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. We fabricated C-doped (1.5 wt.%) In;Sb, Te, (CIST) thin films with amorphous phase (a-CIST) using a

. sputter method. Two electrical-phase-changes at 250 and 275 °C were observed in the sheet resistance
measurement. In order to understand the origin of these electrical-phase-changes, all samples were

. characterized by XRD, TEM, and HRXPS with synchrotron radiation. In a-CIST, only weak Sb-C bonding

. was observed. In the first electrical-phase-change at 250 °C, strong Sb-C bonding occurred without an

© accompanying structural/phase change (still amorphous). On the other hand, the second electrical-
phase-change at 275 °C was due to the structural/phase change from amorphous to crystalline without
a chemical state change.

. Phase-change materials have potential applications in non-volatile random access memory devices (PRAM),
. where they may eventually replace Si-based chips!2. The utility of these materials stems from extreme changes
. in both optical reflectivity and electrical resistance during the amorphous-to-crystalline phase change at low
- temperature®. Most researchers have studied Ge,Sb,Te; ternary alloys (GST) which are widely used in memory
. devices because of their proper phase-change temperature of 180 °C and their high phase-change speed*. To
improve properties of phase-change materials, so as to achieve more stable amorphous phases, faster phase tran-
© sitions, higher integration, etc., recently studies have employed doping in the hope of finding new phase-change
. materials®™. In,Sb, Te, (IST) is a good candidate for phase-change, random access memory materials because it
. undergoes multiple phase changes’. Previously, we determined that the phase-change mechanism of IST origi-
nated from chemical phase separation during the phase-change and we assumed that it is non-reversible because
of Sb structural instability'. However, it is important to continue investigating the multi-phase-change prop-
erty of IST because of its potential to dramatically increase the integration of memory devices. To overcome the
structural instability of the IST phase-change, doping studies are a reasonable starting point. Recently, Kim et al.
© reported that a carbon-doped IST displayed higher retention than an IST ternary alloy'!. In case of device feature,
- this result is very promising in PRAM commercial product. However, the phase-change mechanism was not fully
- understood in physical and chemical terms because they used only transmission electron microscopy (TEM) to
investigate the phase-change trend!!.

In this study, we fabricated a C-doped (1.5 wt.%) In;Sb, Te, (CIST) thin film in an amorphous phase (a-CIST)
using a sputter method. In order to understand the origin of electrical-phase-changes, all samples were char-
acterized with x-ray diffraction (XRD) and high-resolution x-ray photoelectron spectroscopy (HRXPS) with
synchrotron radiation.

Results and Discussion

To document the resistance change, we measured the sheet resistance while increasing the temperature from
150°C to 400°C (Fig. 1a). Around 225 °C in the pure IST sample, we observed a large change in sheet resistance.
However, the sheet resistance of CIST is changed at 250 °C (A in the Fig. 1a). The sheet resistance also changed
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Figure 1. (a) Sheet resistance and (b) structural information using HRXRD and TEM during the phase-change.
At ~350°C, the phase-change of a-CIST was indicated by a change of resistance and crystallinity.

again at 275°C (B in the Fig. 1a). This confirmed that the carbon doping effect in IST was due to the increased
phase-change temperature. This result is similar to that of nitrogen doping in GeTe and GST>'>%.

To investigate the physical origin of these sheet resistance changes in more detail, the structures of all of the
samples annealed at elevating temperature were characterized by XRD and TEM (Fig. 1b). When the sample was
annealed to around 250 °C, broad peaks by a typical amorphous phase (a-CIST) are observed in the XRD patterns
except two very low-intensity peaks at 29° and 39° 26 that could be indexed as (202) and (400) crystallographic
plane of InTe phase'®. Additionally, this crystalline phase was confirmed by observation of the lattice fringes in
the TEM image (Fig. 1b). From the diffraction peaks in the XRD patterns at annealing temperatures at 350 °C
and 450 °C, we confirmed that most of a-CIST phase transformed into crystalline phases which correspond to
cubic InSb, cubic In;SbTe, (c-IST), and tetragonal InTe phase as shown in Fig. 1(b), respectively. As the annealing
temperature increased from 350 °C to 450 °C, the XRD peaks of c-IST (200), (220), and (222) moved to the higher
20 angle direction, indicating that the plane spacing of the sample is shorter. However, it was reported that IST
phase is metastable under 420 °C in the phase diagram of IST'>-'7. Moreover, Eun Tae Kim et al. reported that the
IST peak appears at 400 °C and the peak intensity is maximum at 450 °C°. According to PDF #17-0849 (Fm-3m,
a=6.1263 A), the d value of (200) diffraction peak of IST is 3.05 A.In the present work, the interplanar (d) value
of (200) diffraction peak of ¢-IST at 350 °C and 450°C are 3.131 A and 3.124 A, respectively. Therefore, the peak
shifts in the XRD patterns were attributed to phase transformation of ¢c-IST from thermodynamically metastable
state to stable state.

