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ABSTRACT

Doping is an effective way to improve the performance of conventional phase-change materials. We introduced an alkaline element calcium
(Ca) in GeTe films and studied their crystallization kinetics by using flash DSC. It was found that a small amount of Ca doping (4.0 at. %)
can significantly enhance the thermal stability, but the maximum crystal growth rate does not decrease significantly. Moreover, no any Ca-
related crystalline phase and Ca-related chemical bond can be found in Ca-doped GeTe, implying that Ca atoms are in free state in GeTe

matrix.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051288

Phase-change memory based on the Ovshinsky effect' nowadays
is becoming one of the most potential candidates for the next genera-
tion of nonvolatile memory, which thanks to its large-scale integration,
low power consumption, good data retention ability, fast operation
speed, and the excellent compatibility with complementary metal
oxide semiconductor technology. Phase-change memory is also prom-
ising as “in computing” memory to overcome the data traffic bottle-
neck between central processing units and memory units. Recently, a
concept of “neuro-morphological computing” has been proposed in
the field of phase-change memory, and many works have focused on
the so-called phase-change neuro-inspired devices.” *

It is noted that the super-high integration and ultra-fast infor-
mation processing in phase-change neuro cells depend on the excel-
lent amorphous thermal stability and rapid crystallization rate in
phase-change materials (PCMs), respectively. Therefore, the crystal-
lization kinetics of PCMs that can be used to quantitatively estimate
thermal stability and crystallization rate must be performed before
designing phase-change neuro cells.” An ultra-fast differential scan-
ning calorimetry named Flash DSC has been employed to study the

crystallization kinetics of PCMs. In combination with suitable vis-
cosity model and the Kissinger method, many conventional PCMs,
such as the Ge,Sb,Tes (GST),” AgssIngsSbaoTeso (AIST),” and
GeTe,” were confirmed to have fast crystallization rate approaching
their melting temperature (T},). Rao et al. designed Sc,,Sb,Tes-
based PCMs with a sub-nanosecond operation speed’ and demon-
strated that the Sc,,Sb,Tes has fast crystal growth rate at 0.73 Tp,."’
However, the amorphous thermal stability of such PCMs is not
good enough to meet the requirement of the phase-change neuro
application at all.

In the previous work, we introduced an alkaline element calcium
(Ca) in GST but no significant enhancement of amorphous thermal
stability was found even in the film with the moderate Ca concentra-
tion of 6.4 at. %, and thus, we did not study the crystallization kinetics
of Ca-doped GST."" Since GeTe has better thermal stability than GST,
in this work, we prepared Ca-doped GeTe films and investigated their
crystallization kinetics by Flash DSC. It was found that Ca atoms (with
a concentration of 4.0at. %), which are in the free state and may
occupy the vacancy sites in GeTe matrix, can significantly enhance the
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FIG. 1. The Flash DSC traces of GTC with different heating rate. The inset is an
enlarged figure of the main panel for the DSC traces at low heating rates where the
black arrows indicate the value of their respective T,

thermal stability without sacrificing the maximum crystal growth rate
very much.

GeTe (GT) and Ca,4(GeTe)oso (GTC) films with a thickness of
~200 nm were deposited on SiO,/Si(100) and NaCl(100) substrates by
the magnetron sputtering method at a room temperature. A single
GeTe target was installed on DC source with a sputtering power of
50 W to obtain the pure GeTe films. The separated GeTe and Ca tar-
gets were installed on DC and RF source, respectively, with the sput-
tering power of 50 W and 27 W, to prepare the Ca,o(GeTe)gs o films.
Finally, another thin SiO, layer (about 5 nm) was deposited on the top
of each film using a single SiO, target with a RF power of 20 W and a
deposition time of 5 min to prevent the possible surface oxidation. The
background pressure was less than 5.0 x 107 Pa, and the sputtering
pressure was set to 0.4 Pa with Ar gas flow. The compositions of these
films were examined by energy dispersive spectroscopy (EDS, Tescan
Vega 3SBH), and they are Geyg43Tes;s; and GeyssTe€4950Cas 08,
respectively. The films were annealed at different temperatures by
using a rapid annealing furnace with a heating rate of 100K s~ in N,
gas flow. Amorphous/crystalline structures and crystallization behav-
iors of these films were studied by using x-ray diffraction (XRD,
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Bruker D2 PHASER diffractometer, with the Cu/Ko radiation wave-
length of 0.15405 nm) and Raman spectroscopy (Renishaw inVia, with
the pump laser of 785nm). The chemical bonding information in
GeTe and Cayo(GeTe)oso was investigated by x-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha™). The non-isothermal
calorimetry was performed by flash differential scanning calorimetry
(Flash DSC, Mettler Toledo Flash DSC 1), which had a fast scanning
rate more than 40 000 K s~ ' and high measurement precision, to study
the crystallization kinetics of phase-change materials. The film depos-
ited on NaCl (100) substrate was easily removed in distilled water, and
thus dozens of nanogram materials can be obtained for Flash DSC
measurements.

