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The kinetics of laser-induced, liquid-mediated crystallization of amorphous Ge thin films were
studied using multi-frame dynamic transmission electron microscopy (DTEM), a nanosecond-scale
photo-emission transmission electron microscopy technique. In these experiments, high temperature
gradients are established in thin amorphous Ge films with a 12-ns laser pulse with a Gaussian spatial
profile. The hottest region at the center of the laser spot crystallizes in ~100ns and becomes
nano-crystalline. Over the next several hundred nanoseconds crystallization continues radially
outward from the nano-crystalline region forming elongated grains, some many microns long. The
growth rate during the formation of these radial grains is measured with time-resolved imaging
experiments. Crystal growth rates exceed 10 m/s, which are consistent with crystallization mediated
by a very thin, undercooled transient liquid layer, rather than a purely solid-state transformation
mechanism. The kinetics of this growth mode have been studied in detail under steady-state
conditions, but here we provide a detailed study of liquid-mediated growth in high temperature
gradients. Unexpectedly, the propagation rate of the crystallization front was observed to remain
constant during this growth mode even when passing through large local temperature gradients, in
stark contrast to other similar studies that suggested the growth rate changed dramatically. The high
throughput of multi-frame DTEM provides gives a more complete picture of the role of temperature
and temperature gradient on laser crystallization than previous DTEM experiments. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938751]

Laser crystallization of amorphous semiconductor thin
films is an important processing path for electronic devices.
It is possible to achieve a variety of grain sizes and textures
with laser processing, including very large grain sizes, which
are useful for thin-film solar cells,l metal-oxide-semiconduc-
tor field-effect transistors, and thin film transistors.” Laser
processing can also create metastable and unstable transient
states that are inaccessible with other processing methods,
resulting in distinctive microstructures that are of scientific
and practical interest. When heating an amorphous semicon-
ductor slowly, crystallization begins hundreds of degrees
below the equilibrium crystalline melting temperature, T,,,
in a solid-state transformation.>* With the extremely high
heating rates accessible with laser heating, it is possible to
locally form a non-equilibrium liquid phase below T,
before crystallization occurs.

It was hypothesized in 1979 that a first order transition,
distinct from a glass transition, exists between the semicon-
ducting amorphous state and the metallic liquid state of Ge
and Si and that the transition occurs at a temperature well
below T,,.>® Based on available thermodynamic data, the
amorphous-liquid transition temperature, T,,,, for Ge was
estimated to be ~969 K,5 well below Ge’s Ty, of 1210K.
The stated implication of this hypothesis was that the
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presence of a highly undercooled liquid may result in high
nucleation rates and extremely fast crystal growth,” both of
which have been observed during laser crystallization.” "

The microstructure resulting from laser crystallization
of amorphous Ge varies with the characteristics of the laser
pulse and the thermal properties of the thin film and sub-
strate. Figure 1(a) shows a transmission electron microscope
(TEM) image of a laser-crystallized region of 50-nm amor-
phous Ge film supported on a 20-nm amorphous silicon
nitride membrane. The Ge was deposited by magnetron
sputtering at room temperature (Tgt) and was amorphous as
deposited. The laser-crystallized area was produced by ex-
posure of the film to a 532-nm laser pulse of 3.4 uJ and 12-
ns full-width half-maximum (FWHM) duration. It has many
of microstructural features observed by others®'*'*! dur-
ing pulse laser-crystallization of amorphous semiconductors
in a thin electron transparent geometry. The central region,
which we call Zone I, is nanocrystalline (grain diameter
< 100nm) as a result of extremely high nucleation rates
achieved in the hottest part of the specimen. Zone I is sur-
rounded by large grains—some many microns long—that
have their major axes directed radially (Zone II), parallel to
direction of crystal growth. Zone II is surrounded by long
grains that spiral around the crystallized region and have
their major axes oriented tangentially to the preceding crys-
tallized material (Zone III). The large grains in Zone III are
interleaved with fine-grained, feathery-appearing crystalline
material.
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FIG. 1. (a) Conventional bright field TEM image of region crystallized by a 3.4 uJ laser shot. Zone I consists of sub-micron grains, Zone II of long radially ori-
ented grains, and Zone III of long grains oriented tangentially, interleaved with fine-grained material. Schematics of the experimental set-up (bottom) and tem-
perature profile (top) during (b) liquid-mediated crystallization in a steady-state experiment where a bulk substrate is maintained at an elevated temperature,
Ts, controlling the temperature and heat loss from the thin Ge film and (c) at an early stage of crystallization after a Gaussian-shaped pulse laser locally heats
an electron transparent supported Ge film initially at Tgry. Bottom schematic of (b). Adapted with permission from Grigoropoulos et al., Phys. Rev. B 73(18),

184125 (2006). Copyright 2006, The American Physical Society.

