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Abstract

The phase change material eutectic binary compound Ge5Sbgs thin films were prepared, for the first time, by pulsed laser
deposition technique. Various parameters were changed to obtain amorphous thin films in very good quality. X-ray diffraction,
scanning electron microscope and electrical measurements were used to test the quality of the deposited films. The parameters
that were changed are: chamber atmosphere (from vacuum to 4 x 10~ mbar argon gas pressure), target—substrate distance
(from 6 to 8 cm), deposition frequency (from 5 to 20 Hz) and laser energy (from 130 to 210 mJ). Our results showed that the
influence of the plume on the temperature of the substrate is very critical. Less is the temperature of the substrate better is
the quality of the film and more amorphous it is. The increase in the substrate temperature increases the chance of forming
small crystallites within the deposited film as was shown in most of the samples. Best results were obtained using the fol-
lowing deposition conditions: laser energy of 130 mJ, frequency of 10 Hz, distance of 6 cm and vacuum chamber (no argon
gas was present). Under these conditions, completely homogeneous amorphous films with very close stoichiometry to the
source target (Ge~,Sb~g,), a phase transition temperature of around 215 °C and an energy band gap of 0.6 eV were obtained.

1 Introduction

Phase change memory is probably the most promising candi-
date for the next-generation memory featuring fast program-
ming speed, low power consumption, low voltage operation,
high endurance to repeated cycling, and good scalability to
smaller dimensions. Also, the fast programming speed of
phase change materials shows the potential as a unified high
performance, a fast and non-volatile memory (PCRAM).
Phase-change materials obtained their name from their
characteristic behavior upon phase transformations. The
amorphous phase is characterized by a low reflectivity and
electrical conductivity. In the crystalline phase, reflectivity
and electrical conductivity are high. Phase-change materi-
als based on (doped) germanium, tellurium and antimony
alloys show some truly remarkable properties suitable for
memory purposes.
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Ge,Sb,Te; (GST) has been investigated most intensively
due to the outstanding material properties it offers, including
non-volatility, high scalability, fast programming capability,
and good cyclability [1, 2]. However, some problems still
exist. It is well known that Te has a low melting temperature
and high vapor pressure, which may lead to phase separa-
tion and reduction of reliability of the material [3]. It has
also been found that Te motion in Ge,Sb,Te; could not be
prevented even by capping a layer, which will result in inho-
mogeneity and voids in the material [4]. Furthermore, con-
tamination of Te element in the complementary metal-oxide
semiconductor manufacturing equipment is still unclear,
which limits the research and development of PCRAM as
well. Hence, novel phase change materials without Te may
have a good prospect in the applications of PCRAM [5-7].

Te-free eutectic Ge ;Sbgs phase change material is a
promising candidate for phase change memory applications
since it maintains remarkable electronic and optical contrast
as required for applications. Also, it has a low melting tem-
perature (the lowest melting temperature among GeSb fam-
ily materials), which is beneficial for memory applications
since it helps to decrease the power consumption during
the switching. The crystallization temperature of Ge,;;Sbgs
(512 K) is higher than that of common phase change materi-
als like Ge,Sb,Tes (446 K) [8]. Ge—Sb thin films have been
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prepared and characterized by many research groups. Almost
all the films were prepared by sputter deposition [9, 10].

Eising et al. found that the activation energy for growth
and the crystallization temperature increase strongly when
increasing the germanium content [11]. Krebs et al. stud-
ied the electrical transport and switching in phase change
materials and Ge,;Sbgs was investigated. Threshold fields
for several materials were investigated and it was found to
be 1.8V/um for Ge,sSbgs [12]. Wuttig and his group inves-
tigated Ge;5Sbgs thin films to study the atomic structure
of amorphous and crystalline phase. They noticed that the
chemical stability of this composition was found to show a
tendency toward phase separation [13, 14] into a Ge-rich
and a Sb-rich phase.

