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Individualized Pixel Synthesis and Characterization
of Combinatorial Materials Chips

Xiao-Dong Xiang', Gang Wang’, Xiaokun Zhang’, Yong Xiang®, Hong Wang'

ABSTRACT Conventionally, an experimentally determined
phase diagram requires studies of phase formation at a range
of temperatures for each composition, which takes years of
effort from multiple research groups. Combinatorial materials
chip technology, featuring high-throughput synthesis and
characterization, is able to determine the phase diagram of
an entire composition spread of a binary or ternary system
at a single temperature on one materials library, which,
though significantly increasing efficiency, still requires many
libraries processed at a series of temperatures in order to
complete a phase diagram. In this paper, we propose a
“one-chip method” to construct a complete phase diagram
by individually synthesizing each pixel step by step with a
progressive pulse of energy to heat at different temperatures
while monitoring the phase evolution on the pixel in situ in
real time. Repeating this process pixel by pixel throughout
the whole chip allows the entire binary or ternary phase
diagram to be mapped on one chip in a single experiment.
The feasibility of this methodology is demonstrated in a study
of a Ge-Sb-Te ternary alloy system, on which the amorphous-
crystalline phase boundary is determined.

KEYWORDS combinatorial materials chip, phase diagram,
pixel synthesis, in-situ characterization, phase-boundary
determination

1 Introduction

Establishing the systematic relationships between materials
composition, structure, synthesis parameter, and property,
which are in general presented as “phase diagrams,” is one
of the central tasks of materials science and engineering, and
remains a great challenge. Conventional materials research
methodology, characterized by synthesizing and character-
izing one sample at a time, is costly, time-consuming, unsys-
tematic, and, given these disadvantages, insufficient for the
current era of accelerating technology. Meanwhile, combina-

torial materials chip technology, featuring high-throughput
synthesis and the characterization of materials libraries
containing 10°-10* samples on one small substrate in a short
period of time [1], has demonstrated great potential to break
through the existing bottleneck. Over the past two decades,
high-throughput experimental technologies have undergone
rapid progress [2, 3]. A wide range of techniques and related
instruments has been developed for synthesizing materials
libraries of various forms (thin film [4], powder [5], bulk [6],
liquid [7], etc.)) and characterizing composition [8], structure
[9], and electrochemical [10], catalytic [11], electromagnetic
[12], magnetic [13], optical [14], thermal [15], and mechanical
[16] properties.

Take the ternary equilibrium phase diagram as an exam-
ple. Conventionally, an experimentally determined phase di-
agram requires studies of phase formation at a range of tem-
peratures for each composition and the compilation of data
in order to draw the phase boundaries in a 3-D space with a
horizontal composition map and a vertical temperature axis.
Often, a collection of thousands of experiments is needed,
which typically takes years of effort from multiple research
groups [17-21]. In contrast, a study of one temperature section
of the ternary phase diagram of Fe-Co-Ni using the materi-
als chip method was completed within a few days [22]. An
equilateral-triangle-shaped thin-film materials library cover-
ing the whole range of Fe-Co-Ni compositions was annealed
at 600 °C under a 107 Torr (1 Torr = 133.322 Pa) vacuum for
3 h. Structural phases were identified and the phase diagram
is shown in Figure 1. This diagram agrees quite well with the
reported phase diagrams constructed by conventional meth-
ods [20, 21] at this temperature, except that two new amor-
phous regions not included in the existing phase diagram
were identified for the first time. Thus, the benefits of the
high-throughput experiment approach are clearly shown.

However, significant limitations still exist in current high-
throughput experimental techniques. In particular, the
whole materials library is usually processed in parallel, that
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is, under the same thermal conditions. Thus, with current
techniques, although a materials library can cover the en-
tire composition spread with better than 1% resolution (the
equivalent of ~5000 compositions), only one isothermal sec-
tion of the phase diagram can be mapped in one experiment.
For example, Figure 1 shows the 600 °C isothermal section of
the Fe-Co-Ni phase diagram. High-temperature phases such
as 8-Fe, which is only formed at 1394 °C and is stable up to
1538 °C in the Fe-Co alloy system shown in Figure 2 [19], can-
not be studied using the same chip. To map the temperature
range of this Fe-Co alloy system at a 10 °C interval, 120 mate-
rials libraries are still required.
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Figure 1. Fe-Co-Ni ternary phase diagram at 600 °C mapped by high-
throughput approaches [22].
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Figure 2. Classical binary phase diagram of Fe-Co alloy system [19].

