Pulsed-laser crystallization of amorphous silicon layers buried
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fon implantation, employing 8i, Ar, and Cu ions in the energy range from 275 to 600 keV, was
used to form: amorphous silicon layers buried in a crystalline matrix. Different layer geometries
were produced, with 150-620-nm-thick amorphous layers, separated from the surface by 120-
3530-nm-thick crystalline layers. Crystallization of the amorphous layers was induced by 32-ns

pulsed ruby laser irradiaticn. Real-time refiectivity and conductivity measurements indicate
that internal melting can be initiated at the amorphous-crystalline interface, immediately
followed by explosive crystallization of the buried layer. Channeling and cross-section
transmission electron microscopy reveal that in both Si(100) and Si(111) samples explosive
crystallization proceeds epitaxially with twin formation, the twin density being higher in
Si{111) than in Si(100). The measured crystal growth velocities range from 15 to 16 m/s,
close to the fundamental limit for crystalline ordering at a Si liquid-crystalline interface.
Computer modeling of heat flow and phase transformations supports the experimental data.

1. INTRODUCTION

fon implantation is at present a well-established tech-
nique for the controlled introduction of dopants into semi-
conductors. Due to extensive research during the past two
decades, by now detailed knowledge is available of the ion-
solid interactions for medium energy (20-200 keV) ions.'”
Recently, this area of research is being extended to higher
energies, up 0o ~ 1 MeV, for which the ion range can he
several micrometers. For high-energy irradiation the nu-
clear and electronic stopping processes exhibit a wide range
over the ion trajectory, leading to different damage forma-
tion mechanisms as a function of depth in the sample. In this
case, amorphization is usually initiated deep in the sample
where the defect formation rate is maximal.

In the present experiments, Si( 100} and Si(111) sam-
ples were implanted with 2*Si*, ““Ar™ or ®*Cu™ ions in the
energy range from 275 to 600 keV. Amorphous (a-5i) layers
with a thickness ranging from 150 to 620 nm were formed,
buried under crystalline (¢-Si) surface layers of 130-350 nm
in thickness.

The purpose of this work is to investigate the use of
puised-laser irradiation to crystallize buried amorphous fay-
ers. During the last 10 years, pulsed-laser irradiation has
been employed as a method to anneal implantation-induced
lattice damage in silicon.”* Using high-energy-density laser
pulses, it has been shown that recrystallization of amor-
phous surface layers can be achieved via melting of the com-
plete a-Si layer, followed by epitaxial solidification from the
¢-Sisubstrate. For low-energy irradiation of amorphous sur-
face layers, “‘explosive” crystallization (EC) can occur. This
effect has been cbserved by several workers during the last
few years:>"* Under specific conditions of irradiation and

* Present address: AT&T Bell Laboratories, 600 Mountain Avenue, Mur-
ray Hill, NJ 07974.
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sample structure, a shallow region of @-8i at the surface is
heated and melted, whercupon a self-propagating (“explo-
sive”) melting and solidification process, driven by the dif-
ference in latent heat of melting for amorphous and crystal-
line 8i, transforms the amorphous layer to crystailine Si. EC
of amorphous surface layers yields randomly oriented, fine-
grain ( ~ 100 A) polycrystalline S.%7%'%"* This microstruc-
ture originates from the specific nucleation events which sus-
tain EC. The precise nature of the processes that trigger and
sustain EC is still under debate.'®41¢

In the present experiments, pulsed-laser irradiation was
employed for the first time to crystallize amorphous Si layers
buried in a crystalline matrix.!” The experiments show that,
using a 32-ns laser pulse, melting can be initiated in a very
shallow region of the buried amorphous layer. Hereafter, an
epitaxial explosive crystallization process, driven by the dif-
ference in latent heat between ¢-Si and ¢-8i, is initiated. This
self-sustained process converts the buried amorphous layer
to single-crystalline Si, epitaxially aligned with the crystal-
fine surface. The kinetics of these rapid phase transforma-
tions are studied in detail using time-resolved techniques.
The microstructure before and after irradiation is investigat-
ed.

. EXPERIMERNT

A, lon implantation

Single crystals of Si with either (100)- or (111)-orient-
ed polished surfaces, as well as 500-nm silicon-on-sapphire
(SOS) samples, were implanted at room temperature at a
base pressure below 10 ~° mbar. For implantation in & ran-
dom direction, wafers were tilted 7° from a plane perpendic-
ular to the ion beam, with the tilt axis rotated 20° from a
f011] wafer flat. Cu implantations were performed in a
{011) planar channeling geometry; in this case the sample
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was also tilted 7°, but with the tilt axis paraliel to the flat.
During both the random and the channeling implantations,
the ion beam was scanned electrostatically over the sample.
The peak current density in the =~ [0-mm-diam beam spot,
measured on 2 10-mm” Faraday cup, was typically 3-4 zA/
cm?, whereas scanning of the beam resulted in a current den-
sity of 3060-400 nA/cm? on target. During Si* implantation,
samples were mounted on the polished surface of a sample
holder containing a thermocouple. The maximum recorded
temperature rise of the holder during implantation amount-
ed to 55 °C. In addition, a pyrometer with a lower-limit tem-
perature sensitivity of =150 °C was used to monitor the
sample infrared emissivity. Never during implantation was a
noticeable signal detected. Part of the implanted samples
was annealed in a standard tube furnace either under flowing
N, or in vacuum at a base pressure below 10~° mbar.

