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Phase-change materials are attracting much attention in the scientific and engineering communities
owing to their applications and underlying basic phenomena. Ge2Sb2Te5 is reversible-phase-change mate-
rial (amorphous to crystalline and vice versa) that is used for optical data storage and phase-change
random-access memory and has recently been explored for use as a reversible near-infrared (NIR) win-
dow [Singh et al., Appl. Phys. Lett. 111, 261102 (2017)]. For a reversible NIR window, large transmission
contrast between two phases and low phase-transition temperature are required to reduce the power con-
sumption. In the present work, phase transition in thermally deposited (Ge2Sb2Te5)100−xAgx (x = 0, 1,
3, 5, and 10) thin films is achieved by vacuum thermal annealing. Transmission sharply decreases with
phase transition in the NIR region. Ge2Sb2Te5 shows large transmission contrast (more than 50%) in the
wavelength range from 1600 to 3200 nm with phase transition from an amorphous to a hexagonal-close-
packed structure at 260 ◦C. In (Ge2Sb2Te5)90Ag10 thin films, a similar transmission contrast is achieved at
a comparatively lower temperature (160 ◦C) due to reduction of the rocksalt phase. Distortion of the host
lattice with addition of 10% Ag is confirmed from the drastic change in the density of states in the valence
band and the shift in core-level (3d) spectra of Ag, Sb, and Te. This distortion enables a hexagonal-close-
packed phase in (Ge2Sb2Te5)90Ag10 thin films to be obtained at 160 ◦C. (Ge2Sb2Te5)90Ag10 could be a
potential candidate for a reversible NIR window as it requires less power to achieve phase transition and
high transmission contrast.

DOI: 10.1103/PhysRevApplied.10.054070

I. INTRODUCTION

In the modern era, materials exhibiting different struc-
tures in different conditions have unique importance from
an application point of view. Phase-change materials
(PCMs), based on a structural transition [1–6], are poten-
tial candidates for thermal storage [7], drug delivery [8],
data storage [1,9], image recording [10,11], near-infrared
(NIR) transmission [12], etc.

PCMs based on chalcogenides are aspiring candi-
dates for data storage, transmission windows, and phase-
change random-access memories [1,9,12]. GeTe, Sb2Te3,
Ag-In-Sb-Te, GeSb2Te4, GeSb4Te7, and Ge2Sb2Te5 are
widely explored chalcogenide-based PCMs that exhibit the
phenomenon of amorphous-to-crystalline phase transition
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and vice versa. Ge2Sb2Te5 (GST) is a potential candidate
for phase-transition technology due to its capability of
phase transition on annealing, current/voltage pulse, and
pressure owing to versatile properties such as fast crys-
tallization speed, high thermal stability, and good data
retention. GST has been mostly used for its optical and
electrical contrast [13], and finds applications in opti-
cal data storage [9], phase-change random-access memory
[13], and display devices [11].

Recently, there have been efforts to improve the prop-
erties of GST thin films in reference to thermal stability,
crystallization speed, and phase-transition temperature by
addition of different elements. The thermal stability and
crystallization speed of GST were significantly increased
by doping with Sn [14]. The activation energy of crys-
tallization decreased with the addition of Si [15]. Carbon
doping in GST enhanced the structural stability of both the
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amorphous phase and the face-centered-cubic (fcc) phase
by increasing the stressed rigid character of the material
[16]. Carbon-doped GST is a promising material for low-
power PCM applications because of its high resistivity and
low thermal conductivity, which enable lower reset power
compared with GST [16]. Irrespective of the preparation of
samples, Ag addition is reported to significantly increase
the speed of phase transition in GST thin films [17–20].

