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By measuring the time-dependent optical reflectivity, we have investigated the dynamic behavior
of annealing with the 30-psec pulse train of a mode-locked Nd: YAG laser. It was first observed

that at narrow ranges of high laser energy density, the reflectivity of implanted Si and GaAs

increases slowly to the level consistent with liquid ones, except GaP, and remains at that level for
a period less than 200 nsec. As to Si, the mode-locked laser is confirmed to have a weak effect on
temperature rise and, therefore, to produce a thin molten layer compared to Q-switched

Nd:YAG lasers.
PACS numbers: 61.70.Tm, 78.90. + t, 65.90. + i

It is expected that an optimum pulse width should exist
for pulsed-laser annealing. This will be mainly determined
by linear- or nonlinear-optical-absorption coefficient and
electron-hole plasma recombination time which dominate a
positive feedback® of temperature rise. Therefore, it is very
important to investigate the influence of laser pulse width
and shape on the dynamic behavior of laser annealing. Some
works?™ have already been reported for the dynamic mea-
surements of the optical reflectivity. In our previous pa-
pers,** we reported that no flat portion of the reflectivity
enhancement was observed in ion-implanted silicon under
the irradiation of the pulse train from a mode-locked
Nd : YAG laser. However, it was found in the present study
that a short flat portion less than 200 nsec can be observed
under the irradiation of the mode-locked pulse train with
higher laser energy density. In this report, we show some
features of laser annealing by the irradiation of the mode-
locked pulse train, and compare them with the dynamic be-
havior by the irradiation of Q-switched Nd : YAG lasers.?

The amorphous layers of Si GaAs, and GaP were made
by ion implantation at room temperature as follows: For
sample 1, 100-kV As*, 1 X 10'*/cm? in (100) Si wafers of
~15 2 cm p-type C.Z.; for sample 2, 120-kV P*,

5% 10'S/cm? in (111) Si wafers of ~ 150 2 cm p-type F.Z.;
for sample 3, 70-kV Te*, 2 X 10'*/cm? in (100) GaAs wafer
with a carrier concentration of (0.3-5) X 10'/cm?; and for
sample 4, 70-kV Te*, 2X 10"*/cm? in (111) GaP wafer. The
samples were irradiated in air with the pulse train of the
mode-locked Nd : YAG laser which has 30-psec pulse
width, 10-nsec time separation between pulses, and a train
duration of about 150 nsec. The laser mode was a single
transverse mode having a Gaussian profile. The diameter of
the laser beam was adjusted to be 1.4 mm at the samples. By
varying the gain of three optical amplifiers it was possible to
continuously adjust the pulsed-laser energy density from 1.0
to 11 J/cm?, and the corresponding peak intensity from 3.3
to 37 GW/cm?.
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The dynamic behavior of pulsed-laser annealing was
investigated by measuring the time-dependent optical reflec-
tivity of the implanted semiconductor surface at 0.63 pm.
The monitor beam of 0.63 um was carefully focused in the
area irradiated by the mode-locked laser. The angle of inci-
dence of the monitor beam was around 16° to the normal axis
of the surface. The reflected light was detected by a high-
speed PIN diode with a risetime of 3 nsec. A high-speed
biplanar photodiode (HT V) was used for the trigger of a 400-
MHz dual-beam oscilloscope (Sony Tektronic 7844).

The extent of the amorphization by ion implantation
and the crystallization by laser annealing was determined by
ion backscattering and channeling (RBS) analysis using 2.0-
MeV He' ions. Proper laser energies were seen to give recrys-
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FIG. 1. Typical transient signal (a) of the optical reflectivity at 0.63 um of
Si. Signal (b) indicates the shape of the mode-locked laser which was syn-
chronously observed. The irradiated energy density was 9.6 J/cm?, and the
implanted energy and dose were 100 keV and 1 X 10'° As/cm?, respective-
ly. Signal (c) indicates a typical transient reflectivity of GaP for irradiation
at 4 J/cm>.

© 1979 American institute of Physics 628

Downloaded 23 Dec 2009 to 130.158.56.127. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



tallization for all implanted Si and GaAs samples except im-
planted GaP.

Figure 1(a) shows a typical transient signal of the reflec-
tivity enhancement of ion-implanted Si (sample 1) under ir-
radiation of the mode-locked pulse train at an energy density
of 9.6 J/cm?. The initial level indicates the reflectivity (42%)
of amorphous Si at 0.63 zm wavelength. The reflectivity in-
creases slowly with time to the level (~70%) of reflectivity
consistent with liquid silicon’ and remains at that level for a
period of approximately 60 nsec (i.e., a flat portion of the
reflectivity enhancement is observed) and then decreases
gradually to the final reflectivity level (35%) of crystallized
Si before the irradiating mode-locked pulse train finishes.
Heating and cooling rates are roughly estimated from the
reflectivity rise and fall time to be 3.0 10'° and 2.5 X 10"
deg/sec, respectively. It should be noticed that cooling oc-
curs during the irradiation of the mode-locked pulse train,
which differs greatly from the behavior under the irradiation
of Q-switched lasers.? This suggests that the 30-psec pulse
train has an anomalously weak effect on the growth of the
molton Si layer compared to that of the Q-switched nano-
second pulse. At an energy density of 7.6 J/cm? the reflectiv-
ity enhancement was observed but no flat portion was ob-
served for the Si (sample 1), while for the Si (sample 2) im-
planted with P* a flat portion with the duration of 80 nsec
was observed at the same energy of 7.6 J/cm?. The maximum
duration of the flat portion was 200 nsec for the Si (sample
1).

