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Picosecond strain dynamics in Ge,Sh,Tes monitored by time-resolved x-ray diffraction
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Coherent phonons (CPs) generated by laser pulses on the femtosecond scale have been proposed as a means
to achieve ultrafast, nonthermal switching in phase-change materials such as Ge,Sb,Tes (GST). Here we use
ultrafast optical pump pulses to induce coherent acoustic phonons and stroboscopically measure the corresponding
lattice distortions in GST using 100-ps x-ray pulses from the European Synchrotron Radiation Facility (ESRF)
storage ring. A linear-chain model provides a good description of the observed changes in the diffraction signal;
however, the magnitudes of the measured shifts are too large to be explained by thermal effects alone, implying the
presence of excited-state effects in addition to temperature-driven expansion. The information on the movement
of atoms during the excitation process can lead to greater insight into the possibilities of using CP-induced phase

transitions in GST.
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I. INTRODUCTION

Materials such as the prototypical phase-change compound
Ge,Sb,Tes (GST) are in wide spread use in optical storage as
well as in electrical memory, a technology envisioned by many
as a successor to flash memory. In both cases, the large property
contrast between the amorphous and crystalline phases is used
to store information; these two states are also referred to
as the high-resistivity RESET state and the low-resistivity
SET state, respectively in electronic memory terminology.
Detailed structural studies have demonstrated that the large
electrical and optical contrast between the phases is a result
of a correspondingly large difference between the nature of
the bonding of the two structures, which requires only local
atomic rearrangements to occur [1,2]. In devices, switching
between the SET and RESET states is typically achieved
by applying intense, short, nanosecond-order electrical or
optical pulses, while reverting from the RESET state to the
SET state is accomplished by applying longer, less intense
pulses. Conventionally, the SET state has been associated
with the crystalline state, while the RESET state has been
associated with the amorphous state, although recently a new
variation of electrical phase change memory called interfacial
phase-change memory (iPCM) has been demonstrated in
which both the SET and RESET states are crystalline [3].
Although it is well known that the application of pulses of tens
to hundreds of nanoseconds in duration leads to the formation
of a glassy state generated via a quench from the molten state,
the application of shorter-duration pulses has been suggested
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to lead to a different amorphization process. Optical pump,
x-ray probe experiments using subnanosecond pulses have
suggested the presence of a transient state originating from
intense optical excitation that is different from the equilibrium
molten state [4]. These reports suggest that appropriate
local distortions induced in the presence of a strong optical
pulse may lead to faster and possibly more efficient device
switching.

Lattice vibrations (phonons) play an important part in many
condensed-matter processes, including phase transitions, bond
hardening and softening, and melting, to name a few. Based
upon an atomistic understanding of the switching process
in GST, it has been suggested that the selective generation
of a transient state with the desired local distortions gen-
erated via excitation of a particular phonon mode(s) can
provide fast and highly efficient pathways to selectively
drive phase transitions, eliminating the entropy-related time
and energy losses associated with switching via the melt-
quench/recrystallization process [5]. Recently, selective gener-
ation of coherent phonons using a double-pump femtosecond
laser was used to switch iPCM material from the RESET state
to the SET state at room temperature, a process which in
equilibrium typically requires heating the same material to
over 150°C [6]. By selective excitation of the A; phonon
mode, an iPCM sample was permanently transformed into
the SET state with an average temperature rise of less than
10°C (fluence of 0.1 mJ/cm?) [7]. In addition, femtosecond
optical switching experiments on epitaxial films have also
suggested alternative athermal crystallization processes may
be present when ultrafast optical irradiation is used [8].
These observations serve as motivation for the direct study of
atom displacement in ultrafast laser-induced coherent phonon
excitation.
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II. TIME-RESOLVED X-RAY DIFFRACTION STUDY
OF COHERENT ACOUSTICAL PHONONS

