Influence of spin density in implanted Si layers on pulsed-laser annealing
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In order to clarify an influence of the spin density or the optical absorption coefficient on the
pulsed-laser annealing effect, we have performed systematically ion-backscattering and
channeling analysis and ESR measurement as a funcion of spin densities in ion-implanted Si
samples. It was found that the spin density can yield a good criterion for predicting the annealing
effect because the spin density is strongly correlated with the optical absorption coefficient. From
spin-density measurements, the initial absorption coefficient of the as-implanted Si layer was
found to be a very important factor which dominates the effect of laser annealing even if there is a

nonlinear absorption mechanism.

PACS numbers: 61.70.Tm, 81.40.Ef

The effect of pulsed-laser annealing on ion-implanted Si
has been studied by many workers. '° However, they have
not thoroughly made clear factors that dominate the anneal-
ing effect, although it was suggested by several workers that
the effect depends on the kinds of implanted ions, * the opti-
cal-absorption coefficient of the as-implanted layer, “® and
the thickness of an amorphous layer. ” In this letter we report
on experiments to clarify an influence of the initial spin den-
sity in the implanted layer on the subsequent annealing ef-
fect. The spin density N, is strongly correlated with the ab-
sorption coefficient o, i.e., a increases with an increase of NV,
since most localized states in the mobility gap or the forbid-
den gap of Si are originated from dangling bonds or unpaired
electrons. '*!'" Therefore, it is expected that N, becomes a
criterion to predict laser annealing effects.

Arsenic or phosphorus ions were implanted at room
temperature. A description is given in Table I of the samples
used in these experiments and of the condition of ion implan-
tations. The implanted layers were made amorphous for
some samples, but were heavily damaged crystalline for oth-
er samples. These samples were irradiated in air with four
kinds of pulsed lasers which are described in Table II. The
beam diameter of the Q-switched ruby laser was about 1.5

TABLE I. Samples used and condition of ion implantations.

cm. For other lasers the samples were overlapping irradiated
in a half-diameter pitch since the beam diameters were 1.4
2.5 mm.

The extent of the crystallization by laser annealing was
determined by ion-backscattering and channeling analysis
(RBS) using 2.0-MeV He * ions and the electron-spin reso-
nance (ESR). ESR measurements were performed at room
temperature by using the microwave frequency of 9 GHz.
Although various kinds of ESR centers are observed in the
heavily damaged crystalline Si, '> we measured only the total
amount of spins. In the complete amorphous Si, only an
isotropic ESR signal is observed at the g value of 2.006. > N,
of implanted layers was obtained by assuming that spins are
unifomly distributed over a depth 2R . "*

Figure 1 shows the dependence of the crystalline-recov-
ery ratio R on N, of as-implanted Si. The R means an an-
nealed fraction of spins or ESR centers, which roughly cor-
responds to the degree of crystallization or of annealing of
total defects. '2 In the case of irradiations with both types of
Nd : YAG laser at ~5 J/cm ?, the recovery ratio has a re-
markably strong N, dependence. On the other hand, the ir-
radiation of the normal ruby laser at ~1 J/cm 2 shows a
weak NV, dependence of the recovery, and the irradiation of

Energy Dose Ion current Si substrate
Ton (keV) (cm %) (A /cm?) type, g.m.", p (2 cm), Surface
120 5x10'" 0.5 p, F.Z., 100-200, (111)
100 110" (3uA/cm ?), 1X 10 (1 uA/em?) p, CZ.,1-2,(111)
P 100 1x10',3x10"%, 1x10", 1 p, C.Z.,10-20, (100)
1x10'
50 5x10%° 1 p, CZ,1-2,(111)
As 100 1X10" 1x10',5x10" 3 p, CZ,1-2,(111)
100 1x10',3x10", 1x10", 1 p, C.Z., 1020, (100)
1x10'
*Growth method.
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TABLE II. Four kinds of pulsed lasers used in this study.

Pulsed laser Mode Pulse width (FWHM) Wavelength

Q-switched ruby laser Multi and 30 nsec 0.69 um
single

Normal ruby laser Multi 100 psec 0.69 um

Q-switched Nd : YAG laser Multi 20 nsec 1.06 um

Mode-locked Nd : YAG laser Single pulse width of 30 1.06 ym

psec, time separation
of 10 nsec, and
pulse-train duration
of 150 nsec

the Q-switched ruby at 1.6 J/cm ? shows no N, dependence
and a nearly complete recovery. These results suggest that

for a long wavelength of 1.06 um the annealing effect is re-
markably enhanced by the increase of N of the as-implanted
Si layer.

Figure 2 shows the N, dependence of y_,, (Si) of laser
annealed samples. y .., » which is the minimum yield in the
channeling direction, is seen to decrease roughly with N,
i.e., the crystalline recovery increases with N, . Therefore, it
is considered from these ESR measurements and RBS analy-
sis that the spin density is a main factor which dominates the
effect of the pulsed-laser annealing.

