68
99.35
99.95

99.04
99.66
99.34
99.95

99.06
99.68
99.35
99.95

99.06
99.68
99.42

100.02

99.10
99.71
99.42

100.04

99.10
99.71
99.42

100.04

99.05
99.70
99.40

100.01

99.06
99.69
99.44

100.06

FWHM

(eV)

0.39
0.42

0.45
0.45
0.60
0.60

0.45
0.45
0.45
0.57

0.48
0.48
0.54
0.54

0.46
0.45
0.54
0.54

(b)
0.54
0.54
0.62
0.62

0.46
0.46
0.58
0.62

0.46
0.46
0.58
0.62

0.41
0.43
0.60
0.62

0.41
0.43
0.62
0.62

(hc)2~3/2 1'3/Z»

(eV)

0.38

0.29

0.30

0.29

0.36

0.32

0.32

0.35

0.38

Core-line
ratio
I

P3/2

I
~~s/z

2.0

2.0

1.97

2.0

1.92

1.9

1 ~ 84

2.0

2.0

1.99

Core-line
ratio
I

P3/2

I

0.44

0.76

0.80

1.06

1.04

1.35

1.55

1.84



3730 PARMIGIANI, BAGUS, PACCHIONI, AND STELLA 41

I I I I I I I I I

C

fg

JQ

lA
C

C

(a)
CA

C

lg

JD
(D

0
CA
C
0)
C

101.5 100.7 99.9 99.1

Binding Energy (eV)

98.3 97.5 101.5 100.7 99.9 99.1

Binding Energy (eVI

(c)
i

98.3 97.5

FIG. 1. Si 2p XPS spectrum of the Si(100) surface measured

by a takeoff angle of 45' (a). Si 2p XPS spectrum of the Si(100)
surface of a heavily As-ion-implanted Si single crystal wafer
measured at a takeoff angle of 10' (b) and 90' (c). The parame-
ters of the ion implantation are reported in the text.

FIG. 2. Si 2p XPS spectra of a heavily As-ion-implanted
( 100}silicon wafer after laser annealing measured at 10' (a), 45'

(b), and 90' (c). The laser annealing parameters are reported in
the text.

parameters are reported. Figures 1(b} and 1(c} show the
Si 2p spectra of the Si(100) (As+ ) ion-implanted surface as
measured at takeoff angles of 10' and 90', respectively. A
significant change is noticed when curve 1(a) is compared
with curves 1(b) and 1(c). Since it has been demonstrated
that the loss of coordination could induce an upward
shift of =1 eV on the core orbital binding energies, " the
broadening of the Si 2p lines observed on Si-ion-
implanted samples could be attributed to the loss of coor-
dination of some Si atoms. In this framework, the decon-
volution reported in Figs. 1(b) and 1(c) have been per-
formed assuming for the line 1 and 2 the spectral parame-
ters of the Si 2p3/p and Si 2p, &z, respectively, as measured
on a well-ordered Si(100) surface, while the spectral pa-
rameters for the peaks 3 and 4 have been chosen in order
to fit the experimental curves. Table I gives the parame-
ters of the deconvolution for XPS measurements per-
forrned at 10, 25', 45', 60', and 90'. Figures 1 and 2 and
Tables I(a) and I(b) show that the binding-energy
difference Ac, between peaks 1 and 3 is =0.30 eV. This
parameter can be compared with theoretical data ob-
tained from ab initio electronic structure calculations per-
formed on Si atoms with different coordination (fourfold
versus threefold and twofold coordination).

It should be noted that, on the basis of this interpreta-
tion, the intensity ratio between peaks 1 and 3 is related
to the degree of the induced crystal disorder.

Figures 2(a) and 2(c) show the Si 2p core lines of a
laser-annealed area as measured at takeoff angles of 10',

45', and 90'. The differences between the spectra for the
annealed and unannealed cases are significant. Using the
same deconvolution parameters obtained for the unan-

nealed surface, Figs. 1(a) and 1(c}, it is clear that the
laser-annealing effects are different in the topmost layers
than in the deeper layers. For the Al Ea line and a take-
off angle of 10', the sampled depth is =5 A, with a tak-
eoff angle of 90, it is =30 A, thus it is possible to infer
that there exists a gradient of the crystal reconstruction
between the surface and the first 30 A; Table I(b) summa-
rizes this data.

IV. THEORY AND DISCUSSION

In order to verify this interpretation of the x-ray pho-
toemission spectroscopy (XPS) 2p binding-energy (BE)
shifts as arising from the coordination of the ionized Si
atom, we have obtained ab initio theoretical core-level
BE's for cluster models which contain differently coordi-
nated Si atoms. The three clusters, Si3H6, Si4H&, and

Si5H&2, which contain twofold-, threefold-, and fourfold-
coordinated Si atoms, respectively, are shown in Fig. 3.
The central Si atom of each cluster has two, three, or four
Si near neighbors at the bulk crystal Si-Si distance of 2.4
A. These neighboring Si atoms are each surrounded by 3
H atoms which force the bulk sp hybridization and
simulate the reminder of the crystal; see Ref. 11. Self-
consistent field (SCF) wave functions have been computed
for these clusters following the general approach in Ref.
11. The ground state of Td symmetry Si5H, 2 is a closed-
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FIG. 3. Geometry of the Si3H6, Si4H9, and Si&H(») clusters
used to model twofold-, threefold-, and fourfold-coordinated Si
atoms. The Si-Si distance has been fixed to the bulk value, i.e.,
d(s;s;)=4.44 bohrs. The Si-H distance is that of SiH4, i.e.,
d(s; &, =2.80 bohrs.

