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Femtosecond laser amorphization of tellurium
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Polycrystalline tellurium becomes amorphous after irradiation with strong femtosecond pulses. The amor-
phization is sensitive to the initial temperature but not very sensitive to the temporal profile of the optical
excitation. Above the amorphization threshold, single-shot transient reflectivity traces show clear coherent
phonon oscillations within 1 ps. These results suggest that amorphization is due to thermal melting rather than
nonthermal melting or switching for pump fluences up to the ablation threshold.
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I. INTRODUCTION

Laser-solid interactions in the femtosecond time regime
have been studied extensively for both applications and fun-
damental insights. Femtosecond laser pulses can quickly pro-
duce a high density of carriers in semiconductors, and the
hot carriers modify the interatomic potential such that atoms
can move large distances even while the lattice remains cold.
With excited carrier densities up to ~10% of the valence elec-
trons, structural phase transitions can occur on a timescale of
100 fs [1,2], an order of magnitude faster than the picosecond
timescales typical of energy relaxation from carriers to the
lattice. Ultrafast nonthermal melting has been demonstrated
in several semiconductors and semimetals such as Si [3],
GaAs [4], Ge [5], InSb [6], and Bi [7], and the reported
melting time was fluence dependent. In Si and GaAs [4], such
ultrafast behavior clearly occurs with fluence twice that of
the melting threshold. More recently, researchers found that
Ge,Sb,Tes (GST), a phase-change material, could undergo
an ultrafast crystalline-to-amorphous phase transition upon
femtosecond pulse irradiation without melting [8,9].

Tellurium is a semiconductor that can be switched re-
versibly between crystalline and amorphous phases by op-
tical illumination [10-14]. The amorphous phase has lower
reflectivity and lower optical absorption at 1.55 eV (A =
800 nm) than the crystalline phase [15,16]. The instability of
the amorphous phase above 283 K [16] limits its practical
applications for data storage, but the single-element nature
and relatively simple crystal structure of Te (only three atoms
per unit cell) compared to phase-change memory alloys makes
it an attractive target for fundamental studies of laser-induced
phase transitions. Pamler and Marinero showed that the phase
transition induced by nanosecond pulses is purely thermal
[14]. With femtosecond excitation, Ashitkov et al. demon-
strated loss in optical anisotropy after ~1 ps and attributed
that to thermal melting [17]. Nonetheless, these studies leave
open the question of whether the photoinduced amorphization
of Te is nonthermal or thermal.

In this paper, we study the phase transition at low
temperatures (down to 80 K) to determine whether tel-
lurium undergoes thermal melting, nonthermal melting, or
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ultrafast amorphization after high-fluence femtosecond laser
excitation. At lower temperatures, higher carrier densities can
be optically generated before the lattice temperature reaches
its melting point (723 K). The amorphous phase persists for
several seconds at room temperature and indefinitely at low
temperatures, preventing standard pump-probe measurement
methods that involve many laser shots. In our measurements,
the time-dependent measurement could be executed in a single
shot. Our steady-state and single-shot transient reflectivity
studies suggest that the amorphization is the result of thermal
melting for all fluences below the ablation threshold.

II. METHOD

The sample was a 250-nm-thick tellurium polycrystalline
thin film, sputtered onto a glass slide which was kept in a lig-
uid nitrogen flow cryostat to control its temperature. The de-
tails of the single-shot pump-pump-probe setup can be found
in Ref. [18]. The laser source was a Ti:sapphire regenerative
amplifier that produced a 2-mJ output pulse energy with 60-fs
pulse duration at a repetition rate of 1 kHz. Ninety percent
of the pulse energy was sent to a Michelson interferometer to
create a pulse pair that was used for double-pumping of the
sample. The remaining one-tenth of the energy was used for
a probe which was passed through two crossed echelons to
form 400 spatially separated beamlets with successive pulses
delayed temporally by 23-fs steps. By comparing the probe
signal reflected from the sample with and without the pump
pulse, a transient reflectivity trace covering 9.2 ps could be
acquired with a single pump shot. The change in the steady-
state reflectivity long after the sample was pumped was also
monitored shot-by-shot by comparing the images without the
pump pulse.