Many researchers are also interested in suppressing the
rocksalt phase or the hexagonal-close-packed (hcp) phase
of GST by doping it with an appropriate element to make
it a potential candidate in various applications. The sup-
pression of these phases of GST was reported by various
researchers using different doping materials [21–27]. Seo
et al. [21] found that addition of 10% Al to Ge2Sb2Te5
served as a center for the suppression of fcc-to-hcp transi-
tion, which led to a single-step crystallization process (i.e.,
amorphous to fcc phase). Similarly, addition of nitrogen
[22–25], oxygen [26], or selenium [27] to GST played a
role in suppressing the fcc phase and led to direct tran-
sition from the amorphous phase to the hcp phase. Jeong
et al. [22] studied the effect of nitrogen addition from 2
to 31 at.% and suggested that addition of 31 at.% nitrogen
in GST thin films leads to the hcp phase. This suggested
that nitrogen dopant atoms enter the tetrahedral intersti-
tial sites in the fcc crystal structure of the film and lead
to distortion of the crystal structure, which in turn gener-
ates a strain field in the crystal lattice and is responsible for
suppressing the fcc structure. Kim et al. [23] found a sim-
ilar result with nitrogen addition and achieved direct hcp
phase with nitrogen addition at 12 sccm. This suggested
that the nitrogen atoms occupy either vacancies or tetra-
hedral interstitial sites, causing a shift in the characteristic
peaks and increase of the lattice parameter. Direct phase
transition to the hcp phase was also verified with nitrogen
implantation [24,25]. A nitrogen implantation dose higher
than 4.51 × 1016 cm−2 resulted in direct transition from the
amorphous phase to the hcp phase, with suppression of the
fcc phase [24]. Jang et al. [26] observed direct phase tran-
sition with oxygen content above 16.7% in GST thin films.
Vinod et al. [27] observed that GST1−xSex (x = 0.00, 0.02,
0.10, 0.20, and 0.50 at.%) phase-change thin films crystal-
lize directly to the stable hexagonal structure for x ≥ 0.10
when annealed at a temperature above 150 ◦C.

In the present study, we achieve phase transition from
the amorphous phase to the hcp phase at a comparatively
lower temperature with greater Ag addition (x ≥ 5) in GST
thin films along with the rocksalt phase. A reversible NIR
window is proposed at lower temperature.

II. EXPERIMENTAL DETAILS

(Ge2Sb2Te5)100−xAgx (x = 0, 1, 3, 5, and 10) bulk
alloys are prepared by a melt quenching technique [28]
from highly pure (99.999%) constituent elements (Ge, Sb,

Te, and Ag). Thin films of these alloys are deposited
on glass substrates by a thermal-evaporation (Hind High
Vacuum-BC-300) technique [28]. The thickness of the
films is measured in situ by a digital thickness moni-
tor (Hind High Vacuum DTM-101). The thickness of all
deposited thin films is kept at approximately 700 nm. Films
are annealed at 160 and 260 ◦C in a vacuum (approxi-
mately 10−3 mbar) for 2 h.

Structural properties of as-deposited and annealed thin
films are studied by an x-ray-diffraction (XRD) technique
using an x-ray diffractometer (X’Pert PRO PANalytical)
with Cu Kα radiation (λ = 1.5406 Å). The morphology
of as-deposited and annealed thin films is studied with a
JEOL JSM-6510 LV scanning electron microscope. Trans-
mission spectra of as-deposited and annealed thin films
are recorded at normal incidence with a UV-visible-NIR
spectrophotometer (PerkinElmer Lambda 750) in the range
from 800 to 3200 nm. Valence-band (VB) and core-level
(Sb 3d, Te 3d, and Ag 3d) spectra of prepared samples
are measured with an Omicron multiprobe surface ana-
lyzer (Scienta Omicron, Germany). A Mg Kα radiation
source (1253.6 eV) and a seven-channel detector are used
for x-ray-photoelectron-spectroscopy data acquisition. The
surface contaminants are removed by means of a mild
sputtering method using 500 eV Ar+ ions for 10 min.

III. RESULTS AND DISCUSSION

Figures 1(a)–1(e) show the XRD patterns of as-
deposited and annealed (Ge2Sb2Te5)100−xAgx (x = 0, 1, 3,
5, and 10) thin films. There is no sharp peak in the XRD
patterns (shown in black) of as-deposited thin films, which
confirms the amorphous nature of all as-deposited films.
The XRD pattern of GST thin film annealed at 160 ◦C con-
firms the rocksalt structure [29–31]. It is a metastable phase
in which one lattice point is occupied by a Te atom and the
other lattice point is occupied by either Ge or Sb or vacan-
cies. The metastable phase consists of two well-defined
three-dimensional repeating units: -Te-Ge-Te-Sb-Te- (I)
and -Te-Sb-Te-Ge- (II) [32]. There are approximately 20%
vacancies in this phase [33], and these play a vital role
in the transition from the amorphous phase to the rocksalt
phase [34,35]. There is significant local electronic change
within GST crystallites that is mediated by vacancy order-
ing [36–38]. GST annealed at 260 ◦C has a hcp phase as
confirmed by the XRD pattern [30,31]. The phase tran-
sition from the rocksalt structure to hcp is due to the
movement of unit II in the [210] direction [32].