Figure 2 shows the reflectivity of an enhancement peak
or a flat portion as a function of the laser energy density. The
threshold energy for the amorphous-polycrystalline transi-
tion is 1.5 and 3.3 J/cm? for Si samples 2 and 1, respectively.
Above the energy density of 10 J/cm?, the Si surfaces were
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FIG. 2. Reflectivity of the enhancement peak of flat portion as a function of
the laser energy density. A difference of the reflectivity between its initial
and final levels is observed above the threshold energy at which the crystalli-
zation takes place.
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visibly damaged. The difference of the laser energy depen-
dence between the two Si samples seems to originate from
the difference in the implanted ion species,® doses, and/or
the thickness of the amorphous layer. The flat portion less
than 200 nsec was observed only within very narrow ranges
of the energy density, i.e., above the energy of ~7 J/cm? for
the Si sample 2 and above ~9 J/cm? for the Si sample 1. On
the other hand, the Q-switched laser is known to produce the
flat portion of approximately 1 usec?* with the same energy
density (7.6-9.6 J/cm?). The duration of the flat portion is
strongly correlated with the thickness of the molton layer.
Auston et al. showed that the flat portion of 45 nsec corre-
sponds to a 468-A thickness of the molten Si layer.* Since the
maximum duration of the flat portion observed was 200
nsec, the mode-locked pulse train has a much weaker effect
on temperature rise and produces a much thinner molten Si
layer than the Q-switched Nd : YAG laser.

We also performed an irradiation for Si with a single
pulse of 30-psec duration selected from the pulse train of the
mode locked laser. It was recently stated that using a pico-
second Nd : YAG laser, crystalline Si has been made amor-
phous.’ However, in this study it was found that the single
30-psec pulse also introduced recrystallization [amorphous
to crystalline (a-c) transition] above the laser energy density
of 0.9-1.1 J/cm? for Si sample 1, which was clarified by
time-dependent optical reflectivity measurement and RBS
analysis. The maximum duration of the flat portion observed
was about 120 nsec. From the reflectivity rise and fall time
observed, we estimated the thickness of the molten layer cor-
responding to the 100-nsec flat portion to be approximately
700 A.

Although a 30-psec single pulse of the mode-locked la-
ser produces a very high temperature rise compared to a
laser pulse of 10-nsec width which has the same energy, after
10 nsec, the temperature will be less in the former case than
in the latter. This seems to be due to thermal diffusion during
the time separation of 10 nsec between 30-psec pulses, which
will weaken the positive feedback'*'*" of temperature rise.
We can estimate the thermal diffusion length to be approxi-
mately 6300 A from (2D7)'/%, where D is the averaged ther-
mal diffusivity assumed here to be 0.2 cm? sec ~ !, and 7is 10
nsec. This length may be quite larger compared to the pene-
tration depth of 1.06-um laser beam at very high tempera-
ture,'° which weakens the positive-feedback effect. However,
there are also other possibilities: high-density electron-hole
plasma produced by a 30-psec pulse with high powers may
have a large ambipolar diffusion constant,'? a reduction in
the Auger recombination rate due to the degenerate proper-
ty of the plasma, or an enhancement of the optical
reflectivity.

In addition to both the Si samples, we obtained similar
results for the implanted GaAs, but a quite different one for
the implanted GaP. GaP showed no significant reflectivity
enhancement at 0.63 um and a very fast a-c transition, as
shown in Fig. 1(c). This will be published elsewhere. Before
we compared the dynamic behaviors of the a-c transition in
implanted Si, GaAs, and GaP, we observed the damaged
process by the irradiation at strongest laser energy density.
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FIG. 3. Typical transient signals (a—) of the damaged process by the pulse
train irradiation of the mode-locked laser. A transient signal corresponding
to the crystallization at 9 J/cm? is also shown for comparison by the dotted
line in Fig. 3(a). Signal (f) indicates a typical shape of the mode-locked laser.

The effect of surface damage was an irreversible reflectivity
decrease. The transient signals of the damaged processes are
shown in Figs. 3(a)-3(c) for irradiation at ~20J/cm? and in
Figs. 3(d) and 3(e) for irradiation at the lower energies of 8.6
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and 11 J/cm?, respectively. As to the implanted Si and
GaAs, an initially abrupt increase of the reflectivity was ob-
served, followed by a rapid decrease to approximately zero.
On the other hand, the implanted GaP showed no increase of
the reflectivity before the rapid decrease.

In conclusion, we observed a short flat portion of less
than 200 nsec of the reflectivity enhancement under the irra-
diation of the pulse train of the mode-locked Nd : YAG laser
at 7-10 J/cm? for Si. It was confirmed that the mode-locked
laser has a weaker effect on temperature rise and therefore
produces a thinner molten layer than the Q-switched laser.
No significant reflectivity enhancement was observed in ion-
implanted GaP in either the process of amorphous to crys-
talline transition or surface damaging, which differs from
observations made on Si and GaAs.
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