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Raman study of phase transitions in ion-implanted and Q-switched
neodymium-doped yttrium aluminum garnet laser annealed silicon
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Dynamic behavior of the abrupt crystalline-to-amorphous (c-a) transition in the ion-implantation
process and the amorphous-to-crystalline (a-c) transition in Q-switched neodymiun-doped yttrium
aluminum garnet laser annealing are studied by use of light scattering. Excess internal energy and
excess configurational entropy required for the abrupt c-a transition are invoked to calculate the
threshold fluence of implanted species. It is observed that the threshold power density of pulse-laser
annealing for recrystallization depends strongly upon the coupling of light to a given thickness of

implanted silicon.

INTRODUCTION

Ion-implantation in semiconductors,!™> which provides
an understanding of physical phenomena involved in the
formation of the amorphous state, has opened new possi-
bilities of doping. High-energy impurity ions produce ra-
diation damage which results in both compositional and
topological disorder.>* Ton implantation above certain
doses induces the implanted material to become amor-
phous. The crystalline-amorphous (c-a) transition in sil-
icon prepared by various techniques such as glow
discharge and sputtering®~'° has been reported. Raman
scattering is used here to understand the underlying physi-
cal phenomena involved in the abrupt c-a transition after
ion implantation. It is of basic interest to determine the
extent to which crystalline or microcrystalline state is no
longer thermodynamically stable with respect to the
amorphous phase. Light scattering of disordered solids
which has been discussed at length,3'5’6 reveals two bands
at 160 and 480 cm™! corresponding to the density of
states in the acoustic and optical branches of silicon. The
coherence length, which basically reflects spatial correla-
tions of atomic displacements of normal modes, varies
from very large distances in an ideal crystal much greater
than the wavelength of light to a few angstroms in a high-
ly disordered solid.!!

Pulse-laser annealing (PLA) of ion-implanted sil-
icon®>*1213 has been successfully used to repair radiation
damage. Many authors have invoked the epitaxial recry-
stallization of implanted silicon on crystalline substrate
during PLA. A number of questions regarding threshold
power density of PLA are yet to be resolved. The dynam-
ic behavior of laser annealing using various power densi-
ties to induce amorphous-to-crystalline (a-c) transitions
which have been studied using techniques such as ion
backscattering, electron diffraction, and electrical mea-
surements,”!>13 is studied systematically here by Raman
spectroscopy. The threshold power density required for
recrystallization of ion-implanted silicon is investigated
here as a function of dose of implanted impurity and
wavelength of light used in PLA.

Light scattering is one of the most powerful methods to
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study a-c and c-a transitions.>* This is done by investi-
gating a broad band at 470 cm ™! characteristic of the
disordered state and a narrow peak at 520.5 cm ™! of crys-
talline structure corresponding to zone-center phonons
(ZCP). Furthermore, Raman spectrum of crystalline Si
(c-Si) reveals broad bands of two-phonon combination
modes* around 300, 620, and 950 cm ™! corresponding to
zone-edge phonons (ZEP). Zone-center phonons reflect
their sensitivity to disorder in crystalline silicon by an
asymmetry of the one-phonon mode as well as anharmon-
ic effects.!4~16

In this paper, we present a systematic study of the c-a
transition in the ion-implantation process and the a-c
transition in the PLA using Raman spectroscopy. On the
basis of thermodynamic arguments, the threshold fluences
of various implanted species are calculated for abrupt the
c-a transition in the ion-implantation process.

EXPERIMENTAL PROCEDURES AND RESULTS

Raman scattering experiments of ion implanted and
PLA silicon were performed in the backscattering
geometry at room temperature using various lines of an
argon-ion laser, a Ramanor double monochromator and
photon-counting electronics. Silicon (100) samples were
ion implanted with 100 keV As™, 50 keV B*, and 50 keV
P* to doses ranging from 10> to 10'° ions/cm?’.
Phosphorous-implanted samples were irradiated with a
Q-switched neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser (A=1.06 pum) having a pulse duration of
130 nsec and a repetition rate of 1 kHz. The beam spot
had a 1/e diameter of 100 um. The sample was vacuum
held on a microprocessor-controlled X Y positioning table
which was moved at the speed of 2 mm/sec in steps of 10
um. Power densities (¢) used for PLA were 28—65
MW/cm?. The sample was stepped to produce a continu-
ously overlapped region of 5x3 mm?. Laser irradiation
was also performed with a frequency-doubled Nd:YAG
laser (A=0.53 um) having a pulse duration of 130 nsec
and a repetition rate of 1 kHz.

