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ABSTRACT

Crystal growth rates during laser-induced, liquid-mediated crystallization of amorphous Ge
were measured with movie-mode dynamic transmission electron microscopy (MM-DTEM), a
photo-emission microscopy technigque with nanosecond-scale time resolution. Films of 50-nm
thick amorphous Ge were crystallized using a 12-ns laser pulse with a Gaussian spatial profile,
which established high local temperature gradients in the specimen. Crystallization proceeded by
formation of a central zone with a high nucleation rate (Zone 1), followed by liquid-mediated
outward growth of columnar grains (Zone I1), followed by spiraling growth (Zone 111) until the
crystallization halted in cooler parts of the specimen. Zone Il growth was imaged for several
laser pulse energies with 20-ns electron pulses with 95 ns between frames. A thin liquid layer
between the solid amorphous phase and the advancing crystallization front during Zone I
growth was imaged. The Zone Il growth rate for each experiment remained nearly constant
although the crystallization front passes through a large temperature gradient. Measured growth
rates ranged from 5.7 to 13.6 m/s, consistent with transient-liquid-layer mediated growth rather
than solid-state growth. In contrast with a previous report, the growth rate did not increase
systematically with laser energy or absorbed energy. The new results, together with previously
reported data, suggest both sets of experiments were conducted under conditions where the
growth rate saturates near its maximum value. A phenomenological model based on the concept
of an upper and lower threshold temperatures for the Zone Il growth was fitted to the data from

these experiments and previous MM-DTEM crystallization experiments.
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|. INTRODUCTION
Laser annealing is used to process amorphous semiconductor thin films for a variety of

applications including thin-film solar cells"”* and metal-oxide-semiconductor field-effect
transistors.®> Under the correct heat loss conditions, laser annealing induces crystal growth
mediated by a thin, transient liquid layer that enables far more rapid growth than could occur in
purely solid-state crystallization of the amorphous solid. Growth rates on the order of 10 m/s
have been measured by multiple groups for laser-induced crystallization of Ge thin films.*® This
growth mechanism results in different microstructure than low temperature isothermal
crystallization and can yield thin semiconductor films with large grain sizes® and relatively low
sheet resistance. Here, the crystal growth rate in amorphous Ge thin films is measured where
growth is extremely rapid and mediated by a transient liquid layer between the solid amorphous
and crystalline phases using movie-mode dynamic transmission electron microscopy (MM-
DTEM). The high spatio-temporal resolution of this technique enables the progression of the
liquid-mediated growth to be observed and for growth rates to be measured in regions where
high temperature gradients (>10*° K/m) are established by the Gaussian laser pulse.
A. Liquid-mediated crystal growth in amorphous semiconductors

The mechanism for liquid-mediated growth of amorphous Ge was proposed in the 1970’s by

10 and Spaepen and Turnbull.™ They hypothesized that amorphous

Bagley and Chen
semiconductors may undergo a first order solid-to-liquid phase transition at a temperature well
under the equilibrium melting temperature of the crystalline phase, Tr,. Bagley and Chen used
calorimetric data to estimate that the amorphous-solid to liquid transition temperature, Tp,, for

amorphous Ge to be ~969 K.'° The presence of a liquid with a depressed melting temperature

was invoked to explain extremely high nucleation rates and crystal growth rates'® observed



during laser annealing, which exceeds — by orders of magnitude — what is plausible with purely
solid-state diffusive growth.

