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Three-dimensional (3D) cross-point (X—point) memory has gathered interest for its fast data processing and high
density, achieved by stacking memory with a selector device to prevent misinterpretation. Ovonic threshold
switching (OTS) is a promising selector due to its reversible switching behavior. Although, OTS devices typically
employ transition metal nitrides (TMN) such as TiNy, TaNy, and WNy for electrodes owing to their good stability,
high melting points, and low resistivity, TMNs can diffuse and degrade device performance by recrystallizing
with chalcogenide alloys. Amorphous carbon (a-C) can be a good alternative electrode material due to its low
roughness, cost—effectiveness, high work function (WF), and excellent thermal stability. However, the high re-
sistivity of a-C (~ 150 mQ-cm) increases threshold voltage (Vy,), causing high power consumption. Therefore,
combining both a-C and TMN materials can effectively obtain their advantages. This study explores the effect of
varying a-C content in W»N electrodes on GeSy-based OTS selectors. The (W32N);.4xCx (0 < x < 0.25) electrodes
were deposited using DC magnetron co-sputtering. The phase of (W3N); xCyx (0 < x < 0.25) films transformed
from polycrystalline to amorphous with increasing x. Devices with (W2N);.xCx/GeSa/W2N structure showed
decreased Vi, and off current, improving from 4.8 to 3.8 V and 8.0-4.17 nA, respectively. The subthreshold slope,
distance between traps, and interface trap density (Nj) were extracted using the Pool-Frenkel model. The
reduced Vi, may be attributed to a higher WF and lower N;; with increasing x. The device’s lifetime improved up
to 1.0 x 10° pulses for the highest a-C content in (W2N);.4Cx (0 < x < 0.25) electrodes.

1. Introduction

Three-dimensional (3D) cross—point (X—point) memory has attracted
interest for its advantage on fast data processing time and high density
[1-4]. This structure is constructed by stacking memory with selector
devices to prevent misinterpretation [5,6]. Ovonic threshold switching
(OTS) can be the most suitable candidate for selector devices due to its
reversible electrical switching behavior [7,8]. An OTS device is fabri-
cated by depositing electrodes between chalcogenide alloys. In addition,
transition metal nitrides (TMN) such as TiNy, TaNy, and WNy are widely
used electrodes because of their desirable properties such as phys-
ical/chemical inertness, high melting temperature, and low resistivity
[9-12]. However, diffusion of transition metals recrystallizes with
chalcogenide alloys, degrading the device [13]. Ding et al. fabricated a
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single—element Te selector using TiN as the top electrode, which showed
a low threshold voltage (Vy, 1.3 V), selectivity of 103, and thermal
stability up to 430 °C. After 10° cycles of AC pulses, the device degraded
due to Ti diffusion into Te and crystallized to TiTe [14]. In addition,
deposited TMNs are usually grown in polycrystalline, increasing
roughness and causing more inactive contacts [15-17].

Amorphous carbon (a-C), conductive material, is an appealing
electrode due to its low roughness, cost—effectiveness, high work func-
tion (WF, 5.11 eV), and high thermal stability [18-20]. Verdy et al.
fabricated TiN/carbon electrode for a Ge-Se-Sb based OTS selector. This
electrode enhanced lifetime of the device by preventing the crystalli-
zation of chalcogenide alloys even after 10° pulses [21]. However, the
high resistivity of a—C (~ 150 mQ-cm) increases Vi, causing power
consumption [22]. One of the effective methods to attain both the
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advantages of TMNs and a-C can be incorporating a-C into TMN.

Here, we demonstrate the influence of varying a-C contents in the
W>N electrodes and its effect on the GeS,—based OTS selector device.
The (W2N)1xCx (0 < x < 0.25) electrodes are deposited using DC
magnetron co-sputtering to investigate their microstructure, electrical
properties, and device characteristics. According to the x-ray diffraction
(XRD) and high-resolution transmission electron microscopy (HRTEM)
analyses, the phases of (W3N);.4xCx electrodes transformed from poly-
crystalline to amorphous as the content of a-C increased. The roughness
of (W2oN);.xCx electrodes also decreased because the film became more
amorphous-like phase, which gradually decreased grain size. The re-
sistivity of (W3N);.xCx was measured using a four-point probe method
with the range of 0.211 - 1.940 mQ-cm. To study the electrical char-
acteristics of (WsN)1.xCx electrodes, devices were fabricated with
(W35N)1.xCx/GeSo/WsN structure. GeS, is the most suitable candidate
due to its high thermal stability (~ 600 °C) compared to Ge-Se (400 ~
450 °C) and Ge-Te (200 ~ 260 °C), which allows for high-temperature
processing and does not require additional process such as doping or
incorporating other materials [23-25]. In DC-IV characteristics, both
Vin and off current (Ig) of selector devices decreased from 4.8 to 3.8 V
and 8.0-4.17 nA, respectively, as increasing a—C composition. According
to Pool-Frenkel model, the subthreshold slope (STS) and distance be-
tween traps (4z) increased from 1.15 to 1.35 V/dec and 0.89-1.05 nm,
respectively. Interface trap density (Nj), which is inversely proportional
to Az, decreased from 14.35 x 10%° to 8.76 x 10%° cm™3. The decreased
Vi may be attributed to increased WF and decreased Nj: with increasing
a-C composition. In transient responses, the lifetime of selector devices
increased from 5.0 x 107 to 1.0 x 10° pulses.

