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The time-resolved ultrafast electric field-driven response of crystalline and amorphous GeSbTe
films has been measured all-optically, pumping with single-cycle terahertz pulses as a means of
biasing phase-change materials on a sub-picosecond time-scale. Utilizing the near-band-gap
transmission as a probe of the electronic and structural response below the switching threshold,
we observe a field-induced heating of the carrier system and resolve the picosecond-time-scale
energy relaxation processes and their dependence on the sample annealing condition in the
crystalline phase. In the amorphous phase, an instantaneous electroabsorption response is
observed, quadratic in the terahertz field, followed by field-driven lattice heating, with Ohmic
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884816]
behavior up to 200 kV/cm. V
Phase change materials (PCMs) have been studied for
use in nonvolatile memory devices due to their fast
electrically-induced switching between a high-resistance
amorphous phase and a low-resistance crystalline phase.1,2
The field-driven heating of the material is essential to the
switching process, although alternative switching mechanisms have also been proposed recently.3–6 In the standard
picture, crystallization occurs when the amorphous material
is heated above the crystallization temperature, often on a
nanosecond time-scale. This is assisted by a “threshold
switching” mechanism in which the conductivity of the
amorphous phase increases sharply at a threshold applied
electric field around 500 kV/cm.7–12 For amorphization, the
temperature is raised beyond the melting temperature and
quenched rapidly. Understanding the electric field response
of these materials is important for predicting the field-driven
heating and phase-change behavior. However, it is difficult
to determine the nature of electrical conduction in either
phase using conventional electrical bias measurements,
which involve applying a voltage across a PCM cell and
measuring the resulting current. This method has limitations
in the speed at which voltage pulses may be applied and currents measured, making it difficult to resolve the initial steps of
the electrically driven response, which occur on ultrafast timescales governed by electron-phonon coupling and relaxation
processes. External circuits can complicate the interpretation
of measurements by introducing resistive and capacitive contributions separate from the PCM. Here, we make use of
single-cycle terahertz-frequency (THz) light pulses as an alloptical means of applying large amplitude picosecond electric
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field pulses to materials, with electric field magnitude comparable to relevant switching fields. This allows the possibility of
electrically biasing PCM samples on time-scales shorter than
energy relaxation processes and without the need for electrical
contacts or circuits, in contrast to both nanosecond electrical
bias and above-bandgap photoexcitation techniques.
The initial steps in the field-driven response are closely
associated with the nature of electrical transport in the materials. Numerous models attempt to explain the conduction
mechanisms in amorphous PCMs.7–13 For example, Ielmini
and Lacaita have measured and modeled the field dependent
conduction in PCMs for steady state conditions, with results
signifying both a Poole-Frenkel and phonon-assisted tunneling mechanism for conduction in the amorphous phase.14
Siegrist et al. have investigated electrical transport in the
crystalline phase, using static electrical measurements to
characterize the progression of the electrical properties with
increasing annealing temperature.15 Conduction mechanisms
were associated with localized charge carriers in the low
annealing temperature, highly disordered crystalline state,
transitioning to delocalized carriers at higher annealing
temperatures, thereby undergoing a disorder-driven insulatormetal transition. Breznay et al. have measured disorderdominated transport even in the metallic phase.16
GeSbTe (GST) alloys are widely used and of technological importance for phase-change applications. We have
employed a pump-probe measurement scheme to determine
the time-resolved response of GST films to THz electric
fields.17 We pumped the films with THz pulses—less than
1 ps pulse width and peak field strength of order 100 kV/cm—
and measured the near-bandgap transmission through the
films, as a time-resolved probe of the induced thermal and
electronic effects below the switching threshold. The THz
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pulses were generated using a tilted pulse front scheme
employing optical rectification in a LiNbO3 crystal.18 The
near-infrared probe pulses of 50 fs duration were generated
by an optical parametric amplifier. The two beams were
focused collinearly on the sample surface with a THz spot
size of 1.5 mm and a probe spot size of 400 lm. The samples
under investigation were a 230 nm thick sputter-deposited
crystalline film of GeSb2Te4 on a glass substrate, which had
been annealed at 300  C under inert conditions, and a 1.6 lm
thick as-deposited amorphous film of Ge2Sb2Te5 on a Si substrate. Measurements were also performed as a function of
sample annealing temperature on a 500 nm Ge2Sb2Te5 film on
glass.
The near-infrared transmission spectra of the materials
were first measured in a Fourier-transform infrared spectrometer (FTIR), around the tails of the absorption spectrum.19
Figs. 1(a) and 1(b) reveal the static temperature-dependence
of the transmission spectra for crystalline and amorphous
GST, respectively. The temperature-dependent measurements
were taken during sample cooling beginning at the highest
temperature. The transmission of both phases decreases
across the spectrum as temperature is increased, corresponding to a redshift of the edge; the reduction scales linearly with
temperature, consistent with established models and previous
experiments.20,21 The temperature-induced change in transmission is strongest at or above the band gap—about 0.8 eV
in the amorphous phase and 0.5 eV in the crystalline phase.
Fig. 2 shows the THz electric-field driven response of
crystalline GeSb2Te4 film, which is in the highly conducting,
stable crystalline phase. The time-resolved fractional modulation of infrared transmission, Ds/s, is plotted in Figs. 2(a) and
2(b) for 2.5 lm (0.5 eV, near the bandgap) and 1.5 lm
(0.83 eV, above the bandgap) probe wavelength, respectively,
with a peak THz field strength of 50 kV/cm. At 0.5 eV, the
THz pulse causes a decrease in transmission, which decays
on a few picosecond time-scale. At 0.83 eV, the transmission
gradually decreases during the few picoseconds following
THz excitation, and an extrapolation of the present data indicates that it remains at the reduced value for at least 0.4 ns.
We explain this result in terms of the carrier and lattice
dynamics induced by ultrafast electric-field excitation. The
THz electric field couples to charge carriers, and for crystalline GST—a degenerate p-type semiconductor15—this creates hot carriers in states near the valence band edge.
Absorption at 0.5 eV is associated with transitions from these