Rapid crystallization of amorphous semiconductor film mediated by a very highly-
undercooled, transient liquid layer has been called “explosive” crystallization® because it may
generate visible light and considerable heat.**'* Explosive crystallization has been studied in
Sj 118 G, #91214161926 5ng Sp. 132729 There js also evidence that Sh-rich alloys such as GeShgTe
may undergo rapid liquid-mediated growth.*® During liquid-mediated crystallization, a thin
liquid layer™'® forms ahead of the crystal growth front by the heat of transformation released
during the crystallization. The enthalpy of crystallization (5.10 x 10° J/kg)*! released raises the
adjacent amorphous material above the Tn,, but the newly formed liquid quickly crystallizes
because it is highly undercooled (T, for Ge is ~242 K below T.,). The crystallization Kkinetics
and the resulting microstructures are affected by the local temperature, temperature gradients,
and heat flow, which are determined by the heating method and specimen geometry. If the
substrate temperature is high enough and heat loss to the surroundings is limited, then the liquid
layer may be continually re-generated and liquid-mediated crystallization may be maintained
across an entire specimen.*® Experimental studies of the role of heat loss in the laser-induced,
liquid-mediated crystal growth rate performed by Chojnacka and Thompson*® and
Grigoropoulus et al.® showed a broad range of temperatures where the growth rate saturates at a
maximum value. Both groups initiated crystallization in thin Ge films on substrates pre-heated to
temperatures ranging from 570 K to 850 K. They found that, above a threshold temperature, the
growth rate has little dependence on the substrate temperature, though the maximal growth rate

observed by Chojnacka was between 12 and 13 m/s° whereas it was between 8 and 9 m/s in

Grigoropoulos’ work.® For films in the range of 1.3 — 3.0 um thick, Chojnacka® found that film



thickness does not impact the maximum liquid-mediated crystal growth rate, but does impact the
threshold temperature which was 680 K for the 3.0 um films and increased to 740 K for 1.3 um
thick films. Molecular dynamics simulations for liquid-mediated crystallization of both Si and
Ge™ similarly showed that under heat loss conditions where steady state growth is maintained,
the growth rate tends toward a maximal value for a range of crystal-liquid and liquid-amorphous
interface temperatures. The thickness of the liquid layer was found to vary, compensating for
variations in heat loss conditions, resulting in a self-regulating process.
B. In situ transmission electron microscopy of liquid-mediated crystal growth of
amorphous Ge

Transmission electron microscopy (TEM) has been used for in situ studies of laser- and

7,8,16,21,22,25,26,32,33 In these StUdieS, a

electron-beam-induced crystallization of amorphous Ge.
minute area of an electron transparent specimen of amorphous Ge is heated with a focused laser
or electron beam, resulting in high local temperature gradients. A region of an electron
transparent sample may be heated with a pulsed laser in nanoseconds and the crystallization of
the heated region takes on the order of 1 us, but it takes much longer for the temperature profile
to homogenize, because the heat flow out is mainly through the plane of the electron transparent
thin film (radiative cooling is insignificant on these timescales).?* Crystallization eventually
grows unsteady and then quenches in the cooler parts of the film before the temperature gradient
decays, thus the process is never in steady state — both the temperatures at the interfaces and the
temperature gradient must change during the phase transformation.

Pulsed laser heating of an amorphous Ge TEM specimen results in a crystalline region with

7,8,23,24

distinct microstructural features that may be divided into three zones, as seen in FIG. 1la.

Zone | consists of nanocrystalline grains which nucleate and grow to impingement in tens of



nanoseconds;? formation of Zone | is complete within ~100 ns of laser heating.>**?* The high
nucleation rate in Zone | is assumed to occur because the Ge has exceeded the T, during laser
heating of the film while remaining significantly undercooled relative to the crystalline melting
point. This is shown schematically in FIG. 1b as the initial temperature profile, t;.

