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Annealing effects on the implanted vicinal Si�111� were analyzed by reflective second-harmonic generation
�RSHG�. The phenomena of impurity diffusion and precipitation were observed through the anisotropic con-
tribution of the C3V component in the RSHG rotational anisotropy experiments for a series of rapid thermal
annealing �RTA� times. The surface reconstruction of the implanted vicinal Si�111� was clearly observed due to
the contribution of the C1V symmetry which is raised from the step structure on the vicinal surface. The
enhanced value of the C1V component originates because P atoms participate in the surface reconstruction. The
phase difference between the C3V and C1V components has large variations at lower RTA temperature because
the reconstruction situation near the surface was not completed until the RTA time of 30 s and was influenced
by the precipitation of P atoms. With the assistance of step structure on vicinal Si�111�, the reconstruction of
the implanted Si�111� reveals more physical information.
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I. INTRODUCTION

Optically reflected second-harmonic generation �RSHG�
has proven to be a sensitive tool for obtaining information on
the structural and electronic properties of metal and semicon-
ductor surfaces.1,2 The symmetrical group of the silicon sur-
face differs from that of the silicon bulk, which is a cen-
trosymmetrical media.3 RSHG is forbidden within the
electric-dipole approximation in centrosymmetrical media
and only allowed on the surface and interfaces, where the
bulk symmetry is broken. Therefore, the RSHG signal is
very strongly influenced by the surface layer of these mate-
rials, where the reduced symmetry enables the SHG process.
Anisotropic contributions to RSHG intensity have been used
for studies of the phenomenological theory and analysis from
Si.1,4 SHG rotational anisotropy �RA-SHG� is indeed highly
sensitive to the microscopic structure and symmetrical prop-
erties of the silicon interface structure.5

To obtain the higher performance of very large scale in-
tegration, it is necessary to deeply understand the mechanism
of thin film growth. One of the chief issues the silicon device
industry faces for miniaturization is the production of ul-
trashallow doped layers,6 since the formation of ultrashallow
layers is important for the fabrication of nanosemiconductor
devices. In particular, variations in the interface of the ul-
trashallow layer during the thermal process will influence the
device performance.7 A high degree of reproducibility and
control of dopant purity, dosage, and spatial distribution for
the requirement in the ultrashallow doped layers can be
achieved by low-energy ion implantation techniques and
rapid thermal annealing �RTA� processes. RTA technology is
an efficient technique to remove the ion implantation dam-
age, activate dopant impurities, and produce a surface with
crystal quality and sheet resistance equal to or greater than
those obtained by conventional furnace annealing, but with
the advantage of reduced impurity redistribution.8

The results of the low-energy implanted silicon dealt with
the RTA process have been successfully diagnosed by the
RA-SHG method,9 and theoretical analyses have been pre-

sented to explain the actual phenomena in the RTA process.10

This nondestructive method presented an illustration of the
recrystallization degree in the shallow region that was not
explained by traditional x-ray diffraction. Our previous re-
sults showed that the RTA temperature is a key factor in
recrystallizing the dosed range and diffusing the impurities
within the expected range. After a suitable RTA process, the
destroyed region of Si is recrystallized and implanted impu-
rities enter the Si sites in the pattern of a well-ordered sub-
lattice with polar bond behavior. Govorkov et al.11 pointed
out that the inhomogeneous strain-induced contribution to
the second-order nonlinear susceptibility tensor would have
the same nonvanishing components as the surface-dipole
nonlinear susceptibility tensor. The residual electrical dipoles
are formed along the surface symmetry during the RTA pro-
cess, since implanted impurities enter the Si sites with
enough activation energy. These are additional SHG sources
from the implanted silicon.10 Accordingly, Lo presented the
potential of identifying the recrystallized condition during
the RTA treatment by analyzing RSHG patterns.10 However,
the analysis results of the RSHG method are integrated over
the surface region, which is limited by the penetration depth
of the incident light. Thus, further formations on the top
surface layers of implanted silicon would be hidden in the
bulklike surface region layer.