A. Experimental setup

As a precursor to the control of coherent phonons in
GST, we have investigated the generation of coherent acoustic
phonons using a fast optical pump and synchrotron x-ray
probe pulses. To eliminate grain boundaries, epitaxial GST
samples grown on Si(111) were used; further details on the
growth and characterization of the epilayers can be found in
the literature [9]. The film-substrate crystallographic relation-
ship was [111]g || [111]s and [110]g || [110]s. In the current
experiment, a 30-nm-thick epitaxial GST film was irradiated
in an 80-um spot by a 700-fs, 800-nm laser pulse from a
Ti:sapphire amplified laser system at ID9 at the European
Synchrotron Radiation Facility (ESRF). Herein, we use the
rock-salt structure for the Miller indices in all figures and text.
Spatial overlap was ensured by alignment of both pump and
probe pulses using a photodiode. The sample was capped by
a 5-nm-thick amorphous SizNy cap to prevent oxidation. An
18 keV x-ray probe pulse with a duration of 100 ps was directed
at the sample in a near-collinear arrangement with the laser
pump pulse. X-ray diffraction was observed in a symmetric
geometry (a Bragg-Brentano or 6-20 configuration in which
the diffraction vector is always normal to the sample surface),
and the (111) and (222) reflections were probed as a function
of fluence. The comparatively longer duration of the probe
pulse relative to the pump pulse resulted in a corresponding
convolution in time in the measured signal. The Ti:sapphire
amplified laser system produced pulses with energies up to
5 mJ/pulse synchronous to the ring; the jitter of the laser with
respect to the x-ray pulses was less than 5 ps. By varying the
time difference 67 between the pump and probe pulses, the
structural dynamics of the film as a function of time could
be observed; t = 0 was defined as the maximum temporal
overlap of the pump and probe pulses using a high-speed
photodiode. The dynamics were measured in 10-ps steps on
both sides of + = 0 for ¢ up to 60 ps and with increasing
step sizes for §¢ up to several nanoseconds. The experiment
was repeated for a range of pump fluences of 8, 10, 12, 16,
and 24 mJ/cm? and for a variety of 8¢ after the determination
of the amorphization threshold of 54 mJ/cm?. A collection
of representative snapshots of the time evolution of the (222)
diffraction peak is shown in Fig. 1.

B. Experimental results

For all fluences, a similar trend was observed. A decrease in
the (222) peak intensity was seen for 6¢ larger than ~—100 ps
with a maximum decrease in intensity of 80%—90% at about
10 ps. At that time about 10% of the initial intensity is
redirected into a sideband peak at lower Q.. The (222) peak
subsequently recovered to its initial value after 1 ns, as can
be seen in Fig. 2. A nearly identical time dependence for the
fractional change in d spacing Ad/d along the (111) direction
was found, with the magnitude of the shift growing larger with
increasing laser fluence, although the maximum decrease in
intensity was less than 30%. For the (222) peak, the maximum
value for Ad/d of 1.6% was measured for the highest laser
fluence of 24 mJ/cm?.
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FIG. 1. (Color online) A series of snapshots showing the time
evolution of the GST(222) diffraction peak. From the top left-hand
corner across each row, the times are —150 ps, —100 ps, —50 ps,
—10 ps, 10 ps, 50 ps, 100 ps, 300 ps, and 1 ns, respectively. The
Q. axis corresponds to the reciprocal space direction (111)*, while
the Q. axis corresponds to the reciprocal space (110)* direction. The
laser fluence used was 16 mJ/cm?.

We mention here in passing that the reduction in diffraction
peak intensities due to the experimentally determined Debye-
Waller factor of GST accounts for only ~20% reduction in
peak intensity even at the melting point and cannot account
for the effects reported here [10]. It should also be mentioned
here that the time-resolved behavior of the (111) reflection
was similar to that observed for the (222) reflection; however,
due to the limited angular dispersion of the (111) peak, the
intensity reduction was markedly less, and no discernible shift
could be resolved. We choose to focus on the (222) reflection
in this paper.