After the formation of Zone I, growth proceeds outward in the form of long, columnar grains
with their major axes aligned in the direction of growth (Zone IlI). During in situ TEM
experiments there are no current means to measure the instantaneous temperature profile within a
laser-irradiated spot. A schematic of the assumed temperature profile in a cross section of the
laser-irradiated thin film during liquid-mediated crystallization of Zone Il is shown in FIG. 1b.
The Zone Il microstructure is similar to the columnar grain structure observed in steady-state
experiments by Chojnacka®® and Grigoropoulos et al.® where heat loss was controlled with the
bulk substrate temperature which provided a large heat sink for the thin Ge film. The observed

growth rates within Zone 11"%%

are also similar to growth rates reported in references [4-6]. The
existence of a transient liquid layer during explosive crystallization of Ge supported on heated
bulk substrates has been confirmed by conductance measurements.” To date, no similar
independent confirmation of a liquid layer has been demonstrated for Zone Il growth during in
situ TEM experiments, but liquid-mediated growth is assumed due to both the high growth rates,
which exclude the possibility of purely solid-state growth (based on extrapolation of
experimentally determined solid state growth rates®), and due to the similarity of the resulting
microstructure to experiments on heated substrates.

As crystallization proceeds toward cooler parts of the specimen, the columnar grain growth

of Zone 11 transitions to a growth mode resulting in grains that spiral around the previously



crystallized material (Zone Ill, FIG. 1a), the development of which during in situ TEM laser
crystallization has been described in detail elsewhere.?

Zone 11 growth rates have been measured using photoemission TEM techniques.”8%424%6:33
Dynamic TEM is one type of photoemission TEM technique in which a laser is used to induce a
pulse of enough photoemitted electrons to form an image in just a few nanoseconds of exposure.
A single electron pulse may be used to form an image and a series of electron pulses may be
used to form a microsecond-scale multi-frame movie (“movie-mode” DTEM or MM-DTEM).
The interframe time on the MM-DTEM instrument at Lawrence Livermore National Laboratory,
where these experiments were performed, may be as little as 50 ns through the implementation of
an electrostatic deflector installed below the electron optics that deflect the images to different
parts of the camera detector. The deflection system allows the refresh rate of the camera to be
overcome as the series of images is captured in a single camera exposure. The design,

%37 and application® of DTEM has been described elsewhere.

operation

Both single frame DTEM and MM-DTEM have been used to study the crystallization
kinetics of amorphous Ge.”®?*% In a report on single frame DTEM experiments,** Zone 11
growth in temperature gradient developed by a spatially Gaussian laser pulse, was reported to
begin at ~1 m/s, accelerate to more than 14 m/s, and then slow to 2 m/s before transitioning to
the Zone 11l growth mode. However, these experiments were limited to a single frame per
crystallization experiment and direct measurement of front propagation rates was not possible.
Later experiments using MM-DTEM and the same specimen heating laser® with nine images for
each experiment showed that Zone Il growth rate did not change over time, even though the

growth propagated through a high temperature gradient. Those MM-DTEM experiments showed

a trend of decreasing growth rate with increasing local temperature gradient, but the data set was



still fairly small. Here similar experiments are described where lower laser energies are used, just
above the threshold that induces crystallization, filling out part of the experimental parameter
space. At the crystallization threshold, Zone 11 can form without the formation of a distinct Zone
| region. In this case, Zone Il growth starts near the center of the regions heated by the Gaussian
laser spot. Based on previous results,® it was anticipated that this would result in Zone Il growth
beginning with a smaller negative temperature gradient than for higher laser pulse energies,
which could lead to higher Zone 1l growth rates than previously observed in in situ TEM
experiments.
[I. EXPERIMENTAL PROCEDURES

In situ DTEM laser crystallization experiments were performed on 50-nm thick amorphous
Ge films deposited at room temperature by magnetron sputtering onto commercially available 3
mm Si TEM supports with 0.25 x 0.25 um windows spanned by 20-nm thick silicon nitride
membranes. A 99.999% pure Ge target was used to deposit with 25 W dc power and Ar pressure
of 2 mTorr. Crystallization was induced with a single laser pulse from a frequency doubled
Nd:YAG laser (532-nm wavelength, spatially Gaussian with 90 + 5 um 1/e® diameter, temporally
Gaussian 12-ns full-width, half-maximum duration) directed onto the specimen ~42° from the
Ge film normal. Pulse energies were varied from 3.0 to 3.6 uJ. For laser pulses below 3 pJ single
or even multiple laser pulses would not cause crystallization. The angle of incidence results in
the crystallization of the Ge in an oval shape, as in FIG. 1a. The temperature profile established
by the nanosecond-scale laser pulse does not decay significantly during the ~2 us duration of the
in situ DTEM experiment, as shown in schematically in FIG. 1b and as a modelled with a finite
element analysis (FEA) simulation in FIG. S1 (Supplemental Material).

