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The optical properties of N+ ion-implanted Sis100d wafers have been studied using the spectroscopic
ellipsometry(SE). The N+ ions are implanted at 150 keV with fluences in the range between 1
31016 and 7.531016 cm−2 at room temperature. A Bruggeman effective-medium-approximation
and a linear-regression analysis require a four-phase model(substrate/first and second damaged
layers/ambient) to explain the experimental data of the as-implanted samples. These analyses
suggest that the buried fully amorphous layer can be formed at around,531016 cm−2 dose. The
rapid thermal annealing is performed at 750 °C in a dry N2 atmosphere on N+ ion-implanted
samples. The SE data reveal that the recrystallization starts to occur very quickly. The time constant
for the defect annealing in the deeper damaged layer is determined to be 36 s. The
dielectric-function spectra«sEd of microcrystalline silicon deduced here differ appreciably from that
of the single-crystalline silicon, especially in the vicinity of the critical points. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1777807]

I. INTRODUCTION

Nitrogen is an interesting impurity in silicon. It locks the
dislocations and leads to the hardening of the single-
crystalline silicon.1 The formation of the buried dielectric
layer by nitrogen ion implantation has been reported for the
realization of various silicon-on-insulator devices. Typically,
high-fluences s,1017 cm−2d and high-temperature
sù1000 °Cd annealing have been required for this
purpose.2,3 Furthermore, it has been reported that ann-type
conductivity can be associated with the lower nitrogen
s1014–1016 cm−2d implants following low-temperature an-
nealing at 700–900 °C, but that the doping efficiency at
,1% is too low to be of practical consequences.4

As a result of the accumulation of the radiation damage,
the amorphized layer can be built up by the ion implantation
on crystalline substance.5 The actual processes of such amor-
phization have been studied in detail by the cross-section
transmission electron microscopy, by the Rutherford back-
scattering, or by the other related surface-analytical
techniques.6–9 Most of these techniques require extensive
and time-consuming sample preparations that often destroy
the integrity of the microelectronic device fabrication. The
spectroscopic ellipsometry(SE) has, however, the advantage
that it is nondestructive and does not require any special
sample preparation. Therefore, it has been used recently by
many authors to characterize the amorphized silicon layers
produced by energetic ions, such as H+,10 He+,11 B+,12 C+,13

Si+,14–16 P+,12,17 Ar+,8,9,18 Ge+,19 As+,12,20,21and Xe+.18

The usual way of describing the optical properties of
such damaged layers is to assume that the layers consist of a
physical mixture of crystalline and amorphous components
in order to use an effective-medium approximation(EMA).22

Although a better understanding has been gained in the area
of the ion-implantation technology, nothing or not very much
is known about the damaged layers produced by the N+ ion
implantation into silicon substrates.

In this article, we study the optical properties of Sis100d
wafers implanted with N+ ions at 175 eV. In order to extract
the qualitative and the quantitative information on the ion-
implanted layers, we use the Bruggeman EMA22 assuming
that the partially amorphized layer is a mixture of fully amor-
phoussa-d and crystalline siliconsc-Sid. The results on the
rapid thermal annealing of N+ ion-implanted samples are
also presented. Here, the annealed layer is assumed to be
microcrystalline siliconsmc-Sid and its optical properties are
deduced from a simplified model of the interband transitions,
named, the model dielectric function(MDF; see Appendix).
The best values of the structural parameters are determined
from the liner regression analysis(LRA).23

II. EXPERIMENTAL METHOD

The N+ ion implantation was made on Sis100d wafers at
150 keV for several doses from 131016 to 7.531016 cm−2.
The wafers were tilted 7° away from the main crystal axis so
as to reduce the channeling effect. During the implantation,
the substrate holder was cooled at approximately room tem-
perature by flowing cold waters17 °Cd. To obtain a good
thermal contact, silicone rubber was inserted between the
substrate holder and the cold water. After the implantation,
the highest-doses7.531016 cm−2d wafer was cut into a num-
ber of smaller specimens and was subjected to the
isothermal-annealing experiments. Annealing was carried out
at 750 °C in a dry N2 atmosphere using a rapid thermal
annealer for the time period between 40 and 90 s. The rapid
thermal annealer used here was of the near-infrared lamp
type (MILA3000-P-N, ULVAC-RIKO).a)Electronic mail: adachi@el.gunma-u.ac.jp
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The automatic ellipsometer was of the polarizer-sample-
rotating-analyzer type(DVA-36VW-A, Mizojiri Optical). A
150 W xenon lamp was used as a light source. After cleaning
the sample surfaces using organic solvents, they were etched
in a 1.5% aqueous HF solution to remove the native oxide
layer. The SE measurements were then carried out in the
1.2–5.2 eV photon-energy range at room temperature. The
angle of the incidence and the polarizer azimuth were set at
70° and 30°, respectively.

