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Noncontact method of conducting elements “writing” on
insulating Ge–Sb–Te matrix using a laser beam
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Direct writing of low resistance wires on an amorphous Ge–Sb–Te matrix is reported. A 1342 nm continuous wave laser
was used for local heating of the sample to form these wires. Mechanical contact was not needed for making the conducting
elements. The properties of the samples were investigated down to 1.4 K and the laser conditions required for the writing of
low resistance GST wires were found. The results are discussed with a view to possible applications, such as connectors and
electrical wires made only via remote light exposure of the samples to make different resistors and non-linear elements.
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1. Introduction

Ge–Sb–Te compounds (GST) are exmples of
a group of materials referred to as phase change
materials. They have remained in the focus of
scientific research for the last decade due to
their outstanding physical properties [1–7]. Under
temperature treatment, GST exhibits a reversible
change from an amorphous phase to a crystalline
hexagonal phase through intermediate crystalline
phases (such as the rock salt phase), accompa-
nied by a drastic drop (more than 4 decades)
in resistance [8–10]. The changing of the crys-
tallographic phases has been investigated using
XRD analysis and was reported, for example,
in the literature [11]. The process of crystallo-
graphic phases transformation can be stimulated
not only by thermal treatment [1–5], but also
by application of quasi-hydrostatic pressure [8–
10, 12] or by light which assists the formation
of surface phonon-polaritons [13], or amorphiza-
tion of the crystalline GST [14]. This family of
chalcogenide glasses has a number of potential
applications in the electronic industry [15–17].
The most important application is fabrication of
memory cells.
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We report on a new method of making con-
ducting wires, based on crystallographic transfor-
mations of GST amorphous films under heating by
continuous wave infrared radiation. These trans-
formations are reflected in the electronic trans-
port properties (such as resistivity) of the irradiated
GST film areas. This method allowed us to make
devices that consist of conducting wires with differ-
ent properties using laser light only. In our experi-
ments, we used a laser beam to heat the GST ma-
trix locally in order to transform the desired areas
into a conducting state while the whole GST matrix
was kept unheated and non-conductive. Transport
properties of the fabricated wires were investigated
down to 1.4 K.

2. Experimental setup and mate-
rial characterization

We prepared our sample by RF magnetron
sputtering in an argon plasma (base pressure
∼1.33 × 10−5 Pa) at an Ar pressure of 0.67 Pa us-
ing GeSb2Te4 targets (Kurt J. Lesker, 2 inch). The
amorphous phase prior to local annealing by laser
beam was confirmed by XRD analysis (Fig. 1a).
The structure of the control sample (SiO2 capped),
which was prepared under the same sputtering
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conditions, after annealing (up to 282 °C) in a fur-
nace, was checked by XRD and was found in good
agreement with the target Powder Diffraction File
(PDF) database lines (Fig. 1b). This control experi-
ment was made to confirm that we did not lose GST
configuration during the sputtering process.

Fig. 1. XRD spectra of sputtered GST: (a) amorphous
GST (sputtered on Si substrate together with
the sample prior to “writing”, which was made
on GaAs; (b) control sample annealed up to
282 °C and PDF# 97-008-5921 lines describing
the GST target used in the experiments.

The amorphous films were subjected to the laser
beam irradiation in the process of making conduct-
ing wires; this process is referred to in this article as
laser beam writing (analogous to the e-beam writ-
ing process [18]). For this procedure, gold contacts
were evaporated on the GaAs substrate and after
that all the samples were covered by a 100 nm uni-
form and continuous layer of the sputtered GST, as
was mentioned before.

The laser beam writing setup including an
in situ measurement system is shown in Fig. 2.
The laser beam writing system (Fig. 2a) consists
of a 1342 nm continuous wave laser (1): MIL-H-
1342-1.5W with a focusing system, CCD camera
(2): digital camera CCD/CMOS (the optics ensures
magnification up to 300×, at a working distance of
8 cm, which allows obtaining in situ images dur-
ing the experimental process) and the sample ta-
ble (3) connected to the step-motor, which gives
the possibility of slowing the sample movement
during the experiment. Measurements of resistance
were made using the electrical setup shown in
Fig. 2b. The Keithley 2000 multimeter was di-
rectly connected to the sample which was thermally
and electrically isolated from the table on which
it was placed. The table was fixed on the motion
stage (Precision Compact Linear Stage VP-25XL),
which included the step-motor under control by
a digital controller (Newport ESP301). The pro-
cess was performed and controlled by a computer
program written by us. The images and the elec-
trical measurement data were automatically saved
in the computer memory.