Series of bright-field DTEM images of laser-induced crystallization events were generated



from nine 20-ns electron pulses with an interframe spacing of 95 ns. The delay between the
specimen laser and the first electron image was varied from 100 to 500 ns. After crystallization
was complete, conventional TEM images were taken of the crystallized region with the DTEM
run in conventional thermionic mode.

In the nine frame MM-DTEM experiments where Zone | formed, the position of the Zone I
crystallization front was determined at each time step on low magnification (250x) images by

fitting an ellipse to the crystalline Ge in ImageJ (https://imagej.nih.gov/ij/) and taking half of the

minor axis of the ellipse as the position of the front relative to the center of the laser spot. In
specimens where no Zone | formed, i.e. Zone Il growth began from one or more isolated
nucleation events. In these cases, the crystal growth was tracked from each grain only in the
direction outward from the center of the laser-irradiated region and ignoring growth toward other
crystallization grains. This makes the measurement as similar as possible to measurements on
specimens with Zone | formation, where growth is only measured outward down the temperature
gradient. When there are multiple grains, measuring each grain’s growth in all directions would
include growth toward the center of the laser spot - up the temperature gradient - and growth as
the fronts of different grain approach each other, where local temperature of each would be
affected by the released heat of crystallization of the other.

The sizes of Zone | (if present), Il and 111 were measured on conventional TEM images taken
after laser crystallization was complete by taking half of the minor axis of an ellipse fitted to the
outer edge of each Zone. In addition to images taken after DTEM experiments, these
measurements were also made on conventional TEM images of crystallized regions for which no

time resolved movie was captured.
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ll. RESULTS

Two examples of MM-DTEM imaging of Zone Il crystallization induced by similar laser
pulse energies are shown in FIG. 2, showing Zone Il growth proceeding with (a) and without (b)
Zone | formation. In FIG. 2a, Zone | has visibly formed by 100 ns at the center of the laser-
heated region, and in the remaining frames, Zone Il growth proceeds. The formation of Zone IlI
and quenching of crystal growth in cooler parts of the specimen occurs after the final frame. The
complete crystallized region for this experiment is shown in FIG. 1a. In FIG. 2b, Zone | does not
form, and by 100 ns there are only indistinct light spots in the right-hand side of the frame. By
195 ns, these spots may be unambiguously identified as crystalline regions and another
crystalline grain has started to grow from a separate point several micrometers below the first
grains. Growth proceeds from each of these grains in Zone Il mode, even as new grains form
(Fig. 2b, 385 ns frame).

A higher magnification image of a propagating crystallization front is shown in FIG. 3. At
the earliest time of Zone Il growth shown (195 ns frame), the crystallization front has micron-
scale irregularities. These perturbations could be due to crystal-orientation-dependent variations
in growth rate® or local temperature variations. Some of the growth front perturbations appear to
be unstable resulting in increasing differences in the local growth rate. For example, the motion
of a straight section of the growth interface indicated with an arrow in the 385 ns frame of FIG. 3
is nearly arrested as the adjacent grains rapidly grow ahead of it and toward each other. A dark
triangle is formed (indicated with an arrow in the 670 ns frame) where these grains have grown
together, which later is a light triangle with a dark round form at the tip (arrow in the minutes
after frame). This progression is interpreted as enthalpy of crystallization from the arrested grain

and the two encroaching adjacent grains in a small area as adequate to cause a melt pool to form.



