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We used high-pressure Raman spectroscopy to study the evolution of vibrational frequencies of the

phase change materials (PCMs) Ge2Sb2Te5, GeSb2Te4, and SnSb2Te4. We found that the critical

pressure for triggering amorphization in the PCMs decreases with increasing vacancy

concentration, demonstrating that the presence of vacancies, rather than differences in the atomic

covalent radii, is crucial for pressure-induced amorphization in PCMs. Compared to the

as-deposited amorphous phase, the pressure-induced amorphous phase has a similar vibrational

spectrum but requires much lower laser power to transform into the crystalline phase, suggesting

different kinetics of crystallization, which may have implications for applications of PCMs in

non-volatile data storage. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829358]

Phase change materials (PCMs) possess many of the

necessary properties for application in non-volatile elec-

tronic memory devices.1–4 They can be cycled on nanosec-

ond timescales5–7 between a crystalline and an amorphous

phase by applying electrical or laser pulses of appropriate in-

tensity with the final states differing in optical reflectivity8–10

and electrical conductivity.9,11 This contrast in properties is

caused by different bonding mechanisms in both phases and

can be used to encode information and probe the present

state of the memory.

Ge2Sb2Te5 and GeSb2Te4 are the most prominent

PCMs: Ge2Sb2Te5 has been widely used in commercial elec-

tronic and optical memory devices,12 and GeSb2Te4 with its

similar properties6 serves as an ideal prototype for calcula-

tions of properties of PCMs. They exhibit at least three dif-

ferent atomic arrangements: (i) The meta-stable amorphous

phase prepared by melt-quenching in a device is composed

of mostly Ge-Te and Sb-Te heteropolar bonds, and the

atomic coordination numbers are in good agreement with the

octet rule.13,14 Since its ionicity is very small, the bonds are

largely covalent.15,16 Similar atomic arrangements are also

present in the amorphous phase prepared by sputter deposi-

tion, although a minority of additional homopolar bonds is

found.17 Earlier studies on the local atomic structure of

Ge atoms in the amorphous phase have led the authors to

derive distinct models based on tetrahedral or distorted octa-

hedral coordination.18,19 Later density functional theory

(DFT)-based computer simulations have shown that both

local arrangements coexist20–22 and that the Raman scatter-

ing cross sections strongly depend on the local atomic geom-

etry,23 therefore, preventing the quantitative discrimination

of both models in experimental Raman-based studies. (ii)

The meta-stable face-centered cubic rock-salt (RS) structure

is obtained after crystallization at temperatures of

�100–200 �C (Ref. 6) and has one sublattice (A) entirely

occupied by Te atoms, whereas the other sublattice (B) hosts

the Ge and Sb atoms as well as vacancies.24,25 The Te atoms

are strongly displaced from their lattice sites, which causes

both the Ge and Sb to be in defective octahedral coordination

with six Te atoms, forming distinct short and long bonds.26

(iii) The RS phase irreversibly transforms into a stable trigo-

nal (ST) phase at higher temperature.6 This structure with its

significantly larger unit cell is best described as having alter-

nating atomic layers of Ge, Sb, or Te, which are perpendicu-

lar to a cubic 111-direction.27 SnSb2Te4 has the same phases

as GeSb2Te4, although the atomic arrangement in its amor-

phous structure has not yet been investigated.

