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ABSTRACT

A magnetron co-sputtering system was used for producing nickel-doped GeySbyTes (GST-Ni) thin films. The
nickel content in the thin film was adjusted by the ratio of the plasma discharge power applied to the GST
and nickel targets, as well as a physical shuttering technique to further control the nickel deposition rate. The
doping concentration of the film was confirmed using Energy Dispersion Spectroscopy (EDS) technique. Results
from a four-point probe measurement indicate that the nickel doping can reduce the resistivity of GST in the
amorphous state by nearly three orders of magnitude. The dopant’s influence on crystallization behavior was
studied by analyzing X-Ray Diffraction (XRD) patterns of the pure GST and GST-Ni at different annealing
temperatures. To examine the structural changes due to the nickel dopant, the thin films were investigated
with the aid of Raman scattering. Additionally, we extracted the optical constants for both the amorphous and
crystalline states of undoped-GST and GST-Ni films by ellipsometry. The results indicate that at low doping
concentrations nickel does not appreciably affect the optical constants, but dramatically improves the electrical
conductivity. Therefore, nickel-doping of GST a viable method for designing optical devices for lower operating
voltages at higher switching speeds.

Keywords: Phase change material, co-sputtering, GesSboTes, nickel, doping, resistivity, Raman, refractive
index, extinction coefficient.

1. INTRODUCTION

Phase change materials (PCM) undergo a reversible structural change between crystalline and amorphous phases
due to the application of heat, typically from an electrical source or optical source. Due to the vastly different
optical and electrical properties between the two states, these materials can be used in devices with an internal
nonvolatile memory state that can be switched. Among various materials, the pseudo-binary chalcogenide
GeTe—SbyTes, particularly GeaSbaTes (GST) has been the most widely studied material because of its fast
crystallization speed, reversible phase transition and stability over a wide temperature range. Compared to
other phase change materials such as VO, which undergoes a volatile semiconductor to metal transition, GST is
characterized by a large change in the real part of the refractive index while the imaginary part remains relatively
small in both states. This property makes the GST suitable for components such as switchable phase retarders
and form birefringence devices.?

However, GST has a large resistivity in its amorphous state of several hundred €2 - m. The crystalline phase
has a much lower resistivity, by several orders of magnitude. This large difference in resistivity limits its use
in high speed electronic devices because both states cannot be simultaneously impedance matched in a circuit.
Additionally, the large resistivity of the amorphous state also requires a very high voltage to dissipate sufficient
power in the film to induce the transition. Therefore, to enable faster switching, it is important to reduce the
difference in resistivity between the amorphous and crystalline phases, but without significantly compromising
their optical characteristics. In the past few years, a variety of dopant elements have been studied to modify
the electrical properties of GST, such as nitrogen,® carbon,* oxygen,’ silicon,® aluminum,” silver,® titanium,’
tungsten,'® | nickel'' and copper.!? Even though these dopants do show the ability to modify the resistivity
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of the GST-based devices, none of them have shown the capability to reduce the resistivity of the amorphous
state. Zhu et. al.'' performed a doping regime by introducing nickel into the GST material to realize a smaller
resistivity at amorphous state, which opened a way to switch the device to crystalline state with a smaller
voltage. In this letter, beside showing the resistivity study on GST doped with nickel, the X-ray diffraction
(XRD) analysis on the lattice structure between amorphous state to face-centered cubic (fcc) and hexagonal
close packed (hcp) state were examined. The local structural information were studied by fitting the Raman
spectra into seven Gaussian oscillators. To examine if there is a large change in optical property by doping, the
refractive index and extinction coefficient of GST and GST-Ni at both amorphous and crystalline states were
extracted by ellipsometry.