In order to further clarify the influence of spins on the
annealing effect, we measured laser annealing effects for two
kinds of amorphous Si made by an ion implantation (70-kV
As * 3.5X10"/cm?). One is the as-implanted Si with a NV,
of 6.3 10 '® spins/cm * and the other is the Si with a lower
N, of 3.4 X 10 ' spins/cm * which was annealed at 400 °C for
15 min in the atmosphere of pure H, . The two Si samples
were checked by RBS to have an equal thickness of amor-
phous layer. Then the samples were irradiated with a Q-
switched ruby laser pulse 0of 0.4 J/cm ? at which the complete
crystallization is not induced. * N, was decreased by the laser
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(100ps,~111cm?)

A Q-Switched Ruby Laser
( 30ns, 16 J1cm?)

0 Q-Switched Nd:YAG Laser
( 20ns,5.2 J/em?)
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FIG. 1. Dependence of the crystalline-recovery ratio on the spin densities of
as-implanted Si. Open and close signs indicate P- and As-implanted Si,
respectively. X signs at 4 X 10'°/cm ® and 6 X 10"°/cm’ indicate As-im-
planted Si; the other two X signs indicate P-implanted Si.
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annealing from 6.3 X 10 ' to 3.8 X 10'® spins/cm > for the as-
implanted Si and from 3.4 <10 ' t0 2.6 X 10 '° spins/cm *
for the thermally annealed Si. RBS results indicate, as shown
in Fig. 3, that y_.. of as-implanted Si and thermally an-
nealed Si are 22.6 and 26.0%, respectively. This result was
reproducible among two different spots on the same sample.
It was found from these experiments that even with the Q-
switched ruby-laser irradiation the crystalline recovery is
better for the amorphous Si with higher N, than that with
lower N,. RBS is not a good criterion for predicting laser
annealing effects but spin density obtained by ESR measure-
ments is a good one.

A positive feedback of temperature rise is very impor-
tant for the laser annealing. >*®° The laser annealing mecha-
nism contains three processes, i.¢., (1) the optical-absorption
process, (2) the relaxation process of the absorbed laser ener-
gy to thermal energy, and (3) the dissipation process of ther-
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FIG. 2. N, dependence of y ., (Si) of laser-annealed Si. 1-6 and A-D indi-
cate Si samples as follows: | P~ 1x10'°/cm?, M-YAG ~5 J/cm?;

2 As* 1x10'%/cm?, M-YAG~5J/cm? 3 P+ 1X10'%/cm?,

Q-YAG 52 J/cm*4 P* 1Xx10"/cm?, @-YAG 5.2 J/cm?;

5 P+ 3x10"/cm’, Q-YAG 5.2V/cm?’; 6 As*t 1X10%/cm?, Q-YAG
52 J/em%; A P+ 1x10'%/cm?, Q-ruby 0.6 J/cm* B As* 5x10'%/cm?,
Q-ruby 0.6 J/cm?; C As* 1Xx10"*/cm?, Q-ruby 1.6 J/cm’;

D As* 5x10"*/cm?, N-ruby~1 J/cm*
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FIG. 3. RBS spectra of two kinds of Si annealed by Q-switched ruby laser.

mal energy. We will consider what happens as temperature
rises. As to (1), since the gap E, decreases with temperature,
the optical absorption coefficient a increases. As to (2), since
E, decreases with temperature, a relaxation mechanism of
hot electrons and holes within intrabancs becomes a main
process which is considered to have a relaxation time less
than a psec !° (i.e., absorbed laser energy is transferred into
thermal energy in a time less than a psec). As to (3), thermal
diffusivity shows strong decrease with temperature. There-
fore, by the positive feedback due to the above-mentioned
effect in the three processes an initial fraction E of laser
pulse energy increases the temperature of the irradiated-sol-
id surface within absorption length @ ~ ! which decreases at
an accelerated rate with time. ® Once the liquid layer is
formed, the other fraction E; of laser pulse energy makes the
liquid Si layer grow with time. *° The crystalline-recovery
ratio in Fig. 1 is considered to be nearly equal to E, /(E, +
E)), where (E, + E,)is the absorbed energy.
In conclusion, since the spin density is strongly corre-

lated with the optical absorption coefficient, from our ex-
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perimental results and the above-mentioned discussion the
initial absorption coefficient is a very important factor which
dominates the effect of laser annealing. That is also the case
even if there is a nonlinear absorption mechanism for the
high power used for laser annealing. The spin density was
found to yield a good criterion for predicting the effect of
pulsed laser annealing of both amorphous Si and heavily

damaged crystalline Si, especially in the case of Nd:YAG
laser irradiation.
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