Recently, vicinal Si�111�, which is cut with a small offset

angle towards the �112̄� direction, was used in the SHG stud-
ies for the surface adsorption and buried interface since vici-
nal Si�111� surface reflects a onefold symmetry originating

from the surface steps in the �112̄� direction.11–13 Except for
the contribution of threefold symmetry �C3V� from the �111�
terraces, the appearance of steps on the vicinal Si�111� sur-
face gives a strong effect in observing RA-SHG and this
result is consistent with the regular step structure having C1V
symmetry. RA-SHG studies of Si-O bondings on vicinal
Si�111� and H-atom termination have suggested that the one-
fold contribution to the SHG signal comes primarily from Si
atoms at or in the immediate vicinity of the surface
steps.12–14 These studies revealed that the step structures on a
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vicinal silicon surface give a C1V symmetry contribution to
the RSHG intensity, which is dependent on Si-O bonding
arrangements on the step.15

In view of the indistinguishable RSHG contribution from
both bulk and surface of silicon,16 the step structures on the
vicinal Si surface can help analyze RSHG intensity gener-
ated from surface components. The degree of the surface
reconstruction could be diagnosed by examining the varia-
tion in the RSHG intensity from the implanted vicinal Si.
Therefore, the use of dopant implantation on vicinal Si sur-
face and proper RTA treatment on it are effective to reach the
purpose of the surface analysis through RSHG measure-
ments. In this paper, we used the phosphorus �P�-ion-
implanted vicinal Si�111� in a series of RA-SHG studies to
exhibit the variation in the surface layer during the RTA
process. The phenomena of the recrystallization, impurity
diffusion, and thermal relaxation in the surface layer of the
implanted silicon would be obtained by analyzing the inter-
ference of a step-induced C1V symmetry with an underlying
C3V symmetry of �111� terraces. Using secondary ion mass
spectroscopy �SIMS� and transmitted electron microscopy
�TEM�, the recrystallization, the dopant diffusion, and the
precipitation phenomena are examined by analyzing the RA-
SHG results. This work shows the potential of the RSHG
technique for analyzing the surface reconstruction during
RTA treatment.

II. THEORY

The main source of the effective surface polarization
Pef f

s �2�� from the implanted Si�111� is acquired by integrat-
ing the effective radiated layer. The nonlinear optical sources
from this interfacial layer are the surface-dipole sheet ��s

�2��,
the bulk electric dipole ��D

�2��, and the bulk electric quadru-
pole ��Q

�2��. For the vicinal Si�111� surface, �s
�2� is not only

contributed from the C3V symmetry of the Si�111� terraces
but also from the C1V symmetry of the steps. The net dipole
amount of the Si-O bonds ��step

�2� � on the steps also gives a

contribution to the RSHG field.11,12 For intrinsic silicon with

inversion symmetry, the bulk dipole term ��D
�2�� is zero. In the

low-energy ion implantation process, the implanted atoms
destroy the silicon lattice and the amorphous layer is formed
at the near-surface region. After a proper RTA process, the
amorphous region of the Si�111� surface will be recrystal-
lized and the weak polar bond of Si-P, which is treated as the
residual electrical dipole due to implant ions entering the
silicon site, is formed. The weak polar bond of Si-P is cal-
culated by the bond orbital approach from previous
research.10 The residual electrical dipole term exists in the
implanted Si layer, and its symmetry is similar to that of the
surface of silicon.11 Therefore, the effective surface polariza-
tion Pef f

s �2�� of the implanted vicinal Si�111� contains the
residual electrical dipole, the electric quadrupole which ex-
isted in the silicon substrate, and the net dipole amount of the
Si-O bonds on the steps.