At both 160 and 260 ◦C, thin films with addition of 1%
and 3% Ag have structures similar as those of GST films.
Films with higher Ag content (5% and 10%) show a mix-
ture of rocksalt and hcp phases on annealing at 160 ◦C and
have a hcp phase at 260 ◦C. In thin films of GST doped
with 5% Ag annealed at 160 ◦C, the rocksalt phase domi-
nates, whereas in films of GST doped with 10% Ag, the
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FIG. 1. As-deposited (black) and annealed (blue, 160 ◦C; red, 260 ◦C) (Ge2Sb2Te5)100−xAgx (x = 0, 1, 3, 5, and 10) thin films.
(a)–(e) XRD patterns and (f)–(j) transmission spectra. (k),(l) Transmission contrast of (Ge2Sb2Te5)100−xAgx (x = 0 and 10) between
amorphous to rocksalt and amorphous to hcp phases. (m),(n) Reversible NIR window.
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hcp phase dominates. These results suggest that higher
Ag content (5% and 10%) helps to achieve the hcp struc-
ture at lower annealing temperature along with the rocksalt
phase. This is a significant result in phase-change technol-
ogy as the hcp phase is achieved at a lower temperature
than reported by others [16,30–32].

The transmission spectra of as-deposited and annealed
(160 and 260 ◦C) (Ge2Sb2Te5)100−xAgx (x = 0, 1, 3, 5, and
10) thin films are shown in Figs. 1(f)–1(j). It is clear from
the spectra that all as-deposited thin films (black spectra)
are highly transparent in the NIR region. Chalcogenide
alloys are highly transparent beyond 1 μm as these mate-
rials have high atomic masses and generate low-energy
phonons in the amorphous network, conferring wide opti-
cal transparency extending far into the NIR region. The
effect of Ag content on the optical transmission is also clear
from Figs. 1(g)–1(j). The optical transmission increases
with Ag addition up to 3% and starts decreasing after-
ward [39]. There is a large change in transmission in the
NIR region on phase transition. In addition, the absorp-
tion edge is shifted toward higher wavelength with phase
transition. It is also found that the absorption edge of Ag-
doped thin films annealed at 160 ◦C approaches that of
thin films annealed at 260 ◦C with higher Ag content (5%
and 10%). For 10% Ag doping, the transmission spec-
tra of films annealed at 160 and 260 ◦C almost overlap,
which also confirms the similar structure at both temper-
atures. From these measurements, a considerable decrease
in the transmission can be observed with the increase in
the hcp phase. This decrease in transmission after phase
transition is because of the presence of resonant p states in
the crystalline phase, which are absent in the amorphous
phase [40].

There is interest in making chalcogenide alloys applica-
ble for transmission windows, lenses, and fibers beyond a
wavelength of 2 μm because of their limited visible trans-
parency, low optical attenuation, large refractive index,
high optical nonlinearity, and stability toward the atmo-
sphere. The optical transmission windows of chalcogenide
alloys are limited due to electronic absorption, Rayleigh
scattering, and multiphonon absorption at short, interme-
diate and long wavelengths, respectively [41]. In addition,
there are other losses present, such as a weak absorp-
tion tail and extrinsic losses. Some Te-based chalcogenide
alloys explored for use as transmission windows include
Ge-Se-Te, Ge-As-Se-Te, and As-Se-Te [41]. The shorter
wavelength of the transmission window in amorphous
chalcogenides is governed by their optical band gap. Inci-
dent light with energy higher than the optical band gap
excites electron-hole pairs and is absorbed in the process.
In these alloys, recombination of electron-hole pairs occurs
in multiple nonradiative steps as they have negligible
probability of photoluminescence.