2. Material and methods
2.1. Sample preparation

DC magnetron sputtering (SNTEK Co., LTD) was employed to deposit
(W3N); xCy films using W and a—C targets, purchased from AVENTION
(2-inch diameter, 3-mm thick) and PRAXAIR (2-inch diameter, 3-mm
thick). Under a base pressure lower than 6E~° Torr, Ar/Ns gas with a
flow ratio of 20/7 sccm was injected at a working pressure of 4 mTorr.
The plasma power for W target was fixed at 150 W. To investigate broad
compositions of a-C, plasma power for a-C target was increased from
0 to 70 W. The GeS; film was deposited using RF magnetron sputtering.
Under same base pressure, Ar gas flow of 15 sccm was injected with
working pressure of 3 mTorr. The plasma power was fixed at 50 W. A
300-nm-thick SiO5/Si(P") wafer was used as the substrate.

2.2. Film analysis

The thickness of the deposited films was measured using field
emission scanning electron microscopy (JSM-7610-Plus) and HRTEM
(Thermo Fisher Scientific, Thermis Z). The quantitative ratios of W, N,
and C were confirmed using auger electron spectroscopy (AES, ULVAC,
PHI-710) and X-ray photoelectron spectroscopy (XPS, XPS_UPS, Nexsa).
The film densities were calculated by employing X-ray reflectance (XRR,
Rigaku, SmartLab). To measure roughness, noncontact-mode atomic
force microscopy (NC-AFM, Park Systems, NX-10) was employed. The
crystal planes of films were confirmed through XRD (Rigaku, SmartLab)
and HRTEM.

2.3. Electrical measurements

To measure electrical characteristics, a Keithley 4200A-SCS semi-
conductor parameter analyzer was employed. Using four-point probe
set-up, resistivity of each film was measured. In case of device charac-
teristics, a 100-nm-thick WoN bottom electrode was deposited by DC
magnetron sputtering on glass substrate. Then, GeS; selector layer was
deposited on top of the bottom electrode and shadow mask. Then,

Journal of Alloys and Compounds 1010 (2025) 177102

patterned 50-um-diameter (W3N); 4Cyx top electrode was deposited with
thickness of 30 nm. The transient characteristics were measured using
external phase measurement unit sensors

3. Results and discussion
3.1. Growth of tungsten nitride carbide films

Fig. laillustrates the DC magnetron co-sputtering deposition system.
The (W2N)1 xCx (0 < x < 0.25) films were deposited using W and a-C
targets. To modulate various compositions, the a-C target power was
varied from 0 to 70 W with a fixed W target power of 150 W. Both the
AES was employed to quantify a-C content in (WaN);.4xCx films with
increasing applied a-C target powers, of which contents are presented in
Fig. 1b. With increasing C contents from 0 to 25.27 at%, W and N
contents gradually decreased from 71.72 to 51.48 at% and
27.94-22.23 at%, respectively. The overall AES spectra were shown in
Figure S1 a-f. Fig. 1c shows that the resistivity of (WyN);4Cy films
increased from 0.211 to 1.940 mQ-cm with increasing x from 0 to 0.25.
The elevated resistivity could be attributed to both the high resistivity of
C and deformation of microstructure, which will be discussed in more
detail in Fig. 2. Fig. 1d represents density variation with x of (WoN); xCx
layers, which was extracted from XRR patterns. The density of (WaN);.
«Cx films increased from 9.11 to 11.08 g/cm® with increasing x. Without
incorporating C, the grown WyN films cannot avoid various voided re-
gions in the microstructure due to inherent columnar porous structure
caused by sputtering deposition. Once C was incorporated into films,
small atomic size of C fills voided regions and hinders grain growth,
resulting in higher density [26]. Fig. 1e shows the variation in roughness
of (WyN); xCy films via NC-AFM measurements. The roughness of the
W>N film was measured to be 2.31 nm. With increasing x to 0.25, the
roughness gradually decreased up to 0.65 nm. With increasing C con-
tents, C interrupts grain growths, which allows to attain smoother sur-
faces [27]. Fig. 1f presents representative surface morphology images
obtained by AFM measurements at x = 0 and x = 0.25 of (W2N);.4xCx
films, which coincide with the results of Fig. 1e.

