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ABSTRACT

The large impedance mismatch between the highly resistive amorphous state and the highly conductive crystalline state of Ge,Sb,Tes is an
impediment for the realization of high-speed electrically switched optical devices. In this paper, we demonstrate that tungsten doping can
reduce this resistivity contrast and also results in a lower amorphous state resistivity. Additionally, it lowers the contact resistance, improves

the optical contrast, and extends the face-centered-cubic state up to 350 °C, with a minimal impact on thermal conductivity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142552

Phase-change materials (PCMs) undergo a reversible structural
change between amorphous and crystalline states in response to a tem-
perature impulse. Due to the vast difference in optical and electrical
properties between these phases, PCMs can be used in random access
memory' and tunable optical devices.”” While there are many different
phase change materials, Ge,Sb,Tes (GST) is the most widely studied
composition because of its fast crystallization speed, reversible phase
transition, and good endurance over a wide temperature range.
However, there are some key practical challenges in applying it to high
speed switching devices. First, GST has an extremely large resistivity in
the amorphous state (several hundred Q m)," which means a large volt-
age or a long pulse duration is required to dissipate sufficient energy in
the device to induce the phase transition to the crystalline state. The sec-
ond challenge comes from the large disparity in electrical impedance
between the amorphous and crystalline states. It is not possible to simul-
taneously impedance match the driving circuitry for both states. In opti-
cal switching applications, it is the optical contrast that is most
important, while the electrical impedance is ideally kept constant. Hence,
this work is motivated by the need to reduce the electrical contrast
between the two phases of GST while preserving its optical contrast.

Doping is one of the most effective and simplest methods to
modify the properties of phase change materials. Various dopants

have been examined in the last few years to improve the electrical or
optical properties of GST. These include nitrogen,” carbon,” oxygen,”
tin,” aluminum,” silver,'” titanium,'' nickel,'* arsenic,"” and copper."*
All these studies have been focused on adding dopants into the GST
host to modify its electrical resistivity. None of them have been aimed
at reducing the resistivity contrast between the amorphous and crystal-
line states. Guo et al.'>'® studied the Raman spectra and dielectric
function of tungsten-doped GST with different tungsten concentra-
tions. Cheng et al. showed that tungsten-doped GST has a higher crys-
tallization temperature with high switching speed. The electrical set
pulse was 10 ns, which is faster than the 50 ns required for undoped
GST." Despite these previous studies, a systemic examination of
tungsten-doped GST (hereafter GST-W) has been lacking. The objec-
tive of this paper is to examine the electrical, optical, structural, and
thermal characteristics of GST-W and quantify its beneficial properties
compared to undoped-GST for electrically driven optical switching
devices.

The thin films used in this work were deposited on silica glass
and silicon substrates [silica glass for electrical and XRD work and
Si(100) for thermal conductivity measurements]. The depositions were
done by co-sputtering from dual 3-in. circular magnetron cathodes.
The cathode containing the GST target was energized by a 13.56 MHz
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RF source, and the tungsten containing cathode was supplied from a
DC source. The RF discharge power on the GST target was maintained
at 100 W, and the DC power on the tungsten target was set at various
values to achieve the desired tungsten doping level. The 4% doping
used in this study requires an extremely small deposition rate from
tungsten, which would require biasing the target very close to its sput-
ter threshold. In order to ensure the stability and repeatability of the
deposition process, we maintained the DC power at 65W (which is
much higher than that required for 4% doping), and we utilized a
physical mesh between the target and the substrate to reduce the tung-
sten accumulation rate on the substrate.

The thicknesses of the films were measured using a stylus surface
profilometer. The tungsten concentration in the co-sputtered film was
obtained by using an EDAX Genesis 2000 energy dispersive spectros-
copy (EDS) system. The resistivity and the contact resistance were
measured using a four-point probe and a two-point-patterned elec-
trode structure, respectively. The XRD measurement was carried out
using a PAN Analytical Expert Pro MPD in the range of 20 from 15°
to 65°. A sputtered tri-layer structure Pt/TiN/GST or GST-W/Si(100)
substrate was used to study the thermal conductivity of the films. The
refractive index measurement was performed using spectroscopic
ellipsometry (JA Woollam, V-Vase) and fitted between 270 nm and
3000 nm.

The resistivity values of the GST and GST-W films were mea-
sured using a four-point probe after annealing them at several discrete
temperatures. A series of experiments were conducted to identify the
lowest resistivity contrast between the amorphous and crystalline
states. More specifically, by setting the RF power on the GST target at
100 W and fine tuning the DC power on the tungsten target, as well as
placing different mesh sizes, we were able to achieve the lowest resis-
tivity contrast at a doping concentration of 4%. The concentration
value was determined using EDS by taking the average from three
spots on the film. The results show an average ratio of
Ge:Sb:Te:W = 21:21:54:4 at. % for the tungsten doped film. The stan-
dard deviations for Ge, Sb, Te, and W in the measurements were 0.65,
0.32, 0.2, and 0.5, respectively.

