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Abstract Cu-Sn—Se material was prepared by magnetron
sputtering to investigate its potential application in phase
change memory. The amorphous-to-crystalline transition
was studied by in situ film resistance measurements. Cu—
Sn—Se material had lower activation energy for crystalli-
zation (1.60 eV) and higher crystallization resistance than
SnSe. The amorphous Cu—Sn—Se had more narrow band
gap compared to SnSe. After the adding of Cu, the crystal-
lization of Cu—Sn—Se material was inhibited and the grain
structure became more compact. The picosecond laser
pulse measurement indicated that Cu—Sn—Se material had a
fast phase change speed (3.36 ns). The results demonstrated
that Cu—Sn—-Se material was a promising phase change
material which had low power and high speed application
in phase change memory.

1 Introduction

Nowadays with the rapid development of non-volatile
memory (NVM), there is no doubt that phase change mem-
ory (PCM) has been regarded as one of the best candidates
for the next-generation memory which has some advan-
tages such as fast switching speed,high scalability and low
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power [1-3]. Meanwhile, not only does phase change mem-
ory have good data retention, but also it has fabrication
compatibility with complementary metal-oxide—semicon-
ductor (CMOS) process [4, 5]. The stocked data is gained
by optical switching between the amorphous and crystal-
line states. The data stored can be also recovered by means
of utilizing variation of the reflectivity optically between
crystalline and amorphous states [6, 7].

As we all know.it is Ge,Sb,Tes (GST) that is currently
the extensively adopted phase change material, which has
shown outstanding performance [8]. However, GST has
some shortcomings in some aspects. It, for example, is dif-
ficult for the GST-based PCM devices to have integrated
SET and RESET processes when the electric pulse width
is shorter than 100 ns [9]. Additionally,GST material also
has poor thermal stability (85°C for 10 years) because Te
atoms in GST materials can easily segregate to the inter-
faces between phase change material and heating electrode
on account of their high mobility and low melting tem-
perature [10, 11]. Recently, there are some materials which
have been indicated to have fast crystallization rate and
good amorphous thermal stability like GeTe [12], SnSb
[13] and ZnSb [14]. Besides, the doping has been applied
to improve the thermal property of phase change materials
effectively [15].

In the work, it is Cu-doped SnSe material that is recom-
mended and detailedly introduced by resistance versus tem-
perature (R-T), scanning electronic microscopy (SEM) and
surface topography measurements. The effect of Cu-doping
on the thermal stability, crystallization characteristics and
optical transition of Cu-SnSe phase-change material are
analyzed.
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2 Experiment

The experiment process was divided into two parts. The
first part mainly talked about the manufacture process of
two kinds of thin film. Prior to the sputtering coating, SiO,
substrate should be put on the sample plate through double-
sided adhesive. Also, magnetron sputtering apparatus needs
to be vacuum. The pressure of magnetron sputtering appa-
ratus was 4 x 107 pa before sputtering. Then, Cu-doped
and un-doped Sny4Ses, thin films were deposited on SiO,
substrates when the pressure of sputtering was 4 x 107! pa.
The total gas flow of Ar was fixed at 30 sccm (sccm denotes
standard cubic centimeter per minute at STP). Finally, Cu-
doped thin film was achieved under Ar sputtering gas. The
SnSe and CuSnSe films represented undoped and Cu-doped
SnSe films, respectively.