2. FABRICATION PROCESS

The doped GesSbyTes films were fabricated by magnetron co-sputtering. One of the cathode with the GST target
was excited by a 13.56 MHz RF power supply and the other cathode with the nickel target was excited from
a DC plasma generator. Prior to the deposition, Acetone-Methanol-Isopropyl alcohol (AMI) cleaning process
is used to remove any organic contaminations from the substrate. They were then placed in the chamber and
pumped down to a base pressure of 1 pTorr to remove background gases. The RF power to the GST target was
maintained at 100 W while the DC power to the nickel target was varied between 300 W to 15 W to control the
amount of nickel content in the co-sputtered films. In order to obtain a sufficiently low nickel concentration, the
power was reduced down to 15 W on the nickel target. However, at this very low power levels the plasma becomes
unstable, resulting in poor run-to-run repeatability. Therefore, we employed a physical shuttering technique in
company with 75 W DC power to further reduce the deposition rate of nickel without significantly reducing the
plasma discharge power. This allowed us to achieve doping concentrations of 2% reliably and repeatably. After
deposition, the film thicknesses were verified by measuring the step height using a stylus profiler.
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Figure 1: Magnetron co-sputter deposition system.

3. RESULTS AND DISCUSSION
3.1 Composition analysis

The composition of the co-sputtered GST and GST-Ni films were examined by Energy Dispersion Spectroscopy
(EDS). The results are shown in Figure 2. The physical shutter can greatly reduce the dopant concentration
in the co-sputtered thin films. Compared to the GST films fabricated with thermal evaporation,'® sputtering
provides better films as the bottom part of the evaporated films could be enriched with more volatile species.
Therefore, for GST thin film devices, sputtering is a preferred technique since it can provide a more uniform and
condensed film.
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Figure 2: The variation of nickel concentration in the films at different experimental conditions.
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Figure 3: Resistivity as a function of annealed temperature for thin films of as-deposited pure GST, GST-Ni,
GST-Al, GST-C, and GST-Ag.

3.2 Resistivity analysis

The sheet resistance as a function of anneal temperature between 25°C and 350 °C was measured for GST,
GST-Ni, GST-Al, GST-C, and GST-Ag films using a custom-made four-point probe. By separating the current
and voltage electrodes, the four-point probe can eliminate the contact resistance between the probe and the film
during the measurement. Before each sheet resistance measurement, the samples were placed on a hot plate for
3 minutes to ensure an evenly distributed temperature on the film. After cooling down to room temperature,
the sheet resistance of each film was measured. The measured resistivity of all films are summarized in Figure
3. All films show a higher resistivity in the amorphous state than the crystalline states. The undoped GST film
shows two transitions, one from the amorphous state to the fcc state at 150 °C, and a less pronounced transition
from the fcc state to the hep state at 210 °C. The transition temperature from the amorphous to the fcc state
agrees well with prior literature.'* Depending on the doping species, a phase transition that is accompanied by
a more or less a sharp drop in resistivity curve occurs at a different crystallization temperature T.. It was found
that nickel dopant can greatly reduce the resistivity of the amorphous state by three orders of magnitude which
a significantly simpler impedance matching and lower switching voltages in device applications.

3.3 X-Ray Diffraction Analysis

X-Ray Diffraction (XRD) measurements were carried out to investigate the influence of the nickel doping on
the crystallinity of GST films. The XRD patterns for GST and GST-Ni at different states are shown in Figure
4. There are no sharp peaks for the as-deposited GST and GST-Ni films in Figure 4 (a), which confirms the
amorphous nature of these films. In both Figs 4 (b) and (c¢), the diffraction peaks of both samples are well
aligned, which demonstrates that the small amount of nickel dopant does not significantly affect the crystalline
structure of the GST film. A lower intensity of the XRD peaks in GST-Ni indicates a lower crystallinity in the
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Figure 4: XRD patterns of the GST and Ni-GST films when (a) as-deposited , (b) after annealed at 180 °C,
and (c) after annealed at 350 °C.

hep state compared to pure GST. Since higher atomic alignment in the crystalline state can provide a higher

electrical conductivity, the lower crystallinity may explain the slightly smaller electrical conductivity of GST-Ni
in the crystalline state compared to the undoped GST.

3.4 Raman Analysis

©  GST @ amorphous ©  GST-Ni @ amorphous
— — Fited spectrum — — Fitted spectrum

-~

)

?
!
/

L
100

150

h
200 250 0
Wavenumber (cm)

100 150

Wavenumber (cm™)
(a)

(b)

-,

! \‘
e I %\ .,
/\‘_"'.'\," =
0 50 100 150 200 250 0
‘Wavenumber (cm™)

o
100 150

Wavenumber (cm™)
()

(d)
Figure 5: The experimental Raman spectra and the corresponding fitted spectra of GST (a, ¢) and GST-Ni films
(b, d)
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Table 1: The assignments of phonon modes in GST material fitted using seven Gaussian oscillators in the spectra.