The local temperature cannot be measured, but the formation of a dark rounded drop along with
a bright adjacent region may be interpreted as the dewetting of the liquid portion of the Ge film
from the silicon nitride before solidification. Bare silicon nitride is light and the rounded drop is
dark due to mass-thickness contrast in the bright field image.

The region in the time-resolved images is indicated with a black circle in the lower
magnification conventional TEM image. The liquid phase dewetting is well removed from the
central (hottest) part of the laser-irradiated area, thus the melting must be due to the additional
contribution of the heat of crystallization. Similar small dewet regions are found in several places
in the Zone 11 region of the specimen shown here and also in other uncapped samples. It had not
been observed in earlier experiments that used films capped with 7 nm of silica,® because the
solid silicon nitride support and the solid capping layer effectively suppress the thin film
instability that causes dewetting to occur.

In all frames of Zone Il growth in FIG 3., the edge of the crystalline regions appears to be
bounded by a dark boundary, as other experiments performed at the same magnification and
which is interpreted as the transient liquid phase which enables the rapid propagation of the
growth front. The liquid phase is expected to appear darker than the amorphous phase in a bright
field image (formed with an objective aperture), due to both increased thermal diffuse scattering
and because liquid Ge has a higher density than the amorphous and crystalline solids. While it is
expected that, if the image were slightly out of focus, Fresnel fringes may be seen at a
crystalline-amorphous interface due to differences in density between the solid and amorphous
phases (without a transient liquid layer), the fringe ahead to the front could be dark or light

depending on whether the objective lens was underfocused or overfocused. In FIG 3. and similar
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experiments the boundary ahead of the crystal front always appears dark, supporting the
interpretation of the image contrast as being due to the presence of a thin liquid layer.

The development of a dewet droplet during the crystallization process shown in FIG. 3 is
additional strong visual indication that the subtly darker regions at the crystallization front are
indeed evidence of a thin liquid phase. In previous in situ laser heating studies, the formation of
such dark regions has been interpreted as evidence of the formation of a liquid.*** Here, the
observation of droplet formation supports this interpretation of the image contrast. Highly
localized formation of a liquid droplet also suggests that small perturbations of local growth front
morphology may have a large impact on the local temperature profile.

The position of the Zone 11 growth front is plotted as a function of time for multiple MM-
DTEM experiments in FIG 4. For clarity, the nine separate crystallization experiments where
Zone | formed are plotted in (a) and cases for the eight separate experiments where no Zone |
formed are plotted in (b). In FIG. 4b, the growth front position for individual grains in a single
crystallization experiment are plotted separately. All data sets were fit with straight lines. The
slope represents the outward growth rate, which does not change significantly or systematically
during the Zone Il growth, even though both the temperature and temperature gradient at the
growth front must change during the process given the Gaussian spatial profile of the heating
laser pulse, as shown schematically in FIG. 1b.

In FIG. 5a, growth rates are plotted as a function of laser energy. The plot includes all the
experiments from FIG. 4a-b and also includes previously published data® for capped Ge films.
The capped specimens were identical to those used in the experiments reported here except a 7
nm silica capping film had been deposited on top of the Ge. There is a large amount of scatter in

the data with no clear trend relating growth rate and laser energy.