3. Results and discussion

More than ten samples were prepared, each
with different wire configuration. Images of two
of them at different stages of writing are shown
in Fig. 3. We used the laser with the wavelength
of 1342 nm and power which was varied between
0.8 W and 1.5 W. The beam was focused to 60 µm;
the average speed of sample motion with respect to
the stationary laser was of 2.5 µm/s to 3 µm/s. The
sample with the size of 4 mm × 4 mm and gold
contacts to be bond to the chip pads, was placed
on the chip.

It was found that the power required to make
wires with minimal resistance was about 1.2 W.
In the case of power equal to 0.8 W, the written
lines are not seen, while if the power is 1.5 W,
the resistance of the wire is ten times greater
than at the power of 1.2 W. These facts are in
good accord with calculations of temperature in
affected region on the GST film, calculated using
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Fig. 2. (a) laser beam writing setup, 1 – laser, 2 – CCD
camera, 3 – sample table; (b) electrical system
for in situ resistance measurement.

the formalism presented in the literature [19].
The temperature to which the substrate (GaAs) is
heated is related to the energy accumulated by the
substrate (the temperature of thin GST film is equal
to the substrate temperature accordingly). For our
substrate (GaAs), the normalized laser power (p)
has been calculated as:

p = 2[W (1−R)]/D (1)

Fig. 3. Samples pictures: (a) first experiments with dif-
ferent laser beam powers; (b) to (d) writing of
wires at different stages: (b) the first wire writ-
ing started; (c) two wires are made; (d) end of
the writing, three wires are ready (1→ 2, 3→ 4
and 5→ 6→ 7).

where W is the laser power, R reflected part of the
energy (reflectance), D the beam diameter, and p a
power varying from 0.25 W to 0.8 W depending on
temperature (0.4 W at ∼130 °C, 0.4 W to 1.2 W
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at ∼280 °C and 0.5 W to 1.5 W at ∼400 °C). We
assumed that only a part of the beam energy (about
the half) is accumulated in the substrate. The re-
flected part can be calculated more accurately using
the Fresnel equation for reflectance:

R = [(n1−n2)/(n1 +n2)]
2 (2)

where n1 and n2 are the refractive indexes of two
media. For the case of normal incidence (laser
beam perpendicular to the sample), we received the
reflectance of 36 % to 56 % (for air, to amorphous
or GST crystal) and 0 % to 11 % (for GaAs and
GST). The temperatures of the bottom substrate
side were slightly different from room tempera-
ture. Using the formalism and estimations for GaAs
from the literature [19], the maximum irradiance
power density can be calculated as W/S (S is the ir-
radiated area) and equals to 42 kW/cm2 (taking into
account light reflection, the value must be at least
twice smaller than the incident irradiance [20]). A
lasing power of 1.2 W, which caused the substrate
to heat to ∼280 °C, was selected from the first ex-
periments for the entire series. The samples were
very sensitive to the exposure time, which is corre-
lated directly with the average speed of the sample
motion (Fig. 3): for 0.9 µm/s – the wire looks like
the white line (1→ 2), for 1.05 µm/s – partly col-
ored line (3 → 4), for 1 µm/s – the line looks like
(3→ 4), but has more defects (5→ 6→ 7).

We think that there are two reasons for this dif-
ference in the annealing results at longer exposure
time: first, the different exposure times lead to dif-
ferent heating of the sample (change of the sub-
strate backside temperatures [20]) and, as a result,
to a difference in the annealing temperatures of the
GST film; second, the difference in exposure time
leads to an increase of the dwelling of GST at high
temperature, and this greatly affects the GST re-
laxation, as it has been observed for samples regu-
larly annealed in a furnace. The curves of the resis-
tance measurements, which were recorded in situ
during the wire’s “writing”, are shown in Fig. 4a.
Despite the fact that the resistances at room tem-
perature were close to each other and the resistiv-
ity varied from 2.0 mΩ·cm to 2.4 mΩ·cm at room
temperature, the behavior of the wire 1→ 2 (long