In Fig. 1, we can identify two obvious drops in resistivity for the
undoped GST between 150 °C and 160 °C and between 275°C and
300°C. The first sharp transition near 150 °C corresponds to the
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FIG. 1. Relationship between film resistivity and annealing temperature of the
undoped GST (red circles) and GST-W (blue diamonds) films.
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amorphous to face-centered-cubic (fcc) phase transition, and the sec-
ond transition is the fcc to hexagonal close-packed (hcp) phase transi-
tion. For the GST-W film, we can see that the phase change occurs at
around 225°C, which agrees with the previously reported results.'”
The resistivity of amorphous GST-W is lower than that of the
undoped GST by more than three orders of magnitude. But the resis-
tivity of the crystalline GST-W remains higher than that of the
undoped GST. As a result, the change in electrical impedance is only
first-order of magnitude for GST-W, while it is more than four orders
for the undoped GST. This is one of the key characteristics that enable
us to reduce the electrical voltage required to switch phases and pro-
vide a better impedance matching with the driving electronics.

We note that the atomic radius of tungsten (210 pm) is close to
that of Ge (211 pm), which makes it likely that tungsten atoms act as
substitutional impurities in the crystal lattice of GST. As such, it is
likely that tungsten acts as an acceptor for germanium, making it a p-
type dopant. This hypothesis was verified by measuring the electrical
polarity of the films using the hot probe method'*'” and was found to
be p-type.

One of the challenges in GST devices is the contact resistance. In
particular, the contact resistance between a metal electrode and the
amorphous GST is typically very high, which introduces challenges
during electrical switching. Based on the lower amorphous state resis-
tivity of GST-W, we expect the contact resistance of GST-W to also
become smaller. To confirm this, the contact resistance between GST
(doped and undoped) and a tungsten electrode was measured using
the Transfer Length Method (TLM).”" The tungsten electrodes were
created on GST and GST-W films by photolithography, sputter depo-
sition, and lift-off. Figure 2 shows the total resistance of the films. The
contact resistance was calculated as half the y-intercept from the linear
trend line. This measurement demonstrates that the contact resistance
declines by nearly four orders of magnitude due to tungsten doping.

Figure 3 shows the XRD characterization results of the GST and
GST-W films on silica glass annealed at different temperatures. The
as-deposited films exhibit no identifiable peaks in the XRD data, con-
firming that they are amorphous. The wide undulance around 29°
may be due to the [200] peak.'" After annealing the GST samples at
170°C, the film exhibits a metastable fcc state shown by the [111],
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FIG. 2. Contact resistance measurement using the transfer length method (TLM)
for the GST (red circles) and GST-W (blue diamonds) film. The markers represent
the mean data points collected, and lines are the linear fit to the data points.
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FIG. 3. XRD pattern of GST and GST-W films for the as-deposited state at room
temperature (RT) (bottom), after annealing at 170 °C for GST and 275°C for GST-
W (middle), and after annealing at 350 °C (top). The curves have been offset for
clarity.

[200], [220], and [222] peaks, which are typical for the NaCl like cubic
cell structure.”’ At 350 °C, new peaks emerge in the crystal structure of
GST, which correspond to the hexagonal state.”” Since Fig. 1 shows a
leveling off of the resistivity data at around 250 °C, the GST-W sample
was annealed at 275 °C and 350 °C to investigate its structural charac-
ter in this range. The diffraction peaks of GST-W at 275°C are very
similar to those of the GST film annealed at 170 °C. This confirms that
the GST-W film is still in the fcc state at 275 °C. Most interestingly,
the diffraction peaks of the GST-W film annealed at 350 °C also align
very well with the fcc state. The peak intensities are also higher.
Therefore, we can conclude that GST-W at 350°C is still in the fcc
state, with a higher degree of fcc crystallinity than at 275 °C. This fea-
ture allows the useful (and reversible) fcc state to extend to much
higher temperatures than the undoped GST. Another notable aspect is
the change in the thickness that occurs during phase transition. We
measured the film thicknesses of GST and GST-W when they were
annealed to 200 °C and 300 °C, respectively. The results show the GST
film thickness decreased by about 5%, which is close to the previously
reported value,” while the GST-W film increased by about 2%.