11



As in previous experiments,® it was observed that the same specimen laser energy may result
in crystallized regions of different sizes and the sizes of the individual zones may vary
considerably, suggesting variations in the energy absorbed during laser heating. This may be
seen in FIG. S2 (Supplemental Material), which shows zone size as a function of laser energy
measured on conventional TEM images. It may be seen that a single laser energy may result in
different zone sizes, making the reliability of the laser energy as a proxy for relative temperature
between experiments uncertain. In addition to using the laser energy as a measure of relative
temperature, the size of Zone | may be also used. It is believed that Zone | forms where laser
heating causes the film to exceed T, thus the edge of Zone | should be close to Tma, which
allows the size of Zone | to serve as an indication of the amount of laser energy absorbed by the
amorphous Ge film. Using the same approach as in reference [8], an attempt was made to
consolidate the growth rate data by using the size of the crystalline region at 100 ns after the
specimen was irradiated as a proxy for the relative temperatures of different samples. This is
plotted in FIG. 5b, with data from the current experiments with uncapped Ge films and data from
experiments using silica-capped Ge from [8]. Whereas, taken on its own, the data from [8] shows
a slight trend of increasing growth rate with decreasing Zone I, the additional data makes it
appear as if the growth rate is independent of both the laser energy and Zone | size, but with
significant scatter.

The data point at the highest energy (4.8 uJ) is notably lower than the other data points, even
given the amount of scatter. More data at the higher laser energies would have been desirable,
but there is a practical upper limit to the laser energy that may be used in these thin film

crystallization experiments. If the laser energy is above ~4.5 pJ, the center of the Ge film usually
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dewets extensively even when capped with silica. Extensive dewetting occurs at lower energies
in the uncapped films.
V. DISCUSSION
A. Growth rate trends

Plotting growth rates against either the incident laser energy or Zone | size (FIG. 5) shows
near constant behavior from the range of energies running from the threshold energy up to
energies where extensive dewetting of the Ge thin film occurs. In previous work,® the sparse data
suggested a weak trend that Zone Il growth rate decreased with increases in the size of Zone I.
Given the Gaussian spatial profile of the beam, this was interpreted as potentially a change in the
crystallization rate with changes in the local temperature gradient. The larger data set shows a
growth rate of ~11 m/s with considerable scatter (+ 2 m/s) throughout the entire range of
specimen laser energies used. The growth rate is similar to the plateaus observed by
Grigoropoulos et al.® (~8 — 10 m/s) and Chojnacka and Thompson (~11 - 13 m/s).* Their data
showed some scatter even though their experiments were designed to have steady state
propagation of the explosive crystallization front for many microns and presumably, the
temperature difference between the crystal-liquid interface and the liquid-amorphous interface is
fixed. In the current experiments, steady state is never achieved. That the growth rates do not
change significantly although the temperatures surrounding the crystallization front are changing
suggests that when columnar explosive crystallization occurs, the growth rate plateaus. The high
scatter in all these experiments may be due very highly localized temperature excursions caused
by small perturbations in growth front morphology as was observed in FIG. 3.

Experimental investigations of explosive crystallization in silicon under non-steady state

conditions have also shown plateauing of the liquid-mediated crystal growth at a maximal
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growth rate."® Additionally, molecular dynamics simulations of liquid-mediated growth in both
Ge and Si by Albenze et al.” led to the conclusion that explosive crystallization could robustly
self-regulate and maintain a velocity that approaches a maximal growth rate through the
variation in the thickness of the liquid layer. These experiments provide additional support for
that conclusion.
B. Model for Zone Il growth

Specimen and laser heating geometry is expected to impact the heat flow and thus the
crystallization of amorphous material. With respect to the Zone Il growth rates, these
experimentally accessible range of laser energies are in a range where the growth rate apparently
saturates and there is no systematic difference in the Zone Il growth rate between capped and
uncapped films. However, the presence of a capping layer still has an observable effect on the
Zone Il growth process. The Zone | size for the capped and uncapped films as a function of laser
energy overlap in FIG. S2, suggesting the 7 nm silicon nitride capping layer has little impact on
the absorption of the laser light. However, the differences in the capped and uncapped samples
are apparent in the Zone Il and Zone 11 sizes. The size of the entire crystallized region (Zone 111
size in FIG. S2) is distinctly larger for the uncapped than the capped, which can be attributed to
the fact that capped films lose heat to the silica capping layer, quenching Zone Il growth earlier
than in uncapped films as discussed in [26]. The effect of the capping layer on Zone 11 is subtle
in FIG. S2, but is clearly visible when the size of Zone |1 is plotted against the size of Zone | as
in FIG. 6. Both capped and uncapped films show the same trend, but for the same Zone | size,
the size of Zone 11 is consistently larger in the uncapped films. This is because the capping layer

functions as heat sink, which limits how far Zone Il growth can be sustained. While both samples
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release the same amount of latent heat during crystallization (same Ge thickness), the added heat
capacity of the capping layer reduces the total rise in temperature.