B. Pulsed-laser irradiation and transient technigues

Pulsed-laser irradiation was performed using a §-
switched ruby laser [wavelength A = 694 nm, pulse dura-
tion 32 ns full width at half-maximum (FWHM) }. Using a
diaphragm and 2 lens, a small spatial fraction of the laser
beam was projected on the sample under far-field conditions.
The lateral homogeneity of the ruby laser spot was deter-
mined to be 4 10%. A new location on the implanted sam-
ple was used for each laser shot. The laser energy density was
varied between 0.1 and 2.0 J/cm?, and was calibrated using
calorimetry. During irradiation, the transient optical reflec-
tivity'® of the sample was monitored using a continuous-
wave AlGaAs laser operating at A = 825 nm, incident at 20°
to the surface normal and focused to = 50 pm FWHM. The
laser beam was linearly polarized with the polarization plane
at an angle of 35° relative to the scattering plane. The reflect-
ed intensity was monitored through a narrow-band trans-
mrission filter using a Si p-i-n photodiode and a fast oscillo-
scope. The total system rise time was =1 ns. The
time-resolved reflectivity (TRR) technigue probes changes
in refractive index and, hence, in combination with proper
modeling, enables one to follow phase transformations in
real time. Analysis of reflectivity measurements was done
using Fresnel matrix calculations for the reflectivity of an
isotropic planar multitayer system.'”

SOS samples were patterned photolithographically to
yield samples for tramsient conductivity measurements,”
The transient conductance technique, utilizing the 30-fold
increase in conductivity of Si upon transformation to the
liquid (/-8i) phase, monitors the molten Si thickness in real
time. Reflectivity and conductivity measurements on SOS
samples were performed simultaneously during one single
laser shot.

Computer modeling of transient heat flow and phase
transformations was performed using a numerical one-di-
mensional heat-flow code developed by Wood and Geist.”!

€. Structural analysis

Microstructural analyses were performed using Ruther-
ford backscattering spectrometry { RBS)**** employinga 2-
MeV He™ beam and a scaitering angle between 120° and
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17¢°, depending on analysis purpose. Channeling measure-
ments were done with the ion beam aligned with the [ 100] or
[111] direction for Si(100) and Si(111) samples, respec-
tively. In addition, transmission electron microscopy
(TEM) was performed. Specimens were prepared in cross-
section configuration, the material being thinned to electron
transparency by mechanical polishing followed by Ar ™ -ion
bombardment at 4 keV at grazing incidence.” TEM obser-
vations were made using a conventional electron microscope
operated at 120 keV. The structures in some specimens were
examined on an atomic scale using a high-resolution 300-
keV microscope with a point resolution of 1.9 A.

i BURIED LAYER FORMATION
A. Channeling 450-keV 93Cy™ implantation into Si(100)

Channeling implantation conditions are especially suit-
able for the formation of buried disordered layers in a crys-
talline matrix. For ion beams aligned with a principal crystal
axis or plane, the density of nuclear interactions is reduced
with respect to that for randomly oriented beams. This effect
is most prounced near the surface.” Si(100) samples were
implanted with 450-keV °*Cu’ ions to a total dose of
1.5 X 10" cm ™ ? using a planar channeling geometry. Figure
I shows a (011) cross-section TEM micrograph of a sample
after implantation. The micrograph shows a buried amor-
phous layer (thickness 370 nm), separated from the surface
by a 130-nm-thick crystaliine region. The 100-nm top region
of this surface layer contains a low density of dislocations.
The interface between surface ¢-Si and buried ¢-Si layer is
relatively sharp with some ¢-Si islands embedded in the
amorphous matrix. A relatively broad defected region is ob-
served in the ¢-8i substrate. This can be understood from the
fact that in the initial stage of channeling implantation the
penetration depth of the Cu ions is relatively large, resulting
in deep crystal damage. During implantation, however, the

FIG. 1. (011} Cross-section [400] bright-field TEM micrograph of a
Si(100) sample implanted with 1.5 10" Cu™ ions/cm” at 450 keV in 2
(011) planar channeling geometry.
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FIG. 2. (011) Cross section {400 bright-field TEM micrograph of a
Si(111) sample implanted with 4.0 10'® Si fons/cm” at 350 keV and ther-
mally annealed at 490 °C for 15 min.

channeling effect reduces because damage builds up and ¢-Si
is formed. Hence the average penetration depth of Cu ions
gradually decreases. The overall result is formation of an
extended region containing end-of-range (EOR) damage.

B. Bandom 350-keV 28Si~ implantation into Si{(100) and
Si(111)

Both Si{100) and Si(111) samples were implanted with
350-keV #*Si* ions in a random direction close to the surface
normal. The total implantation dose was 4.0 10'° ions/
cm’. The calculated projected ion range for this energy is
480 + 96 nm.?® By using Si ions in experiments concerning
buried layer formation and pulsed-laser crystallization in si-
ficon, any effect which might result from the use of a chemi-
cally dissimilar ion can be excluded. Following implanta-
tion, the samples were thermally annealed in vacuum at
490 °C for 15 min. Channeling analysis indicates that this
thermal treatment reduces the implantation damage in the
near-surface region. This damage might consist of simple
defects {e.g., divacancies”’ } and small amorphous clusters?®
which can be crystallized by solid-phase epitaxy (SPE).*”

From channeling’™ it is derived that in both the Si(100) and
the 8i(111} sample implantation followed by thermal an-
nealing leads to formation of 420-nm-thick buried amor-
phous layers. The thickness of the ¢-Si surface layer amounts
to 130 nm in the Si(100) sample and to 120 nm in the
8i(111) sample.

The microstructure after thermal annealing was studied
in detail using cross-section TEM. Figure 2 shows a {011)
cross section of an implanted 8i(111) sample after thermal
annealing. The micrograph shows a buried amorphous layer
{(thickness 420 nm}, separated from the surface by a 120-
nm-thick crystalline region. In the ¢-Si surface layer, small
dislocation loops are detected which are probably formed
during annealing. The interface between the g-Si layer and
the ¢-Si surface is undulating over ~ 50 nm. This is a resuit of
the random nature of the damage formation process which
produces a broad transition region containing amorphous
and crystalline areas. During annealing, growth of randomly
distributed ¢-Si clusters resulis in a nonplanar interface re-
gion. The micrograph also reveals that the back-side inter-
face between the buried @-Si layer and the ¢-Si substrate is
sharp within 20 nm. This can be understood from the fact
that near the EOR of the implanied ions the damage forma-
tion rate decreases rapidly with depth. As a result, this tran-
sition region from @-S1 to ¢-Si is relatively narrow.