exposure) was completely different at low tempe-
ratures as is shown in Fig. 4b. The width of all
wires was 60 µm and the thickness was 100 nm.
The differently made wires were cooled down to
1.4 K to check their transport properties. The resis-
tance of the (1 → 2) and (3 → 4) wires was mea-
sured by a lock-in-amplifier using a two-terminal
connection scheme. These results are presented in
Fig. 4b and Fig. 4c. The resistance of the wire
(6 → 7) (Fig. 4d), which exhibits the same be-
havior as the wire 3 → 4, was checked using a
four-terminal connection scheme, which allowed
to exclude the contacts influence. In this measure-
ment we successfully checked the possibility to
make a system consisting of more than one wire.
Of course, this four-terminal system is indepen-
dent of the contacts properties and their influence.
The resistance was always measured between the
first contact, where the writing started, and the sec-
ond (last) point, where the writing was finished.
The horizontal axis, x, is the distance traveled by
the laser beam from the first point. It means that
the resistance presented on the graphs (Fig. 4) at
any point x is a sum of the resistance of the writ-
ten first contact point → x wire and resistance
of the remaining (not-traveled by the light) parts
of the isolated matrix (area from x to the second
contact point).

The wire 1→ 2 exhibits a very fast increase in
resistance under cooling. Thus, two types of wires
have been fabricated. The first type of wires is like
that between contact 1 and contact 2 (long expo-
sure), this wire exhibits a significant increase in re-
sistance at low temperatures, which can be approx-
imated by the Efros-Shklovskii variable range hop-
ping law, (Fig. 5a), but does not exhibit a depen-
dence of magnetic field (the data look like noise
and are not presented in the picture to prevent cam-
ouflage of the presented curves), while the wires
3 → 4 and 6 → 7 exhibit small positive magne-
toresistance (Fig. 5b), and the R(I) and V(I) curves
looking essentially nonlinear (Fig. 5c and Fig. 5d).

The second type is the wires such as the wire
between contact 3 and contact 4 (or 5 → 6, or
6 → 7) that are shown in the Fig. 3d. Their re-
sistance increases very slowly, weakly depending
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Fig. 4. (a) in situ measurement of R(x) for two differ-
ent samples presented in Fig. 3a during writing,
plotted as a function of temperature along dif-
ferent wires; (b) wire 1→ 2; (c) wire 3→ 4; (d)
wire 6→ 7.

Fig. 5. (a) wire 1→ 2 resistance behavior under cooling
(approximation by the Efros - Shklovskii law);
(b) magnetoresistance, normalized on the value
for zero field wires at 4.2 K and 1.4 K, wire
6 → 7 at 1.4 K, sheet resistance of 3 → 4 wire
∼260 Ω/� to 270 Ω/�, 6→ 7 wire ∼380 Ω/�;
(c) sample resistance R (I); (d) I-V characteris-
tics measured at small currents.
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on the magnetic field (Fig. 5b). This behavior is
the same as that of regularly annealed GST films
which have been demonstrated in a series of experi-
ments [1–5]. This type of wires can be used as con-
nectors between any electric elements due to the
very low resistance in comparison with amorphous
isolating GST matrix around the wire. Therefore,
enlarging the width of the wire leads to a propor-
tional reduction of the wire resistance. It means that
we can build resistors with different resistances us-
ing the same preparation conditions only making
the wires of different width (we could write several
overlapping wires, or change the laser beam diam-
eter but the energy density of the laser beam and
the thermal conditions during the process need to
be kept the same).

We must emphasize that we have obtained the
wires with completely different properties. The
wire 3 → 4 looks like a GST sample annealed to
a hexagonal phase (as it can be made by annealing
in the furnace in the Ar atmosphere). We wish only
to note, that the composition can be slightly dif-
ferent from the first composition (Ge0.95Sb2.01)Te4
since the heating is performed in air, but, as can be
seen from the transport experiments, this has not
not affected the properties of similar wires from
3→ 4 GST. The calculations gave the sheet resis-
tance of this wire of 270 Ω/� at 1.4 K (210 Ω/�
at room temperature). The calculations of resistiv-
ity yielded 2.1 mΩ·cm at room temperature which
is very close to the criterion of metal-insulating
transition (the criterion is 1 mΩ·cm to 2 mΩ·cm
as it was mentioned in the literature [1]. The wire
1 → 2 looks different. The resistance of wire
1 → 2 at room temperature is close to the re-
sistance of samples like 3 → 4 (twice larger),
while at low temperature the resistance of wire
1 → 2 is much higher than the resistance of wire
3 → 4. Furthermore, the weak dependence on
the applied magnetic field for wire 3 → 4 corre-
sponds to the transport measurement for this ma-
terial [5] annealed by regular method in a fur-
nace. The independence of the applied magnetic
field for wire 1→ 2 instead of strong dependence,
which is usually associated with the variable-
range hopping regime, implies that the properties

