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Puised excimer (KrF) laser melting of amorphous and crystalline

siticon layers®

J. Narayan, C. W. White, M. J. Aziz, B. Stritzker,” and A. Waithuis®
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

(Received 29 March 1984; accepted for publication 24 July 1984)

We have investigated depth of melting as a function of pulse energy density in amorphous and
crystalline silicon layers. The melting_ threshold for KrF laser puises {4 = 0.249 um,

7=24X10"

%5) inamorphous (7660-A -thick) and crystalline silicon layers were determined to be

0.16 + 0.02 and 0.75 + 0.05 J cm ™2, respectively. The formation of fine- and large-
polycrystalline regions was clearly identified in the amorphous silicon layers for energy densities
below that needed for complete annealing, The role of explosive recrystallization in the formation

of the fine polycrystalline region is discussed.

INYRODUCTION

Pulsed-laser processing of semiconductors for a num-
ber of device applications and for a variety of surface modifi-
cations is now well established. The major obstacle to the
development of pulsed-laser processing for practical appli-
cations has been the lack of suitable lasers. The pulsed lasers
most commonly used for semiconductor processing have
been ruby {0.694 pm), frequency-doubled Nd-YAG (0.532
pm) or glass (0.531 um), and alexandrite (0.700-0.818 um)
lasers. However, these solid-state lasers have certain limita-
tions primarily related to spatial inhomogeneity, low-pulse
repetition rates (due to the heat dissipation problems in the
insulating crystals) and low overall energy conversion effi-
ciency. These problems limit throughput and increase cost
of devices. Recently, it was shown that a gas laser {excimer)
such as XeC} {0.308 um) was considerably superior to solid
lasers in terms of spatial homogeneity and pulse repetition
rates for semiconductor processing.'? The term excimer, de-
rived from the words excited and dimer, refers to a diatomic
gaseous molecule which is bound in the excited state but
repulsive in the ground state. The excimer lasers, which are
in the ultraviolet range, contain a reduced coherence due
primarily to a large number of transverse modes thus avoid-
ing interference effects at the surface of the samples. The
solid-state lasers have a high coherence leading to spatial
inhomogeneities. The purpose of this paper is twofold: first,
to show that the KrF (0.248 uum| pulsed laser is as efficient as
the XeCl laser in removing displacement damage; second,
the melting characteristics and melting threshold of amor-
phous and crystalline layers have been studied. During the
melting of amorphous layers, two distinct regions containing
large (LP} and fine (FP) polycrystals are created. The LP
region has been shown to be formed by normal plane-front
melting and resolidification back to the free surface, whereas
the FP region has been shown to be formed primarily by the
movement of a thin liquid layer away from the free surface
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during explosive recrystallization.> The details of explo-
sive recrystallization and bulk nucleation and growth of
crystaltites in the formation of the FP region are discussed.
These results are compared with those obtained from heat-
flow calculations.

EXPERIMENT

Silicon single crystals (having (100) orientation, 2-6
{2 ¢cm, 500 pm thick, Czochralski grown) were implanted
with 200- and 350-keV *°Si* ions to a dose of 1.5 X 10'® and
2.0 10" cm ™2, respectively. The specimens were kept at
liquid-nitrogen (LN,) temperature during implantation. The
as-implanted specimens contained amorphous layers fol-
Iowed by a band of dislocation loops. Some of the silicon
specimens were implanted with 175-keV °Si* ions to a dose
of only 2.0 10" c¢m™?, at room temperature. These speci-
mens contained only dislocation loops distributed to a depth
of 4500 A. The ion-implanted specimens were irradiated
with KrF excimer Jaser (4 = 0.249 um) pulses with energy
density ranging from 0.1 to 2.0 J cm ™2 The shape of the
pulse was trapezoidal with full width at half maximum being
24 % 10~ s, The laser provided a uniform beam { < 5% ener-
gy over 3X 3 cm? area) with excellent pulse-to-pulse repro-
ducibility ( < 2%). The laser system was operated at an ener-
gy of 1 J/pulse, with an attainable throughput of ~ 500
cm?s ™', Microstructural changes and phase transforma-
tions, which provided detailed information on annealing and
melting phenomena, were studied by cross-section and plan-
view electron microscopy in a Philips EM-400 electron mi-
croscope. The widths of LP and P regions were determined
as a function of pulse energy density. The microstructural
features of the FP and LP regions were analyzed and the
mechanisms of formation of these regions were derived. The
role of explosive recrystallization and bulk nucleation and
growth of microcrystallites was determined from the charac-
teristics of the microstructures.