We first performed the flash DSC to study the crystallization
kinetics of GT and GTC films. Figure 1 is the typical Flash DSC traces
of GTC. With the increase in heating rate from 50 to 40 000 K s L T,
(the temperature of exothermic peak in Fig. 1) increases from 566 to
687 K. The Flash DSC traces of GT were also measured but not exhib-
ited here. T}, values of GT and GTC were plotted in Fig. 2(a) by using
the Kissinger equation as follows:

gY__ Q
zn(ﬁ)_ s, (1)

where Q is the activation energy for crystallization, R is the ideal gas
constant (8.314] mol ™' K™'), A is a constant, and ¢ is the heating
rate. All the Q values of GT and GTC decrease obviously when the
temperature increases, implying a strong non-Arrhenius behavior in
these phase-change supercooled liquids.

Henderson believed that, when the T}, is equal to the temperature
at which the crystallization fraction is 63% (Toe3), it is reliable using
Kissinger method to estimate the crystallization kinetics.'” This
assumption is also valid to study the crystallization kinetics in phase-
change materials.” Together with the generalized Mauro-Yue-
Ellison-Gupta-Allan (g-MYEGA) viscosity model, we first performed
Johnson-Mehl-Avrami (JMA) numerical simulation, which was
widely used in previous works,”'*"'” to approximate the heating pro-
cess with the same scanning rate in Fig. 1. It was found that T}, values
obtained from numerical simulated traces are in accord with those
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FIG. 2. (a) Kissinger plots of GT and GTC. The hollow squares and starts represent the flash DSC data for GT and GTC, respectively. The curves represent the related crystal-
lization kinetics coefficient Uy, that are fitted by the g-MYEGA viscosity model. (b) Angell plots of GT and GTC. The glass transition temperature (Tg) of GT is 432.1 K. The Ty
of GTC is also set to 432.1 K because of the less amount Ca doping. The thin blue and black curves are the Angell plots of GT and GTC fitted by g-MYEGA viscosity model.
The thick curves indicate the Flash DSC measurement temperature region. The hollow rhombuses represent the viscosity data of GT around Ty, ',
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TABLE I. The fitted parameters and some crystallization kinetics parameters of GT and GTC.

scitation.org/journal/apl

PCMs C Wi (K) W, (K) G (K) G, (K) oo (Pas) T, (K) f m
GT -1.0 0.048 0.048 2782 2782 107308 e e 112
GTC -28 2272 0.00328 5559 1340 107>0¢ 645 1.07 67

obtained from the measured traces in each heating rate, implying sim-
ulated DSC traces can be used to confirm the validities of the Kissinger
method in the crystallization kinetics study of GT and GTC super-
cooled liquids. We then compared the difference between T}, and Tg 63,
and found that there is no obvious divergence even at the highest heat-
ing rate of 40 000 K s~ ' (the difference is less than 1 K). This supports
us to study the crystallization kinetics further based on the Kissinger
results in Fig. 2(a).

The crystallization kinetics coefficient Uy, and viscosity 1 can be
transposed each other by using Stokes-Einstein relation,"”

loglo Ukin = C — 10g10’7, (2)

where C is a constant. The temperature dependent viscosity 1 can be
depicted by g-MYEGA viscosity model,”’

1

log, o1 = log, o1 + C C , (3
1 2
T{Wlexp( ) + erxp<—?)]

