COL 13(12), 121601(2015)

CHINESE OPTICS LETTERS

December 10, 2015

Phase-selective fluorescence of doped Ge,Sb,Te;
phase-change memory thin films

Ke Zhang (5 £})'f, Jincheng Lin (}A4:/%), and Yang Wang (+ [H)**

Key Laboratory of High Power Laser Materials, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China
*Corresponding author: ywang@siom.ac.cn
Received April 8, 2015; accepted October 16, 2015; posted online November 26, 2015

In this Letter, new concepts of fluorescence phase-change materials and fluorescence phase-change multilevel
recording are proposed. High-contrast fluorescence between the amorphous and crystalline states is achieved
in nickel- or bismuth-doped Ge,Sb, Tes phase-change memory thin films. Opposite phase-selective fluorescence
effects are observed when different doping ions are used. The fluorescence intensity is sensitive to the
crystallization degree of the films. This characteristic can be applied in reconfigurable multi-state memory
and other logic devices. It also has likely applications in display and data visualization.
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Memory effects and data storage devices based on the
transition between the amorphous and crystalline phases
or states in chalcogenide alloys, such as GeSbTe, have
attracted scientific and industrial interest over the past
40 years®@. In addition, the development of binary
phase-change memories, including rewritable optical disks
and random access memory, predominates, multi-state
(multi-level or multi-bit) memories will attract consider-
able interest in the future, because these memories offer
a high storage density.

Injecting new states into phase-change materials is one
of the most important issues in this field. Multi-state
phase-change memory thin films were first reported by
Ovshinsky in his early work and continued refinements22,
Optical or electrical programming modulates the crystal-
lization degree of a film; consequently, the intermediate
reflectance or resistance states of these films can be easily
obtained. About four to six orders of magnitude is the
maximum difference in electrical resistivity between the
amorphous and crystalline states. This maximum differ-
ence can result in more states and higher contrasts
between films. The optical reflectivity contrast between
the amorphous and crystalline states is commonly
<30%. The detection of the reflective intensity greatly
limits the number of multiple states in applications.
Effective ways to obtain the difference in optical signals
with high contrast in multi-state phase-change optical
memories should be developed.

Fluorescence detection as an information readout
method is capable of attaining a higher contrast or
signal-to-noise ratio than the traditional reflectance detec-
tion readout method. However, fluorescence readout has
only been applied in photon-mode recording media, espe-
cially in some organic materials, such as photochromic or
two-photon absorption molecules®. The currently known
fluorescent memory materials are not prepared using
phase-change materials. Phase-change memory materials
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that are typically used in the thermal mode are non-
luminescent.

This Letter reports the phase-selective fluorescence
effects of doped GeyShyTes (GST) phase-change memory
thin films. The luminescence property of a film can be
switched on and off by controlling the phase transition
in these films. Opposite fluorescent properties can be real-
ized by doping thin films with different luminescent ions.
Multi-state fluorescence can be achieved by modulating
the crystallization degree of films. A fluorescence phase-
change memory material prepared using this method
retains the different optical and electrical properties of
the amorphous and crystalline states. These properties
can be applied in reconfigurable memory and logic devices.
It also has likely applications in display and data visuali-
zation. The luminescence effects of phase-change materi-
als will more powerfully enhance the optical contrast and
color switching performances when compared with refrac-
tive index transformation and thickness adjustmentt.

Designing phase-change materials is the first step in
this process. These phase-change materials should be
capable of emitting light. Most phase-change memory
materials are prepared using an as-deposited chalcogenide
glass. The luminescent doping ions in glass can be used
in phase-change materials. Nickel (Ni**) and bismuth
(Bi") ions are commonly used as active centers in broad-
band luminescence obtained in the near-infrared (NIR)
wavelength range. They exhibit different luminescence
conditions in different kinds of matrices (e.g., glass or crys-
tal) because electronic transitions in their outermost d or p
orbitals are strongly influenced by their ligands environ-
ments. The luminescence of Ni?t ions is often observed
in crystals, such as MgF,, MgO, LaMgAl,;; 0,9, LiGasOsg,
MgSiO,, AlSiO,, MgAl,O,, and MgGa, 0,222, Only Ni**
ions in an octahedral coordination state contribute to the
emission of light. In this case, the luminescence is too weak
to be observed in a glass matrix. This weak luminescence is
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caused by the high non-radiative transition probability
and low quantum efficiency of ions. Conversely, the lumi-
nescence of Bi is often observed in glasses, such as silicate,
germanate, borate, and phosphate, among others22J;
however, emissions of Bi in a crystalline matrix are seldom
reported22, The emission center of Bi-doped glass is still
highly debated, but more evidence indicates that it may be
Bit or even a lower valence state of Bi, such as Bi*—Bi’
clusters. Although the mechanism of luminescence is not
clear, modifiers including Al, O3, GayO3, TayOs, and B,O4
with stable tetrahedron or unstable octahedral structures
in a glass network remarkably affect the luminescence of
Bit ions. Figure 1 shows the energy level diagram for the
luminescence of the Ni** in ZnAl,O, crystals and Bi* ions
in silicate glasses. These ions were chosen as doping ions in
a phase-changeable chalcogenide matrix.