C. Other implantations

Additional experiments were performed using buried -
Silayers produced by 275-keV “?Ar * implantation into SOS
as well as by 600-keV **Si* implantation into Si(100). Table
I summarizes the implantation conditions and the resulting
layer structures for these samples as well as for those de-
scribed in the previous sections.

{V. PULSED-LASER IRRADIATION
A, Cu-implanted samples
1. Time-resoived reflectivity

Cu-implanted Si( 100) specimens were irradiated with a
ruby laser pulse. Figure 3 shows a compilation of TRR mea-
surements performed during irradiation at several laser en-
ergy densities. Below 0.13 J/cm?, no change in the reflectiv-
ity is detected. For energy densities between 0.14 and 0.23
I/em?, pronounced oscillations are observed. As has been

TABLE L. Implantation conditions for the samples studied in this work. *r/ch” indicates random or channeling implantation geometry, “c-Si” and “e-8i”

denote layer thickness for surface ¢-Si and buried 4-Si layers, respectively.

Annealing

Ion energy Dose time and ¢-8i a-Si

Target (keV) (10** atoms/cm?) r/ch temperature (nm) (nm)

Si( 100) Cu™ 450 1.5 ch B 130 370

Si(100) Sit 350 4.0 r 15 min, 490 °C 130 420

Si{il1) Sit 350 4.0 r 15 min, 490 °C 120 420

(100)S08 Art 275 0.6 r 15 min, 455 °C 140 i50

$i(100) Si+ 600 15 r 15 min, 490 °C 350 620
4026 J. Appl. Phys., Vol. 67, No. 8, 1 May 1990 Polman et al. 4026
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FIG. 3. Transient reflectivity measurements recorded during puised-laser
irradiation of Cu-implanted samples at different laser energy densities (in-
dicated in the figure). The reflectivity scale corresponding to the transient
of 0.13 J/cm? is given in the figure. Subsequent transients are each shifted by
an absolute value of 25% for clarity. The laser pulse profile is shown at the
bottom.

shown earlier,’! such behavior is strongly indicative of a
planar solid-liquid interface moving into the interior of the
sample; the measured intensity results from interference of
tight reflected from the sample surface and from a moving
buried interface. The following melting and solidification
scenario is suggested for low-energy irradiation. During the
laser pulse, melting is initiated in the buried ¢-8i layer due to
the lower melting temperature (7,,) of a-5i
[7,,~1460K] (Ref. 35) relative to that of c-
Si(T,,. = 1685 K) and as a result of the higher optical ab-
sorption coefficient of @-Si.* Immediately following the for-
mation of this highly undercooled {temperature
=T, <T,.) liquid layer, it will start to crystallize at the
interface with the ¢-8i surface layer. The amorphous-to-lig-
uid-to-crystal transition is exothermic due to the difference
in latent heat of melting for ¢-Si and a-Si.*' Part of the heat
released upon solidification is used to melt deeper lying a-5i.
This deeper, undercooled liquid layer will crystallize, again
releasing latent heat, and hence 2 continuous self-sustained
(“‘explosive” ) melting and crystallization process occurs in
the buried ¢-Si layer.

The time-resolved reflectivity measurements can be
analyzed quantitatively using calculations of the reflectivity
of a sample containing a thin buried liquid (/-Si) layer. The
optical modeling takes into account multiple reflection from
all phase boundaries. in the calculations the refractive index
of the crystalline surface layer was taken at the melting tem-
perature of a-8i.%? Figure 4 shows the calculated reflectivity
as a function of depth of a 10-nm-thick liguid layer. It can be
seen that the reflectivity will decrease with respect to the
initial value as soon as a buried liquid layer forms at 130-nm
depth ( = the position of the ¢-Si/a-Si interface). This is a
result of destructive interference between light reflected
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FIG. 4. Calculated optical reflectivity of a o-8i sample containing a buried a-
Si layer and a thin buried liquid Si layer (thickness 10 nm}, as a function of
liquid layer depth. The initial reflectivity before irradiation is indicated
(R, ). A schematic drawing of the laver structure of the Cu-implanted
sample is shown on top of the figure.

from the surface and from the buried ¢-Si//-Si interface and
is clearly observed in the reflectivity transients in Fig. 3.
Following this initial decrease, subsequent interference
maxima and minima are expected for every 32 nm { = 14 in
the sample) propagated by the buried liquid layer. These
interference oscillations are observed in the reflectivity tran-
sients for 0.14-0.23 J/cm”. The number of interference ex-
trema is determined by the maximum propagation depth of
the BC process. For 0.20-J/cm? irradiation, seven extrema
are observed, apart from the initial decrease. The calcula-
tions of Fig. 4 indicate that in this case the buried liquid layer
has fully consumed the ¢-Si layer. For lower-energy densities
fewer extrema are observed, indicating that the EC process
was quenched within the ¢-Si layer. Quenching car: occur
when the heat released by crystallization is balanced by heat
flow into the well-conducting ¢-Si substrate. The EC velocity
can be calculated by dividing { A by the measured time delay
between subsequent interference extrema. For 0.20 J/cm?
irradiation, this yields a velocity of 16.2 + 1.2 m/s, constant
over the depth within the error.”

For irradiation at 0.23 J/cm?, an increase in refiectivity
superimposed on the last few extrema is observed. For high-
er-energy densities this effect becomes more pronounced; in
the reflectivity transients for 0.28 and 0.49 J/cm”, a high-
reflectivity plateau is observed after the initial decrease in
reflectivity. The absolute value of this plateau (R = 75%)
corresponds to that of an optically thick liquid layer at the
surface. This layer shiclds the buried /-Si layer from the
probe laser light, and hence no further oscillations in refiec-
tivity are observed. This indicates that at high-energy irra-
diation, after initiation of melting in the buried ¢-Si layer, the
laser pulse still supplies sufficient energy to raise the surface
temperature above the melting point (7, ).