T
where 7, is the viscosity at infinite high temperature and all Wy, W,,

C,, and C, are the temperature related constants. Replacing Eq. (3)
into Eq. (2), the Uy, can be expressed as follows:

1

log,, Ukin = C — log,y1, — C ANE
T {Wlexp <— —1) + Whexp (— TZ)}

T
)

Employing this expression, the relative Uy, can be obtained as shown
in Fig. 2(a). The fitted parameters are listed in Table I. As we see that
GT has the values of W, = W, and C; = C,, while GTC has fitted val-
ues of W; # W, and C; # C,, indicating nonexistence and existence
of fragile-to-strong (FS) transition in the respective supercooled liquid.
We estimated the FS temperature (¢ ) by the following expression:

T — C -G
£ lT’lWl—ZT’lW2‘

It yields the Tt of 645K for GTC. However, the FS transition magni-
tude (f) is just 1.07, which is very close to 1 (f= 1 means no FS transi-
tion). Such results can also be found in the Angell plots as shown in
Fig. 2(b). Compared with the results in Zn-Sb-Te film reported
before,'” there is no distinct FS transition in GT and GTC studied
here. Another important crystallization kinetics parameter, the super-
cooled liquid fragility m can be calculated by the following equation:”'

m= [810g10'7/8(T/T3)]T:T3' ©

It yields the m is 112 and 67 for GT and GTC, respectively. The value
of fragility index of GeTe has been already reported in the previous
work,"” and it is also in accord with the result estimated by Sosso et al.

(©)

with large-scale molecular dynamics (m is 111 for GeTe).”” The fragil-
ity index of Cayo(GeTe)os is lower than that of GST (m=90) but
similar to that of Ge;Sbos (m = 65).””" As we can see that although the
less amount of Ca doping could not induce any distinct FS transition
in the supercooled liquids, the value of m is significantly decreased,
indicating that a stronger structure (near Tg) is built with doping. This
is also the interpretation for the enhancement of amorphous thermal
stability in GeTe by a small amount Ca doping.

Considering that the crystal growth is mainly governed by the
diffusion processes at the crystal-liquid interface in phase-change
supercooled liquids, the absolute value of Uy, at T, can be estimated
by the Stokes-Einstein relationship.” With Ty, of 1000 K and the corre-
sponding viscosity of 1 x 107*%% Pa s, the absolute value of Uy, at Ty,
was calculated as 16.57 m s .. According to this absolute value, we
adjusted the temperature dependent Uy, that was depicted in Fig. 2(a)
to be absolute one. Then, the temperature dependent crystal growth
rate U can be extrapolated by the following expression:”*

U = Uin {1 — exp<—%>] , (7)

where R is the ideal gas constant (8.314] mol™' K™') and AG is the
driving force of crystallization. For chalcogenide supercooled liquids of
PCMs, the AG obeys the following expression:*

_ AH, (T, —T) ( 2T
AG = T (Tm + T)’ ®

where AH,, is melting latent heat, being 17.9k] mol ™' for both GT
and GTC. We finally extrapolated and obtained the reduced tempera-
ture dependent U in the supercooled temperature range (T to Ty,,) as
shown in Fig. 3. The extrapolated results of GeTe are in good agree-
ment with the crystal growth rates estimated by the methods of optical
reflection,” in situ TEM,” and dynamic TEM,” in both high and low
temperatures. Compared with the extrapolated U of GT, the U of GTC
significantly decreases as the temperature far away from T, i.e., the U
of GTC is about three orders of magnitude lower than that of GT
when the temperature is 0.5 Tp,,. This result supports the conclusions
that less amount Ca doping can enhance thermal stability very well.
Moreover, in the inset of Fig. 3, the maximum crystal growth rate
(Upax) of GTC is 3.14 m s~ ' at 0.84 T, which is very close to that of
GT (3.55m s ' at 0.82 T,,), indicating that the fast crystal growth rate
of GT is insignificantly decreased by the small amount of Ca doping.

