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A study of phase transition behaviors of chalcogenide layers using
in situ alternative-current impedance spectroscopy
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Hsinchu 30010, Taiwan

(Received 29 December 2011; accepted 15 May 2012; published online 19 June 2012)

Electrical properties of chalcogenide thin films, both pristine Ge,Sb,Tes (GST) and cerium-doped
GST, were investigated by in situ alternative-current (AC) impedance spectroscopy. With the aid
of brick-layer model and nano-grain composite model, the roles of grain and grain-boundary on the
phase transition of chalcogenides were distinguished and the dominance of grain boundary was
observed. Tangent loss behaviors deduced by impedance analysis revealed alien-element doping
alters the interfacial polarization and delays the phase-transition rate of GST. Analytical results
also illustrated that the in situ AC impedance spectroscopy can be an alternative tool
for characterizing the phase-change kinetics of chalcogenides thin films with nano-scale grain
sizes. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729528]

. INTRODUCTION

Recently, phase-change random access memory
(PRAM) has attracted considerable research interests both in
the views of scientific and technological developments.'
PRAM utilizes chalcogenides as the programming layers and
their unique amorphous-to-crystalline phase transition
behaviors have been widely studied in the field of optical
memory devices.”> The advantages of chalcogenides
applied to PRAM include low power consumption, high
operational speed, high data storage density, excellent scal-
ability to nano-scale cell sizes, and good process compatibil-
ity to complementary metal-oxide-semiconductor (CMOS)
technology.6 However, insufficiency in material properties
of chalcogenides constrains the electrical performance of
PRAM as the device size continuously shrinks. To overcome
this difficulty, the chalcogenides with new chemical constitu-
tions and alien-element doping methods have been devel-
oped for physical property modifications.” At present, the
doping elements such as nitrogen (N),'°"'? silicon oxide
(Si0,), 14 oxygen (0),'>1% silicon (Si),!”'®  bismuth
(Bi),"*! tin (Sn),?' silver (Ag),*? molybdenum (Mo),** and
cerium (Ce)** have been reported and their effects on the
phase-change kinetics of chalcogenides have been studied.
Conventionally, the analyses were carried out by measuring
the change of resistance (R) of samples against the tempera-
ture either in exothermal or isothermal manner. The key
phase-transition parameters, e.g., the recrystallization tem-
peratures (7,) and activation energy (E,), were then cali-
brated so as to explore the doping effects on phase-transition
behaviors of chalcogenides.

Impedance spectroscopy is a versatile tool for character-
izing the electrical properties of materials, in particular, the
influences of interfaces on the electrical properties of sam-
ples.”” For instance, it has been applied to determine the
effects of grain boundaries on the polarization phenomena of
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ceramic materials.”**’ In doped samples, the dopants may
present as the solute atoms in the grains, segregate toward
the grain boundaries, or form the intermetallic compounds
when beyond the solubility limit. This alters the carrier trans-
ports both in grains and grain boundaries of sample and, with
the aid of equivalent circuit models, their effects on conduc-
tion behaviors can be analyzed via the impedance measure-
ment at various frequencies.”* "

Impedance spectroscopy has been applied to study the
chalcogenides, for instance, M-Sanchez et al. determined the
T, of GST annealed at different temperatures31 while Qam-
hieh et al. found the resistance property and relaxation fre-
quency of GST possess the same temperature dependence.’”
In oxygen-doped GST samples, impedance analysis revealed
the dopant indeed affects the phase-transition behaviors of
GST?? and alters the contribution of grain and grain-
boundary to the electrical properties of doped GST.**

This work establishes an in situ alternative-current (AC)
impedance measurement for analyzing the phase-transition
behaviors of pristine Ge,Sb,Tes (GST) and cerium-doped
GST (Ce-GST) in conjunction with the equivalent circuit
models, e.g., the brick-layer model (BLM)*>~” and the nano-
grain composite model (n-GCM).*® In addition to distinguish-
ing the roles of grain and grain-boundary to electrical proper-
ties, the feasibility of impedance spectroscopy to characterize
the phase-change kinetics of chalcogenides is also discussed.

Il. EXPERIMENT

The 150-nm thick pristine GST and Ce-GST layers were
separately deposited on the thermally oxidized Si wafer
substrates in a sputtering system with background pressure
better than 2 x 107® Torr. The thin-film deposition was
accomplished at the radio-frequency (RF) sputtering power
= 55W and the working pressure = 3 mTorr with argon
(Ar) as the inlet flow gas. The Ce doping was achieved by
the target-attachment sputtering method reported else-
where.?* The amount of Ce added in GST was adjusted by
adjusting the number of Ce pellets attached on the GST

© 2012 American Institute of Physics
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FIG. 1. Schematic illustration of the setup of in situ electrical measurement
system.

target and, in this work, the Ce-GST sample contained about
2.35 at. % Ce.