2. Channeling

Figure 5 shows RBS spectra for samples irradiated at
energy densities ranging from 0.20 to 0.67 J/cm?, analyzed
in channeling and random direction. In addition, a channel-
ing spectrum for the as-implanted sample is shown. The
channeling spectra can be interpreted by comparing the scat-
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FEG. 5. Channeling spectra for Cu-implanted 8i( 100) samples before and
after irradiation at various energy densities (indicated in the figure). A ran-
dom spectrum and 2 channeling spectrum for a virgin sample are shown for
reference.

tering yield with that from a virgin 8i(100) sample, which is
shown for reference. In the spectrum of the as-implanted
sample, a low yield is observed near the surface backscatter-
ing energy (region { indicated in the figure}, indicating the
presence of a crystalline surface layer, in agreement with the
TEM observation (Fig. 1). Between channel 160 and 190,
the channeling vield equals the random scattering height
(regions II and EII). This indicates that a fully disordered
region has formed. The thickness of this region estimated
from the channeling spectrum is 485 nm. This is equivalent
to the combined thickness of the buried ¢-Si layer and the
most heavily damaged part of the ¢-Si substrate as observed
in TEM. After irradiation at energy densities between 0.20
and 0.49 J/cm?, the yield from the originally amorphous
layer (region I} decreases to = 40% of the random height.
This implies that the amorphous layer has crystallized with a
large degree of order in the | 100} direction. The remaining
peak in region I corresponds to the EOR damage as ob-
served in the TEM micrograph of Fig. 1.

3. Cu redistribution

Figure 6(a) shows the Cu concentration as a function of
depth before and after irradiation at 0.23 J/cm?. Data are
derived from RBS spectra. It can be seen that after irradia-
tion Cu has been transported deeper into the sample. This is
further evidence that a buried liquid layer has moved
through the sample: Cu exhibits strong segregation effects at
the [-Si/¢-8i interface and thus is zone-refined inward, with
the self-propagating liquid layer.® After irradiation, the Cu
concentration peaks at ~ 500-nm depth. This indicates that
Cu is zone refined over the full thickness of the originally a-
Si layer and is trapped near the interface with the ¢-Si sub-
strate. The Cu concentration profile after irradiation at 0.67
J/cm?is shown in Fig. 6(b). Again, an inward segregation of
Cu can be seen. In addition, a Cu peak is observed at the
surface. This will be discussed later on.

4. Cross-section TEM

To study the microstructure in more deiail, a sample
irradiated at 0.35 J/cm® was investigated by TEM. Figure
7(a)showsa {(011) cross-section TEM micrograph in which
three distinct regions on top of the ¢-Si substrate can be ob-
served.

(1) A 130-nm-thick crystalline surface layer. The top
100 nm of this layer contains a low density of dislocations.

(I} The originally amorphous region, which was ex-
plosively crystallized (thickness 370 nm). Selected-area
electron diffraction |{Fig. 7(b)] reveals that this region is
single crystalline with the same orientation as the surface
region. Besides the bright spots of the Si matrix, smali spots
corresponding to twinned regions are observed. Such re-
gions can be seen in the bright-field image of Fig. 7(a) and
are marked “T.” Twins are oriented paralilel to {111} planes,
inclined at 35° to the surface normal. In Fig. 7(a) also
“boundaries” parallel to [ 100} can be observed (marked

3. These boundaries separate [ 100] oriented columns
with a lateral dimension of 50-200 nm. A highly defected
region is observed near the interface with region I.

(III) A defected region (thickness ~ 160 nm) beneath
the crystallized layer. The dark contrast in the micrograph is
characteristic of EOR damage. This region corresponds to

0.12 T T T T 0.12 T T T I
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FIG. 7. (011) Cross-section TEM micrographs of a Cu-implanted Si(100)
sample after pulsed-laser irradiation at (.35 J/em’. (a) [400] bright-field
image. Twins are marked *I” and boundaries parallel to [ 100] are indicat-
ed 7. (b) Electron diffraction pattern from the crystallized Si layer. Im-
ages of primary spots mirrored with respect to the axis through [111] and
[111] or with respect to the axis through [171] and [117] correspond to
twinned regions. Other spots are attributed to double diffraction.

the high-yield portion (region I11) in the channeling spectra
of irradiated samples in Fig. 5.

High-resolution imaging was employed for a detailed
study of the nature and origin of the specific defect struc-
tures. The imaging conditions were chosen such that the re-
sulting image contrast was a 3.14-A crossed fringe patternin
crystal matrix regions. Figure 8 shows a high-resclution mi-
crograph of the interface region between [ and II. The top of
this figure shows part of the crystalline Si surface layer (re-
gion I}, Furthermore, fringe patterns are clearly chserved on
the left and right bottom side of the micrograph, correspond-
ing to [ 100]-crystalline ordering in the explosively crystal-
lized columns. Mo such fringes are visible in the “boundary”
region in the middle of the bottom region of the micrograph
{interfaces between columns and boundary are indicated
7). This indicates that boundary regions are composed of
misoriented crystalline or even amorphous material. Bound-
ary regions are typically 13~20 nm wide and extend deep into
region II. No amorphous or microcrystalline areas are de-
tected in the | 100]-oriented colemns.

Figure 9 shows another image of the interface region
between I and II. The top of this figure shows part of the
crystalline Si surface layer. The base of the figure shows crys-
talline Si formed by the epitaxial explosive crystallization
process. In addition, the figure shows part of a boundary. A
large number of microtwins (marked “t”) are observed in

4029 J. Appl. Phys., Vol. 67, No. 9, 1 May 1980

F1G. 8. High-resolution image of solidification structures shown i Fig.
(a): interface between region I and IE. Interfaces between “boundary” re-

"5

gion and crystalline columns are indicated “—".

the region where EC has started. These twins are only a few
interplanar distances (d,,,) thick. Furthermore, a large
twin lamella (marked “T"") is observed, with intensity mod-
ulations with a period 3d,,,. Such fringes are characteristic
for the overlap of a twin with perfectly oriented mairix mate-
rial. This large twin lamella is similar to the long and broad
famellaein Fig. 7(a). The detailed image in Fig. 9 shows that
these large twins originate at the boundaries parallel to
[100].