Figure 3 (top panel) shows the intensity of the GST
(222) reflection as a function of time for a pump fluence
of 16 mJ /cmz. For times before the laser puls_e), the Laue

diffraction condition is givenby 0 = G, where Q represents
the momentum transfer of the elastic scattering process and

8 is a reciprocal lattice vector. The pump pulse induces a
fast displacement of the equilibrium atom positions in the
GST film. Provided that the duration of the pump pulse is
significantly shorter than the phonon period, phonons in phase
(coherent) can be generated [11]. The change in equilibrium

094305-2



PICOSECOND STRAIN DYNAMICS IN Ge,Sb,Te ...

— -3ns
— =50 ps
— 300 ps
— 10ps

1 ns

Intensity (arb. units)
I

33 34 35 36 3.7 3.8 3.9
Q, (A"

Laser Fluence

10f
0.8}
5 0.6}
04}
0.2}

Normalized Intensity
(arb. units)

1.6F

1.2¢

Ad/d (222) [percent]

7]
a
(=}

1ns

-3ns
-150 ps
-120 ps
-100 ps
-50ps |
-20ps |
-10ps F

10 ps |

20ps |

50ps |

100 ps |
150 ps |
300 ps |
500 ps |

10 ns
100 ns
500 ns

Time Delay

FIG. 2. (Color online) (top) Intensity distribution for a few pro-
totypical values of 8¢ for 16 mJ/cm?. (middle) Integrated intensity of
the GST(222) peak as a function of é¢ for different fluences. (bottom)
Fractional shift in the (222) plane spacing (in percent) as a function
of 8¢ for different fluences. To obtain the pseudo-one-dimensional
spectra for all §¢ values and fluences, the diffraction peaks were fit
by Gaussian functions, and the results were tabulated.

positions gives rise to a distribution of acoustic coherent
phonons (CPs) whose wavelength is centered at twice the film
thickness due to the boundary conditions imposed by the much
lower optical absorption of the silicon substrate and SizNy
cap-film interface. The stress leading to this fast displacement
can be written in terms of the contributions of the electronic
and lattice Griineisen parameters, or o ~ y,C,T, + y.C Ty,
where y;,C;, and T; represent the Griineisen parameter, the
specific heat, and the temperature for the electronic (i = ¢) and
lattice (i = L) subsystems, respectively. The dimensionless
Griineisen parameter describes the change in length or volume
required to minimize the free energy of the system in response
a temperature change. Gradients in the stress o that occur
at the interfaces of the GST layer give rise to propagating
elastic waves [12,13]. The electronic stress given by y, plays a
significant role in the early stage of thermal expansion before
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FIG. 3. (Color online) (top) Measured time-Q, intensity plot of
the GST(222) diffraction peak for a fluence of 16 mJ/cm?. (bottom)
Simulated time-Q, intensity plot of the GST(222) diffraction peak
carried out using a ball-and-spring model (see text for details). The
Q. axis corresponds to the reciprocal space direction (111)*, while
the Q. axis corresponds to the reciprocal space (110)* direction.

the electrons and lattice reach thermal equilibrium, which is
typically less than a few picoseconds later.

The presence of a longitudinal coherent phonon with
wave vector 7 modifies the diffraction condition so that the

quasielastic Laue condition becomes G = Q + ¢ , where ¢
represents the effective wave vector of the CPs. This gives rise
to a transient displacement of the GST(222) reflection while
the propagating strain field due to the CPs is present in the
GST epilayer.