III. ANALYTICAL MODEL

The Bruggeman EMA is used to analyze the optical
properties of N+ ion-implanted Sis100d wafers. It can be de-
fined by the following two expressions:22

o
i=1

n

f i
«i − «

«i + 2«
= 0, s1d

o
i=1

n

f i = 1, s2d

wheref i and«i are, respectively, the volume fraction and the
complex dielectric function of each of the componentsi
(c-Si or a-Si) and« is the complex dielectric function of the
ion-implanted damaged layer.

The measured SE data are analyzed on the basis of
Fresnel’s reflection coefficients using a multiphase model.
We show in Fig. 1 the three-phase and the four-phase models
considered in the present analysis. The Fresnel’s reflection
coefficient in thej th layer(j =0: substrate) can now be writ-
ten as

Rj =
r j+1 + Rj−1e

−i2d j

1 + r j+1Rj−1e
−i2d j

, s3d

with

R0 = r1, s4d

r j =
nj−1 − nj

nj−1 + nj
, s5d

d j =
2p

l
njdj cosf j , s6d

wherenj is the refractive index in thej th layer,l is the light
wavelength in the vacuum,dj is the thickness of thej th layer,
and f j is the incident angle at thej / s j −1dth interface. The
optical constants at each layer can be determined by measur-

ing the complex reflectivityR for both s- and p-polarized
light at fixed anglef.

The dielectric function of unknown layer or unknown
parameters such as layer thickness and volume fractions of
constituent phases can be determined by minimizing the fol-
lowing mean squares deviation using the LRA program23

s 2 =
1

N − P − 1o
j=1

N

fstan C j
exp− tanC j

calcd2

+ scosD j
exp− cosD j

calcd2g, s7d

whereN is the number of data points andP is the number of
unknown model parameters. TheC and theD are the ratio of
amplitudes and the difference in phase of reflectance fors-
and p-polarized light, respectively. A best-fit model is se-
lected, which yields a minimum value of unbiased estimator
s.

The «sEd spectra forc-Si, a-Si, andmc-Si are modeled
by means of the MDF calculation. Note that the MDF was
developed for the calculation of the optical constants of crys-
talline substrates.24 It has, however, been shown recently that
the optical response of amorphous semiconductors can also
be represented by the MDF well.25 This approach is justified
by the fact that the short-range order is important to under-
stand the optical properties of both crystalline and amor-
phous semiconductors. Because the critical points(CP’s) do
not have any validity in amorphous material, the band gaps
used in the MDF are not a result of the Bragg gaps at the
Brillouin-zone boundaries but are considered to arise from
the short-range order determined by the covalent bonding.
With this success, we can calculate the optical properties of
not only perfectly crystalline but also fully amorphous mate-
rial using the common basis, namely, the MDF.

IV. RESULTS AND DISCUSSION

A. As-implanted samples

Figure 2 shows the real and the imaginary parts of the
pseudodielectric function,«sEd=«1sEd+ i«2sEd, for N+ ion-
implanted Sis100d wafers with various ion fluences. For
comparison, the«sEd spectrum of unimplanted Sis100d wafer
sc-Sid is also shown by the solid circles. The oscillations
observed in the lower spectral regionsEø2 eVd originated
from multiple reflections in the N+ ion-implanted layer.

In Fig. 2, we can identify at least two CP’s in the mea-
sured«sEd spectrum ofc-Si. The vertical arrows indicate the
positions of these CP’s(E1 andE2). They arise from singu-
larities in the joint density of states.26,27A single-broad peak
observed in the«2sEd spectra for samples implanted with
ù4.531016 cm−2 is a typical behavior of amorphous tetra-
hedrally bonded semiconductors. The disappearance of CP
features ina-Si is due to the breakdown of lattice periodicity
(i.e., a lack of the long-range ordering).