In this work, thin films of Ge,;Sbgs were prepared for the
first time (up to our knowledge) by pulsed laser deposition.
This deposition technique is well known as one of best tech-
niques that conserves the stoichiometry of the target source.
The main goal of this work is the deposition of high-quality
thin films in the amorphous phase that conserves the stoi-
chiometry of the target source. To investigate the deposited
films, X-ray diffraction (XRD), secondary electron micros-
copy (SEM) and resistance measurements as a function of
temperature have been used.

2 Experimental techniques

Pulsed laser deposition (PLD) was used to deposit thin films
of Ge5Sbgs. KrF excimer laser was used (CompexPro 205F,
Coherent), which emits light at a wavelength of 248 nm.
The pulse energy was typically set to either 130 or 200 mJ.
The pulse repetition rate was set to 5, 10, or 20 Hz, and the
distance between the substrate and the target was adjusted
to either 6 or 8 cm. The process was performed under vac-
uum or in the presence of argon gas with different pressures
every time. To obtain as-uniform-as-possible irradiation
conditions, off-axis PLD technique with rotating target and
substrates was used. The target material used was a home-
made Ge,5Sbg; target. All the films were deposited on glass
substrates. The glass substrates were degreased ultrasoni-
cally in acetone followed by ethanol for 10 min. The films
afterwards were characterized using different techniques.
First of all, X-ray diffraction (XRD) was used to probe the
amorphous phase in the deposited films. Scanning electron
microscope (SEM) was then used to explore surface topogra-
phy and the stoichiometry of the obtained thin films. Along
with the SEM, the energy-dispersive X-ray spectroscopy
(EDX) was utilized to get the films’ compositions and com-
pare them with those of the target. Since only the behavior
of the resistance as a function of temperature was required,
simple measurements of resistance as a function of tempera-
ture were performed using in-plane four collinear probes.
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These measurements are necessary to determine the transi-
tion temperature of the thin films and the electrical energy
gap. The obtained thin film is cut into rectangular pieces
(1020 mm?). One of the pieces is pasted on a block using
silver paint. The block is placed on a heating plate, and a
thermocouple is connected to both the block and a multim-
eter to read the temperature. Another multimeter is used to
read the resistance of the film.

3 Results and discussions

Eight samples are prepared under different deposition condi-
tions as shown in Table 1.

The results will be presented and discussed separately for
each type of measurements as follows.

The eight samples were investigated by XRD. The spectra
are grouped together according to the conditions of deposi-
tion to compare each condition alone. The following nota-
tions that have been used throughout the paper are:

Sample #, S,

Pressure of argon gas, P

Distance between the target and substrate, D
Energy of the laser, E

Frequency of the laser pulse, f

AEE ol .

As can be seen in Fig. 1, the peak intensity in S, is higher
than that in S;. This is due to the fact that as the distance
decreases the substrate temperature increases, which favors
the formation of more crystallites. In addition and for the
sake of comparison, the XRD spectrum of the target is
shown in this figure.

In Fig. 2, no peaks were observed for S;; thus, no crystal-
lites were formed in the film. On the contrary, for S, a high-
intensity peak was observed, which indicates the formation
of crystallites in the film. This is due to the fact that as the
energy increases the plume species become more energetic

Table 1 Deposition parameters of the samples under test

Sample# Fre- Energy (mJ) Pressure (mbar) Dis-
quency tance
(Hz) (cm)

1 10 200 Vacuum 6

2 10 200 1.4x1073 6

3 10 200 1.4x1073 8

4 10 200 1.4x107! 6

5 20 210 5.4x107* 6

6 10 130 5.4x107* 6

7 10 130 Vacuum 6

8 5 200 Vacuum 6
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Fig. 1 XRD patterns of S,, S; and the target. The distance between
target and substrate has been changed from 6 cm (S,) to 8 cm (S5)
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Fig.2 XRD patterns of S, and S,, where the energy has been
changed from 200 to 130 mJ, respectively

before colliding with the substrate and leading to an increase
in its temperature. Again, this increase in temperature of the
substrate leads to the formation of significant crystallites.