From the crystallization kinetics results mentioned above, we
concluded that the small amount of Ca doping (4.0 at. %) in GeTe can
enhance the thermal stability significantly near T, without sacrificing
the crystal growth rate very much near T),,. The question, therefore,
moves to that why the small amount doping can make such prominent
effects on the crystallization kinetics. Thus, we further investigated the
amorphous and crystalline structures of GT and GTC by using XRD,
Raman, and XPS.
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FIG. 3. Reduced temperature (T/T,) dependences of crystal growth rate for GT
and GTC supercooled liquids with logarithmic plot. The thick curves are the flash
DSC measurement temperature range. The green rhombus, bule cycle, and orange
triangle- are the crystal growth rate measured by optical reflection,”® dynamic
TEM,”" and in situ TEM, respectively. The inset is the temperature dependent
crystal growth rate with linear plot.
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Figures 4(a) and 4(b) show the XRD patterns of GT and GTC
films, respectively. As we see that, there is no sharp diffraction peak in
the as-deposited films, implying all the as-deposited films are amor-
phous. Three distinct diffraction peaks of (021), (202), and (220),
which belong to GeTe crystalline phase, can be found in 513K and
573K annealed GT. Following the standard PDF card (No. 7-125)
from JCPDS-ICDD (International Center for Diffraction Data) in
2004, here we labeled the Miller indices in Figs. 4(a) and 4(b). The
crystalline GeTe phase is distorted NaCl structure, and the corre-
sponding space group is R3m, which are in line with the reported
results.”® Such diffraction peaks could not be found in 513 K annealed
GTC film because only amorphous state was shown in this film, but
they were found in 573 K annealed GTC film due to the presence of
crystalline structure. Figures 4(c) and 4(d) show the Raman spectra of
GT and GTC. Four bands of A, B, C, and D, which are located at 77,
125, 160, and 221 cm™ ', respectively, can be found in the as-deposited
films. These bands are the typical Raman shifts of amorphous GeTe,””
indicating that the as-deposited films are all amorphous. It was found
that two new peaks located at 87 (peak E) and 118cm ™' (peak F),
which are the typical Raman peaks of crystalline GeTe, are presented
in 513K and 573 K annealed GT films. However, there are A, B, C,

Intensity (a. u.)

10 20 30 40 50 60
20 (°)
(b)

GTC

Intensity (a. u.)

50 100 150 200 250 300
Raman shift (cm™)

(d)

FIG. 4. XRD patterns of as-deposited, 513 K annealed, 573K annealed (a) GT and (b) GTC films. Raman spectra of as-deposited, 513 K annealed, 573 K annealed (c) GT,

and (d) GTC films.
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FIG. 5. The XPS spectra of (a) Ge 3d, (b) Te 3d, (c) Ca 2p, for GT and GTC films.

and D peaks in 513K annealed GTC film and E, F peaks in 573K
annealed GTC film. These evidence are in good agreement with the
XRD results and strongly support that the less amount of Ca doping
can significantly enhance the thermal stability of GeTe without any
dopant Ca-related phase separates out.

It is clear that there is no Ca-related crystalline phase in the
matrix of GTC. Thus, it is arguable whether Ca-related chemical
bonds can be formed in amorphous GTC matrix to affect the crys-
tallization kinetics? We then performed XPS measurements to solve
this argument. In order to distinguish the possible effect of surface
oxidation and 5 nm thick SiO; layer, a surface layer with the thick-
ness of ~20 nm was removed from the film by ion sputtering before
the XPS measurements. Figure 5 shows the XPS spectra of the as-
deposited GT and GTC films. For GT, the binding energy of Ge 3d,
Te 3ds/,, and Te 3d;),, is 29.6, 572.3, and 582.7 eV, respectively. For
GTC, the same binding energies can be found, indicating less
amount of Ca doping could not change the chemical surroundings
in the matrix of GT. In other words, there is no Ca-Ge and/or Ca-
Te bonds in GTC film. Moreover, the binding energy of Ca 2ps/,
and Ca 2p;,, can be found as 346.7 and 350.3 eV, respectively, in
GTC film. Such binding energies are in agreement with the values
for bulk material or elemental Ca, which are tabulated in the XPS
handbook.™

Together with all the results above, it is believed that Ca atoms
are in the free states in GeTe matrix, which is similar to the Ca element
in GST."' Some of the vacancies in GeTe, which is the key for fast crys-
tallization and good thermal stability in PCMs, might be occupied by
these Ca atoms and then affects the crystallization kinetics.

In summary, we studied the effects of small amount Ca doping
(4.0at. %) on the crystallization kinetics of conventional GeTe PCMs
by the Flash DSC. It was found that the doping can significantly
enhance the thermal stability near T, (the U of Ca,(GeTe)os is one
or two of magnitudes lower than that of GeTe) without sacrificing
much crystallization rate near T, (the Up,, of Cayo(GeTe)gso and
GeTe s 3.14 and 3.55 m s~ ', respectively). The supercooled fragility m
decreases from 112 to 67, indicating the weak structure of GeTe near
T, becomes moderate strong one. Moreover, from XRD, Raman, and
XPS measurements, no Ca-related crystalline phase and Ca-related
chemical bonds can be found in Cayo(GeTe)oso matrix. This implies
that the small amount of Ca is in the free state in GeTe matrix.
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