To create a simple model for the expected extent of Zone 11 growth, the relationship between
the amorphous melting point, Tra, of Ge (assumed to be the threshold temperature required for
Zone | formation), the size of Zone I, the size of Zone Il, and the critical temperature to maintain
Zone 1l propagation was developed. A very general expression for the assumed Gaussian
temperature profile established in the electron transparent membrane by the incident laser as a
function of radius from the center of the Gaussian laser spot incident on the sample, r, and the

beam waist of the incident laser, w (1/e? radius, ~45 pm here), may be written:
2 2
T=Axexp[—#]+To 1)
where A is a constant that includes heat capacity (temperature-independent, for simplicity) and
absorbed laser energy. T, is the temperature of the substrate before laser heating. If it is assumed

that Zone | forms for any area that is raised above T, during the initial laser heating, A can be
solved for in terms of Ty, and the radius of Zone I, Rz1, which is taken to be at Tpa:

A= (Tq — T,) X exp [22] &)
In models of the heat transport for laser heating of the electron transparent thin films, it has been
shown that thermal transport within the thin film does not significantly change the temperature
profile in the specimen during the short period of time that the film is crystallizing,**** due to the
high speed of the crystallization front, so it will be assumed that thermal transport within the film
is insignificant for this problem. This is also consistent with our FEA discussed in the
Supplemental Material (FIG. S1). If it is assumed that Zone Il stops when the front drops below
a critical temperature, Tci;, then one may develop an expression for the Zone Il radius, Rz, in

terms of Tya, Rz1, and Tyt
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Everything is known except Tci;, SO that may be fit to the data. This was performed for the
measured Zone | and Zone 11 sizes from this experiment and from the data in reference [8]. The
fitted functions are plotted with the data in FIG. 6. T is found to be 800 K for the capped
samples and 745 K for the uncapped specimens. If T is the end of Zone Il growth, that signals
it is the transition to Zone 11 growth which is analogous to the transition between columnar and
scalloped growth in the steady-state experiments by Chojnacka® and Grigoropoulus et al.® These
fitted T values are similar to the substrate temperatures where the transistion occurred
betweeen scalloped and columnar growth, which were ~700 K for 1.8 um films ® and about 690
K, 720 K and 750 K for 3.0 um, 1.8 pum, and 1.3 um films.> The trend of thicker films exhibiting
lower transition temperatures is also consistent with our observations. Thicker films have more
material releasing heat during crystallization relative to the amount of material acting as a heat
sink. Thus, they reach higher temperatures relative to thinner samples in the same way as
discussed for our uncapped versus capped samples.
V. SUMMARY AND CONCLUSIONS

Laser crystallization of 50-nm amorphous Ge films was studied with MM-DTEM
experiments with a focus on laser energies just above the crystallization threshold. Liquid-
mediated explosive crystal growth at relatively low laser energies were taken together with data
from similar earlier experiments. Creating a larger dataset using multiple multi-frame DTEM
experiments has led to a refinement of the observations of explosive crystallization in non-steady
state conditions. The current work casts doubt on the previous hypothesis by Santala et al. that an
increasing temperature gradient decreases the steady state liquid-mediated growth rate. Taking
the current data with the previous data reported in [8] makes it seem far more likely that the