In Fig. 3, the two samples are almost completely in the
amorphous phase, as there are no important peaks observed.
This leads to the conclusion that a small argon pressure has
a slight influence on the film during the deposition process
if compared to vacuum chamber. Moreover, the above-
mentioned conditions were the best ones to obtain a film
in almost amorphous phase without the formation of any
significant crystallites.

As can be seen from Fig. 4, the peak intensity decreases
as the pressure of the gas increases. The peak is the high-
est for S; and decreases afterwards. This is due to the fact
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Fig.3 XRD patterns of S¢ and S;, where the pressure has been
changed from 5.4 x 10~* mbar to vacuum, respectively

(012) Sb)|

i i;%wmmwmmh -

S§2 ]

Intensity (a.u)
T

S1

"
L

0 20 40 60 80
20 ()

Fig.4 XRD patterns of S, (vacuum), S, (1.4X 1073 mbar) and S,
(1.4x 107" mbar), where the pressure of the laser has been changed

that the energetic species scatter with the background gas;
thus decreasing their impact on the substrate. This in turn
decreases the temperature of the substrate and leads to a
decrease in the crystallite formation.

It can be concluded from Fig. 5 that when the frequency
of the laser increases from 5 to 10 Hz, the peak intensity
increases and then decreases back at 20 Hz. This could
be due to the fact that in samples S; and Sg the deposition
was performed under vacuum, whereas in S5 the pressure
was 5.4 107* Therefore, any expected increase in the
peaks’ intensities because of the increase in the frequency
is canceled back by a decrease of these intensities due to
the effect of the slight pressure in the chamber as shown
in Fig. 3. The increase in the intensity with respect to the
frequency might be explained as follows. The absorption of
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Fig.5 XRD patterns of S; (10 Hz), S5 (20 Hz) and Sg (5 Hz), where
the frequency of the laser has been changed. Note that only in S, the
argon pressure was very small to be considered

energy in a plume plays a role mainly when high repetition
rates of individual pulses are involved, because the plasma
and neutral components of the plume need approximately
1-10 ps to traverse the typical distance from target to sub-
strate. Due to absorption of laser light in the plume, the
temperature of the plasma increases and the plume is further
ionized [15].

The results of the EDX measurements for all samples are
presented in Table 2 below.

Different parameters affect the physical properties of the
films such as the surface morphology, homogeneity and
chemical stoichiometry. From Table 2, if we compare the
average compositions of Ge for S;, S, and S, we find that
the values are very close. However, looking at their surface
morphologies (Fig. 6), we find that S; has much lesser drop-
lets than S; and S,. In addition, in S; and S,, the deposited
films are not purely amorphous as mentioned previously.
Therefore, the stoichiometry alone cannot determine the best

Table 2 Average compositions of Ge and Sb for all samples

Sample # Ge composition (atomic %) Sb composi-
tion (atomic
%)

Target 17.21 82.79

1 16.63 83.37

2 15.84 84.16

3 13.31 86.69

4 5.87 94.13

5 7.04 92.96

6 18.50 81.50

7 16.45 83.55

8 10.86 89.14
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Fig.6 SEM images for the thin films. a For S-S, and b For Ss—Sg

conditions of deposition; one should consider also the sur-
face morphology and the homogeneity as well to conclude.

The amorphous—crystalline transition temperatures (7,)
and its width for all samples have been roughly determined
using resistance measurements. First of all, Ln(R) as a func-
tion of the inverse of temperature (Fig. 7) is plotted to deter-
mine the phase transition temperature as well as the electri-
cal energy gap for all films. The transition temperature has
been taken roughly as the first point after the drop of the
resistance and the transition width as the difference between
the end and the beginning of the drop. The results are sum-
marized in Table 3.