Figure 3 (bottom panel) shows the simulated time depen-
dence of the GST(222) diffraction signal calculated using the
one-dimensional linear chain model UDKMIDSIM. [14] The
model has yielded excellent fits of ultrafast phonon dynamics

094305-3



PAUL FONS et al.

in metal-insulator superlattice systems [15]. For the purpose
of comparison, the model spectra plot consists of a stack of
simulated spectra for the times at which the experimental data
were taken, namely, —150 ps, —120 ps, —100 ps, —50 ps,
—20ps, —10ps, 0ps, 10 ps, 20 ps, S0 ps, 100 ps, 150 ps, 300 ps,
500 ps, 1 ns, and 10 ns. In Fig. 3, the maximum time duration
has been limited to 1 ns. In addition, the simulated spectra
have been convoluted along the time axis by a 100-ps Gaussian
kernel to account for the finite duration of the x-ray pulse. In
the model, each GST unit cell is conceptualized as a ball with
identical springs connecting each ball in a one-dimensional
chain; the mass of each ball is given by the sum of the masses of
atoms in the unit cell, which was assumed to have the rock-salt
structure [16]. The substrate was modeled in a similar manner
with appropriate values for the ball-mass and spring-force
constants. The spring-force constant is given by k; = m; vi2 / aiz,
where v; is the longitudinal sound velocity, m; is the mass of
a unit cell, and g; is the out-of-plane lattice constant of the ith
unit cell. In UDKM1DSIM, it is assumed that at time ¢t = 0, the
laser pulse induces instantaneous stress due to a change in the
equilibrium position of atoms to a wider spacing as determined
by the coefficient of thermal expansion and the temperature
rise at that point induced by the absorbed light. The stress
field is assumed to be applied instantaneously at t = 0, and
the equations of motion are solved to predict the subsequent
evolution of the system. While in the harmonic approximation
the equations of motion can be diagonalized to give the normal
modes of the system, the inclusion of heat-diffusion effects
requires numerical solution of the equations of motion, as
was done here. The time period required for the GST(222)
reflection to revert to its unperturbed position was on the
order of several nanoseconds, implying that the effects of
heat diffusion for time scales less than 100 picoseconds when
the most intense dynamics occur were negligible. The initial
stress relative to the arrival of the laser pulse is assumed
to be proportional to the temperature increase at a given
depth, which is, in turn, calculated taking into account the
temperature-dependent specific heat of the material and the
(depth-dependent) heat due to the absorbed light as given
by the Lambert-Beer law for each material. The various
parameters used as input to UDKMIDSIM are summarized in
Table 1. Experimentally determined temperature-dependent
values of thermal conductivity x and heat capacity ¢, were

TABLE 1. Parameters used as input in the UDK1DSIM simulation.
Here a, vy, @, , and « represent the lattice constant, the sound velocity,
the linear expansion constant, and the optical penetration depth at
A = 800 nm, respectively. The references for silicon are the lattice
constant [18], sound velocity [19], linear expansion coefficient [20],
and optical penetration depth [18]. The references for GST are the
lattice constant [21] (as also verified by the unexcited diffraction data
from this experiment) and sound velocity [22]. See the text for an
explanation of the choices of the linear expansion coefficient and
optical penetration depth.

Material a(A) v (nm/ps) a (K1 a(cm)
Silicon 5.431 9.35 2.6 x 107° 1.07 x 1073
GST 6.0293 3.19 7.2 x 1073 1.05 x 1073
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FIG. 4. (Color online) (left) Simulated time-Q, intensity plot of
the GST(222) diffraction peak carried out using a ball-and-spring
model (see text for details) in the vicinity of t = 0 without convolution
effects. The intensity scale is the same as in Fig. 2. (right) One-
dimensional strain (in percent) as a function of time as calculated by
a ball-and-spring model.

used for GST and hence are omitted from Table I [17].
For each time step &t, the Takagi-Taupin dynamical x-ray
scattering equations are solved to determine the change in
diffracted intensity. Finally, as mentioned above, the simulated
results are convoluted in time with a Gaussian kernel to take
into account the ~100-ps duration of the x-ray pulses of
the 16-bunch mode used. Figure 3 (bottom panel) shows the
simulated x-ray diffraction pattern for the GST(222) reflection
as a function of time calculated using the procedure described
above.