From the sheet resistance measurement, we assumed that CIST underwent a structural phase change at 250 °C.
However, from the XRD results it is apparent that this was an electrical phase-change without an associated
structural phase-change. This suggests that the first electrical phase-change may have resulted from a chemical
phase-change (Fig. 1a)'8. XRD results confirmed that the second change of sheet resistance (Fig. 1a) was due to a
structural phase-change.

To understand these independent electrical and structural phase-changes in CIST, we measured HRXPS with
synchrotron radiation. To remove surface oxide, samples were mildly sputtered under Ne* 821, This resulted
in a clear improvement of peaks in C s, Te 4d, Sb 4d, and In 4d core-levels (Fig. 2). Peak intensity of O 1s
core-level that originated from the surface oxide completely disappeared. After sputtering, peak binding energies
of Te, Sb, and In 4d core-levels were 40.0, 31.9, and 17.3 eV, respectively. These binding energies are different
with pure IST'. The chemical shift of Sb 4d core-levels between pure and C-doped IST was 0.3 eV. In the case
of C 1s core-level, we observed a binding energy of 284.5 eV before sputtering. However, this peak completely
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Figure 2. (a) C1s, (b) Te 4d, (c) Sb 4d, and (d) In 4d core-level spectra before and after mild Ne™ sputtering. We
could not observe the O 1s core-level after sputtering.

disappeared and a new peak with a binding energy around 282.8 eV was observed after sputtering. This means
that the binding energy peak at 284.5 ¢V originated from the surface oxide of C-doped IST. Normally, C-C bond-
ing is observed at 284.5~284.8 eV2>%, Also if the carbon is cationic, its binding energy will be shifted higher (e.g.,
C-0, ~286 €V and CF,, ~292 eV) than that of C-C bonding®. However, a chemical state at a lower binding energy
than C-C indicates a metal carbide species??. On the other hand, the binding energy of Sb 4d core-level shifted to
a higher value (31.9eV) than the Sb of pure IST. This implies a cationic role. Finally, the doped carbon in a-CIST
is bonded with Sb, creating an Sb-C metal carbide. This is completely different than C- or N-doped GST'*?**. In
the latter case, in Fe- or Mn-doped IST, these metals bonded only with In atom in the amorphous phase'®2!. Here,
the a-CIST has the chemical state of an Sb-C metal carbide.

In order to see the change of chemical states during both electrical and structural phase-changes, we measured
HRXPS from 250 to 450 °C (Fig. 3). At 250 °C, significantly, a new chemical state in C 1s core-level appeared at
283.6eV and maintained its peak intensity and shape in spite of increasing temperature (Fig. 3a). In the case of
Te 4d core-level (Fig. 3b), the binding energy at 40.0 eV did not change except in the 450 °C sample. The peak
in the 450 °C sample was observed at 40.2 eV. A dramatic change was seen in Sb 4d core-level spectra (Fig. 3¢).
At 250°C, peak intensity decreased dramatically by half and then continued to decrease further with increasing
temperature. This means that Sb is depleted from the surface. In a device, this is very important, because Sb will
diffuse to the top electrode in the isolated cell space of the device. Sb diffusion will create a type of thin film in
the cell and will change the electrical properties of the device. If C-doped IST-based phase-change random access
memory is fabricated, Sb stoichiometry should be considered in order to avoid this diffusion. The peak position
also changed from 31.9 to 32.1 eV. This means that the Sb-C bond developed more metallic properties. We believe
that this new, stronger Sb-C bond created at 250 °C is induced during the first electrical phase-change without a
structural phase-change. In the case of In 4d core-level spectra (Fig. 3d), we observed changes of binding energy
from 17.3 at a-CIST to 17.4eV at 250 and 350 °C. At 450 °C the binding energy was 17.5eV. Binding energies of In
17.5€eV and Te 40.2 eV are matched with InTe!®?, and this result is consistent with XRD data.
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Figure 3. (a) C 1s, (b) Te 44, (c) Sb 44, and (d) In 4d core-level spectra after annealing at each temperature. The
C 1s and Sb 4d core-levels changed with different chemical states and decreasing peak intensity, respectively.