Figure 1 shows Raman spectra of silicon implanted
with 50 keV P* to a fluence (f) ranging from 10'? to 10"
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FIG. 1. Room-temperature backscattering Raman spectra

with 514.5-nm laser line. (a) Spectrum of pure silicon; (b), (c),
(d), (e), and (f) spectra of silicon samples implanted with P* to
the fluences of 10'?, 10™, 310", 5x 10", and 10" jons/cm?,
respectively. The spectra are arbitrarily cut off at the top of the
one-phonon line to focus the attention on second-order spectra.

ions/cm?. Below the fluence of 3 X 10'* ions/cm?, Raman

spectra of implanted silicon with diminished oscillator
strength of two phonon modes are quite similar to the
reference spectrum of unimplanted silicon as depicted in
Figs. 1(a), 1(b), and 1(c). An abrupt transition from crys-
talline state to amorphous state is observed in Figs. 1(d),
1(e), and 1(P as the fluence is increased beyond 3 10'*
ions/cm?. Raman spectra of Figs. 1(e) and 1(f) show the
formation of amorphous silicon.? In addition to the usual
broad peak ( ~470 cm™!) of amorphous silicon, there is a
crystalline peak at 518 and 1000cm~! as shown in Fig.
1(d).> One can note in Figs. 1(d)—1(f) that there is a rela-
tively quick disappearance of the two-phonon scattering
(900—1000 cm™!) for a small increase of fluence above
3% 10" ions/cm?, indicating that the short-wavelength
phonons (zone-edge phonons) abruptly disappear. Howev-
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FIG. 2. Room-temperature backscattering Raman spectra
with 514.5-nm laser line. (a) Spectrum of a silicon sample im-
planted with B* to a fluence of 10'S ions/cm?; (b) spectrum of
silicon implanted with As* to a fluence of 10'* ions/cm?.
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er, the long-wavelength phonon (~518 cm™!) does not
disappear abruptly. Softening of long-wavelength phonon
from 520 cm™! (i.e., crystalline silicon) to 518 cm ™! indi-
cate§ the presence of microcrystals in the amorphous ma-
trix.

Figure 2(b) shows the Raman spectrum of silicon im-
planted with 100 keV As™ to a fluence of 10 ions/cm?.
It should be noted that Raman spectrum of amorphous
silicon which appears at f =3 10'* ions/cm? for P* im-
plantation as shown in Fig. 1(d), appears at f=10"
ions/cm? for As* implantation in Fig. 2(b). In contrast
to the implantation with As* and P, Fig. 2(a) shows the
Raman spectrum of crystalline silicon at f=10"
ions/cm? using 50 keV B as implanted species. These
observations are consistent with the fact that the fluence
at which an abrupt transition from crystalline-silicon
phase to amorphous-silicon phase takes place decreases
with the increase of mass of implanted species.

Figure 3 shows the a-c transition in the Raman spectra
of silicon implanted with 50 keV P* to a fluence of
3% 10" ions/cm? and then annealed with various power
densities (¢) of Q-switched Nd:YAG laser (A=0.53 um).
One can see that two-phonon combination (TPC) modes
have recovered completely after PLA with A=0.53 um
and with a power density of 50 MW/cm? in comparison
with 55 MW/cm? as shown in Figs. 3(b) and 3(c). The
corresponding spectra of PLA with A=1.06 um are
shown in Fig. 4 indicating that the threshold power densi-
ty for complete recovery of TPC modes lies between 55
and 65 MW/cm?. It should be noted that TPC modes do
not recover completely at power density of 55 MW /cm?
in PLA with A=1.06 um in contrast to PLA with
A=0.53 pm as shown in Figs. 4(b) and 3(c). That means
that threshold power density of PLA with A=1.06 um
for recovery of crystallinity is greater than that of PLA
with A=0.53 um.