Pressure may play an important role in switching of

PCM-based devices,28 since recent high-pressure X-ray dif-

fraction and absorption studies on Ge2Sb2Te5 and

GeSb2Te4 have shown that the initial RS phase irreversibly

transforms into an amorphous phase at P¼ 10–20 GPa.28–32

This pressure-induced amorphization is surprising, since at

ambient conditions the mass density of the amorphous

phase is about 8% lower than that of the RS phase.33 The

origin of the pressure-induced amorphization has been pro-

posed to be due to different covalent sizes of the Ge and Sb

atoms, which could induce an inhomogeneous strain and

destabilize the lattice under pressure.28 Alternatively, the

presence of intrinsic vacancies in the crystalline lattice has

also been proposed as the root cause of the amorphiza-

tion.28 The latter hypothesis is supported by DFT-based

atomic relaxations in RS-Ge2Sb2Te5 under pressure, which

demonstrated that above 12 GPa, Te atoms adjacent to

vacancies are displaced into neighboring vacancies,34

where they form rotated 4-rings with three atoms from the

other sublattice (Ge or Sb). This intermediate structure

would give rise to a number of homopolar bonds and hence

would destabilize the atomic network, finally resulting in

its amorphization.a)wphsieh@stanford.edu
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Raman spectroscopy enables probing of local vibra-

tional modes of PCMs and therefore offers a powerful means

for monitoring the evolution of atomic structures during

pressure-induced phase transitions that is complementary to

X-ray techniques. Previous Raman studies have only been

performed at ambient pressure and a conclusive assignment

of Raman modes is still incomplete.18,23,35–37 In this letter,

we present high-pressure Raman spectroscopy study of the

PCMs Ge2Sb2Te5, GeSb2Te4, and SnSb2Te4. In particular,

we determined the amorphization pressures for the three

compounds which allow us to study the effects of vacancies

and differences in atomic covalent radii on the pressure-

induced amorphization. Ge2Sb2Te5 and GeSb2Te4 have dif-

ferent numbers of vacancies; whereas GeSb2Te4 and

SnSb2Te4 have the same nominal concentration of vacancies,

only the Ge atoms have smaller covalent radii (1.20 Å) than

Sn (1.39 Å), Sb (1.39 Å), and Te (1.38 Å).38 Therefore, if the

size of the smaller Ge atoms is the dominant controlling fac-

tor for the pressure-induced amorphization, then one would

expect that SnSb2Te4 in which atomic sizes are approxi-

mately the same should either not amorphize or amorphize at

much higher pressure than GeSb2Te4. If, on the other hand,

the concentration of vacancies is the most important factor,

SnSb2Te4 and GeSb2Te4 should amorphize at similar pres-

sures. We demonstrate that the presence of intrinsic vacan-

cies, rather than the mismatch in atomic covalent radii, is

key for the pressure-induced structural transition.

Thin films of PCM with �50 nm thickness were sputter-

deposited from stoichiometric targets on a DC-operated

magnetron. They were deposited on �15 lm-thick muscovite

mica substrates (grade V-1 from SPI supplies) on which

GeSb2Te4 and Ge2Sb2Te5 grew in an amorphous phase. The

deposition of SnSb2Te4, however, required additional cool-

ing of the substrate, which was facilitated by attaching a cop-

per block cooled to �173 �C to the opposite side of the mica

substrate. In order to obtain the RS phase, the specific sam-

ples were thermally annealed in a tube furnace at �140 �C
for 30 min under a continuous flow of Ar.39,40 These RS

PCMs were loaded, together with a ruby ball, into a

diamond-anvil cell (DAC) with a culet size of 300 lm. The

samples were compressed using methanol-ethanol mixture

(4:1 in volume) as the pressure transmitting medium and the

pressure was determined by ruby fluorescence.

The Raman spectra of PCMs under pressure were

measured at room temperature by a Raman microscope

(Renishaw) that employs a CW 514.5 nm Ar-ion laser to

excite the samples and detects the Raman scattering with a

spectral resolution of �4 cm�1. The cutoff frequency of the

edge-filter used to exclude elastic scattering is approxi-

mately 100 cm�1, below which vibrational modes are not

observable by the current setup. All Raman measurements

were performed using an incident laser power of 15 mW

focused on the sample with a spot diameter of �3 lm and

data collection time of 6 min, except for the measurements

at 0–0.15 GPa taken during decompression where reduced

laser powers were used to avoid laser-induced recrystalliza-

tion (see the discussion below). Under these excitation con-

ditions, we did not observe thermal annealing effects that

could irreversibly change the Raman spectra of the

samples.