III. RESULTS
A. Steady-state reflectivity study

After optical pumping above the amorphization threshold
(~7mlJ/cm? at 80 K), the irradiated part of the film near its
surface was turned amorphous and the steady-state reflectivity
of the tellurium sample was reduced (photodarkened). As
shown in Fig. 1(a), the amorphization was mostly complete
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FIG. 1. The change in steady-state reflectivity under single-pump excitation with (a) different pump fluences, (d) different initial
temperatures, and (e) different pump pulse widths and (f) under double-pump excitation with various pump-pump delays. (a), (e), and (f)
were measured at 80 K. (b), (c) Parameters used to fit the traces in (a) to An/(n + B). The amorphization threshold is ~7 mJ/cm? and the

ablation threshold is ~12 mJ/cm? at 80 K.

within the first few pump shots, and the following shots did
not change the steady-state reflectivity further, indicating that
they did not further significantly increase the volume of the
amorphous phase. The threshold and saturation behaviors are
common features of photoinduced phase transitions due to the
competition of two coexisting phases and the spatial profile
of the optical excitation beam [19]. For further analysis,
we fit the shot-by-shot steady-state reflectivity Ry, as a func-
tion of the number of shots n to a saturation growth-rate curve,

ARy An
R, n+B’

and the fluence-dependent results for the parameters A and B
are shown in Figs. 1(b) and 1(c). The parameter A represents
the saturated change in steady-state reflectivity. Its magnitude
increases approximately linearly with pump fluence above the
threshold. The parameter B is the number of shots required to
reach half the saturation reflectivity change. In GST, atomic
force microscopy was used to determine that higher fluences
increased both the lateral extent and the depth of amorphous
material [20,21]. For a probe spot size that is smaller than the
pump spot size, the fluence-dependent change in reflectivity
is influenced by the fraction of amorphous material within
the optical penetration depth that contributes to reflection. A
linear fluence-dependent growth of the melt depth has been
observed in photoexcited tellurium films [14] and might con-
tribute to the linear fluence-dependent change in the steady-
state reflectivity observed here.

When exposed with pump fluences above ~12mJ/cm? at
80 K, the steady-state reflectivity did not reach a saturation

ey

value, but continued to drop [see the deviation from the
saturation curve in Fig. 1(a)]. We also observed a complete
removal of the tellurium film in the illuminated spot after
thousands of pump pulses. We attribute this phenomenon to
ablation near the surface, which has been previously observed
in photoexcited tellurium [14,17]. The optical pulse did not
melt the whole 250-nm film before ablation occurred at the
surface [14].

When the sample was kept at low temperatures (<200 K),
the photoinduced amorphous phase was stable and long-lived.
At higher temperatures, the amorphous phase relaxed back
to the crystalline phase with no visible evidence of change
from the initial condition prior to irradiation. We measured
the recrystallization dynamics, as indicated by the reflectivity,
using a continuous-wave laser and a photodiode. The recovery
of the steady-state reflectivity at each temperature is fitted to
a single exponential form to determine the recrystallization
rate. As shown in Fig. 2, the recrystallization rate at various
temperatures fits well to the Arrhenius equation with an
activation energy of ~0.82 eV.

The recrystallization at low temperatures can be induced
by femtosecond pulses with moderate fluences (<7 mJ /cm?),
demonstrating the feasibility of all-optical switching between
the amorphous and crystalline phases using femtosecond
pulses. Although one intense pulse can induce significant
amorphization, recrystallization requires multiple weak pulses
[22]. At 80 K, most amorphous regions returned to the crys-
talline phase after irradiation by 50 pulses with a fluence of
6 mJ/cm? [23], and by more than 4000 shots with 2 mJ/cm?
fluence. The recrystallization was conducted at a repetition
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FIG. 2. The estimation of the activation energy from the spon-
taneous recrystallization rates. Inset: The recovery dynamics (blue)
and the exponential fit (red) at 230 K.

rate of 10 Hz, so accumulated heating was negligible.
Therefore, recrystallization is a result of temperature ramping
by each pulse.