RESULTS AND DISCUSSION

The cross-section TEM results obtained from 350-keV
28i* implants (dose = 2.0X10'® cm™* at LN,) are shown
in Fig. 1. The as-implanted samples contalned 7660-A-thick
amorphous layer foliowed by a 300- A-wide band of disloca-
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FIG. 1. Cross-section TEM micrographs from ion-implanted (350-keV
28i*, 2.0 10" cm™2), (100} silicon after pulsed-laser irradiations with the
following energy density: (a} 0.50, (b) 0.80, (c} 1.0, and (d) 1.20J cm ™%

tion loops. After irradiation with laser pulses, we observed
the formation of two distinct regions; near the surface, the
large-polycrystalline {LP) region and, below it, the fine-poly-
crystalline (FP) region. The detailed characteristics and for-
mation of these regions were studied as a function of pulse
energy density. Figure 1 shows selected results as an exam-
ple. After irradiation with a 0.5-J cm ™2 pulse, the top 2460-
A-thick layer turned into a LP region, which was followed
by a 2200-A-wide FP region [as shown in Fig. 1(a)]. This
specimen contained some background contamination gener-

FIG. 2. Cross-section TEM micrographs from ion-implanted {200-keV
28§i*, 1.5 10" cm~?), (100) silicon after pulsed-laser irradiation with the
following energy density: (a) 0.20, (b) 0.50, (c) 0.80, and {d) 1.20 J cm~2.
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FIG. 3. Cross-section TEM micrograph from ion-implanted (175 keV
3083+, 2.0 X 10" cm™—2), {100} silicon after irradiation with pulse energy den-

5

sity of 1.40J cm ™",

ated during ion thinning. Still, sharp boundaries between the
LP and FP regions, and the FP and the underlying amor-
phous layers are clearly visible. Figure 1(b) shows results
after irradiation with a 0.08-J cm~? pulse. The thickness of
the LP and FP regions were determined to be 4700 and 1900
A, respectively. After irradiation with 1.0-Jcm™ pulse
[Fig. 1(c)], the thickness of the LP region increases to 61 50 A,
whereas the FP region thickness decreases to 1100 A At
1.20 ¥ cm ™2, the LP region extends to the amorphous-dislo-
cation band boundary and the entire amorphous layer turns
into a large poly region.

Figure 2 shows selected results for 200-keV *°Si*-im
planted specimens (dose = 1.5 10'®cm~?at LN,). The as-
implanted specimens contamed 5000-A-thick amorphous
layer followed by a 200-A-wide band of dls]ocatlon loops.
After irradiation with a 0.20-J cm ™2 pulse, a 400- A thick
top layer turned into a LP region followed by a 3400- A-wide
FP region, as shown in Fig. 2(a). Figure 2(b) shows results
after irradiation with a 0.50-J cm 2 pulse, where the thick-
ness of the LP region increases to 2000 A and that of the FP
region decreases to 2000 A. At 0.80 ¥ cm ~2, the thickness of
the LP region increases further to 3500 A and the thickness
of the FP region decreases further to 700 A [Fig. 2(c)]. When
the pulse energy density was increased to 1.0J cm™ 2 theLP
region extended to a depth of 5000 A correspondmg to the
amorphous dislocation band boundary with no concomitant
FP region. The thickness of the LP region was found to re-
main unchanged at 1.10 J cm~2, However, at 1.20 J cm™?
the melt front just intersected the underlying dislocation
band. The dislocation loops intersected by the melt front
grow back to the surface, as shown in Fig. 2(d). A “com-
plete” annealing of ion implantation damage was obtained
above 1.20-J cm 2 pulse energy density. This characteristic
of depth of melting with pulse energy density is thought to be
due to the lower melting point of amorphous silicon.®®

Figure 3 shows results on melting or annealing of crys-
talline layers. For these experiments, the (100) Si specimens
were irradiated with 175-keV, 3°Si™ ions to a dose of only
2.0 10" cm ™2 at room temperature. For these ion implan-
tation conditions, only dislocation loops of average size 100
A were observed with no amorphous regions; the loops were
distributed to a depth of 4500 A. The removal of interstitial
dislocation loops provided evidence for melting, thus the
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loops serve as markers to determine the depth of melting,
The depth of melting was determined in the range of pulse
energy density 0.60-2.0 Jcm™2 A typical cross-section
TEM micrograph from these specimens after 1.40-J cm ™2
irradiation is shown in Fig. 3, where a complete removal of
Joops has occurred in the top 3000-A-wide region. A com-
plete removal of dislocation loops in the annealed 3000-A-
wide region and a sharp boundary between the annealed and
unannealed regions are consistent with a first-order phase
transition involving melting.