Figures 1(a) and 1(b) show the pressure dependent

Raman spectra of RS-Ge2Sb2Te5 at room temperature during

the compression and decompression processes. Before com-

pression we observe three Raman peaks at 120, 139, and

169 cm�1 which we denote modes A, B, and C, respectively.

The ambient spectrum is in reasonable agreement with litera-

ture results.18,23,35–37 The origin of the individual modes can

be revealed by comparison with binary compounds in which

the atoms are in the same local bonding geometry. The most

similar compounds are crystalline GeTe (a-phase) and

Sb2Te3, where Ge and Sb are equally located in distorted

octahedral coordination with six neighboring Te atoms.41–43

In GeTe, above 100 cm�1, only one Raman-active mode at

132 cm�1 is observed.44 In Sb2Te3, two Raman-active modes

are present at 112 and 166 cm�1, respectively.45,46 These

modes are consistent with our results and therefore we assign

modes A and C with Sb-Te bonds and mode B with Ge-Te

bonds. The association of mode B with Ge-Te bonds, how-

ever, requires some further discussion, since a feature similar

to mode B was only observed in some previous Raman stud-

ies at 142 and 145 cm�1 (Refs. 36 and 37) and has been con-

troversial in the literature. Some studies suggested that these

modes might originate from Te-Te bonds in the amorphous47

and even in the crystalline phase,48 whereas other studies

associated them with Ge-Te bonds. We explain in the follow-

ing, why we prefer to identify the modes B in the RS phase

with Ge-Te instead of Te-Te bonds. We follow the arguments

by N�emec et al.37 that since Te-Te bonds in RS-GST would

require a formation of anti-site defects, whose enthalpy of

formation was shown to be rather high (þ1.2 eV for exchang-

ing the positions of one atom of Te and Sb49), Te-Te bonds

are unlikely to occur in the crystalline phase. Then, why are

modes similar to B not consistently observed in all Raman

studies on RS-GST, although Ge-Te bonds are always pres-

ent? The variations in the intensity of this signal are most

likely related to the pronounced atomic disorder,26 in particu-

lar around the Ge atoms, depending on the present state of

thermal annealing. It is well known that a continuous atomic

ordering towards the ST phase takes place in these materi-

als40,50 and further strongly influences the Raman scattering

FIG. 1. Pressure dependence of the Raman spectra of RS-Ge2Sb2Te5 during

(a) compression and (b) decompression cycles. Pressure is labeled next to

each spectrum which is displaced vertically for clarity. The PIA occurs at

P� 16.2 GPa. The red curve in (b) shows the Raman spectrum of the ADA

Ge2Sb2Te5 at ambient pressure. During decompression, laser powers of 10

and 3 mW were used at 0.14 GPa within the DAC and 0 GPa without the

DAC, respectively.
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cross section of Ge-Te bonds.23 This explains all observations

on modes B based on well-known features of Ge-Te bonds.

Upon initial compression, the three Raman-active

modes exhibit different behavior. Mode A slightly softens

until P¼ 2.84 GPa. Mode B remains approximately

unchanged from ambient to 4.9 GPa. In contrast, the fre-

quency x of mode C shows a pronounced pressure depend-

ence with an increasing rate of dx=dP� 2.42 cm�1/GPa up

to 15.3 GPa. Above P¼ 16.2 GPa, distinct modes can no

longer be observed, suggesting the onset of the

pressure-induced amorphous (PIA) phase. The critical pres-

sure Pc that triggers the amorphization is consistent with lit-

erature results (Pc� 15 GPa) by X-ray diffraction and

absorption techniques.28–32 Furthermore, at the highest

pressure we reached, Pm¼ 44 GPa, we observe a flat spec-

trum consistent with a pressure-induced metallization due

to the delocalization of p electrons in the high-pressure

body-centered-cubic phase, as suggested by ab initio
calculations.32

During decompression, the Raman spectra always resem-

ble those of the PIA phase and below 2.2 GPa two broad peaks

centered at �121 and� 142 cm�1 are observed (Fig. 1(b)).