The dielectric behavior of the N+ ion-implanted wafers
is substantially different from that of the unimplanted
sample. In order to present more qualitative and quantitative
information on these spectral differences, we performed the
Bruggeman EMA–LRA based on the multilayer structures
shown in Fig. 1.

FIG. 1. (a) Three-phase and(b) four-phase models used in the Bruggeman
EMA–LRA program.
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Figure 3 shows the Bruggeman EMA–LRA results for
the samples implanted with 131016 cm−2 and 7.5
31016 cm−2, together with that forc-Si. The results assum-
ing the four-phase model are shown by the solid lines. The
structural parameters obtained here are summarized in Table
I. The correspondings values are listed in the last column of
Table I. Thec-Si anda-Si «sEd spectra used as references in
the Bruggeman EMA analysis are the same as those shown

in Figs. 3(a) and 3(c) by the solid lines, respectively. They
are obtained from the sum of Eqs.(A1), (A3), (A4), and(A6)
in the Appendix. The CP parameters used forc-Si anda-Si
are listed in Table II. The dashed lines in Fig. 3(b) indicate
the calculated results assuming the three-phase model. It is
understood from Fig. 3(b) that the optical properties of the
crystalline/amorphous intermediate states can be interpreted
by the four-phase model very well.

As expected, the modeled interference pattern is depen-
dent on the damaged layer thicknessds=d1+d2d. We obtained
good agreement with the experimental data withd
,4400 Å. The transport of ions in matter(TRIM) calcula-
tion predicts the damaged layer thickness of,4500 Å. Our
obtainedd value is in good agreement with this TRIM cal-
culation.

Figure 4 plots the amorphous fractionfa1 in Layer 1,
obtained from the four-phase model, as a function of ion
fluencefN+g. From this plot, we obtain the relationship be-
tween fa1 and fN+g (in cm−2) written as

fa = S fN+g
A

Da

, s8d

whereA=4.731016 cm−2 is an amorphization threshold flu-
ence (i.e., minimum fluence required to form fully amor-
phous layer) and the exponenta=2.77 is an amorphization
rate factor. The straight line in Fig. 4 shows the calculated
result of Eq.(8). It is noted that the crystalline target can be
more efficiently amorphized by heavy ions than by light
ions. It is, thus, expected that the threshold fluenceA may be
larger for lighter ions than for heavier ones. In fact, our ob-
tainedA value for N+ ions s4.731016 cm−2d is considerably
larger than that for Si+ ions (1.431015 cm−2) (Ref. 16).

B. Rapid thermal annealing

Figure 5 shows the SE«sEd spectra for N+ ion-implanted
Sis100d annealed at 750 °C for six different times,t
=40,50,60,70,80, and 90 s. For comparison, the«sEd spec-
tra for c-Si and as-implanted samplest=0 s;a-Sid are shown
by the heavy and the light solid lines, respectively. As seen in

FIG. 2. Dielectric-function spectra,«sEd=«1sEd+ i«2sEd, for N+ ion-
implanted Sis100d at 150 keV with doses from 131016 to 7.531016 cm−2,
together with that forc-Si. The vertical arrows indicate the positions of
several CP’s(E1 andE2).

FIG. 3. Bruggeman EMA–LRA results for N+ ion-implanted Sis1000d at
150 keV with 131016 cm−2 and 7.531016 cm−2, together with that for
c-Si. The SE data are indicated by the open circles, whereas the simulated
results using the four-phase model are shown by the solid lines. The results
of the three-phase model are also shown in(b) by the dashed lines.

TABLE I. Brugemman EMA–LRA parameters obtained from the four-phase
model in Fig. 1 for N+ ion-implanted Sis100d with various ion fluences.