The enhanced SHG intensity from the implanted silicon is
clearly explained and estimated by integrating the residual
second-order susceptibility over the effective region, which
includes the consideration of the absorption, the active de-
gree, and the dopant distribution.10 For the implanted vicinal
Si�111�, the nonlinear susceptibility of the step contribution
��step

�2� � could be added into the total RSHG intensity, which is
modified from Ref. 10 and expressed as

Iijk
�2���� �ijk

�2�,PDT�z�exp�− ��2��,z�z�exp�− 2����,z�z�dz

+ �k��−1�2��,z��ef f
Q + �step

�2� �2

, �1�

where �ijk
�2�,P is the residual electrical dipole that is formed

with Si and P atoms, DT�z� is the dopant distribution function
at RTA temperature of T, k is the wave vector of incident
light, and �ef f

Q is the electric quadrupole of silicon substrate,
which is equal to 5�10−13 esu for undoped silicon at �
=1.064 �m.17 Furthermore, ���� ,z� and ��2�� ,z� are the
optical absorption coefficients for the fundamental light and
second-harmonic light, respectively. There is a substantial
increase in the optical absorption coefficient for P-doped sili-

TABLE I. The parameter amplitudes and the phase angle from differently treated implanted vicinal
Si�111� surfaces obtained from the SS-SHG results and the absorption coefficients of second-harmonic light
for these samples.

Sample a3 a1 a3 /a3,Si a1 /a1,Si

	1

�deg�
� �532 nm�
�105 cm−1�

Si�111� 0.82 0.34 1.00 1.00 75 0.485

No RTA 0.56 0.30 0.68 0.87 70 1.928

850 °C 10 s 1.67 0.36 2.03 1.04 40 1.106

850 °C 20 s 0.89 0.43 1.08 1.25 42 1.071

850 °C 30 s 0.59 0.50 0.71 1.45 135 1.306

850 °C 40 s 0.46 0.51 0.56 1.48 140 1.337

900 °C 10 s 1.18 0.50 1.43 1.44 48 0.912

900 °C 20 s 0.89 0.53 1.08 1.55 55 1.060

900 °C 30 s 0.70 0.53 0.85 1.55 56 0.957

900 °C 40 s 0.61 0.50 0.74 1.44 58 1.142
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con, and the relationship between the absorption coefficient
and the doping concentration can be empirically
obtained.17,18 The absorption coefficients of second-
harmonic light for these samples were obtained from the
Kramers-Kronig relation in analyzing the reflectance spec-
trum and are listed in Table I.

In the ion implantation process, the degree of deformation
depends on the distance from the surface in a direction along
the surface normal. The symmetry near the surface region
would be violated along the normal direction. The lattice
deformation under the uniaxial stress of Si�111� does not
change the Si surface structure of C3V symmetry.11 The non-
vanishing components of the second-order nonlinear optical
susceptibility of the strained lattice are the same as those of
the Si�111� surface.

The s-polarized SHG intensity for an s-polarized funda-
mental field, Is,s�2��, is most sensitive to the surface sym-
metry since this polarization combines anisotropic nonlinear
susceptibility tensor elements, and the RA-SHG result of
Is,s�2�� is referred to as SS-SHG for the convenience of the
following discussion.5 Thus, for the case of implanted vicinal
Si�111� surface, Is,s�2�� is adopted to analyze the results and
expressed as19

IS,S�2�� = �a1ei
1 sin��� + a3 sin�3���2, �2�

where the rotation angle � is defined as the angle between
the plane of incidence and the projection of the crystallo-
graphic �001� axis on the surface and a3 is contributed from
the residual electrical dipole ��ijk

�2�,P� and bulk quadrupole
��ef f

Q � and belongs to the C3V symmetry. The contributions of
a1 originate from the step-induced dipoles ��step

�2� � in the vici-
nal Si�111� and belong to the C1V symmetry. The phase dif-
ference 
1 between the a1 and a3 components has a strong
dependence on the annealing condition and is correlated to
the density of interface traps.12 With assistance from the vici-
nal surface, more information on the implanted surface struc-
ture would be revealed by analyzing the above parameters in
the SS-SHG experiments.