For more efficient mapping of a complete phase diagram
using the materials-library approach, each pixel needs to be
individually processed step by step by a progressive heat-
treatment procedure while the phase evolution on the pixel
is monitored in situ in real time. The same procedure is then
repeated pixel by pixel on the whole chip. This way, only one
combinatorial materials library is required.

2 One-chip method

We propose here a method to construct a complete phase
diagram with only one combinatorial materials library (one
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chip). The workflow of the method is depicted in Figure 3.
First, a thin-film materials library with designed compo-
sition distribution is deposited layer by layer, followed
by thermal diffusion at relatively low temperature (a few
hundred degrees Celsius) to allow complete elemental
mixing throughout the thickness without the formation of
any crystallized phase [23-25]. Because of the sub-micron
film thickness, the mixing is confined within a pixel in
the film plane. A pulsed energy beam (such as a laser or
an electron beam) radiates onto each pixel sequentially to
enable the phase formation on the pixel. The temperature
of the processed pixel is either estimated based on heat-
transfer theories or continuously measured by infrared
(IR) thermometry, and the phase change during the ther-
mal processing is monitored by an in-situ characterization
technique in real time. For example, phase change can be
detected by optical reflection, as described below in this
paper, and the material structures can be monitored by
high-throughput X-ray diffraction (XRD) using a synchro-
tron light source. The time between pulses is controlled
so that there is enough time to process the characteriza-
tion data, and the pulse width is managed to cause phase
forming or phase transition. An interactive control system
is implemented to control the thermal process accord-
ing to temperature feedback or the progress of phase
change.
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of materials Materials data
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Deposition of Multilayer composition,
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Figure 3. Workflow of pixel synthesis of combinatorial materials library
with in-situ characterization in real time and the corresponding phase
evolution of the materials library.

2.1 Deposition of multilayered thin-film precursor

To obtain a complete phase diagram, the first step is to fab-
ricate a composition spread fully covering the compositions
in the target materials system. Layered stacks of component
films deposited by physical vapor deposition (PVD) methods
such as ion-beam sputtering, magnetron sputtering, pulsed-
laser deposition (PLD), and molecular-beam epitaxy (MBE)
offer a well-controlled distribution because the composi-
tion is precisely determined by the thickness ratio between
ingredient elements through a precision mask scheme. A
precursor materials library covering a complete ternary
composition range can be conveniently prepared using a con-
tinuously moving shutter [26]. As indicated in Figure 4(a), a
ternary thin-film materials library is deposited on a triangu-
lar substrate. The shutter starts to move from one edge of the
substrate toward the opposite corner at a constant speed dur-
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ing the deposition of layer A, providing a wedge-shaped dis-
tribution, shown in Figure 4(b). Then the substrate is rotated
120° clockwise and is ready for the next element deposition.
By repeating the process two times, the complete composi-
tion spread of a ternary materials system is fabricated (Figure
4(b)). By the same token, a binary materials library can be
prepared by rotating only once by 180° on a rectangular or
square substrate.
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Figure 4. (a) The schematic illustration of the multilayered thin-film deposition;
(b) the resultant multilayered thin films with gradient composition spread.

Figure 5 shows an ion-beam deposition (IBD) system
(developed by Infinite Materials Technology Inc., China)
designed to carry out the multilayered thin-film deposition
process and the subsequent diffusion process (see Section
2.2) without breaking the vacuum. The system consists of
five chambers: the target storage chamber, deposition cham-
ber, annealing chamber, and two transfer chambers. The 48-
slot target storage chamber is independently evacuated by a
turbomolecular pump to maintain a better than 5 x 10 Torr
vacuum to prevent the targets from contamination. In the de-
position chamber, a radio-frequency (RF) ion source is used
to generate an ion beam for deposition. The arrangement of
target, substrate, and ion source is optimized to achieve a
thickness uniformity of better than + 3% over a1 in x 1 in
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area. An auxiliary ion source is used for substrate cleaning
to improve the thin-film quality. A computer-controlled pre-
cision moving shutter is installed on the substrate stage to
generate the linear gradient of the thickness of precursor thin
films.

When the deposition of the multilayer thin film is complet-
ed, the substrate will be transferred to the annealing cham-
ber for a thermal diffusion process up to 500 °C before being
exposed to air.