Fluencesscm−2d Parameter Layer 1 Layer 2 s

Unimpla. sc-Sid dsÅd 4400 — 0.005 3
fcs%d 100 —
fas%d 0 —

131016 dsÅd 4340 60 0.023 8
fcs%d 99 21
fas%d 1 79

231016 dsÅd 4291 109 0.020 8
fcs%d 91 9
fas%d 9 91

4.531016 dsÅd 4190 210 0.008 4
fcs%d 12 1
fas%d 88 99

7.531016 (a-Si) dsÅd 4400 — 0.008 8
fcs%d 0 —
fas%d 100 —
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Fig. 5, the «sEd spectra for the annealed samples clearly
differ from that of the as-implanted, fully amorphous sample
st=0 sd.

We show in Fig. 6 the SE«sEd spectra for N+ ion-
implanted and annealed samples at 750 °C fort=40,60, and
80 s. The solid lines are obtained by solving the four-phase
model(substrate/damaged layers 1 and 2/ambient) as shown
at the top of Fig. 6. Here, the annealed samples are assumed
to have discrete homogeneousmc-Si layers with different
degree of microcrystallinity. It is expected that the longer the
annealing time, the larger the microcrystallinity size in the
damaged layer. The«sEd spectra formc-Si are deduced by
solving the Fresnel’s formula. The corresponding MDF pa-
rameters are given in Table II. The damaged layer thick-
nessesd1 andd2 and the LRA parameters obtained here are
also listed in Table II.

The mc-Si «sEd spectra deduced here differ appreciably
from that ofc-Si, especially in the vicinity of the CP’s(see
Fig. 11 in the Appendix). As an example, we show in Fig.
6(c) by the dashed lines the simulated results assuming
c-Si instead ofmc-Si. It is understood that the assumption of
c-Si provides no good agreement with the experimental data,
especially in the vicinity of the E1 s,3.4 eVd and
E2 s,5.2 eVd structures.

A large number of studies have been performed to un-
derstand an amorphization mechanism due to ion implanta-
tion into semiconductors.28 Two competing models are pro-
posed for this purpose:(i) heterogeneous and(ii )
homogeneous amorphization models. In the heterogeneous
model, amorphization is assumed to occur initially in the
cylindrical region around each ion path.29 The continuous
amorphous layer is formed due to sufficient overlap of the

TABLE II. MDF parameters used in the calculation of«sEd for mc-Si produced by isothermal annealing at
750 °C for t=40–90 s. The values without and within the parentheses correspond to those in Layers 1 and 2
(Fig. 1), respectively. The second and the third columns correspond to those for a perfectly crystallinesc-Sid and
a fully amorphousst=0 sd material, respectively. The damaged layer thicknessd and the LRA parameters are
also shown in the last two rows.

Annealing time

Parameter c-Si a-Si 40 s 50 s 60 s 70 s 80 s 90 s

E1 (eV) 3.37 2.95 3.08 3.10 3.16 3.25 3.27 3.29
(3.16) (3.16) (3.20) (3.29) (3.31) (3.33)

B1 5.10 5.35 5.27 5.26 5.22 5.17 5.16 5.15
(5.22) (5.22) (5.20) (5.15) (5.14) (5.12)

B1x (eV2) 11.8 1.76 4.80 5.30 6.80 8.80 9.30 9.80
(6.80) (6.80) (7.80) (9.80) (10.3) (10.8)

G (eV) 0.113 0.420 0.328 0.313 0.266 0.205 0.189 0.174
(0.266) (0.266) (0.235) (0.174) (0.158) (0.144)

E2 (eV) 4.27 4.00 4.08 4.10 4.14 4.19 4.20 4.22
(4.14) (4.14) (4.16) (4.22) (4.23) (4.24)

C 2.60 3.2 3.02 2.99 2.9 2.78 2.75 2.72
(2.9) (2.9) (2.84) (2.72) (2.69) (2.66)

G 0.114 0.550 0.420 0.398 0.332 0.244 0.223 0.201
(0.332) (0.332) (0.288) (0.201) (0.179) (0.157)

F 4.34 4.27 4.29 4.29 4.31 4.32 4.32 4.33
(4.31) (4.31) (4.31) (4.33) (4.33) (4.33)

G (eV) 0.108 0.560 0.423 0.40 0.333 0.243 0.221 0.196
(0.333) (0.333) (0.288) (0.196) (0.176) (0.153)

E08 (eV) 3.35 2.60 2.83 2.87 2.98 3.13 3.16 3.20
(2.98) (2.98) (3.05) (3.20) (3.23) (3.28)