FIG. 9. High-resolution image of solidification structures shown in Fig.
7(a): interface between region I and 11 Twins are indicated “t” and “T".
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5. Discussion

The time-resolved measurements, combined with the
detailed microsiructural investigations, strongly suggest the
following transient melting and solidification scheme. Dur-
ing irradiation, a liguid layer is formed in the buried a-Si, at
the interface with the ¢-Si surface layer. This molten layer
immediately starts to solidify epitaxially, seeded from the c-
Si surface region. Heat released upon solidification can be
used to melt deeper lying @-Si and hence explosive epitaxial
crystallization occurs. The interface region where crystalli-
zation starts is not atomically sharp, as is shown by the TEM
micrograph obtained from a sample after implantation (Fig.
1). Hence it is very likely that inhomogeneous nucleation
occurs at the ¢-Si/a-Si interface. Possibly, transient stress
effects, related to the difference in density between liquid
and solid §i, can also play a role in this respect. Inhomogen-
eous nucleation can give rise te dense microtwin formation
on {111} planes in the initial stage of crystallization. There
are four sets of {111} planes on which twinning can occar.
During growth, these twins intersect and growth of most
twins is impeded after a growth distance of =30 nm. Onlya
few twins extend deep into the crystal. Furthermore, due to
the inhomogeneous nucleation, growth cannoct occur in a
layer-by-layer fashion, via subsequent (100) plane nuclea-
tion.” Instead, isolated growth events are initiated in the in-
terface region and growth proceeds via [ 100]-oriented co-
lumns. Possibly the size of columns is related to the distance
between nucleation sites. The columns are separated by a
zone of misoriented or amorphous Si. These boundary zones

1 H T 1 T 1 T
Si (100) /\/"J\JW V\”\
(J/em?) \

cm AR=15% \

L 0.27 ”/\ ~
M/

oz [l

0.22 /\M
\—\/\-\f—ﬂf"’\“/\l

| ! i | ! ]
-10 0 10 20 30 40 50
Time {ns)

Reflectivity

FIG. 10. Transient reflectivity measurements recorded during pulsed-laser
irradiation of Si-implanted Si(100) samples at different laser energy densi-
ties (indicated in the figure). Subsequent reflectivity transients are each
shifted by an absolute scale of 159 for clarity, and the arrow indicates the
reflectivity scale. The steady-state reflectivity before irradiation amounts to
35% for all transients. The peak of the laser pulse is taken as the origin of the
time axis.
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provide nucleation sites for formation of twin lamellae. Most
of these twins protrude deep in the crystallized layer.

TEM was used to characterize the microstructure ob-
tained after 0.35-J/cm? irradiation only. The channeling
spectra in Fig. § indicate the evolution of the microstructure
over a larger energy-density range. It can be seen that for
energy densities between 0.20 and 0.49 J/cm?, the defect
formation process is not strongly dependent on energy den-
sity; in all cases the backscattering yield from region II
reaches a level of =40%. Therefore, the TEM micrograph
taken after 0.35-J/cm? irradiation can be taken as represen-
tative for all phenomena in this energy-density range. The
channeling yield of 40% is attributed to dechanneling and
direct scattering from twinned regions, boundaries, and mis-
aligned areas.

A more complicated scenario is derived for irradiation
at 0.67 J/cm’. TRR measurements show that in this case
surface melting is induced after initiation of EC of the buried
amorphous layer. At high-energy density this surface melt
can probably penetrate beyond the interface between regions
I and II, thereby remelting microtwins, coriginally formed
during EC several nanoseconds earlier. After reaching the
maximum melt penetration depth, the surface melt starts to
solidify, seeded from the epitaxially crystatiized buried lay-
er. This scenario explains the further reduction in channel-
ing yield from region 1, as is observed in Fig. 5. The surface-
melt zone refines part of the Cu toward the surface, and
causes the Cu pileup at the surface as observed in Fig. 6(b}.

B. Si implanted samples: Si(100) vs Si(111}
1. Sif(160)

Figure 10 shows a compilation of TRR transients ob-
tained during pulsed-laser irradiation of the Si-implanted
and thermally annealed Si( 100) samples as described in Sec.
I1f B. Analogous to the TRR measurement for the Cu-im-
planted samples, oscillations in the reflectivity are observed
for low-energy irradiation. The threshold energy-density for
melting in the a-Si is 0.22 J/cm®. For energy densities of 0.29
J/cm? and higher, oscillations are foliowed by a high-reflec-
tivity plateau corresponding to the reflectivity of an optically
thick /-8i layer at the surface. For all transients, initially a
decrease in reflectivity is observed, which is in agreement
with the formation of a hquid layer at 130-nm depth, at the c-
Si/e-Si interface. Indeed, these measurements suggest that
alse in the Si-implanted samples the buried &-Si layer is
transformed to ¢-8i via explosive crystallization.

A detailed investigation of the microstructure after irra-
diation was performed using cross-section TEM. A (011)
cross-section micrograph of a sample irradiated at an energy
density of 0.35 §/cm? is shown in Fig. 11{a). Four distinct
regions on top of the ¢-Si substrate can be observed.

(I) A 130-nm-thick crystalline surface layer. The top
100 nm of this layer contains a Jow density of dislocations.