2.2 Diffusion of the multilayered precursor

For individualized pixel synthesis to work effectively, it is
important to have the precursor material well mixed at the
atomic level throughout the film depth. A thermal diffusion
process is employed to homogenize the multilayer precursor
in the depth direction.

Fister and Johnson studied the effect of diffusion length on
controlling solid-state reactions in ultrathin-film superlattice
composites [27]. A solid-state reaction includes two compet-
ing steps, interdiffusion and nucleation/crystallization. The
authors noted that the diffusion time is proportional to the
square of the diffusion distance, which is closely related to
the layer thickness. By reducing the layer thickness, it is pos-
sible to control the diffusion to complete before nucleation
occurs. As a result, the interfaces disappear quickly and a
homogeneous, amorphous alloy forms without nucleation.
In contrast, once the layer is above a critical thickness, the
composite behaves like a normal thin-film diffusion couple,
in which nucleation occurs at the interfaces. The thickness
dependence of the result has important implications on the
design of a ternary materials library. First, the critical diffu-
sion distances in the relevant binary diffusion couples should
be predetermined. The layer sequence should also be cho-
sen so as to suppress the occurrence of a very stable binary
compound, which might hinder the formation of the ternary
phase. A ternary materials library is then prepared such that

Well-controlled
electrical motor
Target

storage
- chamber
Deposition ) (:0
ion source View pgrt &
& Auxiliary . P

ion source ¢

Turbine molecular pump

O

Dry pump
v Sample ‘\ ] Deposition Target
4 ;Igggtsfer transfer 'y chz:)mber Transfer ~ transfer
\ chamber v robot EHEFABEE
Ay
g = O
AY - g
View port Turbine molecular pump
Dry pump

(@)

Figure 5. (a) Photograph and (b) schematics of the IBD system.
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all of the diffusion distances are below the critical values to
ensure a homogeneous, amorphous precursor.

Because all of the interfaces disappear during the forma-
tion of the amorphous precursor, nucleation becomes more
difficult, as with the case of homogeneous nucleation. Thus,
the nucleation temperature may be increased by several hun-
dred degrees Celsius compared with the thick-film case [27].
In practice, additional process variables can be implemented
to influence nucleation temperatures, such as choosing an
adequate crystal structure of the substrate surface [23, 24, 28]
and introducing controlled impurities as nucleation agents.

The proposed method differs from the conventional meth-
od in that the thermal process is run from low to high tem-
perature. As indicated by the red dashed line in Figure 6, an
amorphous sample will subsequently transform into thermo-
dynamically stable phases in the corresponding temperature
range when it is gradually heated, allowing the true bound-
ary of the solid-state transition at low temperatures to be de-
tected.
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Figure 6. Schematics of the phase evolution of an amorphous sample
gradually heated (red dashed line), a molten sample gradually cooled
(blue line), and a partially crystallized amorphous sample gradually heated
(purple dashed line).

On the contrary, in the conventional method the multi-
element sample is first melted and then gradually cooled
from high to low temperature. As the experimental process
is mostly in equilibrium, the amorphous and crystal phase
boundary cannot be identified as the temperature decreases
(see the blue line in Figure 6). This explains why the two
amorphous regions were marked in Figure 1 [22], but not in
the conventional phase diagrams.

If the binary phases are not totally prevented at the inter-
faces between two layers, they will become diffusion barri-
ers for further mass transfer. This is particularly a serious
concern for the interdiffusion process between multilayers
of non-metallic compounds such as oxides and nitrides [25].
Under such circumstance, a much higher temperature and
longer time may be required to promote further mixing of
the third precursor and the ternary phase formation. Despite
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these measures, binary crystal residuals are likely to remain,
which may cause complications in phase identification.
Therefore, it is always preferable to prevent the precursor ma-
terial from nucleating so that the materials library stays in an
amorphous form after thermal diffusion. Indeed, this is not
an issue in the conventional phase diagram study, because
tens to hundreds of hours of soak time are used during the
annealing process to satisfy the equilibrium requirements.

The temperature of diffusion/amorphization in the anneal-
ing chamber should be carefully chosen. It was demonstrated
that diffusion under relatively low temperatures resulted in
a well-mixed amorphous precursor layer, which is preferable
because it enables the subsequent epitaxial crystallization
process to occur easily at higher temperatures [23-28]. Diffu-
sion also takes place simultaneously in the lateral direction
during the process. Since the dimension of a sampling area
is several orders of magnitude larger than the film thickness,
the lateral homogenization will not affect the neighboring
region; rather, it makes the area itself more uniform.

