Epitaxial explosive crystallization of amorphous silicon
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It is shown that amorphous silicon can be transformed to monocrystalline silicon via an
explosive epitaxial crystallization process induced by pulsed laser irradiation. 370-nm-thick
amorphous Si layers, buried beneath & 130-nm-thick crystalline surface layer, were irradiated
with a 32 ns ruby laser pulse. Real-time reflectivity measurements indicate that internal
melting can be initiated at the amorphous-crystalline interface, immediately foliowed by
explosive crystallization of the buried amorphous Si layer. Channeling and cross-sectional
transmission electron microscopy reveal that explosive crystallization proceeds epitaxially with
formation of twins extending into the sample. The crystal growth velocity is determined to be
16.2 4- 1.2 m/s, close to the fundamental limit for crystalline ordering at a liquid Si/8i(100)

interface.

The amorphous phase of silicon (e-5i) is metastabie
with respect to the crystalline phase (¢-8i)." Under moder-
ate heating conditions, @-8i transforms directly into ¢-8i. Un-
der rapid heating conditions, however, a-Si, if heated above
its melting temperature, transforms to the metallic liquid
state (/-81).% Upor cooling, this phase solidifies to either the
amorphous or the crystalline phase, depending on the
quench rate’ and the presence of a seed for crystallization.*’
Despite the important role of silicon in present day semicon-
ductor technology, the fundamental mechanisms behind
these phase transformations are still poorly understood.

Important insight into the thermodynamics and kinet-
ics of these transformations can be obtained from a study of
“explosive’” crystailization of the amorphous phase. This
process has been shown to occur in ion-implanted amor-
phized Si surface layers following nanosecond pulsed laser
irradiation.”® 2 Under specific conditions of irradiation and
sample structure, a shallow region of ¢-Si at the surface is
heated and melted, whereupon a self-propagating (“explo-
sive”) melting and solidification process, driven by the dif-
ference in latent heat of ¢-8i and ¢-Si, transforms the 4-Si
layer to ¢-Si. Explostve crystallization (EC) of amorphous
surface layers yields randomly oriented, fine-grain (=~ 100
A) polyerystalline 8i.27%'9 This microstuctiure originates
from the specific ¢-8i nucleation events which sustain EC.
The precise nature of the processes that trigger and sustain
EC is still under debate, ' ' '4

In this letter a new type of explosive crystailization is
presented, induced i a ¢-Si(100) sample which contains an
a-Si layer buried beneath the surface. It is found that, using a
pulsed laser, melting can be initiated buried in the sample at
the ¢-8i/4-5i interface, whereupon epitaxia! explosive crys-
tallization is initiated from the crystalline “seed” at the sur-
face.

Single crystals of Si with (100) oriented polished sur-
faces were implanted at room temperature with 450 keV
%*Cu' ions to a total dose of 1.5 10'° cm™ * using a (011)
planar channeling geometry. The sample was tilted 7° from a
plane perpendicular to the ion beam, with the tilt axis paral-
Iefto a {011} wafer fiat. The ion beam was scanned electro-
statically, with an angular divergence of 1°. Using these
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channeling conditions, & sample containing & buried amor-
phous layer was produced, as will be shown jater. Foliowing
implantation, samples were irradiated with a Q-switched
ruby laser (A = 694 nm, pulse duration 32 ps full width at
haif maximum}. To study the phase transformations during
irradiation in real time, transient optical reflectivity mea-
surements'’ were employed using a 15 mW continuous-
wave AlGaAs laser operating at 4 = 825 nm. After irradia-
tion, 2.0 MeV He * Rutherford backscattering spectrometry
(RBS) and cross-sectional transmission electron micros-
copy (TEM) were performed to study the sample micro-
structure.

Figure 1 shows a comparison of RBS spectra for a sam-
ple after implantation analyzed in a channeling and a ran-
dom direction. The channeling specirum shows a reduced
yield near the Si surface backscattering energy, indicating
that a surface layer has remained crystalline with a low de-
fect concentration {region ! in the figure). The thickness of
this layer is calculated to be approximately 130 nm. The
high-yield portion (regions I and IF) in this spectrum cor-
responds to a buried disordered layer with a thickness of
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FIG. 1. Channeling RBS spectra for 5i ( 100) samples implanted in a planar
channeling geometry with 450 keV “*Cu ions to a total dose of 1.5 10'S
cm’ " Spectra before and after irradiation at 0.23 J/cm? are shown. Chan-
neling was performed with the ion beam aligned with the [100} axis. A
random spectrum is shown for reference. Surface backscattering energies
for Si and Cu are indicated by arrows.
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~485 nm. This region includes beth an amorphous layer
and a deeper lying region containing implantation taif dam-
age which is usually observed in ion implantation.