In order to analyze the spectra of C 1s and Sb 4d core-levels in more detail, we performed curve-fitting
(Fig. 4a,b) using Doniach-Stnji¢ curves, convoluted with a Gaussian distribution function, considering instru-
mental broadening®. Background noise due to inelastic scattering was subtracted by the Shirley (integral)
method?. In the curve-fitting of C 1s core-level, we found three chemical states, C1, C2, and C3 with binding
energies of 283.8, 282.8, and 283.6 eV, respectively. The C2 chemical state (weak Sb-C bonding) is observed in
all samples with different peak intensities. As the temperature increased to 250 °C, the C1 chemical state (a kind
of C-C bonding) disappeared completely and the C3 chemical state (strong Sb-C bonding) appeared. On the
other hand, in Sb 4d curve fitting, the chemical state of Sb1 was observed only in a-CIST and after increasing the
temperature we observed only the Sb2 chemical state. Binding energies of Sb1l and Sb2 were 31.9 and 32.1eV,
respectively. Sb1(Sb-C bonding) and Sb2 (relatively strong Sb-C bonding than Sb1) are bonded with C2 and
C3, respectively. The chemical state of Sb2 is not changed in the 2nd phase-change. If we have the new chemical
state of C3 after 1st and 2nd phase-changes, normally we should observe a chemical state of Sb3 (for new cation
element). However, we could not observe. It means that the chemical state of C is only changed without a new
chemical state of Sb. This means that at the 2nd phase-change the chemical environment of Sb is not changed but
the next nearest neighbor (the C element) is changed. In this case, we could not mention the stoichiometry. That
reason was why we made the relative labels of “Strong Sb-C bonding” and “Weak Sb-C bonding”. Also, the peak
intensity of Sb 4d core-level decreased more than 60% as temperature increased (Fig. 4c).

Interestingly, the chemical states of CIST at 250 °C had already changed without a structural phase-change.
This means that the first electrical phase-change of CIST is due to the new, strong Sb-C chemical bonding. Then
structural ordering followed at 350 °C. At that time, the second electrical phase-change occurred without a chem-
ical state change. Finally, we found that the first and second electrical phase-changes of CIST originated from
chemical phase-changes (with strong Sb-C bonding) and structural phase-change (from amorphous to crystal-
line), respectively.
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Figure 4. Curve-fitting of (a) C 1s and (b) Sb 4d after annealing at each temperature. (c) The relative peak
intensity area with the function of each element. The intensity of Sb 4d core-level decreased >60%.

Conclusions

We fabricated a-CIST and performed post-annealing experiments to understand phase-change mechanisms in
CIST. All prepared samples with different annealing temperatures were characterized in terms of sheet resistance,
XRD, TEM, and HRXPS. The formation of Sb-C bonding, a kind of metal carbide, in a-CIST is very different than
C- or N-doped GeTe or GST. We found that CIST underwent two electrical phase-changes and the origins of first
and second electrical phase-changes in CIST are a chemical phase-change (strong Sb-C bonding) and a structural
phase-change (from amorphous to crystalline).

Methods

Sample preparation. C-doped a-IST thin films (100 nm) were deposited onto Si(001) substrates in an Ar
atmosphere using reactive sputtering with a single CIST target at room temperature. To remove the oxide layers
formed on the surface of the thin film by air exposure, the C-doped a-IST was etched with Ne* (99.999%) ion
sputtering for 1 h with an ion beam energy of 1kV under a pressure of 1.0 x 10~° Torr to remove any surface
oxide!®*!. We used the resistivity heating method and a K-type thermocouple on a Si substrate to apply heating
and measure the temperature, respectively'®?,

Characterization using TEM, HRXRD and HRXPS with synchrotron radiation. For TEM meas-
urements, we used an ARM200F (JEOL) which employs atomic resolution TEM with the S-TEM Cs corrector.
All samples were scraped on the surface to get sample shavings. Shavings were mounted on TEM grids. In order
to confirm structural phases of samples, we performed XRD at the 9C beamline of the Pohang Light Source II
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(PLS-1I) in South Korea. X-ray energy of 8.9keV (A =1.3932 A) was selected by a double crystal Si(111) mon-
ochromator, and XRD data were obtained from 15°-55° with a standard theta-two-theta scan. HRXPS spectra
were obtained using synchrotron radiation at the 10D beamline of the Pohang Light Source II. Photon energy was
varied from 360 eV (for C 1s, Te 4d, Sb 4d, and In 4d core-level) to 660 eV (for O 1s and Sb 3d core-level) to obtain
high-quality XPS spectra. Photoelectron signals were recorded with a PHOIBOS 150 electron energy analyzer
equipped with a two-dimensional charge-coupled detector (2D CCD) (Specs GmbH), collecting photoelectrons
normal to the surface. The binding energy scale was calibrated with the Au 4f core-level peak at 84.0eV*. The
base pressure of the main chamber was maintained below 1.2 x 107!° Torr.
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