III. EXPERIMENTS

The vicinal Si�111� substrates were Czochralski p-type
silicon wafers �10–20 � cm, B dopant�. A scanning tunnel-
ing microscope �STM� experiment was made under the con-
dition of a tunneling current of 0.8 nA and a sample bias of
−2 V. The surface structure morphology of the silicon is

(a)

(b)

FIG. 1. �Color online� �a� STM image of vicinal Si�111� surface with bunched steps. �b� Line scan across the steps.
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shown in Fig. 1. Regular step structures were formed as the
surface normal with a small offset angle � of 2.88° from

�111� toward the �2̄11� direction.20 The vicinal angle was
obtained from the result of STM, and the value of the small
offset angle � was 2.88° from the surface normal �111� di-
rection. These vicinal Si�111� samples were implanted with
P+ ions with an energy of 20 keV and the dose of 1.0
�1016 atoms/cm2. The projected range of low-energy im-
plantation was 28 nm. The RTA temperature was fixed at 850
and 900 °C, which were close to the optimal RTA
condition.10,12 The RTA process of these samples was carried
out at the temperatures of 850 and 900 °C for 10, 20, 30, and
40 s in a N2 gas environment.

The SHG experimental setup was the same as previously
described.10 Briefly, the RA-SHG measurement was per-
formed using a Q-switched neodymium-doped yttrium alu-
minum garnet laser with 6 ns pulses at the wavelength of
1064 nm and 20 Hz repetition rate. With the s-polarized
beam irradiated on the samples with an incident angle of 45°,
the s-polarized SHG intensity was measured by a photomul-
tiplier tube with a gated integrator. The SS-SHG intensity
was recorded while the samples were rotated stepwise
around their normal to vary the azimuthal angle.

IV. RESULTS AND DISCUSSIONS

The distributions of dopant atoms at the annealing tem-
peratures of 850 and 900 °C were obtained by SIMS and are
shown in Figs. 2�a� and 2�b�. �The diffusion coefficient of P
in silicon is an exponential function of temperature, and its
values are 8.19�10−17 and 4.28�10−16 cm2/s for 850 and
900 °C, respectively.21� From Fig. 3�a�, the amorphous
���/crystalline �c� interface was 59.3 nm below the surface
of the sample without the RTA process. At the RTA tempera-
ture of 850 °C, there were two sections of dopant redistribu-
tion separated by the � /c interface in the SIMS results, but
this phenomenon was not obvious at the RTA temperature of
900 °C. Sadana et al. observed that the P atoms in the amor-
phous region do not redistribute on subsequent annealing,
whereas the P atoms below the � /c interface diffuse rapidly
into the silicon substrate.22 Furthermore, they also found that
the P atoms appear to be pinned near the surface region on
subsequent annealing at 	850 °C, whereas the deeper parts

(a)

(b)

FIG. 2. SIMS results for RTA temperatures of �a� 850 °C and
�b� 900 °C at varied RTA times.

(a)

(b)

(c)

FIG. 3. TEM images of implanted Si�111� �a� without RTA and
with RTA temperatures of �b� 850 °C and �c� 900 °C at RTA time
of 30 s.

FIG. 4. SS-SHG results of Si reference substrate and implanted
vicinal Si without the RTA process.
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showed pronounced diffusion effects. At higher annealing
temperature �950 °C�, the difference in the redistribution be-
havior of P atoms near the surface and deeper regions was no
longer evident, and both regions showed normal diffusion
effects. Our SIMS results agree with their work and the
above summary is presented to illustrate the results in the
SS-SHG analysis.

The SS-SHG results of the Si reference substrate �Si ref-
erence� and implanted vicinal Si without the RTA process
�no RTA� are shown in Figs. 4�a� and 4�b�, respectively. The
SS-SHG results for the RTA temperatures of 850 and 900 °C
with the RTA time of 10–40 s are exhibited in Fig. 5. The

solid line was plotted by the results of the simulation of Eq.
�2�, which were fitted from the results of SS-SHG data. All
fitting parameters are listed in Table I.