Upon returning to ambient pressure, the spectrum of the PIA

phase is very similar to that of the as-deposited amorphous

(ADA) phase (red curve in Fig. 1(b)), indicating that the

pressure-induced amorphization is irreversible and that the

atomic bonds in PIA and ADA Ge2Sb2Te5 are similar.

Compared to RS-Ge2Sb2Te5, RS-GeSb2Te4 has 25%

more vacancies. It displays similar vibrational spectra as a

function of pressure, as shown in Fig. 2. Before compression,

we observe three Raman modes at 118, 138, and 164 cm�1,

which we denote as modes A0, B0, and C0, respectively. Given

the similar atomic arrangements, we associate them with the

same local vibrational modes as in RS-Ge2Sb2Te5. Starting

from ambient pressure, the frequency of mode A0 slightly red-

shifts until P¼ 1.3 GPa, whereas the frequency of mode B0

remains approximately unchanged up to 4.2 GPa. Mode C0

again shows a significant stiffening rate of dx=dP
� 2.38 cm�1/GPa as pressure increases up to 14.3 GPa, similar

to what was observed in RS-Ge2Sb2Te5. Furthermore, the

complete loss of distinct modes was observed at

Pc¼ 14.9 GPa, slightly lower than the Pc of RS-Ge2Sb2Te5

(16.2 GPa) and consistent with previous X-ray diffraction

measurements.31 This direct comparison demonstrates that

with higher vacancy concentration and lower ratio of Ge to Sb

atoms, the lattice stability is reduced and the crystal structure

collapses at lower pressure. Note that at P¼ 41 GPa, similar

to the Pm¼ 44 GPa for Ge2Sb2Te5, we also observe a flat

spectrum which suggests that a pressure-induced metallization

could also occur in GeSb2Te4.

During the decompression process, the evolution of

Raman spectra is also similar to that of the Ge2Sb2Te5

(Fig. 2(b)). When returning to ambient pressure, the PIA

spectrum again closely resembles that of the ADA phase. An

additional Raman peak around 260 cm�1 is a vibrational

mode of the mica substrate, which is observed most likely

due to the formation of cracks in the thin film during decom-

pression, which exposes the surface of the mica substrate to

the laser light.

In RS-SnSb2Te4, all atoms are of approximately the

same size and, therefore, only the intrinsic vacancies can

account for the pressure-induced amorphization. Figure 3(a)

presents the Raman spectra of RS-SnSb2Te4 as a function of

pressure. Below 11 GPa, the RS-SnSb2Te4 shows a similar

pressure dependence to the RS-GeSb2Te4 and RS-Ge2Sb2Te5

with three Raman modes of 118, 138, and 159 cm�1 at ambi-

ent pressure. We refer to these modes as A00, B00, and C00. One

would expect a red-shift of mode B00 as compared to the B0 of

RS-GeSb2Te4 due to the replacement of Ge by the heavier

Sn atoms and expect an unchanged frequency of mode C00 as

compared to C0, which were both associated with Sb-Te

vibrations. These expectations, however, are not met; the fre-

quency of B00 is close to B0 and C00 is lower than C0. These

frequency shifts may arise from the inhomogeneous stress

induced by differences in atomic sizes in GeSb2Te4 in which

the Ge (Sb) atoms are under expansive (compressive) stress

which lowers (raises) the vibrational frequency.

Upon compression mode A00 first softens until

P¼ 1.7 GPa; the frequency of mode B00 remains approxi-

mately unchanged from ambient to 4 GPa. The frequency of

FIG. 2. Pressure dependence of the Raman spectra of RS-GeSb2Te4 during

(a) compression and (b) decompression cycles. Pressure is labeled next to

each spectrum which is displaced vertically for clarity. The PIA occurs at

P� 14.9 GPa. Raman spectrum of the ADA GeSb2Te4 at ambient pressure

(red curve in (b)) is plotted for comparison. During decompression, laser

powers of 10 and 3 mW were used at 0.1 GPa within the DAC and 0 GPa

without the DAC, respectively. The Raman mode at �260 cm�1 is due to

the mica substrate.