GST was chosen as the matrix in the luminescence ion
doping. The similarity of the coordination fields in some
oxide crystals/glasses and chalcogenides in the crystal-
line/amorphous states may provide similar conditions
for luminescence. Te atoms in the rock salt-like crystal
phase of GST occupy one sub-lattice of the crystal, and
Ge and Sb atoms and vacancies randomly occupy the
second sublattice of the crystal®Z), A Ge atom within a
Te face-centered cubic lattice switches between octahedral
and tetrahedral symmetry sites when GST undergoes a
phase transition2!, If the doping ions occupy suitable
sites, such as the sites of the Ge, Sb, or vacancies, then
the luminous conditions are satisfied, and the reversible
phase-change feature with different doping ions can be
maintained.

The Ni- or Bi-doped GST thin films were prepared by
co-sputtering the NiO or Bi with the GST targets. The
films were prepared in an Ar atmosphere with a pressure
of 0.85 Pa and an Ar flow rate of 80 sccm. The required
base pressure in the vacuum chambers was 6.4 x 10~ Pa.
The doping concentration of the Bi* or the Ni** ion was
controlled by changing the sputtering power. The doping
concentration was determined using an energy-dispersive
spectrometer equipped with a scanning electron micro-
scope (JEOL JSM-6360LA). The as-deposited thin films
were crystallized by thermal annealing or initialization
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Fig. 1. Energy level transition diagram of luminescence of Ni**
in ZnAl,O4 crystals and Bi" in silicate glasses as shown in

Ref. [11].

4.0

3.54

3.0

254

Refractive index n

(a)

300 400 500 600 700 800 900
Wavelength (nm)

S —a-Bi:GST
h e -BI:GST

Extinction coefficient k
[}

(b)
13

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 2. (a) Refractive index n and (b) extinction coefficient k of
amorphous and crystallized Bi:GST thin films.

with a continuous-wave laser under chosen conditions.
A homemade vacuum furnace was used to anneal the
films. A POP120-5F phase-change optical disc initializer
(Hitachi Computer Peripherals Co., Ltd.) was used to ini-
tialize the films. The wavelength of the laser was 810 nm,
and the size of the laser beam spot was 1 pm x 192 pm
[full width at half maximum (FWHM) at 1800 mW].
Initialization was performed at a constant linear velocity
of 4 m/s. The structural, optical, electrical, and fluores-
cence properties of the films were then determined using
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Fig. 3. (a) Refractive index n and (b) extinction coefficient k of
amorphous and crystallized Ni:GST thin films.
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Table 1. Basic Electrical and Optical Parameters of
Ni:GST and Bi:GST Thin Films

Bi: GST
8.93 x 102

Ni: GST
3.28 x 103

Resistivity of Amorphous
State (Q cm)

Resistivity of Crystalline
State (Q cm)

1.31 x 1072 1.18 x 1072

Refractive Index of 3.24 3.06
Amorphous State (at 650 nm)
Refractive Index of 3.1 2.65
Crystalline State (at 650 nm)
Extinction Coefficient of 1.65 1.6
Amorphous State (at 650 nm)
Extinction Coefficient of 1.74 2.47

Crystalline State (at 650 nm)

a Rigaku D/max 2550 V x ray diffractometer (XRD),
Sopra GESSHE ellipsometer, MMR K-2500 four-point
probes, and an Edinburgh FLSP920 fluorescence spec-
trometer, respectively.