It bears repeating that although the simulation was carried
out with a very fine time step of 1 ps, the result as shown
in Fig. 3 (bottom panel) does not show diffracted intensity
over a continuous time domain but rather consists of stacks
of snapshots of the simulated results at the experimentally
observed (discrete) time intervals. Figure 4 (left panel) shows
the simulation (without convolution) and a picosecond time
step in the vicinity of + = 0, and Fig. 4 (right panel) illustrates
the calculated strain field as a function of time and depth
into the sample. It should be noted here that the strain field
is not uniform and the shift in the x-ray diffraction peak
represents an average-like displacement obtained by numerical
solution of the x-ray dynamical diffraction equations. As can
be seen in the strain figure, differences in absorption at the
cap-sample and sample-substrate boundaries generate large
gradients in the relative displacement at the interfaces and
lead to the generation of compressive strain waves originating
from both interfaces that travel into the bulk of the sample.
The maximum strain is reached for a time 7,, given by d/vs,
where d is the film thickness and v, is the longitudinal
sound velocity. The maximum displacement corresponds to
the transit time of the compression wave from each interface
to the center of the film. For the case of GST, this is
given by the film thickness divided by the sound velocity, or
30nm/(3.19nm/ps) = 9.4 ps, providing excellent agreement
with experiment.

III. DISCUSSION

While the simulation overall is in relatively good agree-
ment with experiment, discrepancies with room-temperature
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parameter values of absorption length and thermal expansion
coefficient are present that, in turn, suggest the presence of
excited-state effects in addition to thermal effects, as has been
suggested in the literature [23]. In general, in the UDKM1DSIM
model, the magnitude of the gradient of the thermal expansion
at the interfaces leads to the generation of an expansion wave
in GST associated with an acoustic phonon. This implies
that the magnitude of the shift in the x-ray signal along Q,
is proportional to the induced temperature rise due to the
absorbed light with higher laser fluences leading to larger
shifts. As GST is a well-known phase-change alloy with a
melting point of approximately 900 K, a transient rise in
temperature significantly above the melting point would be
expected to lead to the formation of an amorphous phase
due to the excellent thermal contact of the epilayer of the
silicon substrate. This conclusion that there is no melting
present is further supported by the lack of a concomitant
drop in the intensity of the (111) peak. As the diffraction
peak is experimentally observed to return to its original
intensity after a period on the order of a nanosecond, the
formation of an amorphous phase can be excluded, leading
to the conclusion that the maximum temperature rise must
be less than the melting point of GST. To satisfy this
condition, we thus selected an optical penetration-depth value
that limited the temperature rise to a few degrees below the
melting point and increased the thermal expansion coefficient
to match the experimentally observed displacement along
Q.. Calculations assuming the experimental value of optical
absorption resulted in nearly all of the incident flux being
absorbed by the GST film, leading to a temperature rise of
over 3600 K, a temperature that is completely inconsistent
with the diffraction peak returning to its initial position within
a nanosecond. An effective fluence value of 8 mJ/cm? was
used as the experimentally measured reflectivity at 800 nm is
approximately 0.5. A calculation of the reflectivity using the
Fresnel equations and experimental values of the refractive
index and angle of incidence yields a reflectivity value
consistent with this observation of 49%. This approach led
to the values of the linear expansion parameter «;, and optical
penetration length o shown in Table I. The value used for
the optical penetration depth that maintained the maximum
temperature constraint is a factor of approximately 6 times
larger than the published value of o ~ 1.9 x 10~%cm [24].
This large difference from the literature value may stem either
from dynamic changes in absorption due to the short duration
of the pump pulse, e.g., photobleaching, or from alternative
energy-loss mechanisms such as energy transport into the
substrate via ballistic electrons. Photobleaching, or a transient
reduction in optical absorption, is known to occur for short,
intense pump pulses due to several factors, including band-gap
renormalization due to the accumulation of carriers at the band
edges and transient increases in reflectivity due to the creation
of an electron-hole plasma driven by the electrical field of the
optical pump pulse [25,26].