16



DTEM measurements are in the range where there are bounded by the maximum crystal growth
rate of Ge within the experimental error. The simple model for expected behavior of Zone II
growth in the capped and uncapped Ge thin films is consistent with the behavior observed in
these experiments and with critical temperatures observed in steady state experiments.
SUPPLEMENTARY MATERIAL

Details on the finite element analysis model of heat flow in Ge specimens during Zone 1l
growth the DTEM experiments are available in the Supplementary Material. A plot of the sizes
of Zones 1, 11, and 111 as a function of specimen laser pulse energy for both capped and uncapped
Ge thin films is available in the Supplementary Material.
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FIG. 1 (a) Crystalline zones resulting from exposing 50-nm amorphous Ge film supported on 20-nm amorphous
silicon nitride film to a spatially Gaussian 12-ns laser pulse incident ~42° from the film normal. (b) Schematic
temperature profile based on a FEA model (Supplemental Material) at different stages of laser-initiated
crystallization. The t line represents ~ t=0 ns from peak laser power when the film is heated but has not crystallized;
t, is immediately after Zone | formation showing a local increase in temperature due to the enthalpy of
crystallization. Material adjacent to Zone | is raised above T, and will crystallize, melting an adjacent layer of
material; t3 is 1-2 ps later near the end of Zone 1l growth.

100 ns

FIG. 2 Time-resolved images of laser-induced crystallization. The time signature in each frame |nd|cates the time
elapsed from the peak of the 12-ns laser pulse used to heat the specimen. (a) A crystallization event induced by a
3.40 pJ shot where Zone | forms before the initiation of Zone Il growth (b) An example where a 3.44 pJ shot does
not cause Zone | formation with its characteristic nanocrystalline grains. Instead, sparse nucleation events result in a
few grains forming within 100 ns that grow to be several microns across. New grains nucleate and grow in later
frames at separate sites. These examples are in a threshold range where Zone | formation may or may not occur. For
laser pulses above 3.5 pJ, Zone | always formed in these experiments (FIG 4. and FIG 5a), presumably because the
absorbed energy was always adequate to raise the temperature above T ..
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FIG. 3 Time-resolved images of Zone Il growth during laser induced crystallization. The growth front has micron-
scale perturbations that may be due to local temperature variations or orientation-dependent differences in growth
rates. As the perturbations grow they may further enhance the local temperature and growth rate variations. The
motion of straight interface indicated with an arrow in the 385 ns frame is nearly arrested. Adjacent grains grow
toward each other and the heat of crystallization causes a melt pool to form that dewets from the silicon nitride
before solidification. The result of dewetting is indicated with arrows (minutes later frame): rounded Ge drops (dark)
adjacent to areas bare silicon nitride (light); the mass-thickness contrast yields the highest contrast in the pulsed
images. The region in the time-resolved images is indicated with a black circle in the lower magnification image.
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FIG. 4 (a) Growth front position vs delay for crystal growth from Zone | for uncapped Ge thin films as in FIG. 2(a).
(b) Growth front position vs delay for crystal growth from grains without Zone | development. Multiple grains
measured in a single experiment are designated with a single energy and a series of consecutive letters. The data for
the specimen heated with a 3.49 pJ laser pulse does not project back to the origin, because multiple grains formed
and impinged between the first two frames, growth was measured for the single coalesced region.
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FIG. 5 (a) Growth rates during the first 900 ns of Zone Il growth rate as a function of laser energy for all samples,
both with and without Zone 1. Different grains from the same sample in samples without zone one are given the
same symbol and are aligned along the sample laser energy. (b) The growth rates in (a) are re-plotted against the
Zone | size at 100 ns. The data for the capped Ge films are from reference [8]. The two samples with negative values
of crystalline Zone | size had no Zone | formation and the first grains became visible only well after 100 ns, thus the
100 ns intercepts of the lines fit to their growth rates are negative.
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FIG. 6 Zone 11 width versus Zone | size for 50 nm thick capped and uncapped Ge. The data for silica-capped Ge are
from reference [8].
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