Figure 2 shows a compilation of time-resolved refiectiv-
ity measurements performed during pulsed laser irradiation
at several energy densities. Below 0.13 J/cm?, no change in
the refiectivity is detected. For $.20 and 0.23 [/cm” pro-
nounced oscillations are observed. As has been shown ear-
lier,*'" such behavior is strongly indicative of a planar solid-
liguid interface moving into the interior of the sample; the
measured intensity resulis from interference of light refleci-
ed from the sample surface and from a moving buried inter-
face. The following melting and sohidification scenario is
suggested for low-cnergy irradiation. During the laser pulse,
melting is initiated in the buried ¢-Si layer due to the lower
melting temperature of ¢-8i (T, =~ 1460 K2!) relative to
that of ¢-8i (7. = 1685 K) and as a result of the higher
absorption coefficient of ¢-Si. This heavily undercooled
{(temperature=T,,, < 7, ) liquid layer crystallizes imme-
diately at the interface with the ¢-Si surface layer. The heat
released upon solidification is used to melt deeper lving 2-Si.
This deeper, undercocled liquid layer will crystallize, again
releasing latent hest, and hence a self-sustaining (“‘cxplo-
sive’) melting and crystallization process occurs in the
buried ¢-Si layer.

Optical calculations'® show that the reflectivity will de-
crease with respect to the initial value as soon as a buried
ligquid laver forms at 130 nm depth. This is a result of de-
structive interference between light reflected from the sur-
face and from the buried ¢-Si1//-Si interface and is clearly
observed in the reflectivity transients in Fig. 2. Following
this initial decrease, subsequent interference maxima and
minima are cxpected for every 52 nm ( = 1/4 wavelength in
the sample) the buried liquid layer propagates into the sam-
ple. These interference effects are clearly observed for (.20
and 0.23 I/cm”. For .20 J/cm? irradiation, the buried layer
moves from the originai ¢-Si/a-Si interface at 130 nm to a
depth of = 500 nm from the surface. From the timing of the
extrema the EC velocity s calculated: 16.2 + 1.2 m/s, con-
stant over the depth within the error.'® Interference extrema
are also observed for other energy densities between 0.13 and
0.203/cm?; however, they are less in number, indicating that
the EC process was quenched in the ¢-Si layer.
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FIG. 2. Transient reflectivity measurements recorded during pulsed laser
irradiation at different laser energy densities (indicated in the figure). The
laser pulse profile is shown at the bottom. Reflectivity transtents are shifted
for clarity and the arrow indicates the reflectivity scale.
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A1 0.23 J/em? an increase in reflectivity superimposed
on the last few extrema is observed. For higher energy densi-
ties this effect becomes more pronounced; in the reflectivity
transient for G.49 I/cm®, a high-reflectivity plateau is ob-
served after the initial decrease in reflectivity. The absolute
value of this plateau (R = 75%) corresponds to that of an
optically thick liguid layer at the sample surface. This layer
shields the buried /-Si layer from the probe laser light and
hence no further oscillations in reflectivity are observed.
This indicates that at high-cnergy irradiation, after initiation
of melting in the buricd a-Si layer, the laser pulse still sup-
plies sufficient energy to raise the surface temperature above
the melting point (7, ).

A channeling spectrum for the sample irradiated at 0.23
J/cm? is shown in Fig. 1. A drastic decrease is observed in
the yield from the originally amorphous layer (region I in-
dicated in the figure). This implies that the amorphous layer
has crystallized with a large degree of order in the {100]
direction. In addition, Fig. 1 shows a magnification of the Cu
backscattering signal before and after irradiation. After irra-
diation, the Cu profile has shifted to lower backscattering
energics, indicating that Cu has been transported inward
into the sample. This is further evidence that a buried liguid
layer has moved through the sample: Cu exhibits strong seg-
regation effects at the /-Si/c-8i interface and thus is zone-
refined inward, with the self-propagating liguid layer.®

Both the reduction in channeling yield and the Cusegre-
gation have been studied for an extended range of irradiation
energy densities’’ and show the same effect at all energy
densities between 0.2 and 0.5 J/cm?. Cross-sectional TEM
was employed on a sample irradiated at an intermediate en-
ergy density of 0.35 J/cm”. In the TEM micrograph [Fig.
3(a}}], three distinct regions can be observed on top of the
c-Si substrate.