The SS-SHG intensity of implanted Si without the RTA
process was less than that of the Si reference. It is reasonable
that the damage caused by implantation will weaken the C3V

symmetry of the Si surface. The enhancement of RSHG in-
tensity from implanted vicinal Si�111� is analyzed from the
a3 ratio of implanted Si�111� to Si reference substrate. From
the theoretical analysis previously discussed,11 the a3 ratio
could be described as

�a3
T�

�a3,Si�


�IT�1/2

�ISi�1/2 

� �ijk
�2�,PDT�z�exp�− ��2��,z�z�exp�− 2����,z�z�dz + �−1�2��,z�k�ef f

Q

�0
−1�2���k�ef f

Q , �3�

FIG. 5. SS-SHG results for the RTA tempera-
tures of 850 and 900 °C with the RTA times of
10, 20, 30, and 40 s. The solid line is plotted by
the fitting parameters listed in Table I.
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where the contribution of the surface dipoles from the steps
of the vicinal Si surface ��step

�2� � is excluded since the symme-
try of �step

�2� is C1V symmetry. In the statement of Eq. �3�, the
ratio is strongly dependent on the dopant distribution �DT�,
which is decided by the factor of RTA time at the situation of
fixed RTA temperature and exhibited in SIMS profiles. The
values of the a3 ratio decrease as RTA time increases since
the dopant density near the surface region reduces as the
dopant atoms diffuse in the Si substrate. Figure 6 indicates
that as RTA time increases, the a3 ratio at the RTA tempera-
ture of 850 °C has a sharper decrease than that at the tem-
perature of 900 °C. Surveying the SIMS results, the dopant
density near the surface has only a slight variation at the RTA
temperature of 850 °C. That is, the dopant density near the
surface does not decrease with the diffusion effect. From the
TEM images shown in Figs. 3�b� and 3�c�, the precipitation
of P atoms is more obvious at the RTA temperature of
850 °C. Nobili et al. found that when the solid solubility of
P atoms in silicon is exceeded, the precipitation will occur.23

Precipitation may contain many thousands of dopant atoms,
and the size distribution of precipitates is related to the initial
degree of supersaturation above solid solubility and thermal
treatment given to the sample. Under different thermal treat-
ments, more precipitation occurs at lower annealing tempera-
ture due to the lower solid solubility for high dopant dose
herein, and this effect will weaken the residual electrical di-
pole formed in the suitable crystal site. Therefore, the
sharper decrease of the a3 ratio at the RTA temperature of
850 °C arises from the poor C3V symmetry at the surface and
is beyond the behavior of the dopant diffusion. These analy-
ses are an illustration to explain the distinct changes of the a3
value at different annealing temperatures of 850 and 900 °C.
Thus the theoretical analysis in Eq. �3� is only suitable to
explain the diffusion behavior without precipitation.

The relation of the a1 ratio �a1 /a1,Si substrate� and the RTA
time is shown in Fig. 7. The value of the a1 ratio at the no
RTA condition is less than unity. The ion implantation pro-
cess leads to damage in the step structure of the vicinal