The second part described about how to examine prop-
erties and structure of SnSe and CuSnSe films. The tran-
sition from amorphous to crystalline was researched by
in situ temperature dependent conductivity and resistance
measurement. The sample temperature was measured by a
Pt-100 thermocouple located at a heating stage controlled
by a TP 94 temperature controller (Linkam Scientific
Instruments Ltd, Surrey, UK). The purity of SnSe and Cu
targets were 99.999% and thin films thickness was set to
50 nm by the means of controlling the deposition time. The
optical band gap was measured by NIR spectrophotometer.
The phase structures of the films which were annealed at
various temperatures were investigated by XRD analyses
using Cu Ka radiation in the 20 range from 20° to 60°, with
a scanning step of 0.01°. Roughness on the surface of the
material could be examined by atomic force microscopy
(AFM, FM-Nanoview 1000). The grain states of phase
change materials before and after the crystallization were
observed by scanning electron microscopy (SEM, Hitachi
S-4700). A picosecond laser pump—probe system was used
for real-time reflectivity measurement. The light source
used for irradiating the samples was a frequency-doubled
model-locked neodymium yttriym aluminum garnet laser
operating at 532 nm wave-length a pulse duration of 30 ps.
The chemical compositions of Sn, Se and Cu element in
SnSe and CuSnSe thin films, determined by the energy dis-
persive X-ray analysis (Oxford INCA Energy), were around
46, 54 and 28, 33, 39 at.%, respectively.

3 Result and discussion

Figure 1 exhibits the change in the resistance as a function
of the heating temperature at a constant rate of 30°C/min
for SnyeSes,,CuygSnssSesq and GST materials. As we can
see, three materials are all in their high resistance states
incipiently. Subsequently, a resistance drop dramatically
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Fig. 1 Resistance of SnySes,, Cu,gSns;Sesq and GST materials as a
function of temperature at a heating rate of 30 °C/min

happens when the temperature reaches to a certain value
which is seemed as the crystallization temperature T7..
Then, the resistance of all materials decreases slowly after
T, due to semiconductor-like effect. Figure 1 shows that the
T, for SnySes,, Cu,gSnszSesq and GST materials are 245,
195 and 165°C. As is known to all, the thermal stability
can be evaluated by the crystallization temperature roughly
[16]. Thus, the thermal stability of Cu,gSn;;Se;o material is
better than GST. Meanwhile, the crystallization resistance
of Cu,gSn;;Se;q material is higher than SnySes, mate-
rial. According to the joule heat: Q=12Rt, where Q, I, R,
and ¢ are the thermal energy, current, electrical resistance,
and time, respectively, a higher crystallization resistance
can improve the heating efficiency and decrease the power
consumption in RESET operation process [17]. Besides,
the resistance difference for Cu,gSn;;Se;q before and after
crystallization is more than two orders of magnitude which
is enough for PCM applications.

The diffuse reflectivity spectra of SnycSes, and
Cu,gSnj;Ses, materials are measured by NIR UV-vis-
ible-NIR spectrophotometry in the wavelength range from
400 to 2500 nm at room temperature. As is shown in Fig. 2,
the band gap energy (E,) can be determined by extrapo-
lating the absorption edge onto the energy axis. Wherein
the conversion of the reflectivity to absorbance data was
obtained by the Kubelka—Munk function (K-M):

K/S=(1-R)’/2R) M
where R, K and S are the reflectivity, absorption coefficient
and scattering coefficient, respectively [18]. From Fig. 2, it
shows the band gap energy for SnysSes, and Cu,gSns;Sesg
materials are 1.64 and 1.54 eV respectively, which indicates
that Cu,gSny;3Sesq material has a smaller E, than SnyeSes,
material. The dependent temperature for the resistivity in
a semiconductor can be explained according to p = pyexp
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Fig. 2 The Kubelka-Munk function of amorphous SnySes, and
CuygSns;Se;q materials

(—E/kT), where p is conductivity, p, is a pre-exponential
factor and E is the activation energy for electrical conduc-
tion. The activation energy of electrical transport is simply
measured by half of the band gap E,=E,/2 + AE, where
E,/2 is the distance from the Fermi level to the conduction
band and AE is depth of the trap states [19]. A decrease
in the band gap will lead to the increase of carriers, which
make a major contribution to the decreasing of film resis-
tivity. Therefore, this finding can explain the change trends
of resistance curves for SnysSes, and Cu,gSnssSesq materi-
als in Fig. 1.