Pulse-laser annealing with A=0.53 um and A=1.06
um using various power densities of silicon implanted
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FIG. 3. Room-temperature backscattering Raman spectra

with 514.5-nm laser line. (a) Spectrum of a silicon sample im-
planted with P* to a fluence of 310" ions/cm?. PLA with
A=0.53 pum is done on same implanted sample using power
densities of 50 and 55 MW/cm? in (b) and (c), respectively.
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FIG. 4. Room-temperature backscattering Raman spectra
with 514.5-nm laser line. (a) Spectrum of a silicon sample im-
planted with P* to a fluence of 3x 10' ions/cm®. PLA with
A=1.06 um is done on same implanted sample using power
densities of 55 and 65 MW/cm? in (b) and (c), respectively.

with 50 keV P+ to a fluence of 10'° ions/cm? are shown
in Figs. 5 and 6, respectively. One can note again that
TPC modes do not recover completely at a power density
of 45 MW/cm? in PLA with A=1.06 um in contrast to
PLA with A=0.53 um as shown in Figs. 6(b) and 5(d). In
addition to higher power density required for PLA with
A=1.06 pum, it should be noted that the threshold power
density for recrystallization of silicon implanted with P+
at f=3x 10" ions/cm? is greater than that of silicon im-
planted with P* at £ =10 ions/cm? for both PLA cases,
A=0.53 and 1.06 um.

Wavelength dependence of the asymmetry of 520 cm™
line, which exhibits a tail on the low-energy side, is ob-
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FIG. 5. Room-temperature backscattering Raman spectra
with 514.5-nm laser line. (a) Spectrum of silicon implanted with
P+ to a fluence of 10" ions/cm? PLA with A=0.53 um is
done on same implanted sample using power densities of 21, 35,
and 45 MW/cm? in (b), (c), and (d), respectively.
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FIG. 6. Room-temperature backscattering Raman spectra
with 514.5-nm laser line. (a) Spectrum of silicon sample im-
planted with P* to a fluence of 10'* ions/cm® PLA with
A=1.06 um is done on same implanted sample using power
densities of 45 and 55 MW/cm? in (b) and (c), respectively.

served in Figs. 5(d) and 6(c) only when recovery of crys-
tallinity is achieved. Denoting the half-width on low-
energy and high-energy sides of the half maximum by I',
and T, respectively, the ratio T', /T, changes from 1 to
1.26 for both Figs. 5(d) and 6(c) as probing laser wave-
length is changed from 457 to 514 nm. Figures 3(c) and
4(c) do not show the asymmetry of the one-phonon mode.
Asymmetry of the one-phonon mode which is due to the
presence of disorder in partially annealed Si as shown in
Figs. 3(b), 4(b), 5(b), 5(c), and 6(b), does not show wave-
length dependence. It should be noted that one-phonon
mode which has been truncated arbitrarily to focus the at-
tention on two-phonon combination modes does not ap-
pear completely from Fig. 1 to Fig. 6.

DISCUSSION

Abrupt phase transitions from microcrystalline state to
amorphous state has been reported® 1° when the grain size
of microcrystal is decreased below 30 A. Interaction be-
tween grains seems to stabilize the diamond structure even
for small grains (~30A for silicon). Electron-
paramagnetic-resonance experiments'® have invoked the
formation of point defects which form isolated amor-
phous regions with the increase of fluence in the ion-
implantation process. Above the threshold fluence, isolat-
ed amorphous layers overlap to produce a continuous
amorphous layer. Since Raman scattering is insensitive to
point defects, a Raman spectrum of crystalline Si is ob-
served below the threshold fluence. Abrupt phase transi-
tions from c¢-Si to a-Si is observed at the threshold fluence
when a continuous layer of amorphous phase is formed.