The transmission contrast in the NIR region between
the amorphous phase and the crystalline phase and the

rapid reversibility of Ge-Sb-Te alloys [42] can be used
to design a reversible NIR transmission window [12].
It is clear from Figs. 1(f)–1(j) that (Ge2Sb2Te5)100−xAgx
(x = 0, 1, and 3) thin films have large, medium, and neg-
ligible transmission in the NIR region for amorphous,
rocksalt, and hcp phases, respectively. (Ge2Sb2Te5)95Ag5
thin film annealed at 160 ◦C has medium transmission
as the rocksalt phase dominates over the hcp phase. On
the other hand, (Ge2Sb2Te5)90Ag10 thin film annealed at
160 ◦C has negligible transmission as the hcp phase dom-
inates. The transmission contrast for GST thin film and
thin film of GST doped with 10% Ag from the amor-
phous phase to the rocksalt phase and from the amorphous
phase to the hcp phase is shown in Figs. 1(k) and 1(l),
respectively. The amorphous-to-hcp transmission contrast
has a significant value, which is technologically important.
GST has one drawback that this contrast is achieved at
higher temperature (260 ◦C). On the other hand, compa-
rable contrast is achieved at lower temperature (160 ◦C)
in (Ge2Sb2Te5)90Ag10 thin films as shown in Fig. 1(l).
Figures 1(m) and 1(n) show schematics depicting applica-
tion of GST-based thin films as a reversible NIR window.

Ge-Sb-Te alloys are commercially used for optical data
storage, where optical reflectivity contrast between the
amorphous phase and the rocksalt phase is utilized [9].
Sun et al. reported the highest optical reflectivity (25%)
contrast from the amorphous phase to the complete crys-
talline phase using femtosecond-laser irradiation [43]. In
optical memory devices, data recording is done by writing
an amorphous state on a crystalline film by local melt-
ing with a short pulse of focused and high-intensity laser
light [9,13]. Rapid cooling of the melt, at rates higher than
109 K/s, results in an amorphous state. Data reading is
done with a low-intensity laser beam as the amorphous
state has lower reflectivity than the crystalline background.
The erasing of the state is achieved by heating the amor-
phous state to a temperature above the glass transition
temperature and allowing it to crystallize [9,13]. In a
similar way, a reversible NIR window can be designed.
(Ge2Sb2Te5)90Ag10 thin film is a potential material for a
NIR window as it has large (negligible) transmission in
the amorphous (crystalline) phase.

The optical transmission and reflection of thin films
are dependent on the surface morphology [44]. The mor-
phology of as-deposited (Ge2Sb2Te5)100−xAgx (x = 0, 3,
and 10) thin films and annealed at different temperatures
(160 and 260 ◦C) is shown in Fig. 2. The morphology
of as-deposited thin films is smooth and uniform, which
indicates the absence of crystallites, further confirming the
amorphous nature of the films. No change in the morphol-
ogy of as-deposited films is observed with Ag addition.
The growth of crystallites can be visualized in the annealed
thin films [45]. The effect of Ag addition on the morphol-
ogy of the annealed thin films is observed. In annealed
thin films, with addition of 3% Ag there is formation of
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FIG. 2. (a)–(i) Scanning-electron-microscope images of as-deposited and annealed (at different temperatures) (Ge2Sb2Te5)100−xAgx
(x = 0, 3, and 10) thin films.

larger grains or clusters as compared with GST thin films
at the respective temperatures. A drastic change in the mor-
phology with higher Ag content (10%) is observed with
annealing. It is also observed that thin films doped with
10% Ag annealed at 160 and 260 ◦C have similar morphol-
ogy. It can be inferred that Ag enhances nucleation and
growth of crystallites in GST thin films.

To understand the role of Ag incorporation in GST thin
films, X-ray photoelectron spectroscopy was performed.
The core-level and VB spectra of (Ge2Sb2Te5)100−xAgx
(x = 0, 3, and 10) thin films is studied. Figures 3(a)–3(c)
show the core-level spectra of Ag (3d), Sb (3d), and Te
(3d), respectively. It can be seen that the Ag (3d) core
level shifts toward lower binding energy (BE), which indi-
cates bonding of Ag with elements of GST. A shift of 0.4
and 1.1 eV in the BE of thin films with 3% and 10% Ag,
respectively, is observed from Ag (3d) core-level spectra.
It is highly unlikely that Ag will occupy the interstitial
sites because of its larger size. The larger shift in the
Ag (3d) spectrum of GST doped with 10% Ag suggests
that there is more distortion in the lattice [28]. A shift is
also observed in the Sb (3d) core-level spectra shown in
Fig. 3(b). Figure 3(c) shows the core-level spectra of Te