The activation energy for crystallization E, is an impor-
tant indicator to assess the difficulty for the crystallization.
In order to obtain the E,, the resistance versus temperature
curves with different heating rates of 10, 20, 30 and 40°C/
min are conducted (not shown here). With a faster heat-
ing rate, phase change material will have a higher crystal-
lization temperature 7, because it does not have enough
time to accumulate the energy for crystallization. The E,
of SnyeSes, and CuygSnysSesy materials can be calculated
from a Kissinger equation:

[(dT/dt)/Tcz] =C+ Ea/(kaC) (2)

where d7/dt is the heating rate, T, is the crystallization
temperature, C is a constant, £, is the activation energy
for crystallization and k, is Boltzmann’s constant [20].
From the slope of the linear fit in the ln[(dT/dt)/Tcz] ver-
sus 1/T, curves in Fig. 3, the value of E, for SnySes, and
Cu,5Sn33Se;, materials are 3.79 and 1.60 eV, respectively.
It is obvious that the E, of Cu-doped SnycSes, material
decreases. A lower E, implies lower energy barrier for
crystallization, which will result in a shorter SET time for
the PCM cells. From this point, Cu,3Sns;Sesq material has
a faster switching speed than Sn,Ses,, which is very sig-
nificative in practical application.

Fig. 3 The Kissinger plots In[(dT/dt)/T.?] versus 1/(KT.) of SnySes,
and Cu,gSn;;Se;q materials

The XRD patterns of SnysSes, and Cu,gSn;;Sesy materi-
als annealed at different temperatures are shown in Fig. 4a,
b, respectively. For SnysSes, and Cu,gSns;Se;q materials,
there are no clear diffraction peak in the as-deposited sam-
ples indicating an amorphous structure. With the increasing
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Fig.4 XRD patterns of a SnySes,, b Cu,gSnysSe;y materials
annealed at different temperatures for 10 min in Ar atmosphere
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of annealing temperature, the first appearance of diffraction
peak (002) is at the temperature 200°C for Cu,gSns;Sesq
material in Fig. 4b. Being different from Cu,gSn;;Sesq, no
diffraction peaks are observed at the temperature 230°C
for SnycSes,. It manifests that SnySes, has better amor-
phous thermal stability than Cu,gSnj;Se;q material, which
is in accord with the result of Fig. 1. Subsequently, a char-
acteristic peak (110) belonging to Sn,sSes, phase appears
for SnysSes, after annealing at 248°C for 10 min in the
Fig. 4. Then, a new diffraction peak (110) is observed in
280 and 320°C annealed Sny¢Ses, material, indicating the
crystallization strengthened further. For Cu,gSns;Ses,
there is no other diffraction peak except SnSe, (002), indi-
cating the crystallization has been restrained by Cu add-
ing. From the main peak at around 30.5° with the same
annealing temperature 280 °C, the grain sizes of annealed
SnyeSes, and Cu,gSns;Sesq materials are 7.60 and 4.77 nm,
respectively, which are calculated using the Scherrer
(Dpe = 0.9434/fcosO) [21]. The decreased grain size can
produce more grain boundaries, which will help to enhance
the electron scattering, leading to a higher resistance. This
result interprets the resistance increasing of Cu,gSn;;Sesg
material compared with SnysSes, on the structural aspect.
The SEM surface images of as-deposite and annealed
SnyeSesy, and  Cu,gSnyzSesy materials are shown in
Fig. 5a—d, respectively. Figure 5a shows no obvious
grains which are seen in as-deposited Sn,sSes, material.
Meanwhile, as we can see in Fig. 5c, a few grains have
formed for Cu,gSn;;Sesq. From this point, it indicates that

Fig. 5 SEM images of as-
deposited and annealed Sny4Ses,
and Cu,gSn;;Se;q materials
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Cu,4Sn;;Ses, material is easier to crystallize because of its
lower activation energy for crystallization compared with
SnyeSes, material. After annealing at 320°C for 10 min,
more grains for SnysSes, and CuygSns;Sesq form in Fig. 5b,
d. Numerous grains for Cu,4Sn;;Se;q material are assigned
to a mixture of orthorhombic and hexagonal phases.
From Fig. 5b, it shows sparse grains for SnySes, mate-
rial. However, the grains are more compact for annealed
Cu,gSn;;Sesy. Therefore, more grain boundaries exist in
CuygSny;Sesq, which corresponds with the XRD parttern in
Fig. 4 [22].