FIG. 3. Pressure dependence of the Raman spectra of RS-SnSb2Te4 during

(a) compression and (b) decompression cycles. Pressure is labeled next to

each spectrum which is displaced vertically for clarity. The PIA occurs

above 18.6 GPa. Raman spectrum of the ADA SnSb2Te4 at ambient pressure

(red curve in (b)) is plotted for comparison. During decompression, laser

powers of 10 and 3 mW were used at 0.15 GPa within the DAC and 0 GPa

without the DAC, respectively. The Raman mode at �260 cm�1 is due to

the mica substrate.
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mode C00 increases rapidly with increasing pressure with a

rate of dx=dP� 2.45 cm�1/GPa up to 11 GPa. These obser-

vations allow us to conclude that before structural transfor-

mation, the modes in all three investigated compounds shift

similarly with increasing pressure, in particular the change

rate of modes C, C0, and C00. We note that in SnSb2Te4, above

12.8 GPa, mode C00 disappears along with the appearance of

an additional mode at 175 cm�1 (mode D00 in Fig. 3(a)). This

mode then also disappears above 18.6 GPa, where no modes

are discernible and the structure most likely transforms into

an amorphous phase. Table I summarizes the Raman modes

and critical pressure for amorphization for the PCMs we stud-

ied. Since the Raman spectrum after decompression to the

ambient pressure closely resembles the spectrum of the ADA

phase, see Fig. 3(b), we conclude that SnSb2Te4 also amorph-

izes under pressure. These results demonstrate that differen-

ces in the atomic covalent radii are not necessary for

pressure-induced amorphization, supporting the crucial im-

portance of intrinsic vacancies. However, the slightly higher

Pc of SnSb2Te4 suggests that the atomic sizes may also influ-

ence the lattice stability upon compression.

The similarity of Raman spectra between the PIA and

ADA phases of each PCM suggests that the local atomic

arrangements might be similar in both phases – in particular

since the most striking difference to the crystalline phase,

namely, the broad and higher intensity Raman modes around

150 cm�1 is also retained in the PIA phase. On the other

hand, even though their local atomic arrangements are simi-

lar, the thermal power necessary to crystallize these two

amorphous phases is very different. We find that at ambient

pressure, a CW laser power of �25 mW is required to crys-

tallize ADA Ge2Sb2Te5 and GeSb2Te4, and �9 mW to crys-

tallize ADA SnSb2Te4, respectively; whereas with the same

laser spot size and irradiation time, laser power of only

4–5 mW is required to crystallize all PIA samples which

have been unloaded from the DAC. This finding underlines

the complexity of the relationship between crystallization

kinetics and atomic structure. Future studies on the possible

marginal differences in the optical and structural properties,

e.g., atomic coordination and chemical ordering, in the PIA

and ADA phases could provide significant insights into this

relationship. Furthermore, they could also help understand

the structural relaxation phenomena in amorphous phases,

which are responsible for the resistance drift in amorphous

PCMs51 and have to be controlled in order to increase the

data storage density.52

The combination of micro-Raman spectroscopy with a

DAC allows us to monitor the evolution of vibrational spec-

tra of PCMs as a function of pressure. We found that the

critical pressure that drives the initial crystalline structure

into the amorphous phase decreases with higher concentra-

tions of vacancies. Our results demonstrate that the vacan-

cies, rather than differences in atomic covalent radii, play a

crucial role in the pressure-induced amorphization. The

Raman spectra of the PIA PCMs closely resemble those of

the ADA phase. However, the PIA PCMs require signifi-

cantly less incident laser intensity to crystallize, suggesting

that small changes in the atomic arrangement can have a pro-

found influence on the kinetics of the crystallization process.
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