FIG. 1. (a) Temperature dependent change in transmission s through 50 nm
crystalline GST on glass substrate from 26  C to 70  C, normalized with
respect to room-temperature transmission sRT. (b) Temperature dependent
change in transmission through 250 nm amorphous GST on Si substrate
from 35  C to 65  C.
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near-edge states and, consequently, is enhanced when hot
electrons occupy states above the Fermi level, which can be
associated with a Burstein shift of the edge (Fig. 2(a),
insets).22,23 Estimates of the electric field induced broadening of the absorption edge due to Franz-Keldysh effects are
on the order of 104 and can be ruled out as a significant
contribution to the time-zero response.19,24,25 This is consistent with previous observations in which the effect of hot carriers was found to be more important than the Franz-Keldysh
effect in producing a modulation in absorption for degenerate semiconductors.23 Moreover, the gradual decay after the
peak clearly does not result from an instantaneous fielddriven response. The time-resolved response at 0.5 eV, therefore, probes the temperature of the electronic system and its
relaxation dynamics. In addition to hot carriers, the lattice
temperature also influences the transmission through the film
as in Fig. 1. Since 0.83 eV is high above the crystalline band
gap, absorption at this probe energy is insensitive to the hot
carriers generated by the THz pulse, and the measurement at
0.83 eV is instead dominated by the lattice heating response,
associated with a long-lived decrease in transmission decaying on thermal transport time-scales. We note that the lattice
heating effect is also seen at 0.5 eV, as a long-lived reduction
in transmission, which is weak compared to the fast hot
carrier-driven response.
We model the response of the crystalline phase by using
a two-temperature model to describe the response of the
electron and lattice temperatures to the applied THz pulse.26
The response of the electronic temperature Te and the lattice
temperature Ti as a function of time t are given by
Ce

dTe
¼ GðTe  Ti Þ þ rE2 ðtÞ;
dt

(1a)

dTi
¼ GðTe  Ti Þ;
dt

(1b)

Ci

where Ce and Ci are the electronic and lattice specific heats,
respectively, G is the electron-lattice coupling coefficient, r
is the conductivity, and E(t) is the instantaneous electric
field. In this model, the electrons are Joule-heated by the instantaneous THz field; energy is then transferred from the
hot electron system to the lattice. The effect of lattice heating
on the film transmission is determined from the temperaturedependent FTIR measurements. The transmission change at
0.83 eV is modeled to follow the lattice temperature rise,
whereas the transmission change at 0.5 eV is due to the lattice temperature rise as well as the Burstein shift 4kTe of the
absorption edge resulting from hot carriers.23 The fit results
are shown as dark lines in Figs. 2(a) and 2(b), and the corresponding electronic and lattice temperatures are plotted in
Fig. 2(c) along with the THz waveform. From the fit, we
extract an electron-lattice coupling time of 0.8 6 0.1 ps, similar to previously measured energy relaxation time-scales for
photoexcited carriers in GeSb2Te4.27 The long-lived
decrease in transmission at 0.83 eV has a lifetime of at least
0.4 ns, reflecting the time for thermal diffusion into the substrate. As shown in Fig. 3, with THz fields up to 50 kV/cm,
we observe that the magnitude of the transmission modulation at 0.5 eV scales linearly with the THz intensity (quadratically with electric field), as expected for a Joule heating
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FIG. 2. Response of crystalline Ge1Sb2Te4 with THz pump. Time-resolved fractional transmission modulation Ds/s is shown at (a) 0.5 eV and (b) 0.83 eV.
Red: data; blue: fit from two-temperature model. The band schematic is shown as insets in (a), with occupied electron states shaded. Left inset: before time
zero. Right inset: upon THz excitation, the carriers heated by the THz pulse move to states closer to the band edge and can absorb photons with energy near
the bandgap. (c) Two-temperature model results (dark line: electronic temperature; light line: lattice temperature) and THz waveform (bottom).