2.3 Pixel synthesis
As mentioned above, the well-mixed amorphous precursor of
a materials library would then be synthesized by a step-by-
step and pixel-by-pixel method, using an energy beam such
as a pulsed laser with tunable amplitude and pulse width.
The temperature of the processed pixel is a critical param-
eter of the phase diagram and should therefore be carefully
determined. There are two main options. First, the IR ther-
mal radiation spectrum r(4, 7) and the IR reflective spectrum
R(Z, T) of the same wavelength range need to be measured af-
ter each heating pulse. A fast, highly sensitive infrared spec-
trometer is the most desirable tool for this task. The emissiv-
ity of the surface &(4, T) is described by the equation

e, TY=1-R(, T) (1)

The surface temperature of the processed pixel can be de-
duced precisely from solving the equation

(4, T) =&, )B4, T) @)
and Planck’s law of blackbody radiation
B,(A, T)=2hc*A7 /("D - 1) )

where B,(/4, T) is the blackbody radiation spectrum at absolute
temperature 7, 1 is wavelength; and # and ¢ are the Planck
constant and the speed of light, respectively.

Second, if thermal properties (heat capacity, density, and
thermal conductivity) of the sample and substrate as well as
energy-beam parameters (pulse power, pulse duration, spot
size, etc.) are known, simulations can be carried out to calcu-
late the temperature rise of the pixel under one pulse radia-
tion. Furthermore, with the help of calibration, this calcula-
tion can be simplified with a certain level of accuracy as the
equation

AT = Pi(1-R)/C,yy @)

where P, and 7 are the laser power (amplitude) and the pulse
width, respectively; R is the optical reflectivity of the pixel
surface at the laser wavelength. The effective heat capacity,



C.y, of the energy-beam radiated pixel is a function of the
total effective thermal mass m, including the active thermal
mass derived from the thin film and substrate, and is depen-
dent on the pulse width (strong dependence), the amplitude
(weak dependence since the specific heat capacity is tempera-
ture dependent), and other materials properties.

When the pulse width varies, the thermal mass of the pro-
cessed pixel changes accordingly. A wider pulse width pro-
vides a longer time for heat to transfer to a larger volume and
results in an increased thermal mass. The -dependent ther-
mal mass can be simulated by commercial software based on
the classical theory of heat transfer, preferably with the help
of calibration for better accuracy. Considering that the spot
size of the laser beam is several orders of magnitude larger
than the film thickness and the scale of heat transfer, the heat
transfer during one pulse can be treated by one-dimensional
approximation along the depth direction, which significantly
simplifies the problem.

If we keep the pulse width constant and control the heat-
ing temperature by tuning the power of the energy beam,
the thermal mass of the processed pixel can be approximated
as a constant, and the estimation of the heating temperature
will be even simpler. However, an energy beam with tunable
power requires more effort on instrumental development
than the one with a tunable pulse-width.

The intrinsic fast cooling of the pulsed energy-beam pro-
cessing allows the phase evolution to be captured at the tem-
perature generated at the given heating event. In addition,
after being heated to a liquid state, the pixel will return to an
amorphous phase. Therefore, it is possible to align all heating
events to the same starting point—the amorphous phase.
The phase-evolution study of an amorphous sample heated
from low temperature to high temperature is a remedy for the
kinetically-controlled non-equilibrium process of the thin film.
It provides a unique opportunity to understand the amor-
phous material’s quenchability, which is of great importance
for amorphous-alloy and phase-change storage applications.

2.4 In-situ real-time characterization of pixels
During the synthesis of one pixel in the materials library,
the phase evolution after each pulse should be characterized
in situ in real time. In principle, various characterization
methods can be used to indicate phase formation, since many
physical or chemical properties will change as a result. White
spectrum XRD based on a synchrotron radiation light source
is by far the most promising technique for direct structural
characterization in real time.