Figure 6 presents the AFM images of Sn,Ses, and
Cu,4Sn3;Se;, materials before and after crystallization. As
is known, the internal stress of materials will result in the
change of surface in phase change process. For PCM, the
surface roughness of any materials has an important impact
on device performance because it will affect the qual-
ity of the electrode-film interface [23]. The surface of as-
deposited SnysSes, and Cu,gSns;Se;q materials are smooth,
with the root-mean-square surface roughness 0.5479 and
1.1458 nm for SnySes; and CuygSnisSesy, respectively.
After annealing at 320°C for 10 min, the roughness of
SnyeSes, and Cu,eSns;Ses material increases to 0.4881
and 1.6334 nm. It is this result that implies that the internal
stress of Cu,gSns;Sesq is comparatively small, which can
assure the endurance of PCM devices.

In the phase switching process, the dramatic change
of resistivity is accompanied by the optical reflectivity.
The evolution of reflectivity during amorphization and
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Fig. 6 AFM topographic images of a as-deposited SnycSes,, b annealed SnycSes, at 320°C, ¢ as-deposited Cu,gSnjy;Sesq, d annealed

CuyeSnjsSesq at 320°C

crystallization processes are measured by the picosecond
pulse laser, which is intended to study the phase change
speed. As shown in Fig. 7a, the reflectivity of all curves
maintains a high value until a sudden drop which corre-
sponds the crystalline-to-amorphous state transition. The
time of amorphization process are 5.71, 4.61 and 3.62 ns,
with the irradiation fluences of 16.5, 19.2 and 20.3 mJ/
cm?, respectively. It is a shorter switching time that can
be obtained in a higher irradiation fluence. Then, the con-
verse phase changes are accomplished with a dramatic
increase of optical reflectivity in Fig. 7b. The process of
crystallization needs more time than amorphization pro-
cess, so the crystallization time is used to be the stand-
ard value of phase-change speed. Then crystallization
times are 4.41, 3.86 and 3.36 ns when the irradiation flu-
ences are 2.65, 2.78 and 3.56 mJ/cm?, respectively. As
is known to all, it is the crystallization time of GST that
is 39 ns, which is induced by a laser irradiation fluence
of 11.59 mJ/cm? [24]. Therefore, the switching speed of
Cu,¢Sn;;Se;q material is much faster than GST.

(a)Amorphization
*'"tfjﬂ‘s 16.5mJ/cm’
() _~4.61ns 19.2mJ/cm’
(=]
s =
S "“’tifi’_‘j 20.3 mJicm’
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S |10 o 100 200 300 400
§ 4.41ns (b)crystalllzatlozn
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[]
x ~3.8ons 2.78'mJ/cm
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Fig. 7 Reversible reflectivity evolution of Cu,sSns;Sesq material
induced by consecutive picosecond laser pulses with different flu-
ences: (@) amorphization process (b) crystallization process
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4 Conclusion

Compared with SnyeSes, material, CuygSn;;Sesq has a
lower activation energy for crystallization (1.60 eV) and a
higher crystallization state resistance. The energy band gap
of amorphous Cu,gSn;;Se;q becomes more narrow after Cu
doping, which leads to the increase of the carrier concen-
tration and the decrease of SET operation power. Besides,
the adding of Cu inhibits the crystallization Sn,sSes, mate-
rial, resulting smaller grain size of Cu,gSn3;Sesq (4.77 nm)
and more compact grain structure. A good surface rough-
ness of 1.1458 nm measured by AFM for crystalline
CuyeSn;;Sesq can ensure the quality of the electrode—film
interface. The picosecond pulse laser measurement demon-
strates that the Cu,gSn;;Se;q material has a fast crystalliza-
tion speed of 3.36 ns. Therefore, Cu,gSn;;Se;q material is a
promising candidate for its fast phase change speed in PCM
application.
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