shell singlet, while the wave functions for C3„Si4H9 and
C2, Si3H6 are open shell and contain Si dangling bonds.
For Si3H6, the two Si dangling bonds have been coupled
high spin to give a triplet state. Large LCAO (linear
combination of atomic orbitals) basis sets have been used
for the Si atom in order to reduce the basis-set superposi-
tion error (BSSE) for the central Si atom. This error
arises because the basis sets on the neighboring Si atoms
are used to improve the description of the atomic charac-
ter of the central Si atom. ' Clearly, the BSSE is a
coordination-dependent error and will give misleading,
nonphysical, results for the BE shifts for differently coor-
dinated atoms. As well as using a large Si basis set, we
have also calculated the BE shifts with a procedure which
takes into account the remaining small BSSE (see below).

We consider the core-level BE shifts for differently
coordinated Si using the Koopman's theorem (KT)
initial-state cluster ionization potentials (IP s) for ioniza-
tion of the central atom in each cluster. The KT IP is
simply taken as the orbital energy —c.; of the shell from
which the electron is removed. This is the initial state IP
for closed-shell Si5H, z,

' for open-shell Si3H6 and Si4H9, it
is the IP to the weighted average of the different multi-
plets formed when a core level is ionized. ' These multi-
plets will give a broadening for the core-level XPS peaks
of the twofold- and threefold-coordinated Si atoms which
have open-shell dangling bonds. This broadening is ob-
served in the peaks labeled 2 and 4 in Figs. 1 and 2 for
the ion-implanted Si 2p XPS spectra and is consistent
with our assignment of these peaks to ionization of Si
atoms with twofold or threefold coordination. Finally,
we note that the cluster point group symmetry splits the
2p, 2p„, and 2p, levels for the twofold- and threefold-
coordinated atoms; in the following, we use the average

energy of these levels. The KT IP's are significantly
larger than observed core-level IP's because Koopman's
theorem neglects the final-state relaxation. However,
there is good reason to believe that the relaxation energy
will be similar for differently coordinated atoms' and
that the initial-state KT IP shifts for these atoms will ac-
curately reQect the observed XPS BE shifts. We have
computed the shifts of the core-level KT IP's of the cen-
tral Si atom in a way which eliminates any errors due to
basis-set superposition effects. The self-consistent-field
(SCF) wave function for the free Si atomic P wave func-
tion is computed using the basis sets for the Si atom but
also including the basis sets for the surrounding Si and H
atoms which would be present in a Si„H cluster. This
atomic wave function is described as using "ghost" basis
sets and the orbital energies are denoted s;(Si;Si„H
ghost); a different "ghost" basis set is used to obtain a Si-
atom description appropriate for comparison with each
cluster. The shift of the KT IP of a core level of an n-
fold-coordinated Si atom with respect to the free Si atom
is denoted b s; (n-fold coordinated) and is given by

b s; ( n -fold-coordinated )

= —[s;(Si; Si„H ghost) —s;(Si„H )] . (1)

TABLE II. Core-level binding-energy shifts in (eV) with
respect to the fourfold-coordinated Si.

hc
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hc,
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Coordination 4
(Si5HI2)
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(Si4H9)
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(S13H6 )

0.0

0.28

0.39

0.0

0.20

0.23

0.0

0.27
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For the large basis set which we have used for Si, Eq. (1)
gives KT IP shifts very close to those which would be ob-
tained with infinitely large basis sets.

For the Si 1s, 2s, and 2p core levels, the Ac; shifts of
Eq. (1) are to lower binding energy for atoms with higher
coordination. For metals, this shift has been related to
the increase in the electron charge density which sur-
rounds atoms with higher coordination. ' We give in
Table II the bc; KT shifts renormalized to the IP for a
fourfold-coordinated Si taken as zero. The shifts now ap-
pear as shifts to larger BE for atoms with lower coordina-
tion than bulk Si. This shift is larger for the 1s core levels
than for the 2s and 2p semicore levels. For the 2p BE, the
shifts for twofold- and threefold-coordinated Si are simi-
lar, and they are =0.3 eV. This computed BE shift due
to the lowering of the Si coordination is reasonably close
to the XPS shifts measured for the 2p3/2 levels for ion-
implanted Si(100) surfaces, as reported in Tables I(a) and
I(b). This agreement gives strong evidence for the origin
of these observed shifts as a coordination effect.
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V. CONCLUSIONS evidence of a gradient in the crystalline order, where such
a behavior was not expected or sufficiently known.

In conclusion, ARPS applied to a heavily ion-
implanted and laser-annealed Si surface gives new and
important information on the local order near the top-
most layers. In laser-annealed (100) Si, a comparison be-
tween the curves taken at takeo'' angles of 10' and 90' is
coupled with model calculations concerning the depen-
dence of the core-level binding energies on the coordina-
tion of the Si atoms. This presents for the first time clear
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