This study focuses on Zone II growth, where the nuclea-
tion rate is low and extremely rapid, liquid-mediated growth
occurs. Previous time-resolved TEM studies on pulse laser
crystallization have measured growth rates of ~8—12m/s in
Zone IL*''3 Since completely solid state crystallization
would be orders of magnitude slower,®'® the rapid crystal
growth is reasoned to be mediated by a thin layer of under-
cooled liquid formed ahead of the crystalline front by the
heat released during crystallization.”'® Experimental obser-
vations, including dopant re-distribution,17 surface texture
changes,”’18 and reflectance'®?®  and  conductance
changes,'""'*'*?! provide additional evidence for the exis-
tence of a liquid layer during the extremely rapid crystal
growth in amorphous semiconductors that is sometimes
called “explosive” crystallization.”? During explosive crys-
tallization, a liquid layer, just a few nanometers thick,ZO’23
forms ahead of the crystalline front by the heat of crystalliza-
tion released during the phase transformation. The energy
released raises the adjacent amorphous material above the
Tha, but the liquid is undercooled and crystallizes very rap-
idly. The liquid layer is continually re-generated at the crys-
tallization front, provided heat losses to the environment are
not too great. In TEM specimens initially at Try, heat loss
from laser-heated areas is low because the specimen is only
tens of nanometers thick, but crystallization quenches as the
front propagates from the laser-heated region into cooler
parts of the thin film.

By maintaining the Ge substrate temperature, T, well
above Trr, steady-state explosive crystallization may be
maintained across an entire specimen.''™'® The role of Ty
and heat loss on crystallization rate was studied by two
groups''™"? using Ge films on thick substrates maintained at
a fixed temperature. Both groups found explosive crystalliza-
tion propagated without quenching if the substrate was
>600K (higher for thinner films). Propagation rates started
at ~1m/s and increased with increasing temperature, until
they saturated at ~700 K. Chojnacka'? found the growth rate
saturated at ~13m/s for 1.3-3 um thick films for T from
~670K (for thick films) to ~820K. Grigoropoulos et al."?

found growth rates saturated at ~9m/s for T from 700 to
800K with 0.89 and 1.8um Ge films. At lower T
(~600-700K), heat loss from the Ge to the substrate is high,
the growth rate was very sensitive to changes in temperature,
and the resulting microstructure was “scalloped” with the
growth direction of large grains parallel to the growth front,
like Zone IIT growth in laser-crystallized TEM specimens.
At high T (~700-800 K), heat loss to the substrate is low,
the growth rate was temperature insensitive, and columnar
grains grew perpendicular to the growth front, similar to the
growth mode in Zone I1.>'° The microstructural similarities
occur because Zone II develops near the hot center of the
laser spot and the transition to Zone III (scalloped micro-
structure) occurs as growth propagates to cooler regions of
the specimen. Despite similarities between laser crystalliza-
tion on electron transparent thin film and the steady-state
experiments on heated bulk substrate, the TEM specimens
initially at Trt can have higher temperature gradients estab-
lished by the Gaussian laser pulse (shown schematically in
Figures 1(b) and 1(c)). Since our specimens start at Trr, the
crystallization quenches rapidly, but we are able to image
the liquid-mediated explosive crystallization before quench-
ing because of the high spatial and temporal resolution of the
dynamic TEM (DTEM).

We studied Zone II crystallization kinetics in high temper-
ature gradients using DTEM, a photo-emission TEM technique
which allows us to resolve microstructural transformations on
nanosecond-to-microsecond time scales. In DTEM, each high-
current electron pulse contains enough electrons to form an
image. DTEM has been used to study dynamic processes in a
variety of materials,”* including crystallization of amorphous
Ge.*'° Previously, Ge was studied with “single-shot” DTEM,
in which a single image is formed of each crystallization event.
To study the process over time, single images of different reac-
tions were accumulated to build an averaged view of the pro-
cess over time. Zone II crystal growth rate for Ge was
estimated at ~8-12m/s in some single shot DTEM experi-
ments’ and to vary between 1 and 14m/s,'® a similar range of
rates as measured during low heat loss, steady-state explosive