C 0.30 2.50 1.84 1.73 1.39 0.95 0.84 0.73
(1.39) (1.39) (1.17) (0.73) (0.62) (0.52)

g 0.15 0.43 0.35 0.33 0.29 0.23 0.22 0.21
(0.29) (0.29) (0.26) (0.21) (0.19) (0.18)

E18 (eV) 5.32 4.90 5.03 5.05 5.11 5.19 5.22 5.24
(5.11) (5.11) (5.15) (5.24) (5.26) (5.28)

C 0.20 0.30 0.27 0.27 0.25 0.23 0.23 0.22
(0.25) (0.25) (0.24) (0.22) (0.22) (0.21)

g 0.09 0.30 0.24 0.23 0.19 0.15 0.14 0.13
(0.19) (0.19) (0.17) (0.13) (0.12) (0.11)

«1` 0.0 0.2 0.2 0.2 0.2 0.2 0.2 0.2
(0.2) (0.2) (0.2) (0.2) (0.2) (0.2)

dsÅd — — 4386 4372 4370 4370 4359 4352
(14) (28) (30) (30) (41) (48)

s — — 0.0086 0.0084 0.0080 0.0090 0.0098 0.0128
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amorphized cylindrical regions. In the homogeneous model,
on the other hand, amorphization is supposed to be a phase
transition induced by the accumulation of damage, above a
certain threshold, resulting from the passage of energetic
ions.30,31

As demonstrated in Fig. 3, not only the crystalline but
also the amorphous«sEd spectra can be modeled by the com-
mon MDF expressions over the entire range of photon ener-
gies. The MDF requires three fitting parameters, the CP en-
ergy, the strength parameter, and the lifetime broadening, at
each CP. The key finding to achieve good agreement between
the calculated and the experimental spectra fora-Si is the use
of the different CP parameters from the crystalline ones. By
monitoring the CP parameters, thus, we can conclude
whether an ion-implanted material is still in the crystalline
state or not32 or, similarly, whether an ion-implanted and
subsequently annealed sample is still in the amorphous state

or not.33 If a turning point in the CP parameter vs ion fluence
or annealing time plot is observed, it may indicate the onset
of crystalline/amorphous phase transition.

Figure 7 plots the CP energies,E1, E2, E08, andE18, as a
function of annealing timet for N+ ion-implanted Sis100d
samples. We can see in Fig. 7 a gradual increase inEg’s and
their turning point att,70 s.

The difference in the electronic properties betweenc-Si
anda-Si has been discussed in detail by Thorpe and Weaire34

and by Joannopoulos and Cohen.35,36 It has been shown that
the lower-energy shifts in the density-of-states peaks ob-
served in amorphous materials are related to the variations in
the tetrahedral bond angles, which are known to exist even in

FIG. 4. Amorphous fractionfa1 (Layer 1), obtained from the four-phase
model, as a function of ion fluencefN+g. The solid line represents the cal-
culated result of Eq.(8).

FIG. 5. Dielectric-function spectra,«sEd=«1sEd+ i«2sEd, for N+ ion-
implanted Sis100d at 150 keV with a dose of 7.531016 cm−2. The samples
were annealed at 750 °C for six different times,t=40,50,60,70,80, and
90 s. For comparison, the«sEd spectra for unimplantedsc-Sid and as-
implanted samplesst=0 sd are shown by the heavy and the light solid lines,
respectively.

FIG. 6. «sEd spectra for N+ ion-implanteds7.531016 cm−2d and annealed
samples at 750 °C fort=40,60, and 80 s. The open circles show the ex-
perimental data. The solid lines represent the calculated results using the
four-phasessubstrate/mc-Si/mc-Si/ambientd model as depicted before this
figure. The MDF parameters formc-Si obtained in this analysis are summa-
rized in Table II. The damaged layer thicknessesd1 and d2 and unbiased
estimators are also listed in the last two rows in Table II.