(II} The explosively crystallized layer with a thickness
varying between 350 and 420 nm. This region is single crys-
talline with two lamellae protruding deep into the crystal-
lized layer. Also, the characteristic boundaries paratlel to
{1001 are observed. Along these boundaries, near the inter-
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FIG. i1. (011) Cross-section [400] bright-field TEM micrograph of a Si-
implanted and thermally annealed Si(100) sample after pulsed-laser irra-
diation at 0.35 J/cm?. Twins are marked “T”, and boundaries parailel to
[100] are indicated **— . {a) Si(100) and (b) Si(1il).

face with region III, large pockets of microtwing are ob-
served. High-resolution imaging did not show amorphous or
microcrystalline areas in the crystalline columups in region
II. The interface with region [ is heavily defected. High-
resolution microscopy reveals that this area contains a large
density of microtwins, sirnilar to those described for the Cu-
implanted sample in Sec. [V A 4.

(HI) A remaining amorphous region, with a thickness
varying between O and 70 nm. The presence of this layer
indicates that EC was quenched before reaching the ¢-8i sub-
sirate.

(IV) A defected crystalline region (thickness =60 nm),
containing EOR damage.

The time-resolved measurements, combined with the
detailed microstructural analyses, suggest a transient melt-
ing and solidification scheme similar to that observed for Cu-
implanted samples, as described in Sec. IV A 5: Buried
amorphous layers produced by Si implantation can be con-
verted to single-crystalline Si via epitaxial explosive crystal-
lization. In the initial stage, solidification does not proceed
via (100) layer-by-layer growth, probably due to interface
roughness (see Fig. 2), resuliing in inhomogeneous nuclea-
tion. This may lead to formation of columnar structures of
epitaxially grown ¢-8i.

2 8if111)

Si(111}) samples were implanted, thermally annealed,
and pulsed-laser irradiated similarly to the $i{ 100} samples.
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The TRR measurements (not shown )show qualitatively the
same behavior: During low-energy-density irradiation, os-
cillations are observed, indicating the occurrence of EC. For
higher-energy densities a high-reflectivity plateau is ob-
served, indicating surface melting.

Figure 11(b) shows a (011) cross-section TEM micro-
graph for a Si{111) sample irradiated at 0.35 J/cm®. Four
distinct regions can be observed in the figure.

(I) A 120-nm-thick crystalline surface layer containing
dislocation loops. Similar loops are observed in the sample
before irradiation (Fig. 2).

(II) A =280-nm-thick crystalline layer. This layer con-
tains both [111] oriented columns and a high density of
twins, extending from the crystalline surface region towards
a remaining amorphous region. Twins are oriented parallel
to 1111} planes, inclined at 19.5° to the surface normal. The
micrograph also shows the characteristic boundaries {indi-
cated *“—""), separating [ 111]-oriented columns. Near the
interface with region III, large pockets of microtwins are
observed along these boundaries. High-resolution micros-
copy also shows a large density of microtwins near the inter-
face with region 1. Microtwins parallel to the (111} growth
plane were also chserved.

(1) A remaining amorphous region, with a thickness
varying between 130 and 150 nm.

(IV) A defected crystalline region containing EOR
damage.

3. Comparison between experiments on Si(100) and
Sif11%}

As discussed in the preceding paragraphs, in both
Si(100) and Si(111) EC of buried amorphous Si layers
yields single-crystalline Si aligned with the surface, with
large twins extending into the layer. Twinning is more pro-
nounced in Si{111) samples. An important parameter in the
analysis of these features is the crystallization velocity. Fig-
ure 12 shows this velocity as a function of depth in both
Si(100) and Si(111) samples. Velocities are obtained from
TRR measurements during 0.25-J/cm? irradiation (shown
as an inset in the figure) combined with optical calculations
of the reflectivity as in Fig. 4. It can be seen that the interface
velocity is constant over the depth, at an average of 15.6 m/s
for Si(100) and 14.6 m/s for Si(111), respectively. Results
of a series of equivalent measurements on similar samples
were averaged to reduce statistical variations, resulting in a
relative error™ of + 0.3 m/s for the two measured crystalli-
zation velocities. [t should be noted that rapid epitaxial crys-
taflization phenomena, at similar velocities as described
here, have also been found by Cullis, Webber, and Chew.*
However, the present data are the first to show self-sustained
crystallization at this high rate.

Several workers®®*® have studied the orientation depen-
dence of high-speed crystal growth from the melt. It has been
shown that 15 4 1.5 m/s is a critical limit for epitaxial re-
growth of Si(100).”® If the quench rate is enhanced above
this velocity, crystal growth breaks up and amorphous mate-
rial forms. In the present experiments, explosive epitaxial
crystal growth in Si(100) occurs just at this threshold veloc-
ity. Cullis et a/.*” have shown that just below the threshold,
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FIG. 12. Solid-liquid interface velocity for explosive crystallization in Si-
implanted samples during irradiation at 0.25 J/cm’. The closed circles are
measured data obtained from TRR transients shown as an inset in the fig-
ure. The drawn lines are averages from an extended series of experiments.
The dotted line indicates the ¢-Si/a-Si interface. (a) Si(100} and (b)
Si(1i1).

Si(100) would grow almost perfectly, without twin or col-
umn formation. The present experiments, however, do not
exhibit this perfect solidification scheme. As discussed be-
fore, this can be understood from the fact that crystallization
starts from a rough transition region.

Plane nucleation on the densely packed Si(111) planes
is kinetically less favored than on Si(100). Hence the maxi-
mum velocity for epitaxial growth of Si(111) is expected to
be lower than that of Si{100). Cullis ef a/.>” have estimated
this velocity to be 5-8 m/s. For higher velocities they have
observed a different growth mode, with dense twinning and
defect formation. This enhanced crystal growth mode has
been explained by the presence of nucleation sites at grooves
in the growing surfaces.’®*’ The amorphization threshold
for this mode was determined to be =~ 12 m/s.*” The present
experiments, however, show that Si(111) crystal growth can
still take place at 14.6 m/s. It should be noted that the 12-
m/s limit is a first-order estimate based on a heat-flow calcu-
lation which did not take into account undercooling effects.
En addition, as nucleation at twin boundaries plays a role, the
maximum velocity must be related to the twin density,
which can easily change from one experiment to the other.