In order to determine if the amorphization is a result of
a thermal process, we varied the initial temperature of the
sample and illuminated with the same pump fluence. As
shown in Fig. 1(d), the magnitude of the change in steady-state
reflectivity increased linearly with the initial temperature. In
addition, the amorphization threshold decreased at higher ini-
tial temperatures. These behaviors indicate that amorphization
is a result of thermal melting, as the heating due to the fem-
tosecond laser pulse adds to the initial sample temperature. A
purely nonthermal process would depend only weakly on the
initial sample temperature.

To further determine the mechanism of amorphization, we
varied the temporal profile of the optical excitation. First,
we stretched the pump pulse while fixing the pulse energy.
The optical penetration depth § for 800-nm light is 38 nm
[17] and the ambipolar diffusion constant D, is approximately
40mJ/cm? [24], so the timescale for hot carriers to leave
the probed region is 82/D, = 0.4 ps. If the amorphization
were induced by a high carrier density, we should see a
continuous decrease of the change in steady-state reflectivity
as the pulse width becomes much longer than 1 ps. As shown
in Fig. 1(e), the amorphization process is not sensitive to the
pulse width except for a slight enhancement at short pulse
widths, which can be explained by the local heat dissipa-
tion of coherent phonons that are generated before carriers
have time to leave the initially excited region, resulting in
a larger lattice energy in that region than in the case of
longer pulse durations [18]. When the pump pulse is shorter
than the phonon period, coherent A; phonons can be excited
and then dissipate the energy into acoustic phonons via an-
harmonic decay. Without coherent phonon generation, more
energy would be transported away from the surface by carrier
diffusion, resulting in a lower lattice temperature near the
surface.

Second, we excited the sample with two identical but
weaker pump pulses, which individually fell below the

amorphization threshold but whose sum was sufficient for
amorphization. In the high fluence case, the sum of two flu-
ences was near the ablation threshold. As shown in Fig. 1(f),
similar degrees of amorphization still occurred when the two
pumps were separated by 100 ps, which is sufficient for the
majority of excited carriers near the surface to diffuse into
the bulk region. Considering the thermal diffusivity D; = 3 x
107°m? /s [14], the diffusion time for heat transport out of
the initially excited region is approximately §2/D; = 500 ps,
which is approximately the interpulse separation needed to
suppress amorphization, and no amorphization was observed
when the two pumps were 800 ps apart. Therefore, this phase
transition was likely a thermal process rather than nonther-
mal melting induced by a high density of carriers. In the
case of homogeneous melting [17], the lattice temperature
was ramped much higher than the melting point in order to
overcome the heat of fusion within a few picoseconds, and
then the sample entered the solid amorphous phase after fast
quenching. It has been shown that there is no significant
difference between the optical reflectivity of liquid and amor-
phous tellurium [14] so we cannot estimate the time of the
solidification of the liquid layer with our current data.

B. Transient reflectivity study

In addition to the steady-state reflectivity studies, we can
also extract information from transient reflectivity measure-
ments. Figure 3 shows transient reflectivity traces under dif-
ferent pump fluences, recorded at 300 K. We conducted the
experiment at 300 K because the amorphous phase recrys-
tallized completely within a few seconds so that averaging
of multiple (~100) single-shot sweeps was possible. We
observed coherent A; phonon oscillations due to displacive
excitation by femtosecond pulses [24,25]. The oscillatory part
can be fitted to a chirped damped harmonic oscillation:

AR —Ipt —I't

= = Ape P cos[2m(vg — Avpe Dt + 9,1 (2)
In the low-fluence regime, as the pump fluence increased,
the phonon amplitude A, increased, the phonon damping
rate I',, increased, and the phonon frequency v, = vo — Av),
decreased. These effects have been well studied in tellurium
below the amorphization threshold using standard pump-
probe measurement methods [25-27]. When excited above
the amorphization threshold of ~6 mJ/ cm?, we observed not
only the drop of steady-state reflectivity discussed above, but
also the strongly damped A; mode in the transient reflectivity
trace. The existence of coherent phonons suggests that the lat-
tice was not melted within the first picosecond. The drop in the
phonon amplitude and the blue shift of the phonon frequency
may indicate coherent phonon overshoot of a high-symmetry
point [28], which could induce amorphization due to disorder
in the direction of deviation from the high-symmetry struc-
ture. However, since there are few phonon cycles at high
fluence, it is difficult to validate such a model based on our
present data.

When excited above the amorphization threshold at low
temperatures, the transient reflectivity trace changed shot-by-
shot, similar to the steady-state reflectivity. Figure 4(a) shows
the transient reflectivity traces induced by the first 100 shots.
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FIG. 3. (a) The transient reflectivity trace under various pump fluences at 300 K. Note the amorphization threshold is ~6 mJ/cm? at 300 K.
The (b) phonon amplitude, (c) damping constant, and (d) phonon frequency obtained by curve fitting.
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FIG. 4. (a) Shot-by-shot change in transient reflectivity traces
with fluence 8.5 mJ/cm? at 80 K. (b) Transient reflectivity with a low
pump fluence (1.3 mJ/cm?) before and after amorphization pump
pulses (10mJ/cm?) at 80 K. The oscillation frequency is 3.5 and
3.6 THz, respectively.

Only the first-shot response represented the photoexcited
dynamics of the crystalline phase alone. After the first shot,
part of the sample near the surface was turned amorphous so
the traces excited by later shots represented mixed responses
of the photoexcited amorphous phase and the underlying crys-
talline phase. Since the reflectivity and absorption coefficients
near 1.5 eV are both significantly lower in the amorphous
state than in the crystalline state [15,16], the excitation depth
into the sample and the relaxation dynamics of the excited
sample depend on the degree of amorphization. Therefore, the
transient reflectivity trace induced by the first pump shot when
the initial state was entirely crystalline was quite different
from those excited by later pump pulses where part of the
sample was initially amorphous.

For excitation above the ablation threshold, we observed a
single narrow peak along with a decaying background in the
transient reflectivity [23]. The width of the peak ~230 fs is
shorter than the A; phonon period and a second peak is absent.
At this excitation fluence we cannot rule out nonthermal
processes contributing to collective structural changes.

Finally, we compared transient reflectivity measurements
with low fluences on crystalline and photodarkened regions
at low temperature, as shown in Fig. 4(b). In the crystalline
region, the relaxation of AR/R is mainly due to carrier
diffusion away from the optically excited and probed region
of the sample. The amorphous phase is expected to have
significantly slower carrier diffusion, leading to a far smaller
change in AR/R following excitation. The coherent phonon
oscillations in the photodarkened region were suppressed
but still could be seen, indicating that we were probing a
mixture of crystalline and amorphous states. We note that we
did not observe the 150 cm™! oscillation in the amorphous
phase as previously seen in the spontaneous Raman spectrum
[10,11]. Such a result might indicate the absence of a chainlike
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structure in the amorphous phase created by femtosecond
pulses [29] or a lack of electron-phonon coupling of this
Raman mode to electronic excitation.

IV. CONCLUSIONS

In polycrystalline tellurium films, we do not find signif-
icant evidence of nonthermal melting or switching behavior
with excitation close to twice the amorphization (melting)

threshold at low temperature. We believe the photoinduced
amorphization is a result of thermal melting followed by rapid
quenching of the liquid layer.
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