For XRD to occur, the following Bragg condition must be
satisfied:

2dsin@ = ni ®)

where 4 is the wavelength of the X-ray; d is the inter-planar
spacing; 0 is the angle between the diffracting crystal plane
and the incident X-ray; and » is a positive integer. When a
monochromatic X-ray shines on a polycrystalline sample
with a random orientation, the diffraction will occur in dif-
ferent directions. To collect diffracting light, the detector
must mechanically scan a wide range of ¢ angles, as shown
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in Figure 7(a), which takes a long time. If a beam of “white”
X-ray with continuous spectrum is used, in theory, a suitable
wavelength that satisfies the Bragg condition always exists at
any given 6, as shown in Figure 7(b). The complete diffraction
pattern can be collected instantly using an energy dispersive
detector without mechanical scanning.
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Figure 7. (a) Monochromatic X-ray powder diffraction; (b) polychromatic X-ray
powder diffraction.

In the case of a single crystal or an epitaxial film sample, if
the X-ray is monochromatic, the sample needs to be rotated
or oscillated to satisfy the Bragg condition. However, if a
polychromatic X-ray is used, the Laue diffraction pattern can
be readily obtained. The entire set of diffraction spots are col-
lected by an area detector with a one-time exposure without
rotation of the sample. Figure 8 depicts single-crystal diffrac-
tion with monochromatic (left) and polychromatic (right) X-
ray beams. Therefore, “white beam” XRD allows rapid deter-
mination of the crystal structure in both cases.
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Figure 8. Monochromatic (left) and polychromatic (right) X-ray single-
crystal diffraction.

Figure 9 illustrates a schematic design of the experimental
setup for the “one-chip method.” Each pixel on the combi-
natorial materials library is thermally processed step-by-
step using a tunable pulsed laser beam in conjunction with
a real-time feedback control mechanism. The phase change
is characterized in situ following each heating step by poly-
chromatic micro-beam synchrotron radiation XRD, as well as
optical reflectivity. Once the preset phase boundary, such as
phase transition or the pixel melting, is detected, the signal
will feedback to the control system to stop heating on the
pixel and the experiment will move to the next pixel.
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Figure 9. Schematic diagram of experimental setup for the “one-chip method” — an apparatus combining pulse laser-powered pixel synthesis with in-

situ real-time micro-beam white XRD and optical reflectivity measurement.

The “white beam” X-ray on the left side of Figure 9 is
from a synchrotron beamline such as Shanghai Synchrotron
Radiation Facility (SSRF), one of whose beamlines provides
energy ranging from 7 keV to 30 keV (1 = 0.413-1.77 A). In
order to cover the inter-planer spacing from 0.82 Ato443 A
(equivalent to the 20 scan from 20° to 140° for Cu Ka radia-
tion, 4 = 1.54 A using typical lab XRD equipment), the inci-
dent angle is set between 5° and 15°. An energy dispersive
detector is used to collect the powder diffraction signals, and
an area detector is for Laue diffraction pattern of single crys-
tal or epitaxial thin-film sample. In addition, a probe laser
beam and a light detector are installed to monitor the phase
transition of the processed pixel based on changes in optical
reflectivity. Note that the heating laser beam and the probe
beam should be at different wavelengths and have orthogo-
nal polarizations to avoid interference.

While the structure is detected by white beam XRD, the
composition of the pixel is measured by X-ray fluorescence
(XRF). Both signals are polychromatic and are collected by
the energy dispersive detector. To distinguish between the
two, the energy dispersive detector needs to include two sen-
sors installed a few degrees apart so that the signals are col-
lected from two different angles at the same time. Since the
XRD signal is angle-dependent while the XRF signal is not,
the XRD can be deduced from the difference between the two
data sets. The crystal structure and the composition are ana-
lyzed simultaneously using this method.

3 Pixel synthesis and characterization of phase-
change materials

Phase-change materials (PCMs) hold great promise in in-
formation storage applications [29-31], and have attracted
great interest in both the academic and the industrial
communities [32-35]. Thin films of PCMs can undergo a

Engineering Volume 1 - Issue 2 - June 2015 www.engineering.org.cn

relatively fast reversible transformation between the amor-
phous and crystalline phases, and the optical reflectivity
varies significantly due to the transition. For this reason,
PMCs were chosen as model materials in this study to
verify the feasibility of individualized pixel synthesis and
in-situ real-time characterization of combinatorial materials
chips.