Peak position (cm™1)
Amorphous GST 55 65 80 136 146 158 209
GST-Ni | 59 71 87 141 145 161 214
Crystalline GST 55 72 94 113 142 173 195
GST-Ni | 58 68 102 119 153 174 218

We used Raman spectroscopy to characterize the local structure of GST and GST-Ni, such as substitution
and distortion. Figure 5 shows the fitted Raman spectra for the GST and GST-Ni films at both the amorphous
state and crystalline state. The Gaussian oscillator model was used to study the vibrational modes in the
GST systems by decomposing the experimental data into seven Gaussian oscillators. The peak positions of the
Gaussian oscillators were summarized in the Table 1. The modes in Raman spectra of GST at amorphous state
can be attributed to defective octahedra, GeTey—,,Ge,, (n = 0, 1, 2) edge and/or corner-sharing tetrahedra and
SbTes pyramidal units. The modes of GST at crystalline state can be assigned to defective octahedra, corner-
sharing GeTe; ,Ge, (n = 0, 1, 2) and hexagonal ShyTe3.!%16 The Raman spectra of both amorphous GST
and GST-Ni have a typical two-humped shape in region 100 - 170 cm ™!, in another words, 120 cm™! and 150
cm ™!, These two frequencies are very close to the reported.!” The peaks at around 60 and 80 is related with the
bending modes vy(Fy) and ve(E) of the tetrahedra, respectively.!®18 The typical symmetric stretching mode
(A1) of corner-sharing tetrahedral units GeTey ,,Ge,, (n =0, 1, 2) is around 120 cm 1.2 1719 Around 150 to 160
em ™! is the edge-sharing tetrahedra in a-GeTe or the stretching modes of the SbyTes units.'® 1819 The vy (F3)
antisymmetric stretching mode is around 220 ecm™'.1>!® Furthermore, based on the decomposing Gaussian
curves summarized in Table 1, there is no dramatically difference between GST and GST-Ni at amorphous state
and crystalline state, respectively, it indicates that there is no dramatic change took to the GST matrix by nickel
doping. However, comparing to pure GST material, the Raman peaks of GST-Ni generally moves to a larger
wavenumber, which may due to the substitution of Te atoms by Ni atoms in the structural units, since Te atoms
are heavier than Ni atoms. The Te atoms can also be substituted by heavier atoms, such as W atoms, which
induces blue shift in Raman peaks.®

3.5 Ellipsometry Measurements
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Figure 6: Real and imaginary parts of the complex refractive index vs wavelength for both amorphous and
crystalline states of GST and GST-Ni.

The optical constants of the GST and GST-Ni at amorphous and crystalline states were obtained using
ellipsometry. Figure 6 shows the behavior of refractive index and extinction coefficient of GST and GST-Ni as
the phase switches. In undoped GST thin films, both the refractive index and extinction coefficient increase as
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the structure changes from amorphous to fcc and then to the hcp state. The optical constants of Nickel-doped
GST behaves similar to the undoped GST during the phase transition, which indicates that the nickel dopant
inside the GST matrix does not affect the intrinsic optical properties of GST.

4. CONCLUSIONS

In summary, nickel-doped GST thin films were prepared by magnetron co-sputtering of GesSbsTes and nickel
targets. The nickel dopant could reduce the resistivity of GST in the amorphous state by 3 orders of magnitudes
which enables a lower drive voltage for electrical switching from amorphous state to crystalline state. The
XRD and Raman analysis confirm that the nickel dopant in GST matrix does not adversely affect the lattice
structure and local structures. Ellipsometry results demonstrate that the optical dispersion of nickel-doped
GST and undoped GST are essentially the same. The ability to maintain the optical properties while reduced
the resistivity in the amorphous state gives the potential for GST-Ni to be utilized in high-speed electrically
switchable phase modulators.
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