The electrical properties of chalcogenide samples as a
function of temperature were acquired in an in situ manner
by an electrical measurement system equipped with the
LABVIEW' ™ 7 data acquisition software schematically
illustrated in Fig. 1. The samples were placed in a heating
chamber with Ar as the protecting gas and heated to desired
temperature at a rate of 1°C/min. The R values of samples
were measured by two-point probe method and acquired by
the data acquisition system in every 15s. The impedance
data were measured at temperatures of 100, 150, 175, 200,
225, 250, 275, 300, 325, and 350°C in the frequency range
of 40 Hz to 10 MHz at a constant voltage of 0.5 V. At each
test temperature, the impedance data scan in such a fre-
quency range took about 30 s. The contributions of the grain
and the grain boundary to electrical properties of chalcoge-
nide samples were then differentiated by fitting the imped-
ance data in terms of above-mentioned equivalent circuit
models utilizing the zviEw software.*® The electrical property
data included the values of R and capacitance (C), e.g., R,
and C, for the grain and R, and C,, for the grain boundary.
X-ray diffraction (XRD) measurements were performed in
a Bruker Instruments D8 DISCOVER system within the
Cu-K, radiation at wavelength of 0.15406 nm, scan rate of
0.04°/s, and a fixed x-ray grazing incidence angle of 2°.

Ill. RESULTS AND DISCUSSION
A. Microstructures

Figures 2(a) and 2(b) separately present the XRD profiles
of pristine GST and Ce-GST samples subjected to 1 h anneal-
ing at various temperatures of 200, 250, 300, and 350°C. It
can be seen that the GST possesses the face-centered cubic
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(FCC) structure at temperatures below 300 °C and transforms
to hexagonal structure when the sample is heated to 350°C.
As shown in Fig. 2(b), amorphous-to-FCC phase transition
similarly occurs in Ce-GST. However, Ce-GST remains in
FCC structure at all test temperatures, implying that the Ce
doping may stabilize the GST in the FCC status.

A calibration of full-width-half-maximum (FWHM) of
the characteristic XRD peaks shown in Fig. 2 found that
the FWHM decreases with the increase of annealing tem-
perature for both GST and Ce-GST. Moreover, the FWHM
of Ce-GST is larger than that of pristine GST at the same
temperature, e.g., FWHM ) =2.04° for Ce-GST while
FWHM 500y = 1.15° for GST at 300 °C. The peak broaden-
ing implies a grain refinement in the doped sample as pre-
dicted by the Scherrer’s formula,*® a result similarly
observed by the transmission electron microscopy on GST
and Ce-GST reported previously.?* Notably, no XRD peak
corresponding to the Ce-related intermetallic compounds
was observed in Fig. 2(b). The Ce-GST hence remained in
solid-solution form or, the Ce elements present in GST ma-
trix as the solute atoms.

Figure 3(a) presents the correlation of annealing temper-
ature with the grain size of chalcogenide samples deduced
by the FWHM analysis of XRD profiles shown in Fig. 2 and
TEM characterizations shown in Figs. 3(b)-3(e).The grain
size of Ce-GST is apparently smaller than that of GST at the
same annealing temperature, evidencing the grain refinement
due to Ce doping. Moreover, the TEM micrographs depict
the equiaxial grain structures with relatively uniform grain
sizes in nanometer scale for both GST and Ce-GST. As illus-
trated by the electrical analysis presented below, the AC im-
pedance spectroscopy is a feasible tool for analyzing the
chalcogenide thin films within nano-scale grain sizes.

B. Electrical analysis

In this work, titanium (Ti) thin film was adopted as the
electrodes of samples due to its Ohmic contact feature with
the chalcogenides as revealed by the /-V measurement shown
in Fig. 4(a). Moreover, the transmission line model (TLM)
measurement®' revealed the specific contact resistance (Rg)
of Ti with GST and Ce-GST is 19.8 Q and 306.06 Q, respec-
tively, as illustrated by Fig. 4(b). The relatively low Rg’s for
Ti/GST and Ti/Ce-GST systems indicate that Ti is a suitable
electrode material for chalcogenides. Notably, the presence
of contact resistance has been incorporated in subsequent
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FIG. 3. (a) Correlation of annealing temperature with grain size of chalco-
genide samples deduced by the XRD FWHM analysis shown in Fig. 2 and
TEM characterizations. Plan-view TEM micrographs of Ce-GST layers
annealed at (b) 250 °C and (c¢) 300 °C for 1 h and GST layers annealed at (d)
250°C and (e) 300 °C for 1 h.

analysis based on the equivalent circuit models. It was found
that the addition of Rg’s causes the shift of impedance plots
(i.e., the plots of —Im(Z) vs. Re(Z)) without altering the geo-
metries of semi-circles corresponding to the grain and grain
boundary. Since the analysis is aimed at those semi-circles,
the incorporation of Rg hence has no influence on the results
of electrical analysis once the electrode material is properly
selected.