TEM shows that for the same irradiation fluence of 0.35
¥/cm?, the quench depth for growth in 8i(100) is larger than
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that for growth in Si(111) (i.e., 515 4+ 35 nm vs 400 + 10
nm). A similar effect is observed in the TRR transients of
Fig. 12. This can be understood from the difference in solidi-
fication velocity for the two crystal orientations. During the
slower solidification in Si(111), more heat diffuses away
into the substrate, reducing the amount of heat available for
melt penetration. In addition, growth breakdown could oc-
cur earlier in the Si{111) sample due to the dense twin for-
mation.

C. Ar-implanted samples

Ar-implanted SOS samples were irradiated with a ruby
laser pulse. Figure 13 shows the combined transient reflec-
tivity and conductivity measurements obtained during 0.25-
J/cm? irradiation. The reflectivity measurements show ex-
trema, numbered 1, 2, and 3 in the figure. Usually, optical
measurements on the multilayer structure of SOS samples
are complicated by the occurrence of interference effects
during heating of the sample.*' Upon heating, the refractive
index of Si and sapphire increase; hence the interference con-
dition and the sample reflectivity will change. The initial
decrease in reflectivity between ¢ = 0 and ¢ = 10 ns can be
attributed to this effect.'’ The rapid variations later in time
are indicative of the formation and propagation of a buried
liguid layer in the sample, as discussed in detail in the pre-
vious sections. Optical calculations as in Fig. 4 reveal that for
an EC process completely converting the relatively thin (150
nm)} buried amorphous layer, three interference extrema
{one maximum and two minima} are expected. This is as
observed in Fig. 13. Channeling data (not shown) revealed
that EC has converted the ¢-Si layer to ¢-Si with a large
degree of ordering epitaxial to the ¢-Si surface layer.

The thickness of the buried liguid layer can be directiy
determined from the time-resolved conductivity measure-
ment performed simultaneously. Figure 13 shows that the
effective melt thickness reaches a maximum of 16 nm, The
timing of the interference extrema indicates that at that time
the EC process has converted half of the ¢-Si layer to ¢-St1.
Eventually, the buried liquid layer thickness decreases, and
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FIG. 13. Combined time-resolved reflectivity and conductivity measure-
ments recorded during pulsed-laser irradiation of Ar-implanted SOS sam-
ples at 0.25 J/cm?. The conductivity transient was converted o melt thick-
ness. The timing is taken relative to the peak of the laser pulse.
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at = 40 ns no significant signal is observed anymore. At the
same time also the reflectivity level reaches a steady level,
only slightly increasing as a result of cooling of the SOS layer
structure.

. 800-keV Si-implanted samples

Pulsed-iaser irradiation has also been applied on thicker
and deeper buried g¢-Si layers, as produced by 600-keV Si
implantation (see Table I). From channeling measurements
it is concluded that in this case EC has proceeded with order-
ing in the [100] direction as well.

VY. COMPARISON BETWEEN IMPLANTATIONS

Table I shows the measured EC velocity for all samples
studied. The characteristic features derived from the full
range of experiments can be summarized as follows.

(1) The TRR measurements for Cu-implanted samples
(Fig. 3) and those for Si-implanted samples (Fig. 10) show
a quantitatively different behavior, aithough the sample ge-
ometry is nearly equal for the two cases, While the threshold
energy density for surface melting is the same for the two
types of samples ( =0.28 J/cm?), the threshold for melting
in the ¢-Si is quite different: 0.14 J/cm® for Cu-implanted
samples and 0.22 J/cm? for Si-implanted samples. One sug-
gestion is that this difference originates from the presence of
the Cu impurity, which could reduce the local melting tem-
perature. However, the Cu concentration at the c-Si/a-8i
interface as measured in Fig. 6 is less than 50 ppm, which we
think is too low to account for any measurable effect. The
difference in melt threshold can possibly be explained by the
fact that the Si-implanted samples are thermally annealed
after implantation, while the Cu-implanted samples are not.
Itis known that thermal annealing induces structural refaxa-
tion in g-Si.*>** As a consequence, thermal and optical prop-
erties will change in the direction of values for c-Si.***> This
causes the threshold energy density for buried melting to
increase.

(2) Channeling implantation results in a well-defined
fayer structure with relatively sharp interfaces. In these sam-

TABLE 1L Epitaxial explosive crystallization velocity for the samples stud-
ied in this work.

EC

velocity®
Target Ion (m/s)
Si(100) Cu’ 16.2+ 09
Si(100) Sit 15.6 + 0.6(0.3)"
Si(111) St 14.6 + 0.6(0.3)°
(100)808 Ar* 14.7 4+ 0.9

*The systematic error due to the uncertainty in refractive index (5% is not
inciuded (Refs. 33 and 34).

"The error including the timing inaccuracy is 0.6 m/s. In the comparison
between velocities for (100)- and (111}-oriented samples, the error is 0.3
m/s.
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ples epitaxial crystallization of the buried 4-Si layer can be
induced, without applying thermal annealing before irradia-
tion. Samples which are implanted in a random direction can
be crystaliized epitaxially if an annealing treatment (490 °C
for 15 min) is applied before irradiation. This treatment
sharpens up the transition region between ¢-Si and @-§i. In
additional experiments, not reported here, a more extensive
thermal treatment has been used with the aim to preduce a ¢-
Si/a-Si interface as sharp as possible. This was done using
SPE at 540 °C for 15 min. It was found that also in this case
EC yielded defected single-crystalline Si, with a minimum
channeling vield of 40%.

(3) In all experiments the velocity of epitaxial explosive
crystallization les in the range 15-16 m/s and is constant
over the depth. The presence of Cu or Ar impurities at con-
centrations in the ranges 0.01-0.1 at. % does not influence
this velocity to 2 measurable extent.