Si/SiO2 interface. Therefore, the net Si-O orientation normal
to the steps is weakened. At the RTA temperature of 900 °C,
the value of the a1 ratio remains nearly constant and is larger
than unity. The trend of the a1 ratio at the RTA temperature
of 850 °C grows from a value less than unity at the no RTA
condition to a value that is the same as that in the RTA
temperature of 900 °C. In the studies of Lüpke et al.,13 the
values of a1 at different annealing temperatures were nearly
equal to the value of the Si reference. Though the thickness
of the native oxide layer in the implanted Si surface was
more than that in the Si reference, the SHG field induced
from the Si-O bondings on the steps would not increase with
the oxide thickness since there was no more than one or two
Si-O bondings per Si atom at the steps.19 For the implanted
vicinal Si�111� case, except for the RSHG contribution of the
net Si-O orientation normal to the steps, there should be the
residual electrical dipoles contributed to the RSHG intensity
with mirror symmetry due to the morphological structure of
the vicinal surface. These results lead to the enhancement in
the value of a1 and they correspond to the reconstruction
condition of the vicinal surface. The growth of the a1 ratio is
interpreted to indicate that the activation energy at 850 °C is
not enough to activate P atoms and the reconstruction of the
implanted surface needs more annealing time at low activa-
tion energy. In the studies of Emmerichs et al.,12 the a1 com-
ponent was strongly related to the relative atomic popula-
tions on the terraces and steps, and the oscillator strength
would be influenced by the localization of the states. A
proper annealing process caused a lower defect density on
the step structure and more dangling bonds located on the
step. Accordingly, the reconstruction of steps does not com-
plete when there is not enough RTA time since the precipi-
tation of P atoms happens in the RTA temperature of 850 °C.

The mechanism of the phase difference 
1 was deter-
mined by different chemically specific resonance energies at
the step and terrace atom bonding sites.24,25 The structural
and chemical transition in the interfacial region from crystal-
line Si to amorphous SiO2 is influenced by the crystal face

FIG. 6. a3 ratio of implanted vicinal Si�111� to Si�111� substrate
at RTA temperatures of 850 and 900 °C with RTA times of
10–40 s.

FIG. 7. a1 ratio of implanted vicinal Si�111� to Si�111� substrate
at RTA temperatures of 850 and 900 °C with RTA times of
10–40 s.
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and thermal treatment of the oxide. The phase difference 
1
also has a large variation at the RTA temperature of 850 °C
and RTA time of 30 s. Since the recrystallization rate and the
solubility rate are lower at 850 °C, the reconstruction situa-
tion near the surface was completed until the RTA time of
30 s and was influenced by the precipitation of P atoms. The
results agreed with the results of Emmerichs et al.12 that the
phase change is caused by the shift of resonance energy,
which is dependent on the atomic structure on the steps.

The extended research in implanted Si using the RA-SHG
method deeply analyzes the behaviors of the dopant diffusion
by considering the precipitation of P atoms for a varied RTA
process. The step structure of the vicinal Si is destroyed by
ion implantation and its reconstruction is observed by the
parts in mirror symmetry in the SS-SHG results. The uses of
the vicinal Si surface and ion implantation give an improved
diagnosis for the surface restructuring using the RA-SHG
method. The step-induced onefold symmetry components of
the RA-SHG response will distinguish the SHG contribution
from the bulklike surface region layer. The variation in the
value of a1 reveals the reconstruction condition of the vicinal
surface and the effect of RTA on the implanted Si surface.

V. CONCLUSION

The analysis of the SS-SHG intensity in implanted vicinal
Si�111� presents many types of information, including the
behavior of the dopant diffusion, recrystallization, and sur-
face reconstruction. Although RSHG contributions from the

surface and bulk are inseparable, the phenomena of the im-
purities diffusing into the bulk from the surface region are
surveyed by a series of the RA-SHG experiments with vary-
ing RTA time and analyzed through the established theoreti-
cal method. The variation in the anisotropic contribution of
C3V symmetry reveals the behaviors of the dopant diffusion
and the precipitation through different RTA processes, and
these results illustrate the dependence on the RTA tempera-
ture and time. The step structure of the vicinal Si surface
presents a chance to observe the reconstruction of the im-
planted surface and the role of impurities in the RTA process.
The enhancement of the value of a1 for the implanted vicinal
Si�111� after the RTA process is originated from P atoms
participating in the reconstruction process on the disorder
surface and the residual electrical dipoles provide the contri-
bution of C1V symmetry according to the step structure in the
vicinal surface. The SS-SHG measurement has been shown
to be a sensitive and powerful tool for analyzing the surface
reconstruction of the implanted vicinal Si�111�.
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