In Fig. 4, we plot the annealing/melting results for both
amorphous and crystalline specimens. The threshold for
melting for amorphous silicon was found to be 0.16 £ 0.02
cm ~?; this value decreased with increasing amorphous layer
thickness. The threshold for melting for crystalline silicon
was determined to be 0.75 4- 0.05 J cm ~2. The difference in
melting thresholds is due mainly to the reduced thermal con-
ductivity of aSi.%® In the case of amorphous silicon, the
thickness of the LP region increased linearly with pulse ener-
gy density whereas the thickness of the FP + LP region
showed a rapid initial rise followed by a saturation at the
original amorphous layer thickness. Note that the slope of
the LP curve {amorphous silicon) is higher than that of crys-
talline melting curves, indicating mainly the role of a re-
duced latent heat of melting of @Si.* A heat-flow program
written by M. O. Thompson'® was used to calculate the ini-
tial depth of melting in amorphous and crystalline speci-
mens. These calculations showed a linear increase in depth
of melting with laser pulse energy density, the depth of melt-
ing corresponding to the thickness of the LP region alone.®

In the following, we discuss the mechanism of forma-
tion of the FP region below the LP region in the case of
amorphous silicon. Figure 5 shows plan-view (a) and cross-
section (b) micrographs from 350-keV implants after irradia-
tion with 0.30-J cm ™~ pulse. The cross-section micrograph
shows 1000-A-thick LP region at the top followed by a 2700-
A-wide FP region. The microstructure in the underlying FP
region is characteristic of explosive recrystallization, as
clearly delineated (by arrows) in the pian-view micrograph of
Fig. 5{a). It was found that the FP region is formed primarily
by explosive recrystallization for low-pulse energy densities
in which case the width of the FP is larger or comparable to
that of the LP region. Futher evidence of explosive recrystal-
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FIG. 4. Depth of annealing as a function of pulse energy density for amor-

phous and crystalline samples. In the case of amorphous silicon, the thick-
ness of (FP + LP) and LP regions are plotted.
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FIG. 5. Plan-view and cross-section TEM micrographs from Si* implants
(350-keV 258i*, 2.0 X 10' cm %), after irradiation with 0.30-J cm 2 pulse.

lization during the formation of the FP region was presented
by the authors in a previous paper.® For higher-pulse energy
densities where the width of the FP is considerably smaller
than that of the LP region, we found equiaxed grains in the
FP region, suggesting the possibility of bulk nucleation and
growth® in the formation of the FP region. The bulk nuclea-
tion is presumably promoted, if there are microcrystallites
present in as-implanted amorphous silicon layers.!’

In conclusion, we have shown that laser pulses from
excimer lasers can be efficiently used to remove ion implan-
tation damage in semiconductors by melting the entire da-
maged layer so that the underlying ““defect-free’” substrate
could act as a seed for crystal growth. The threshold for
meiting amorphous and crystalline silicon was determined
to be 0.16 + 0.02 and 0.75 4+ 0.05 J cm™?, respectively. In
the case of amorphous silicon, above this threshold, two
kinds of annealed regions were observed. The large-poly-
crystailine (LP) was followed by a fine-polycrystalline {FP)
region having ~ 100-A grain size. The thickness of the LP
region increased linearly with pulse energy density, whereas
the thickness of (FP + LP) region showed a rapid initial rise
followed by a saturation. The thickness of the LP regionasa
function of pulse energy density is correctly predicted by the
melting model calculations, assuming normal melting from
and resolidification back to the free surface. The FP region is
formed primarily by explosive recrystallization; however, in
certain situations it may be forming by bulk nucleation and
growth. The excellent agreement between the experimental
results and the calculations on thresholds of melting of
amorphous and crystalline silicon are obtained by using re-
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duced melting point, heat of fusion, and thermal conductiv-
ity for amorphous compared to crystalline silicon.
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