252106-3 Santala, Raoux, and Campbell
crystallization."' ™" In this work, multiple images are taken of
each crystallization event. The DTEM at Lawrence Livermore
National Laboratory, originally built as a single-shot DTEM, is
now equipped with a laser system capable of generating multi-
ple photo-emitted electron pulses spaced over nanoseconds or
microseconds. An electrostatic deflector, installed below the
instrument’s standard electron optics, deflects each image to a
different part of the camera’s charge-coupled device overcom-
ing the camera’s refresh rate. The design and operating princi-
ples of DTEM have been described in detail elsewhere.”
Crystallization experiments were performed in the
DTEM on 50-nm amorphous Ge films deposited at Tgt using
magnetron sputtering onto commercially available TEM
specimen supports with a 20-nm thick, 0.25 x 0.25 mm
amorphous silicon nitride window and capped with 8 nm of
silica. Sputtering was performed with 99.999% Ge target,
using 25 W dc power and an Ar pressure of 2 mTorr; the dep-
osition rate was 0.016 nm/s. Crystallization was induced
with 3.3—4.9 uJ pulses from a frequency doubled Nd:YAG
laser (532-nm wavelength, spatially Gaussian with 90 £ 5
pm 1/e? diameter, temporally Gaussian 12-ns FWHM dura-
tion), directed onto the specimen ~42° from the specimen
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FIG. 2. (a) Time-resolved images of laser-induced crystallization of the
region in Figure 1(a), with Zone II growing out from Zone 1. (b) Zone I size
vs. laser energy for silica capped Ge, measured as half the minor axis of an
ellipse fitted to Zone 1.
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normal. Bright-field TEM images of each crystallization
event were generated from nine 20-ns electron pulses with
an interframe spacing of 95 ns. The delay between the speci-
men laser and the first electron image was varied from 25 to
800ns to capture all of Zone II development. The extent of
Zone 1II crystal growth at each time step was determined on
low magnification (250x) images, cf. Figure 2(a), by fitting
an ellipse to the crystalline Ge and taking half of the minor
axis of the ellipse as the position of the front relative to the
center of the laser spot. The final sizes of Zones I and II were
similarly measured on conventional TEM images taken after
laser crystallization. In higher magnification time-resolved
images, only small sections of the growth fronts are imaged
and the position of the front of individual grains was tracked
in each frame.

A typical set of DTEM images of Ge crystallization is
shown in Figure 2(a). At 100-ns, a crystalline region in the
center of the laser spot is already visible. Conventional TEM
(Figure 1(a)) confirmed the central region consists of nano-
crystalline grains, typical of Zone I growth. Zone I consis-
tently formed within 100ns, similar to results from other
experiments.® Zone II growth may proceed from crystalline
material in Zone I without further nucleation events; how-
ever, isolated nucleation occasionally occurs ahead of the
main Zone II growth front, resulting in protrusions ahead of
the elliptical front, as indicated by an arrow in Figure 2(a).

Crystallization was not observed for shot energies below
3.3 uJ. From 3.3 to 3.6 uJ, the Ge crystallized, but Zone I did
not always form. Plotting Zone I size versus the laser shot
energy (Figure 2(b)) shows a trend of Zone I increasing in
size with increasing laser energy, though there is consider-
able spread in Zone I size at any laser energy; the sizes of
Zones 1, II, and III versus laser energy are provided in the
supplementary material, Figure S1, in Ref. 26. A systematic
explanation for this variability in behavior for the same laser
energy has not yet been found. The point lying at O um is a
crystallization event where Zone I did not form; growth
instead proceeded outward in Zone II mode from one small
site (supplementary material, Figure S2, in Ref. 26) that is
microstructurally distinct from Zone I.

The Zone II growth front position imaged at 250x is
plotted as a function of time in Figure 3(a). Uncertainty in
position measurements arises from motion blur (which
spreads the apparent interface by ~200nm for a front
advancing at ~10m/s in a 20-ns exposure), low contrast
between the crystalline and amorphous phases, and nuclea-
tion events ahead of the main Zone II front which distort the
elliptical front shape making it difficult to determine the
position of the moving front to better than =900nm at
250x. The data for each crystallization event are relatively
well fit by a line, indicating that the growth front speed (the
line’s slope) is nearly constant during Zone II growth.
Deviations from linearity in the data from laser energies
above 4.3 uJ appear to be due to random scatter, rather than
any consistent change in growth rate. For the two data sets
starting at 800 ns, growth rapidly stalls to ~1m/s, because
the transition to Zone III growth occurred, as verified with
conventional TEM after crystallization.

Multi-frame DTEM experiments show unambiguously
that Zone II growth propagates at high rates in the first
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FIG. 3. (a) Growth front position (distance from the center to the edge of the
elliptical crystalline region measured along its minor axis) as a function of
time for silica-capped Ge, (b) growth rate versus Zone I size, and (c) Zone II
width versus Zone I size.

hundred nanoseconds after Zone II formation and continues
at a nearly constant rate until Zone III growth begins. This
contrasts strikingly with growth rates reported from similar
single-shot DTEM experiments by Nikolova et al.'® where
Zone II growth was said to start at ~1m/s, accelerate to
~14m/s, and then fall to ~2m/s before the transition to
Zone III growth. Those observations were based on single
images from repeated crystallization experiments. Multi-
frame DTEM images each crystallization event at multiple
points in time, yielding a more accurate measure of the Zone
II crystallization kinetics. Any ambiguity from the low reso-
lution and relatively large error in low magnification DTEM
movies is removed by higher magnification movies, which
confirm that the crystallization front can exceed 10m/s

Appl. Phys. Lett. 107, 252106 (2015)

within 100ns of Zone II growth (supplementary material,
Figure S3, in Ref. 26).