effect with a constant conductivity (Eq. (1a)). With a peak
field strength of 50 kV/cm, we drive a lattice temperature
jump of 1.0 K.
Measurements were performed as a function of sample
annealing temperature in order to investigate the dependence
of the observed dynamics on the sample structural phase.
Fig. 4(a) shows the time-resolved transmission at 0.5 eV for
a GST sample in the as-deposited amorphous phase, and
annealed at 170  C, 250  C, and 325  C.19 The conductivity
and atomic ordering of the GST increases as the sample is
annealed at higher temperatures.15 No time-resolved effect is
seen in the amorphous phase because the probe energy is
well below the band gap. In each crystalline phase, a
decrease in transmission is observed during the peaks of the
THz field, with a recovery afterward. Fig. 4(b) shows the
electronic temperature response obtained from a twotemperature model fit for each annealing temperature.19 The
electron energy relaxation rate is significantly faster in the
170  C crystalline phase (<0.2 ps) than in either higher temperature phase (both 1.0 6 0.1 ps). This gives a general trend
of slower energy relaxation as the phase-change sample is
annealed at higher temperatures, corresponding to increased
crystalline order. This is consistent with the increasing conductivity of the higher-temperature phases, which implies
slower electron scattering rates. We also see a stronger effect
with higher annealing temperature, again reflecting the

FIG. 3. THz intensity dependence of the peak transmission modulation Ds/s
in crystalline Ge1Sb2Te4 at 0.5 eV. Red circles: data. Black line: linear fit.

increasing conductivity and, hence, increasing magnitude of
field-driven carrier heating (Eq. (1a)).
The optical response of amorphous Ge2Sb2Te5 upon
THz electric field excitation is shown in Fig. 5(a). The peak
field strength is 200 kV/cm, and the probe wavelength is
1.5 lm (0.83 eV). The field strength of the pump pulse is in a
regime where non-Ohmic behavior is typically observed in
DC measurements,13 but below the field strength necessary
to trigger the threshold switching process.12 The amorphous
phase shows a transient decrease in transmission, which follows the rectified THz waveform and is proportional again to
the square of the field (Fig. 5(b)). The small positive signal
between the two negative peaks was determined to originate
from the Si substrate. The instantaneous response is consistent with previous electroabsorption studies in amorphous
semiconductors, scaling quadratically with the field.19,24,28,29
Because the Fermi level lies within the energy gap for the
amorphous phase,14 the role of hot carrier effects can likely
be ruled out.
Following the pump pulse, there is also a long-lived
decrease in transmission (see Fig. 5(a), inset). The long-lived
effect decays on a nanosecond time-scale and is most likely
due to heating of the lattice. We note that the electron-lattice
coupling must be faster in the amorphous phase compared to
the crystalline phase because the long-lived response is already present at the end of the THz pulse, whereas the modulation took 2 ps to fully develop in the crystalline phase
(Fig. 2(b)). Fig. 5(c) shows the THz intensity dependence of
the long-lived effect. The peak fields used here—up to
200 kV/cm—are below the values required for threshold
switching with longer pulses.8,12 The long-lived effect also
scales with the square of the THz field, which indicates a constant conductivity and thus an Ohmic response over the full
range of electric fields investigated here (Eq. (1a)). This suggests that the non-Ohmic behavior observed in previous DC
electrical bias measurements at similar fields is an effect that
builds up on longer time-scales. The maximum long-lived
modulation corresponds to a temperature jump of 0.01 K for a
peak field strength of 200 kV/cm according to comparison
with FTIR data.
These measurements of the ultrafast electric field
response of GST shed light on the initial steps in the fielddriven phase change processes for these materials. The
electric field-driven heating process is measured with a
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FIG. 4. (a) Time-resolved transmission
modulation Ds/s in Ge2Sb2Te5 for different annealing temperatures. Blue:
as-deposited
amorphous;
black:
170  C; pink: 250  C; red: 325  C. (b)
Electronic temperature response from
two-temperature model.
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FIG. 5. (a) Time-resolved transmission modulation Ds/s of amorphous
Ge2Sb2Te5 at 0.83 eV with THz pump at 200 kV/cm peak field. Inset: the
response expanded to show the long-lived reduction in transmission. (b)
THz intensity dependence of the peak time zero effect. (c) THz intensity dependence of the long-lived effect. Red circles: data. Black line: linear fit.

pump pulse shorter than or comparable to the heating time.
This enables direct observation of carrier heating processes
and the energy transfer from hot carriers to the lattice for both
crystalline and amorphous phases and as a function of annealing temperature, showing faster relaxation processes for more
disordered samples. These measurements additionally identify
Joule-heating processes as the dominant mechanism for fieldinduced temperature jumps in GST. Future measurements at
higher applied fields may enable extraction of the ultimate
time-scales for the switching process itself.
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