We prepared the well-mixed precursors of a systematic ma-
terials library of Ge-Sb-Te (GST) ternary alloy films using the
methodology and instrument described in Section 2. A laser-
pulse scanning optical microscope (LPSOM) was developed
based on a traditional optical microscope with a motorized
stage (Figure 10). A 40 mW diode laser was employed as the
heating source, with the pulse width and power controlled by
a computer. The beam was focused through the objective lens
to a ~1 um spot size at the sample surface. An autofocus con-
trol system was installed to the light path to monitor whether
the objective-lens to sample-surface distance changed, and
to provide a feedback signal to ensure that the system stayed
in focus. This laser power heated the illuminated area with
a longer pulse each time until the temperature was high
enough to cause phase changing of the material. Once the
material changes phase, the optical reflectivity changes cor-
respondingly, and can be collected by the same objective lens
and finally detected by the optical detector. In order to get a
reflectivity image of the whole test sample, a motorized X-Y
stage was controlled by a computer to scan over the whole
library to synthesize and measure every pixel.

Figure 11 shows the timing diagram of the test system. The
X-Y stage first move the sample to a test pixel. The autofocus
is then turned on to adjust the sample surface to the focal
plane. Set at a specific power level and the pulse width, the
heating laser pulses is radiated onto the test pixel. During
this period, the detector and autofocus are turned off to avoid
interference or damage from the laser pulse. After the heat-
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Figure 10. The (a) photo and (b) block diagram of the laser-pulse scanning
optical microscope.

ing pulse, a low-power laser pulse is generated as a detecting
signal to measure the reflectivity of the treated sample, and
the reflection is collected by the detector. If the reflectivity is
unchanged, the next test stays at the same pixel but the pulse
width is increased to raise the temperature. Usually a series
of pulses are applied to the same pixel consecutively until
phase change is detected. The pulse width ranges from a few
nano-seconds to over 100 nano-seconds.

The temperatures of amorphous-to-crystalline and crystal-

Treating Detecting
Laser pulse pulse P T puise p Hf—

Detector reading Off On ,_L

Auto focus, XY
positioning, laser control _|On Off

Figure 11. Timing diagram of the laser-pulse scanning optical microscope
measurements.

line-to-amorphous phase transitions are critical parameters
of PCMs, especially for the purpose of lowering the power
consumption of phase-change memories. The thermal his-
tory of a heated pixel is depicted in Figure 12(a). When the
precursor is initially prepared, it is in an amorphous phase
that has low reflectivity. As the heating pulse gradually in-
creases its width, more heat is absorbed and the temperature
eventually reaches the point (7;) at which the crystalline tran-
sition occurs, leading to a significant increase in reflectivity.
As the pulse width continue to increase, the temperature ris-
es to a level enough to melt the material (the glass transition,
T,). When the laser pulse stops, the liquid is quenched into
the amorphous phase again, due to the high thermal mass
of the substrate as compared with the film precursor. In the
end, this pulse sequence completes a full cycle of amorphous-
crystalline-amorphous transformation. Continue moving
the X-Y stage pixel by pixel, the time spectrum on every
location is obtained. Based on this data, the crystallization
temperature and the glass-transition temperature phase
diagram can be mapped. Under the approximation that the
temperature vs. laser pulse-width relation at different posi-
tions follows the same general trend shown in Figure 12(b),
the pulse-width-dependent thermal mass of the radiated
pixel is simulated by commercial software, and the AT(z)
curve is calibrated using known data of the Ge,Sb,Te; region.
The calibrated curve is used to calculate the 7, map shown in
Figure 13, which is consistent with the data published in the
previous literature [36-40]. The glass-transition temperature
phase diagram of GST alloys separately requires much more
work to analyze and will be reported in the future.
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to crystalline amorphous
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Figure 12. (a) A typical phase-transition time spectra of the GST phase-change material; (b) simulated temperature vs. laser pulse-width curve, which is calibrated

by the known T point in the GST map.
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Figure 13. The amorphous-to-crystal phase-transition temperature (T;)
phase diagram of GST alloys as a function of composition.

4 Summary

In this article, we propose a new paradigm to rapidly con-
struct a complete phase diagram using step-by-step indi-
vidualized pixel synthesis and in-situ real-time characteriza-
tion pixel by pixel throughout the combinatorial materials
chip, which allows a binary or ternary phase diagram to be
mapped on one chip in one single experiment. The feasibil-
ity of the “one-chip method” is demonstrated in a study of
the Ge-Sb-Te ternary alloy system, on which the amorphous-
crystalline phase boundary is determined; this study clearly
shows the advantages of this approach. Further studies of
the time-scale effect are required to correlate to conventional
equilibrium phase diagrams.
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