Discontinuity of the coherence length on going from c-
Si to a-Si in Raman spectra requires an excess internal en-
ergy and configurational entropy.”!® Free energy of
amorphous silicon can be written as

F(a-Si)=Ey+8E(a)—T[So+8S(a)], (1

where E, and S, are molar internal energy and entropy of



35 RAMAN STUDY OF PHASE TRANSITIONS IN ION-IMPLANTED . . . 9243

crystalline Si, respectively, and 8E (a) and 6S(a) stand for
the excess configurational internal energy and entropy,
respectively. The contribution to free energy due to
chemical bonds between species and silicon is neglected
because the species after implantation go to interstitial
sites which prevent the formation of the bond.

The threshold fluence for an abrupt phase transition
can be calculated with thermodynamic arguments using
the contribution of kinetic energy of implanted species in
nuclear collisions. This contribution increases the free en-
ergy of silicon leading to an instability of the diamond
structure with respect to amorphous phase. The free ener-
gy is so high that the amorphous phase is permitted ther-
modynamically.>!® Therefore the excess free energy of
silicon after ion implantation is directly proportional to
the nuclear energy deposited per mole which can be writ-
ten as

dE

F(imp) =KV E

I ()

nucl

where K is a constant of proportionality, Ve
(~12 cm?®) the molar volume of solid silicon’, f the flu-
ence of species in ions per square centimeter, and
(dE /dx )., the nuclear energy loss in calories per centi-
meter.

Increasing the free energy with fluence during implan-
tation, the diamond lattice becomes unstable locally
(within the microcrystal)®® with respect to the amorphous
phase when the thermodynamic criteria is satisfied using
Egs. (1) and (2)

dE | ¢ §E(a)—T5S(a) . 3)
dx

nucl

K Vmole [

Since (dE /dx),, is fairly constant for a given energy of
implanted species,® the threshold fluence is only respon-
sible for an abrupt phase transition according to Eq. (3).
Variation of (dE /dx),, with energy (E) for a given im-
planted species®>? is observed to be very small. This is
the reason that abrupt phase transition is relatively insen-
sitive to E in comparison with f.!® The (dE /dx),, is
found to increase with the mass of implanted species for
its given energy.>?° Therefore the threshold fluence re-
quired for an abrupt phase transition decreases with in-
crease of mass of species used in ion implantation process.
E(a) and S(a) (Ref. 9) are 0.1—0.6 kcalmol ~! and 0.4
cal K~ 'mol~!, respectively, while the threshold fluence
(f,) and (dE/dx)ya for P implantation are 5x 10
ions/cm? in Fig. 1 and 4.7 10° keV/cm (~1.8x 10710
cal/cm),? respectively. Using these values in Eq. (3), K is
found to be 4.43x10~* which is used to calculate the
threshold fluence (f;) of other implanted species given in
Table I. This shows excellent agreement between calculat-
ed and experimental values of threshold fluence for As™
and Sb™ but not for BT, for which the Lindhard, Scharff,
and Schiott (LSS) theory?' fails to determine the exact
value of stopping power (S) for light-mass ions.?
Pulse-laser annealing,>*'>!>23 which is used to induce
the phase change, has been studied at length in recent
years. Thermal model of laser annealing'? based on the
rapid transfer of energy from electronic to atomic system

TABLE I. Calculated and experimental threshold fluence of
various implanted species in silicon.

(dE /dx)

(cal/cm) fi(calc) filexpt)
Species from Ref. 17 (ions/cm?) (ions/cm?)
B 18.43x 1012 4.89x 10" 8 10'® (Ref. 15)
P 1.8x10°1° 5% 10
As 4.63x 10710 1.95x 10™ 10
Sb 7.88x107"° 1.1x10™ 10" (Ref. 15)

has invoked quick melting at the surface. The transition
to a single crystal which is free from extended defects
occurs by liquid-phase epitaxy on the crystalline sub-
strate!>?> when the melted layer exceeds the thickness of
implanted silicon; otherwise there is formation of poly-
crystalline material on the amorphous layer of implanted
Si. One can see the same behavior in Figs. 3, 4, 5, and 6,
indicating that there is a threshold power density (¢) of
PLA to obtain a single crystal. Below the threshold
power density, TPC modes in Raman spectra do not re-
cover completely. It has been reported that the threshold
power density is directly proportional to X, the thickness
of amorphous layer?* (i.e., proportional to energy of im-
plant) and decreases exponentially with absorption coeffi-
cient (a).?> Hence, threshold power density is