of this wire do not correspond to the regular GST
behavior. Since this type of wires was made under
the higher exposures we think that these samples
were heated over 300 °C and that re-amorphization
took place [14, 17]. This process is accompanied
by material desorption due to the high temperature
heating produced in the air, and the energy barri-
ers could be created on the grain boundaries and
between the wires and contacts (the Schottky barri-
ers). As a result, the resistance of wire 1→ 2 has a
reactive part, while the active part is also enlarged.
This type of wires cannot be used as connectors,
but in devices where nonlinear I-V characteristics
can be utilized: this could be a topic for a future
study. We believe that the role of heat energy re-
ceived from laser beam is to raise the temperature
of the sample (including the substrate as well) lo-
cally to form a wire at the places where the laser
beam is directed. As it was shown, the properties
of the finished wires are strongly dependent on the
parameters of the writing (laser parameters and ex-
posure time). The surfaces phonon-polaritons have
not formed in our case since we used the GaAs
substrate (not quartz or any other polar crystal). It
is important to mention that the substrate was not
damaged by irradiation and it was absolutely clear
after the GST layer removal.

As far as the samples quality and the usage con-
ditions are concerned, the parameters of the wires
have been stable for a half year, i.e., the period from
the samples making to the present time. Therefore
we have not checked the durability over longer pe-
riods yet, but we think that the wires could be cov-
ered by an insulating layer like SiO2 to prevent ag-
ing. Accordingly, temperatures above 300 °C are
destructive for the wires parameters and these wires
could be used only at lower temperatures; we think
that their temperature should not exceed 200 °C.
In addition, we need to mention that these wires
could be used in any low current electric schemes
(the heating of the surrounding matrix by the heat
due to the Joule-Lentz law does not lead to tempe-
ratures above 200 °C). We have not registered any
changes or significant heating using currents up to
0.1 A. Furthermore, the current flowing through
the isolating areas is much lower and does not
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cause the sample heating. Even the I-V character-
istics, presented in Fig. 5d, were measured at low
currents to avoid points with the possibility of the
samples being heated by the current.

An important issue is the quality and sharpness
of the wire edges. The edges look sharp on the scale
of the samples width and length. We not only ob-
serve the sharp edges by microscope, but suppose
that the sharpness of the edges is in correspondence
with the heat propagation. In other words, the dis-
tance between the wires and the unheated isolating
matrix is not greater than 100 nm (GST thickness),
it means about 0.16 % of the wire width. In other
words, the minimal distance between conducting
elements should be about 400 nm to prevent sig-
nificant leakage.

We hope that this method can be applied for
making wires, for example, when an object can be
made on a substrate covered by GST and the con-
tacts to the object can be written after that. The
second option is to cover a separate object and the
contact pads with GST and to write on the GST
after that. This option is the same as the process
described in this paper consisting in making dif-
ferently configured wires between existing contacts
(or existing devices). This method could be very
useful since we only need to fix the sample on the
moving stage and focus the beam on, without phys-
ical contact, unlike in different bonder machines
and other setups for making contacts.

4. Conclusions

1. The possibility to make conducting wires
in an isolating matrix has been demon-
strated using only a laser, which has regular
characteristics.

2. The laser conditions for the manufacture of
low resistance GST wires (without mechan-
ical contact) were elaborated.

3. The prepared samples were characterized
by transport experiments at room and low
temperatures.

(a) The samples heated by laser be-
low 280 °C had low resistance at room

temperature (similar to dirty metals), which
increased slowly during cooling (like in ma-
terials near the metal-insulator transition),
and were characterized by a small positive
magnetoresistance, as it is usually observed
in metals.

(b) The overheated wires (above 300 °C)
demonstrated a strong increase of resistance
during cooling as in non-metals, indepen-
dently of the magnetic field and nonlinear
I-V characteristics.

4. The possibilities of applications, such as
connectors and electrical wires made with-
out mechanical contact with the samples,
making different resistors and producing
nonlinear elements, have been presented and
discussed.
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