Zone 11 growth rates vary from 5.7 to 12.6 m/s but are
nearly constant for each crystallization event. Initially, it
appears odd that Zone II growth is constant, since high tem-
perature gradients are created by the laser pulse and crystalli-
zation is not occurring under steady state conditions;
however, Grigoropoulos ef al.'? and Chojnacka'"'* showed
that growth velocities may be constant rate for a range of T
during steady-state explosive crystallization. Experiments
and numerical heat flow calculations on Si by Stolk er al.*°
also showed that growth may be constant for a range of tem-
peratures near the maximum crystal interface speed for non-
steady state experimental configuration. Molecular dynamics
simulations by Albenze et al. of steady-state explosive crys-
tallization in Ge and Si using a range of different tempera-
ture profiles suggested that the crystallization rate depends
most sensitively on the crystal-liquid interface temperature
(with little dependence on the liquid-amorphous interface
temperature) and compensation for changes in heat-loss con-
ditions occurs through self-rectification of the liquid layer
width.>> What is then striking in our results is that the rate
may be constant over time for different growth rates. If the
liquid-mediated Zone II growth rates were temperature
insensitive for a range of temperatures as in Chojnacka’s
steady-state experiments, the growth rate might be expected
to be self-adjusting over a range of temperatures and
approach a single steady-state rate, but this is not the case.
The challenge is to understand why there are different
growth rates, but that each is constant, during Zone II growth
through a rapidly changing temperature field.

Plotting the growth rate versus shot energy (supplemen-
tary material, Figure S4, in Ref. 26) yields no strong trend in
the growth rate with laser energy, likely due to the variation
in material response even for the same laser energy, cf.
Figure 2(a). We normalize our data using the size of Zone
I as a relative measure of laser energy absorption and as an
internal calibration point where we may estimate the temper-
ature immediately after laser heating. The precipitous drop
in nucleation rate between Zones I and II suggests existence
of a temperature threshold at which there is a sharp change
in atomic mobility, as may occur during amorphous melting.
If amorphous melting indeed occurs inside the Zone I bound-
ary upon laser heating, we expect the temperature at the
Zone I/II boundary to have been initially near T,,,. Plotting
growth rate against Zone I (Figure 3(b)) shows a stronger
trend toward lower growth rates as the Zone I size increases.
If we assume the initial temperature at the time of formation
at the outer edge of Zone I is approximately the same for dif-
ferent shots, then different shots are differentiated not by the
local temperature at the crystal growth front but by the local
temperature gradient. Near the center of the laser spot, the
energy distribution is relatively flat, and closer to the point
of inflection of the Gaussian laser spot, the temperature drops
off more quickly. The gradient of the energy distribution
from the laser pulse with a 1/e” radius of 45 um increases in
magnitude up to 22.5 um radius. Thus, in our experiments,
Zone II growth rate decreases with the increasing negative
temperature gradient or more rapid heat loss conditions.
Since the heat loss is greater, Zone II growth should also
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quench and transition to Zone III more quickly, as seen in a
plot of Zone I vs. Zone II size (Figure 3(c)).

These results show the growth rate may be influenced
by the local temperature gradient upon initiation. Multi-
frame DTEM provides a means to understand liquid-
mediated crystallization of semi-conductors in the presence
of high temperature gradients, though more work is required
to clarify how the temperature, temperature gradient, and
heat loss conditions impact the growth rate. We acknowledge
there may be growth rate changes that we were not able to
resolve, but multi-frame DTEM experiments show that Zone
IT growth rates do not fluctuate as widely as claimed in
recent reports. The temperature at the crystal-liquid and
liquid-amorphous interfaces are affected by heat absorbed
(or evolved) by the phase transformations and by the re-
distribution of the thermal energy from the laser pulse by
heat flow through the specimen, but we do not have a means
to experimentally measure the temperature at the interfaces.
This has motivated a campaign of phase field modeling to
clarify the connection between the spatio-temporal tempera-
ture profiles and the kinetics of crystal growth in these
experiments. By systematically altering the temperature gra-
dient by changing the base substrate temperature with a
TEM cooling/heating holder and altering laser pulse shape,
models may be tested against an expanded range of experi-
mental conditions.

This work performed under the auspices of the U.S.
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering for FWP
SCW0974 by Lawrence Livermore National Laboratory
under Contract No. DE-AC52-07NA27344.
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