Since the phase change is initiated mainly through thermal inter-
actions, understanding the effects of doping on thermal transport
becomes crucial. Time-domain thermoreflectance (TDTR) is an ultra-
fast optical pump-probe technique for measuring the thermophysical
properties of both bulk and thin film materials.”**” The measured
thermoreflectance data are fit to the solution of a 3D heat diffusion
model for a multi-layer stack of materials, and the unknown thermo-
physical properties of interest are used as parameters to converge the
measurement and theory.”®

A lithographically patterned platinum resistive heater on a Si/
SiO, substrate was used as a compact heating stage within our cryostat.
By using a high voltage power source, the samples were subjected to
temperatures of up to 335 °C, which were measured using a calibrated
thermocouple affixed to the surface of the sample during the TDTR
experiment. To prevent intermixing between the Pt transducer and
the GST (GST-W) at high temperatures, a 23.5nm TiN capping layer
was deposited in between. The properties of the Pt layer, the TiN cap-
ping layer, and the Si substrate were determined from independent

scitation.org/journal/apl

measurements or adopted from the literature.”” >’ The volumetric
heat capacity of both GST and GST-W was taken to be 1.3 ] cm >
K, and the thermal conductivity of TiN was assumed to be 11 W
m ' K ' based on literature estimates.’”' Beginning from their
amorphous states at room temperature, the effective thermal conduc-
tivities of both the GST and GST-W samples were extracted in situ as
a function of temperature by heating the samples continuously at
approximately 1 K/min, as shown in Fig. 4.

The measured thermal conductivity of GST-W shows a gradual
increase between 150 °C and 250 °C, corresponding to its amorphous
to fcc phase transition.”” The room-temperature value of both GST
and GST-W was 0.16 = 0.01 W m ™' K, agreeing well with the litera-
ture for amorphous GST.”** Beyond 250 °C, the tungsten doped GST
possesses a slightly greater thermal conductivity at any given tempera-
ture until its fcc value of 1.30 = 0.05W m™' K™ " is achieved. This pla-
ces the thermal conductivity of tungsten doped GST within the
experimental uncertainty of its undoped counterpart (1.20 = 0.04 W
m~ ' K™'), demonstrating that the thermal conductivity of the tung-
sten doped GST is nearly the same as that of undoped GST.

Since the goal of this work was to modify GST such that its elec-
trical contrast is reduced without adversely affecting its optical con-
trast, spectroscopic ellipsometry measurements were carried out on
the doped and undoped GST films to verify their optical dispersion.
The complex refractive indices of these films were obtained by model-
ing data taken using variable angle spectroscopic ellipsometry (JA
Woollam, V-Vase) between 270 nm and 3000 nm. The model fits a
series of Gaussian oscillators to account for various absorption regions
as well as a Cauchy term. A surface roughness layer (EMA model of
50% void and 50% GST model) was also allowed to fit, which indi-
cated a roughness between 1 and 2nm on the tungsten doped
samples.

In order to cover all the states, we examined the refractive index
data for the as-deposited GST (amorphous), as-deposited GST-W
(amorphous), GST annealed at 170°C (fcc) and 350°C (hcp), and
GST-W annealed at 350 °C (fcc). The results are shown in Fig. 5. In
the wavelength range of interest (above 1 um), the refractive index (1)
increases by about 2.0 due to the amorphous-to-fcc crystallization for
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FIG. 4. Evolution of thermal conductivity as a function of temperature for undoped
GST (red circles) and GST-W (blue diamonds). The in situ data were taken during
continuous heating to 355°C. The Pt transducer layer failed at approximately
315°C for the GST-W samples, preventing further measurements after this
temperature.
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FIG. 5. Wavelength dispersion of the real (n) and imaginary (i) part of the refrac-
tive index of GST (red) and GST-W (blue) films. The refractive index of the film in
the amorphous, fcc, and hcp states is denoted by the solid, dashed, and dotted
curves, respectively.

both the doped and undoped films. GST-W in the fcc state exhibits a
higher refractive index and a slightly smaller extinction coefficient (x)
in the longer wavelength range compared to the undoped GST, mak-
ing it a better material for optical switching applications. We also note
that at wavelengths below 2 um, the extinction coefficient of GST-W
annealed at 350 °C shows similarities with GST annealed at 350 °C.
This extension of GST-W at 350 °C with the fcc state provides a good
platform for optical driven switching devices with electrical readout,
for both crystallization and re-amorphization. More importantly,
above 2 um, the GST-W sample annealed at 350 °C shows very small
optical loss, close to zero, while the undoped GST shows a much
higher extinction in the longer wavelength range. This feature makes
GST-W a good material for designing broadband low loss optical
phase modulators above 2 yum.

In conclusion, we have demonstrated that the resistivity contrast
of GST can be reduced to just one order of magnitude by introducing
4% tungsten into the GST host material. The amorphous resistivity of
GST-W was lowered by over three orders of magnitude, while the
crystalline (fcc) resistivity increased by nearly one order of magnitude.
The TLM measurement showed that the contact resistance was also
reduced by nearly four orders of magnitude. The XRD results show
that GST-W remains in the fcc structure up to 350°C, whereas
undoped GST switches to the hep state beyond 300 °C. Since hep is
much more difficult to reverse than the fcc state, this characteristic
of GST-W allows for a wider temperature range of operation.
Spectroscopic ellipsometry results demonstrate that GST-W has a
larger and less-dispersive refractive index contrast compared to
undoped GST. The extinction coefficient is also lower for GST-W,
especially at longer wavelengths. As a result, we conclude that GST-W
is among the best-suited material to date for application in electrically
switched high-speed optical devices.
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