FIG. 7. Plots of theE1,E2,E08, andE18 CP energies as a function of annealing
time t at 750°C for N+ ion-implanted Sis100d sampless7.531016 cm−2d.
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the amorphous phase. Such shifts in the density-of-states
peaks may also be the cause for the lower shifts in the inter-
band transition energies in amorphous substances.25

Figure 8 shows the strength parameters for some impor-
tant interband transitions;B1 [E1, two-dimensional(2D) M0

CP]; B1x [E1, 2D exciton]; C [E2, damped harmonic oscilla-
tor (DHO)]; andF [E2, 2D-M2 CP], vs annealing timet for
N+ ion-implanted Sis100d samples. As in Fig. 7(Eg’s), the
strength parameters suggest the presence of their turning
point at t,70 s. It is also seen that the strength parameters
B1 andC decrease, whileB1x andF increase, with increasing
t. At present, unfortunately, we cannot give a complete inter-
pretation for this dependence.

The broadening parameters for some important interband
transitions;G (E1,2D-M0 CP and 2D exciton); g (E2, DHO);
andG (E2,2D-M2 CP), are plotted in Fig. 9 as a function of
annealing timet. These parameters change dramatically att

below and above,70 s. It is also interesting to point out that
amorphous materials preserve the short-range order, in the
present case the tetrahedral coordination, but do not preserve
the long-range order. It is, therefore, natural to consider that
the larger broadenings required in the shorter-time annealed
sample is mainly due to the effects of the long-range disorder
and the short-range defects(i.e., a change in the tetrahedral
bond lengths and/or angles). A decrease inG andg in Fig. 9
for tù70 s is, thus, thought to be due to restoration of such
structural defects.

Regarding that the perfect crystalline and the fully amor-
phous states are extremes in the parameter describing the
percentage of amorphousness,ha, with 0% and 100%, re-
spectively, let us defineha for mc-Si by

has%d =
E1sc-Sid − E1smc-Sid
E1sc-Sid − E1sa-Sid

3 100, s9d

where E1 is the E1 CP energy for c-Si s3.37 eVd,
a-Si s2.95 eVd, or mc-Si.

Figure 10 plots the percentage of amorphousnessha1 in
Layer 1 as a function of annealing timet for samples an-
nealed at 750 °C. From these plots, we obtain thatha1 de-
creases with increasing annealing timet as

ha1 = 2.34 expS−
t

t0
D , s10d

wheret0 is the time constant for defect annealing. The solid
line in Fig. 10 represents the calculated result of Eq.(10).

The time constantt0 for N+ ion-implanted Sis100d an-
nealed at 750 °C is determined to be 36 s. We can, however,
give no detailed discussion on the validity of this value. This
is because there have been reported no similar data in the
literature. We note, however, that the time constant is one of
the most essential parameters in various rapid thermal pro-
cessing, such as rapid thermal annealing, crystallization, oxi-
dation, nitridation, and deposition.

V. CONCLUSIONS

The SE was used to characterize N+ ion-implanted and
rapid thermally annealed Sis100d wafers. The N+ ion implan-

FIG. 8. Plots of the strength parameters for some prominent interband tran-
sitions; B1 (E1,2D-M0 CP); B1x (E1, 2D exciton); C (E2, DHO); and
F (E2,2D-M2 CP); as a function of annealing timet at 750 °C for N+

ion-implanted Sis100d sampless7.531016 cm−2d.

FIG. 9. Plots of the broadening parameters for some of the important inter-
band transitions;G (E1,2D-M0 CP and 2D exciton); g (E2, DHO); and
G (E2,2D-M2 CP); as a function of annealing timet at 750 °C for N+

ion-implanted Sis100d sampless7.531016 cm−2d.

FIG. 10. Plots of the percentage of amorphousnessha1 (Layer 1), defined by
Eq. (9), as a function of annealing timet at 750 °C. The solid line represents
the calculated result of Eq.(10).
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tation was performed at 150 keV with fluences from 1
31016 to 7.531015 cm−2 at room temperature. The as-
implanted Sis100d surfaces were subdivided into two layers,
each consisting of volume fractions of crystalline and amor-
phous silicon. The resulting four-phase model gave an excel-
lent agreement with the experimental data. The rapid thermal
annealing was carried out at 750 °C between 40 and 90 s in
a dry N2 atmosphere. The«sEd spectra taken after annealing
were reasonably interpreted by the MDF with properly
changing the CP parameters. The fit-determined CP param-
eters showed a distinct transition from the amorphous to
crystalline state fort,70 s. The time constant for defect
annealing was also determined to bet0=36 s. The SE has
thus been proven to be an easy, fast, and nondestructive tech-
nique that can be used to assess important ion-implantation
process parameters.
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APPENDIX: MODEL DIELECTRIC FUNCTION
In the following, we briefly summarize the MDF

for the CP’s of each energy gap(E1,E2,E08, andE18) in tetra-
hedrally bonded semiconductors.24,25 Combining all these
contributions, the spectral dependence of«sEd can be ob-
tained for both crystalline and amorphous semiconductors.