Figure 5 presents the resistance profiles of GST and Ce-
GST as a function of the temperature deduced from the in
situ electrical measurement. According to the derivatives of
resistance profiles, the phase-transition temperatures (7,’s)
of GST and Ce-GST were determined as 153 and 219°C,
respectively. The increment of 7, in doped sample is
ascribed to the stress field induced by the uniformly dis-
persed Ce solutes in GST matrix that inhibit the grain growth
and coalescence during the recrystallization.”* In addition to
the dramatic improvement of thermal stability revealed by
Fig. 5, a unique feature of Ce doping is that it does not sup-
press the resistance level of amorphous state, i.e., it effec-
tively stabilizes the amorphous GST. Unlike other metallic
dopants which often cause the resistance drop in amorphous
state,'®% Ce doping is able to preserve the resistance ratio
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FIG. 4. (a) The -V characteristics of Ti/GST and Ti/Ce-GST systems. The
straight lines imply the Ohmic contact feature of Ti on GST and Ce-GST.
(b) TLM measurement for the specific contact resistances of Ti on GST and
Ce-GST layers subjected to 1 h annealing at 300 °C.

of amorphous to crystalline GST at about five orders of mag-
nitude. This would benefit the signal contrast when Ce-GST
is implanted in PRAM. As to the crystalline Ce-GST, its re-
sistance level is moderately higher than that of pristine GST
at the same temperature. This is ascribed to the grain refine-
ment which increases the number of grain boundaries in
doped sample. It amplifies the charge scattering effect and
thus escalates the resistance level of crystalline Ce-GST.

A typical example of impedance plots deduced from the
impedance analysis for 300 °C-annealed GST is shown in
Fig. 6(a). The equivalent circuit for data analysis is also
depicted in the inset at the bottom of Fig. 6(a). It was
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FIG. 5. Resistance profiles of GST and Ce-GST as a function of
temperature.
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FIG. 6. (a) An example of impedance plots for GST sample subjected to
300°C annealing for 1h. The inset shows the equivalent circuit model for
data analysis. (b) Evolution of first semicircles or, the grain-boundary
response, for GST and Ce-GST as a function of temperature based on BLM
analysis.

constructed in terms of the BLM that the electrical response
of samples can be termed as a parallel RC circuit with the
grain and grain-boundary components acting in series man-
ner. As illustrated in Fig. 6(a), the impedance plot can be de-
convoluted into two semicircles, e.g., the low-frequency
semicircle corresponds to the grain-boundary response (i.e.,
the first semicircle), whereas the high-frequency semicircle
corresponds to the grain response (i.e., the second semi-
circle). Notably, the BLM is essentially applied to the poly-
crystalline samples since its hypotheses include the cubic
grains and laterally homogeneous grain boundaries with
identical physical properties. On the contrary, the structure
irregularity in amorphous sample implies no preferential
path for current flow. The weak frequency response hence
diminishes the semicircle feature in impedance plot for
amorphous sample. As a result, the progress of amorphous-
to-crystalline transition in GST can be elucidated by the evo-
lution of impedance plots for the samples annealed at various
temperatures.

Figure 6(b) presents the evolution of first semicircles
(i.e., the grain-boundary response) for GST and Ce-GST as a
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function of temperature. It can be readily seen that, due to
the grain refinement in doped sample, the Re(Z) level of
Ce-GST is higher than that of pristine GST at the same
temperature. This is in agreement with the resistance profiles
presented in Fig. 5 which depicts a higher resistance for
crystalline Ce-GST than that for pristine GST at the same
temperature. As mentioned above, the emergence of grain-
boundary semicircle can be regarded as the onset of phase
transition in chalcogenides. Figure 6(b) indicates that such
semicircles separately emerge at 160 and 225°C for GST
and Ce-GST, about the same as the values of T, deduced by
the resistance profiles depicted in Fig. 5. Due to the
difference in atomic sizes (rc. =0.185nm; rg. =0.125nm;
rsp = 0.145nm; rp.=0.140nm), Ce doping causes the dis-
tortion of GST lattice and the resulted stress field would
retard the recrystallization. This implies a higher T, for Ce-
GST and the hindrance of grain-boundary motions conse-
quently delays the emergence of grain-boundary semicircles
for doped sample.