We have measured the transmission (not shown) of 800-nm,
40-fs pulses through a 20-nm-thick polycrystalline GST layer.
The absorption constant calculated using the literature value
of the reflectivity shows two linear regimes, the first from
0 to about 8 mJ/cm? and the second from approximately
8 to about 30mJ/cm?. The slope of the absorption versus
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input fluence decreases by roughly a factor of 3 between
the two regimes. Note that the peak power in the current
experiment (114 TW/m?) is below that corresponding to the
8 mJ/cm? threshold (2PW/m?) reported above, taking into
account the ratio of pulse durations, or 700 fs/40fs ~ 17. No
quadratic dependence on fluence was found, suggesting that
two-photon absorption did not play a significant role in the
absorption process in the current experiment. The underlying
mechanism for the nonlinear absorption effects in GST has
been suggested to be complex [27] and is beyond the scope
of the current work. The effects of nonlinear absorption have
been accounted for by means of fitting the optical penetration
depth.

The lattice expansion which in turn triggers the creation
of acoustic phonons can be considered to have two origins
as described by the Griineisen parameter. Both the lattice
and excited carriers contribute to lattice expansion. For
ultrafast processes such as those in the current experiment, the
electron and lattice subsystems are not initially in equilibrium,
leading to two independent contributions (and two different
subsystem temperatures) to lattice expansion as exemplified
by the electronic and lattice Griineisen parameters, respec-
tively [28]. The more than a factor of 4 increase in the thermal
expansion coefficient «; over the published value [29] of
1.74 x 107> K~! found in the current fitting may reflect the
contributions of the electronic Griineisen parameter to the
induced stress in the film. As the system can only expand
along the z direction, an increase of up to a factor of 3 in oy,
might be anticipated due to the decrease in dimensionality, but
the factor of 4 found here suggests additional contributions
from electronic excitation effects [5]. Although the electron
system-driven lattice expansion may be transient until the
electrons recombine or escape the layer into the substrate, the
electronic Griineisen parameter can still serve as a significant
source of strain in the generation of an acoustic wave. While
there is no publication that shows the thermal expansion of
GST over a wide temperature range due to the presence of
an irreversible phase transformation at about 450 K, there
are data published about a closely related alloy, GegSb,Tey,
which shows a nearly linear expansion from 80 K to just
below the melting point [30]. This strongly suggests that the
lattice Griuineisen parameter (the relationship between lattice
thermal expansion and the lattice specific heat) for GST is
linear and that the need to increase the linear expansion factor
in the simulation is a consequence of the nonzero value of the
electronic Griineisen parameter.

IV. CONCLUSIONS

In conclusion we have measured and successfully modeled
the atomic displacement of atoms in GST in the presence of
coherent acoustic phonons. A ball-and-spring model was used
to simulate the displacement field as a function of time and
the corresponding shifts in the (222) x-ray diffraction peak. In
order to model the experimental data under the constraint that
the GST film does not melt, it was necessary to modify both the
optical penetration depth and thermal expansion coefficients
from their literature values. The increase in the absorption
length parameter suggests the presence of either alternative
energy-loss mechanisms, such as ballistic electron transport,
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or photobleaching effects due to the ultrashort pulses used.
As the absorption length parameter was thus constrained, the
increase in the thermal expansion factor can be considered to be
nominally uncorrelated with the absorption length parameter
in the fitting process. The increase in the thermal expansion
factor strongly suggests the presence of electronic Griineisen
effects due to transient electron heating that are comparable in
magnitude to the lattice-temperature-induced expansion. The
presence of coherent acoustical phonons and their successful
observation are a first step in inducing local displacements in a
controlled manner, which may lead to nonthermal transitions
between bonding states in GST. While further studies with
better time resolution are necessary to fully understand the
role of electronic excitation, a clear contribution of electronic
Griineisen effects was observed. To attain the goal of using
coherent phonons to drive GST between bonding states, shorter

PHYSICAL REVIEW B 90, 094305 (2014)

wavelength optical phonons are necessary, and these studies
are underway.
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