The E1 CP may be of the 2DM0 type and occur in
silicon at energies around,3.4 eV. The contribution to«sEd
of this type of CP is given by

«sEd = − B1x1
−2lns1 − x 1

2d, sA1d

with

x1 =
E + iG

E1
, sA2d

whereB1 andG are, respectively, the strength and the broad-
ening parameters of theE1 transitions.

The contribution of the 2D-M0 excitonic transitions to
«sEd is written, with a Lorentzian line shape, as

«sEd = o
n=1

`
B1x

s2n − 1d3

3F 1

sE1 − f4G/s2n − 1d2gd2 − E2 − i2EG
G , sA3d

whereB1x is the exciton strength parameter andG is the 2D
exciton Rydberg energy. We have made the assumptionG
=0 eV, since the detailed value is not yet well known for
silicon.

The E2 transitions in silicon occur at,4.3 eV. The na-
ture of these transitions is more complicated, because it does
not correspond to a single, well-defined CP. Here we charac-
terize these transitions by a mixture of DHO and 2D maxi-
mum (2D-M2 CP). The DHO can now be written as

«sEd =
C

s1 − x 2
2d − ix2g

, sA4d

with

x2 =
E

E2
, sA5d

whereC andg are, respectively, the nondimensional strength
and the broadening parameters of the DHO.

The contribution of the 2D-M2 CP to«sEd can be written
as

«sEd = − Fx2m
−2ln

1 − x cl
2

1 − x 2m
2 , sA6d

with

x2m =
E + iG

E2
, sA7d

xcl =
E + iG

Ecl
. sA8d

In Eqs.(A6)–(A8), F andG are the strength and the broad-
ening parameters of the 2D-M2sE2d transitions, respectively,
andEcl is a low-energy cutoff assumed to occur atE1.

The E08 transitionss,3.35 eVd in silicon are believed to
occur atG or in the D direction near theG point. TheE18
transitionss,5.3 eVd are also expected to occur at or near
theL point. These CP’s are not so strong, and hence, they are
simply characterized by the DHO.

TheE0/ sE0+D0d structures in silicon appear in the spec-
trum between the dominantE1 andE2 structures. As a result,
its exceedingly weak nature would be completely overshad-
owed by them. Because of this, we shall not take into ac-
count the contribution of these transitions in the«sEd spectra.

The «sEd spectra forc-Si, mc-Si, anda-Si can be calcu-
lated from the sum of Eqs.(A1), (A3), (A4), and (A6)
f«1sEd=Re«sEd ;«2sEd=Im «sEdg. It should be noted, how-
ever, that the experimental«1 values are usually somewhat
larger than those obtained from the MDF calculation. To im-

FIG. 11. Imaginary part of the dielectric function«2sEd for mc-Si deduced
from the four-phase model, together with those for perfectly crystalline
sc-Sid and as-implanted, fully amorphous siliconsa-Sid. The mc-Si «2sEd
spectra correspond to those annealed at 750 °C fort=40,60, and 80 s
(Layer 1).
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prove the fit, therefore, we included in the calculation an
additional term,«1`, in «1. This constant term may arise from
other higher-lying interband transitions.

We compare in Fig. 11 the«2sEd spectra formc-Si with
those for unimplanted, perfectly crystallinesc-Sid and as-
implanted, fully amorphous siliconsa-Sid. The mc-Si «2sEd
spectra were taken after annealing at 750°C fort=40,60,
and 80 s(Layer 1). The corresponding CP parameters are
summarized in Table II. It is found that themc-Si «sEd spec-
tra are strongly dependent on annealing timet. In particular,
the longer the annealing time, the strongerE2 is. It is also
noted that themc-Si spectra in Fig. 11 resemble those re-
ported in the literature.37–39
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