(3d) of as-deposited thin films. Shifts of 0.5, 0.9, and 1.7
eV in the BE of Te (3d) core-level spectra are observed
from the pure-metallic BE (573 eV). This shift in the spec-
tra with Ag addition also confirms the bonding of Ag.
The effect of Ag incorporation can be understood from
the change in the density of states in VB spectra. Figure
3(d) shows the VB spectra of as-deposited thin films.
The valence configurations are 4s24p2, 5s25p3, 5s25p4, and
4d105s1 for Ge, Sb, Te, and Ag, respectively. The VB spec-
tra can be divided into two main parts [46]: region A (green
shaded) near the valence-band maxima from about 0 to 6
eV, and region B (red shaded) from 6 to 14 eV. Region A
contains the p bands of Ge 4p, Sb 5p, and Te 5p, while
region B is due to Ge 4s, Sb 5s, and Te 5s. A significant
change in the density of the valence state is observed with
10% Ag. The VB spectra of GST thin film and thin film
of GST doped with 3% Ag are similar in shape but an
additional feature around 1.5 eV appears with Ag addi-
tion. The VB spectrum of thin film of GST doped with
10% Ag is totally different from that of GST thin film and
that of thin film of GST doped with 3% Ag, which may
be due to the distortion in the host lattice [28]. An addi-
tional feature appears in thin film of GST doped with 3%
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FIG. 3. Core-level spectra of as-deposited (Ge2Sb2Te5)100−xAgx (x = 0, 3, and 10) thin films: (a) Ag (3d), (b) Sb (3d), and (c) Te
(3d). Valence-band spectra of (Ge2Sb2Te5)100−xAgx (x = 0, 3, and 10) thin films: (d) as-deposited, (e) annealed at 160 ◦C, and (f)
annealed at 260 ◦C.

Ag, and is shifted toward the Fermi level in thin film of
GST doped with 10% Ag. All resolved features in region
B disappear in thin film of GST doped with 10% Ag, and a
single well-resolved peak around 5 eV is observed.

The VB spectra of the thin films annealed at 160 and
260 ◦C are given in Figs. 3(e) and 3(f), respectively. The
VB spectra of annealed samples are significantly differ-
ent from those of the as-deposited samples. The crys-
talline samples show a steeper increase in intensity near
the valence-band maxima with change in binding energy,
which may be due to the higher absorption coefficient
[47]. On the other hand, the change in intensity for the
as-deposited sample is slightly less steep and a more-
extended tailing off into the band-gap region is observed.

The broadening of spectral features for the amorphous
spectra is because of atomic disorder. The VB spectra of
the annealed films have almost the same shape, different
from the as-deposited film, indicating change in the density
of valence-band states on phase transition. The VB spectra
of thin films of GST doped with 10% Ag annealed at 160
and 260 ◦C have shape (as shown in Fig. 4) similar to that
of GST annealed at 260 ◦C, which also confirms the same
electronic environment.

It is clear from core-level spectra of Ag, Sb, and Te
that addition of a higher amount of Ag in GST results
in a distorted host lattice and enables (Ge2Sb2Te5)90Ag10
to change its structural and optical properties as those of
GST in hcp phase. It is important, from a technological
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FIG. 4. Valence-band spectra of (Ge2Sb2Te5)100−xAgx thin
films: x = 0 annealed at 260 ◦C and x = 10 annealed at 160 and
260 ◦C.

point of view, to achieve properties of the hcp phase at
lower temperature as it is a stable phase of GST. Owing
to optical transmission contrast on phase transition from
the amorphous phase to the hcp phase and vice versa,
(Ge2Sb2Te5)90Ag10 is a potential candidate for a reversible
NIR window.

IV. CONCLUSION

The role of Ag addition in GST thin films is investigated.
We explore rocksalt-phase reduction with higher Ag con-
tent. (Ge2Sb2Te5)95Ag5 thin films annealed at 160 ◦C have
a major rocksalt phase and a minor hcp phase, whereas
(Ge2Sb2Te5)90Ag10 thin films have a major hcp phase
and a minor rocksalt phase. This is also evident from
optical transmission and x-ray-photoelectron-spectroscopy
results. These results suggest the budding application of
(Ge2Sb2Te5)90Ag10 thin film in reversible NIR windows.
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