Analysis of the data of the curves of Fig. 7 will be pre-
sented in the following parts.

The sharp drop in the resistance appears around tem-
peratures of 160 and 170 °C for S, and S;, respectively.
Regarding the amorphous energy gap, it has been found to
be larger in S5 (0.55 eV) thanin S, (0.51 eV). The difference
in the transition temperature could be attributed to the differ-
ence in the distance between the target and substrate. When
the distance increases, the substrate is heated less and the
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Fig.7 Ln(R) as a function of @ for all samples

Table 3 Summary of the electrical measurement results

Sample # T, (C) E, (eV) E, (eV) (crystal) Transition
(amor- width (C)
phous)

1 210 0.58 0.06 30

2 160 0.51 0.04 25

3 170 0.55 0.04 15

4 225 0.84 0.08 20

5 170 0.53 0.03 30

6 205 0.57 0.05 20

7 225 0.60 0.06 25

8 160 0.49 0.06 20

material crystallizes later, i.e., higher transition temperature
and larger energy gap are obtained.

The transition temperatures are 210 and 225 °C for S,
(0.58 eV) and S, (0.60 eV), respectively. Regarding the
amorphous energy gap, it has been found to be larger in
S, than in S;. A higher energy of the plume species in S;
increases the temperature of the substrate after colliding with
it; thus, the material crystallizes earlier than in S,, i.e., lower
transition temperature and lower energy gap are obtained.

The transition temperatures are 205 and 225 °C for Sy
(0.57 eV) and S, (0.60 eV), respectively. Regarding the
amorphous energy gap, it has been found to be slightly larger
in S, than in S¢. This leads to the conclusion that a small
argon pressure has a slight influence on the film during the
deposition process if compared to vacuum chamber.

The transition temperatures are 210, 160 and 225 °C for S,
(0.58¢V), S, (0.51eV) and S, (0.84 eV), respectively. The val-
ues of transition temperatures and energy gaps do not follow

the same trend as obtained in XRD results. This contradiction
might be due to other factors during the deposition process, as
has been mentioned while discussing the SEM results.

The transition temperatures are 210, 170 and 160 °C for S,
(0.58 eV), S5 (0.53 eV) and Sg (0.49 eV), respectively. From
increasing the frequency, one should expect higher tempera-
ture of the plume; consequently, a higher temperature of the
substrate. This leads to a decrease in the transition temperature,
and consequently in the energy gap. This is true for S5 and
S, but it is not for S;. The contribution of many factors at a
time during the deposition process might be the reason of this
discrepancy. This point has been mentioned previously while
discussing the SEM results.

By comparing the results of the XRD, SEM, EDX and
the electronic energy gap we found that the best ones were
obtained for S,. In this sample, the following deposition con-
ditions have been used: laser energy of 130 mJ, frequency of
10 Hz, distance of 6 cm and under vacuum chamber. Under
these conditions, completely homogeneous amorphous film, a
composition of 16.45% Ge and 83.55% Sb, a phase transition
temperature of around 215 °C and an electronic energy band
gap of 0.6 eV were obtained.

4 Conclusion

In this work, the phase change material eutectic binary com-
pound Ge,sSbys thin films were prepared (for the first time) by
pulsed laser deposition technique (PLD). Different parameters
were changed to obtain amorphous thin films in very good
quality. Different techniques were used to test the deposited
films. By comparing the results obtained using those tech-
niques we found that the best results were obtained for S,. In
this sample, the following deposition conditions have been
used: laser energy of 130 mJ, frequency of 10 Hz, distance
of 6 cm and under vacuum chamber. Under these conditions,
completely homogeneous amorphous film, a composition of
16.45% Ge and 83.55% Sb (very close to the home-made target
compositions, as shown in Table 2), a phase transition tem-
perature of around 215 °C and an energy band gap of 0.6 eV
were obtained. Further investigations are under way to enhance
the quality of the deposited films.
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