VI. COMPUTER MODELING OF PHASE
TRANSFORMATIONS

A, Heat-flow model

To model the phase transformations during irradiation,
computer simulation was employed, using a one-dimension-
al heat-flow code developed by Wood and Geist.?! In this
code, the sample is represented by an array of cells of specific
structure (a-Si, ¢-Si, /-Si), and the thermal interaction
between cells is determined by thermal properties as de-
scribed elsewhere.* Numerically calculated results con-
verged for a cell thickness of 3 nm. This thickness was used in
the simulations described hereafter. The melting tempera-
ture of a-Si was taken to be 225 K below that of ¢-Si.° Simula-
tions were performed under the constraint that a /-Si cell,
undercooled with respect to 7, and in contact with a ¢-Si
cell, would crystallize at a velocity egual to the measured
15.6 m/s for S1(100). The layer structure was chosen equal
to that of the 350-keV Si-implanted Si samples after anneal-
ing, as described in Sec. III B.

8. Results

Taking appropriate energy density of the laser pulse, the
simulations showed that melting was initiated at the buried
¢-Si/a-8i interface. It is found that the molten layer solidifies
from the c-Si surface seed, and the heat of crystallization
which is released is sufficient to melt deeper lying a-5i. Fig-
ure 14 summarizes the calculated phase transformation se-
quence in a depth-phase-time diagram. This diagram, the
concept of which was introduced by Wood and Geist,”
shows the time evolution of the boundaries between the var-
ious phases. The figure shows the initial formation of a
buried molten laver and subsequent explosive propagation
of the liquid layer converting a-Si to ¢-Si. The thickness of
the liguid layer initially incresses as a function of time,
reaching 2 maximum of 40 nm. As the melt proceeds further
inwards, the heat flow is influenced by the different thermal
properties of the ¢-8i substrate. This causes the melt thick-
ness to decrease and eventually results in quenching at a
depth of 480 nm. This simulation clearly shows that the ex-
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FIG. 14. Depth-phase-time diagram for epitaxial explosive crystailization
obtained using computer simulation of transient heat flow and phase trans-
formations. The peak of the laser pulse is taken as the origin of the time axis.

plosively propagating phase transformations can be ana-
lyzed in terms of standard heat flow.

The simulated data are in qualitative agreement with the
experimental results. Indeed, quenching is observed in the
experiments, for a specific energy density. Also, the gradual
increase in thickness of the buried melt, followed by a de-
crease, has been directly observed in the transient conductiv-
ity measurements of Fig. 13. The difference in maximum
melt thickness beiween experiment and simulation (i.e., 40
nm vs 16 nm) is due to the specific choice of layer geometry
in the latter. Additional simulations (not shown) for the
layer geometry of the implanted SOS samples yield a maxi-
mum meilt thickness of 16 nm, in perfect agreement with the
measured data. In thin buried ¢-Si layers, the maximum melt
thickness is reduced as a result of heat flow into the well-
conducting ¢-3i substrate.

Vit NUCLEATION OF EXPLOSIVE CRYSTALLIZATION

As noted in Sec. IV, no microcrystalline grains were
observed in the solidification structures formed by epitaxial
explosive crystallization of buried a-Silayers. This indicates
that the nucleation and growth processes which sustain ex-
plosive crystallization of amorphous surface layers, and
which yield randomly oriented polycrystalline Si (pe-Si), do
not play a role under the present experimental conditions.
Such processes may involve heterogenecus nucleation at the
leading ¢-Si//-Si interface, as suggested by Tszo and
Peercy,'* and solid-state nucleation in ¢-Si during the heat-
ing period prior to melting, as recently suggested by Roorda
and Sinke."® The difference in solidification behavior can be
interpreted as follows.*®

(1) The nucleation processes yielding pe-8i must com-
pete with ¢-Si growth which starts immediately at the ¢-5i
surface seed, as soon as a buried liquid layer is formed. In
additional experiments, which will be reported elsewhere,*’
it is shown that the pc-8i nucleation: and growth processes
exhibit a characteristic time delay for triggering of EC of
> 10 ns. Conseguently, these processes cannot trigger EC in
buried «-Si layers.

4034 J. Appt. Phys., Vol. 67, No. 9, 1 May 1990

Downloaded 08 Mar 2006 to 192.87.154.163. Redistrib

{2) During EC in buried a-Si layers, a planar heat
source is available at the freezing ¢-8i//-8i interface, and the
tiquid temperature can locally increase well above 7,,.%
Small pe-8i nuclei have a melting point well below that of
bulk ¢-8i,***® and hence, if they are formed, they can prob-
ably be remelted. As a consequence, epitaxial growth can
proceed without being impeded by pe-Si nuclei present in the
Hquid. In EC of ¢-Si surface layers, such a planar heat source
isnot available and a more homogeneous temperature distri-
bution builds up. Under these conditions pc-Si are not re-
melted and EC is sustained by growth of these nuclei, yield-
ing randomly oriented pc-8i. Preliminary heat-flow calcula-
tions support this suggestion.

¥ili. CONCLUSIONS

Ton implantation in the energy range from 275 to 600
keV can be used to form amorphous silicon layers buriedina
crystalline matrix. Pulsed-laser irradiation can be employed
for crystaliization of the buried amorphous layers. Under
specific irradiation conditions internal melting occurs at the
a-Si/c-Si interface, immediately followed by explosive crys-
tallization (BC) of the buried layer. EC is mediated by a
buried liquid layer of typically 10-40 nm in thickness, and
proceeds epitaxially in both Si(100) and Si(111) samples,
with formation of twins. Twin formation is most pro-
nounced in Si{111). Crystal growth velocities range from 15
ta 16 m/s, close to the fundamental limit for crystalline or-
dering at a Si liquid-crystalline interface. Nucleation of poly-
crystalline Si, which sustains EC of a-Si surface layers, is
suppressed in experiments concerning buried ¢-Si layers.
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