The fluorescent properties of phase-change materials
are extremely sensitive to the doping concentrations of
light-emitting ions. Any obvious fluorescence intensity
would greatly decrease in films with relatively high doping
concentrations (>3 at. %) due to the cross relaxation. The
thin films with a moderate doping concentration of
approximately 1.5 at. % were used to characterize the ma-
terials. Figures 2 and 3 show the optical constants of the
as-deposited amorphous and crystallized Ni:GST and
Bi:GST thin films at certain doping concentrations
(i.e., 1.50 and 1.54 at.%) in the visible wavelength range.
The films crystallized when these films were annealed at
180°C for 120 min. Table 1 lists some basic optical and
electrical parameters of the Ni:GST and Bi:GST thin
films. The high optical and electrical contrasts between
the amorphous and crystalline states of the films are main-
tained even after doping.

The Bi:GST films were excited according to the lumi-
nous conditions of Bi in the glass by a laser diode with
a wavelength of 808 nm® 2. As shown in Fig. 4(a), an
NIR emission with a central wavelength at 1225 nm
and an FWHM of 150 nm was detected. However, this
luminescence almost disappeared after annealing. The
insert shows the corresponding XRD patterns of the as-
deposited and annealed films. The emission of the films
was characterized by four small peaks at 1130, 1183,
1225, and 1275 nm. As a main group element, the outer
electrons of Bi are significantly influenced by the micro-
coordination environment. A large number of defects in
the amorphous GST, which appeared as distorted tetrahe-
dral and octahedral structures, were observed. These
defects may provide possibilities for the luminescence of
Bi as it shows up in glass.

According to the luminous conditions of Ni?t in crystal
and glass, a laser with a wavelength of 980 nm was used to
excite the Ni:GST films. As shown in Fig. 4(b), a weak
fluorescent peak near 1065 nm appeared in the amorphous
Ni:GST films, and this fluorescence was significantly en-
hanced after annealing. Meanwhile, a peak at 1140 nm was
also observed. Studies on Ni’>T-doped ceramics generally
consider the strong inclination of an Ni** ion to enter
an octahedral site, which emits NIR light. Some studies
showed that a certain number of octahedral sites in crys-
talline and amorphous GST and a broad luminescence
band present at wavelengths shorter than 1100 nm likely
belong to the 3Ty (F) — 3A,(F) transition of octahedral-
coordinated Ni%* ions. However, the source of a peak that
emerges near 1140 nm is still unknown, and further analysis
is necessary to determine this source. The Ni:GST thin
films can achieve multi-state fluorescence by modulating
the crystallization degree of the films, as shown in Fig. 5.
The corresponding initialization laser powers were 800,
1000, and 1200 mW. The laser-crystallized films exhibited
a high fluorescence contrast.

The experimental results are consistent with the
expected result of the material design stage. Opposite fluo-
rescence effects can be realized using different doping ions,
as shown in Table 2. The luminescence of Ni** in the
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Fig. 4. Fluorescence spectra of (a) Bi:GST and (b) Ni:GST thin films. The inset shows the corresponding XRD patterns.
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Fig. 5. Fluorescence intensities at 1065 and 1140 nm of crystal-
lization degree-modulated Ni:GST thin films.

Table 2. Opposite Phase-Selective Fluorescence Effects
of Doped GST Thin Films

Amorphous Crystalline
Ni:GST off on
Bi:GST on off

crystalline phase can be easily understood as the sym-
metry coordination of Ni-d orbital and the matrix’s octa-
hedral coordination, as well as the low non-radiative
transition probability in the crystalline phase. As to the
luminescence of Bi in the amorphous phase, the structure
diversity of a glass matrix with tetrahedron or unstable
octahedral coordination may be suitable for the existence
of the Bi active center.

In conclusion, the phase-selective fluorescence effects of
Ni:GST and Bi:GST chalcogenide thin films are reported
in this Letter. The fluorescence intensities can be tuned by
modulating the crystallization degree of films. The high
fluorescence intensity difference between the amorphous
and crystalline states can be used to achieve high-contrast
multi-state recording. This phase-selective fluorescence
effect can also be used as a sensitive “structural probe”
to show the atomiccoordination environment of phase-
change materials. In addition, the phase-selective fluores-
cence effect can be applied in reconfigurable logic and
display devices.
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