In order to explore the limitations on impedance analysis
in terms of the grain size, the n-GCM analysis proposed by
Kidner er al.*® was also adopted for electrical analysis. Such
an analysis considers the effects of grain size on electrical
properties by calculating the grain-core volume fractions (¢)
of sample as its grains evolve from the microcrystalline form
(¢ — 1) to the nanocrystalline form (¢ — 0). Figure 7(a)
plots ¢ against the test temperature for GST and Ce-GST
samples in accord with the n-GCM analysis. Compared with
Ce-GST, the pristine GST was found to possess a larger ¢
value at the same temperature and hence, a much obvious
grain size effect on the electrical properties.

Variations of Rgy,, Ry, Cgp, and C, as a function of tem-
perature deduced from the impedance analysis based on the
BLM are separately plotted in Figs. 7(b)-7(e). The variations
of Ry, and R, as a function of temperature calculated in
terms of the formulation proposed by Kidner er al.*® are also
presented in Figs. 7(b) and 7(c). It can be see that the BLM
and n-GCM analyses yield a rather similar R, behavior
against the temperature as illustrated by Fig. 7(b). Though
Fig. 7(c) indicates some discrepancies in R,’s as predicted
by these two equivalent circuit models, the levels of R,’s are
in fact far insignificant than that of R,,’s. As a result, the
classical BLM analysis remains in an appropriate tool for im-
pedance analysis on the samples with nano-scale grain sizes.

As shown in Figs. 7(b) and 7(c), decrease of R, and R,
with the increase of temperature for GST and Ce-GST illus-
trates that annealing treatment improves the crystallinity and
eliminates the grain boundaries in both samples. This sup-
presses the scattering of charge carriers during transport and
hence results in the decrease trend of resistance. Notably,
both R, and R, for Ce-GST are always higher than that of
GST at the same temperature. This is ascribed to the grain
refinement effect in doped sample, resulting in a higher
amount of grain boundaries to impede the carrier transport in
Ce-GST.

It is known that the characteristic time (7) of the parallel
RC circuit can be expressed as T=RC.** The decrease trend
of R, hence implies the increase trend of Cg, as shown in
Figs. 7(b) and 7(d). Moreover, the decrease trend of R, with
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RC circuit principle. A comparison of Figs. 7(c) and 7(e)
found that the magnitude of C, is in fact negligibly smaller
than that of C,, and the insignificant C, should result from
the thermal fluctuation effects. C, is known to correlate to
the presence of electric dipoles in the grains. Since this study
collected the electrical data in an in sifu manner, the random-
ization of dipole alignment became severe with the increase
of test temperatures and consequently weakened the per-
formance of C,.

Figures 7(b)-7(e) clearly indicate that the electrical prop-
erties associated with grain-boundary are far more significant
than those corresponding to grain and R, is the physical
property most sensitive to the change of test temperature.
Grain boundaries are well-known structural discontinuities
adverse to the electrical conductivity of polycrystalline sam-
ples. Deep electron trap states may form in grain boundaries,
causing the charge build-up and pinning effects. The domi-
nance of grain boundaries in the charge transport process of
chalcogenides hence implies that the electrical properties rele-
vant to grain boundaries can be adopted to analyze their
phase-transition behaviors.

The data of R, presented in Fig. 7(b) were fitted by a
sigmoid-shaped profile as follows:

where R, and R, is the maximum and minimum values
of R, shown in Fig. 7(b) and AT is the temperature span of
recrystallization process. As indicated by the results sum-
marized in Table I, T,’s obtained by such a curve fitting anal-
ysis are 148 and 216 °C for GST and Ce-GST, respectively,
which are in good coincidence with the values of 7', deduced
by resistance profiles presented in Fig. 5. Moreover, Table I
shows that Ce-GST exhibits a wider AT span in comparison
with GST. This implies that Ce doping escalates the barrier
of phase transition and thus delays the phase transition. This
is consistent with the late emergence of grain-boundary
semicircles in impedance plot for Ce-GST as depicted in Fig.
6(b). Analytical results presented above illustrate alien-
element doping hinders the phase transition although it might
improve the thermal stability of GST. This might affect the

TABLE I. Curve fitting results of R, for GST and Ce-GST.

Rinax () Rinin () T, (0 AT (°C)
GST 2.6 x 106 710.2 148 33
Ce-GST 4.3 x 106 1527.4 216 11.1
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operational characteristics of PRAM containing doped chal-
cogenides and hence further investigation is required.