tb}

FIG. 3. (011) cross-sectional TEM micrograph. (a) {400] bright field im-
age after pulsed faser irradiation at 6.35 J/cm”. (b) Electron diffraction
pattern from the crystallized $i layer. Images of primary spots mirrored
with respect to the axis through | 111} and £111} or with respect to the axis
through [111] and [T11] correspond to twinned regions. Other spots are
atiributed to double diffraction.
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(I) A 13C-nm-thick crystalline surface layer. The top
100 nm of this laver contains a low density of dislocations
and microtwins. High-resolution microscopy shows that a
large density of small (=~ 100 A) microtwins has formed in
the interface area with region II. Twins are oriented paratllel
to {111} planes, inclined at 35° to the surface normal. The
total thickness of region I corresponds to that of the ¢-Si
surface layer of the as-implanted sample as inferred from the
channeling spectrum in Fig. 1.

{11} The originally amorphous region, which was ex-
plosively crystallized (thickness 370 nm). Selected-area
electron diffraction [Fig. 3(b}] reveals that this region is
monocrystalline with the same orientation as the surface re-
gion. However, besides the bright spots of the Si matrix,
small spots corresponding to twins are observed. Such
twinned regions can be identified in the bright field image of
Fig. 3(a) and are marked T. In this micrograph also, boun-
daries parallel to [100] can be seen (marked by arrows).
This strongly suggests that epitaxial crystallization proceeds
via growth of [ 100} columns. The lateral dimension of these
columns is 50-200 nim. Using high-resolution microscopy, a
large density of microtwins is observed along these boundar-
ies. The longer twin lameliae extending deep into the crystal-
lized layer originate from these boundaries. No amorphous
or randomly oriented polycrystalline areas are detected in
region II. The 40% backscattering yield as observed in chan-
neling from this region (see Fig. 1) is attributed to direct
scattering from twinned regions or slightly misaligned co-
lumns as well as to dechanneling from microtwins at the
interface between 1 and 1.

(11} A defected region (thickness =~ 160 nm) beneath
the crystallized layer. The dark contrast in the micrograph is
characteristic of implantation-tail damage. The darkest,
most heavily damaged part of this region corresponds to the

high-yield portion (region 1) in the channeling spectrum

of the irradiated sample in Fig. L.

This study shows that amorphous layers buried in a
crystailine matrix can be crystallized epitaxiaily using
pulsed laser irradiation. Melting is initiated at the ¢-Si/a-5i
interface, whereupon epitaxial explosive crystallization is
immediately initiated at the monocrystalline surface seed.
MNonplanarity of the interface from which EC is seeded, or
transient stress effects related to the difference in density
between solid and liquid S8i, may lead to the nonperfect epi-
taxy, with columnar growth and twin formation. Additional
experiments, using *'P, *“’Ar, ' °In ion implantation, as well
as using 2*Si self-implantation, show qualitatively the same
behavior in a whole range of sample structures.’” Transient
conductivity measurements'’ on samples with a different
buried a-Si layer thickness, combined with calculations, sug-
gest that in the present experiments the buried liquid layer
reaches a maximum thickness of =40 nm.

No microcrystalline grains were observed after EC,
which indicates that the nucleation and growth processes
which sustain explosive crystallization of amorphous sur-
face layers and which yield randomly oriented polycrystal-
line 8i, do not occur under the present experimental condi-
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tions. Such processes may involve heterogeneous nucleation
at the leading ¢-Si//-Si interface, as suggested by Tsac and
Peercy,'? or solid-state nucleation in ¢-Si during the heating
period prior to melting, as suggested by Roorda and Sinke. '
Alternatively, in the present experiments the buried layer
crystallizes via solidification at the trailing interface with
¢-8i. The average EC velocity in the Cu-implanted samples is
16.2 4+ 1.2 m/s, constant over the depth. Additional experi-
ments using Si-implanted samples'”" show that the Cu im-
purity does not influence the EC velocity to a measurable
extent. Similar velocities for epitaxial crystal growth have
also been observed in other experiments, e.g., by Thompson
et al.* and Cullis er ¢l The present data, however, are the
first to show seli-sustained crystallization at this high rate.
The velocity is close to the maximum speed for crystalline
ordering at a /-5i/¢-Si (100) interface (i.e, 15 + 1.3 m/sfor
intrinsic Si), above which amorphous phase formation has
been observed to oceur.”
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