¢, < Xyexp(—a/A), (4)

where A4 is a constant to be determined from absorption
coefficient (a) for which ¢, decreases to (1/e)th of the
threshold power density required to melt a given thickness
(X) of crystalline Si. Equation (4) is only valid when en-
ergy absorbed from photons melts a layer of thickness
V2D7 shorter than X,,?° D being thermal diffusivity and
r pulse duration. It has been reported®® that ¢, increases
with the decrease of X; for V'2Dr greater than Xj.

The absorption coefficient depends upon the coupling
of light to disordered material and the degree of disorder,
which depends upon temperature during implantation,
fluence, and mass of the implanted species. Therefore at-
tention is focused here on the degree of disorder and cou-
pling of light to implanted Si. The degree of disorder is
varied by change of fluence from 5x10'* ions/cm? to
10"* ions/cm? in Figs. 3, 4, 5, and 6. The ¢, is found to
decrease with the increase of fluence, in agreement with
the fact that absorption coefficient?*~2¢ increases with dis-
order, i.e., low ¢, is required to melt the same thickness of
highly disordered silicon at lower temperature due to
higher free energy.?’

The ¢, of PLA for phase transitions strongly depends
upon the coupling of the wavelength of laser light to im-
planted material. Photon absorption takes place by the
free carrier absorption in the conduction band and by the
excitation of valence electrons across the band gap. Pho-
ton energy of Nd:YAG laser (A=1.06 um and 1.1 eV)
marginally exceeds the absorption edge of crystalline sil-
icon and its absorption coefficient is a strong function of
temperature, doping density, and defect concentrations.?®
Since the photon energy of the second harmonic
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(A=0.53 um and E =2.33 eV) exceeds the absorption
edge of crystalline silicon, the absorption coefficient of
A=0.53 um is greater than that of A=1.06 um.?® There-
fore one can see in Figs. 3, 4, 5, and 6 that the ¢, required
to melt the same thickness of implanted material is higher
for A=1.06 um in comparison with A=0.53 pum.

Asymmetry of ZCP mode in heavily doped n-type Si
due to the Fano interaction has been studied at
length*28—3! and shows considerable wavelength depen-
dence. This interaction between phonon discrete state and
inter-conduction-band electronic (continuum) excitations
is observed in Figs. 5(d) and 6(c) when carrier concentra-
tions exceed 10'°/cm3. Figures 3(c) and 4(c) of annealed
Si do not show asymmetry of the ZCP mode for a fluence
of 10'* ions/cm? indicating carrier concentration less than
10" /cm®. Line-shape asymmetry of ZCP mode due to
the presence of disorder is not expected to show any wave-
length dependence.

CONCLUSION

In the present work, we have reported an abrupt phase
transition from c¢-Si to a-Si during the ion-implantation
process as the fluence is increased beyond its threshold

value. Threshold fluence required for abrupt phase transi-
tions decreases with the increase of mass of species used
in the ion-implantation process. Increase of free energy
due to the deposition of kinetic energy of implanted
species in nuclear collisions leads to an instability of the
diamond structure with respect to amorphous phase.

Systematic investigation of pulsed Nd:YAG laser an-
nealing of silicon implanted with phosphorous ions is also
reported here. Transition from amorphous to single crys-
tal occurs above a threshold power density which depends
upon absorption coefficient a for a given thickness of im-
planted Si. Absorption coefficient determines the cou-
pling of light to implanted material and is dependent
upon the degree of disorder present in implanted Si.
Low-threshold power density is required for highly disor-
dered Si and for smaller wavelength used in pulse-laser
annealing.
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