Loss tangent (tan o) profiles of GST and Ce-GST at dif-
ferent temperatures as a function of measured frequency are
separately plotted in Figs. 8(a) and 8(b). Note that there is no
characteristic peak in the tan J plot at the temperatures below
T, implying the absence of space charge response in amor-
phous chalcogenides. Moreover, the loss phenomena
occurred in the frequencies less than 1.5 MHz, indicating the
space-charge polarization is the dominant mechanism in
GST samples. As mentioned above, grain boundaries can be
termed as the transport barrier to induce the charge accumu-
lation at the interfacial regimes. As the space charges at the
grain boundaries alter the local electric field, the interfacial
polarization hence results in the semicircle feature corre-
sponding to grain boundaries presented in Fig. 6.

Figures 8(a) and 8(b) also indicate that the peaks of
tan d shift toward the high-frequency side for both samples
when temperature is increased and the loss value of Ce-GST
is higher than that of GST at the same temperature. The loss
tangent peak emerging at a specific frequency (f,,,,) implies
the occurrence of dipole relaxation in the samples. The ther-
mal fluctuation promotes the dipole relaxation and hence the
peak shifts towards the higher-frequency side when tempera-
ture is increased. The higher loss property of Ce-GST indi-
cates that doping amplifies the interfacial polarization in
GST samples. It is known that Ce possesses a relatively
small electronegativity () in comparison with the elements
of GST (yce=1.2; yge=1.8; xsp =1.9; y1.=2.1). The dif-
ference in y might alter the chemical bond types in Ce-GST

16
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FIG. 9. Logarithm of the f;,.x of tan d profiles versus the reciprocal of the
temperature for GST and Ce-GST.

and enhance the rigidity of dipole motions. This dipole
motions in alternative bias field were hence restricted, result-
ing in a higher tan ¢ value for doped sample.

The circuit theory indicates that f,,,, is related to the
characteristic time 7 by the expression of T=w ' =RC,
where o = 27f,ax.** Note that 7 depicts the time required
to charge the capacitor in the RC circuit. Figure 8 shows
that the f,,,. for Ce-GST occurs in the frequency range of
22-600 kHz, comparatively lower than that of GST in the
range of 75kHz—1 MHz. As a result, the tTc..gst is larger
than tggr, implying the time of charge transit across the
grain boundaries in Ce-GST is longer than that in GST. This
supports the argument that Ce-doping enhances the interfa-
cial polarization in chalcogenides proposed previously.

According to McCrum et al.,43 tan J can be expressed as
CoR
tand = a)2 sb7s . 2)
1+ (wRy)™(Cy + Cgp)Cy
As indicated by Figs. 7(b)-7(e), Ry, >R, and

@’RgRe»Cy, > 1. The angular frequency corresponding to
the maximum of tan J, w ., can thus be expressed as

1 1
Wmax Rg Cg(Cg T Cgb). (3)
The variation of m,,,x as a function of temperature can be
plotted by substituting the values of R,, C,, and C,, as
depicted in Figs. 7(c)-7(e). By assuming the Arrhenius behav-
ior of 7,* activation energy (E,) of the phase-transition pro-
cess can be determined by the slope of the plot of In(f;.x)
versus reciprocal of temperature as presented in Fig. 9. The
values of E, for GST and Ce-GST were found to be 2.23 and
3.29eV, respectively. The increase of E, due to element dop-
ing is in agreement with the values deduced from conven-
tional methods such as Kissinger’s analysis.® Analytical
results presented above hence demonstrated that the in situ
AC impedance measurement can be an alternative tool for

analyzing the phase-transition kinetics of chalcogenides.

IV. CONCLUSIONS

This work demonstrated that in situ AC impedance spec-
troscopy is a feasible tool to characterize the phase-transition
behaviors of chalcogenide thin films with the nano-scale
grain sizes. The impedance analysis in conjunction with the
BLM and n-GCM models illustrated that the physical
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properties associated with the grain boundaries dominate the
phase-transition behaviors of chalcogenide samples. More-
over, the loss tangent property deduced from the impedance
measurements can be applied to determine the E, value of
the phase transition. In this study, the values of E, for pris-
tine GST and Ce-GST were found to be 2.23 and 3.29eV,
respectively, which are in agreement with those determined
by the conventional methods such as Kissinger’s analysis.
The high E, observed in the doped sample is ascribed to the
difference in the atomic size and electronegativity of the Ce
dopant with the elements of GST. The Ce dopant disturbs
the space charge distribution and amplifies the interfacial
polarization in GST, leading to the higher resistance and loss
tangent features in Ce-doped GST.
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