3.2. Structural analysis

Fig. 2a demonstrates the XRD patterns of (W3N); xCyx films grown on
SiO substrates with x ranging from 0 to 0.25. The XRD pattern of WoN
film (gray color) initially presented multiple orientations of (111) and
(200) crystal planes of the face-centered cubic (fcc) p~-W3N structure
(JCPDS card No. 01-075-1012) [28,29]. Once C was incorporated,
relative peak intensities gradually decreased corresponding to the
increasing contents of C. When the x of (W3N); Cy films increased up to
0.25, (200) peak almost disappeared. The preferential (111) peak was
broadened, of which position lied intermediate between bulk WoC and
W>N peaks. The magnified XRD patterns (top right side inset) showed
that (111) p-W,N peaks continuously shifted toward to lower 20 values
of 35.96° with increasing x to 0.25. This shift can be attributed to the
compressive stress induced by the change in film composition [30]. The
average grain size of (W3N);4Cx can be estimated using the Debey—-
Scherrer equation as follows:

L ki
L (average grain size) = FWHMcos(0)

where k is Scherrer constant, A is X-ray wavelength (0.15418 for Cu
K-alpha), FWHM is full width at half maximum, and 6 is Bragg angle
[31]. The FWHM was extracted from the first-order peak as shown in
Figure S2a. The FWHM of (W3N); xCx films was found to be 0.62, 0.92,
0.98, 1.24, 1.74, and 2.60, respectively. Subsequently, the average grain
size was estimated to be 14.15, 9.53, 8.95, 7.07, 5.04, and 3.37 nm,
respectively with increasing contents of C as shown in Figure S2b. The
average grain size, estimated to be 14.45 nm for the pure W)N film,
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Fig. 1. (a) DC-DC sputtering set-up, (b) Summarized Auger Electron Spectroscopy (AES) of (W3N); 4Cy films. (c) Resistivity of (W2N);,Cyx films using four—point
probe. (d) Calculated density from X-ray reflectivity (XRR). (e) Summarized roughness of (W3N); 4Cy films using Atomic Force Microscopy (AFM). (f) Surface

morphology at x = 0 and 0.25 of (W3N);.xCx films.

sharply decreased since W)N phase is forced to be re-nucleated by
segregation of C or CNy [29]. Fig. 2b-d present representative cross-
-sectional TEM images, HRTEM images, and selected area electron
diffraction (SAED) patterns at x = 0, 0.11, and 0.25. Cross-sectional
TEM image at x = 0 (Fig. 2a) exhibited rough surface with columnar

porous structure film owing to the self-shadowing effect induced by
sputtered particles [32]. The HRTEM image on the right-hand side
shows fringe patterns with a d-spacing of 0.245 nm for (111) p-WyN
planes. The SAED pattern contained corresponding (111), (200), (220),
(311), (331), and (422) fcc p-W2N diffraction rings, which was in a good
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Fig. 2. (a) X-ray diffraction (XRD) patterns of (W3N);.4xCx films, (b-d) cross-sectional transmission electron microscopy (TEM) image, high resolution TEM
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agreement with JCPDS and other works. Fig. 2c shows TEM images with
low C content (x = 0.11). Once C was incorporated, the film structure
changed from continuous to discontinuous columnar. Note that the
fringe patterns and amorphous matrix are mixed as shown in right-hand
side HRTEM. The d-spacing increased to 0.247 nm with x = 0.11, which
is well-matched with the peak shift in the XRD data. Fig. 2d demon-
strates that the columnar grains completely disappeared with an
extremely flat surface in the films with high C content (x = 0.25). No
sharp fringe patterns were observed in HRTEM. The intensity of halo
diffraction patterns in SAED was distinctively reduced, which is in a
good agreement with our measured XRD data (purple color in Fig. 2a).

3.3. Electrical characteristics

The electrical characteristics of the GeSo—based OTS selector device
using (W2N);4xCx (0 < x < 0.25) electrodes were measured under a
voltage sweep of 0.1 V and a compliance current of 10 mA. The device
was fabricated using DC and RF magnetron sputtering with a (WaN);.
xCx/GeS2/W>N structure, as shown in Figure S3a. Each layer plays role
of top electrode, OTS selector, and bottom electrode with thicknesses of
100, 15, and 30 nm, respectively. A higher voltage than V;; was applied
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to initiate the device. This process allows the device to obtain OTS
behavior, which is called the “Firing process”. The firing voltages (Vfiring)
were measured to be 6.5, 6.1, 5.8, 5.5, 5.4, and 5.1 V, respectively with
increasing x as shown in Figure S3b. Fig. 3a demonstrates the I-V curves
of GeS,-based OTS devices based on different x contents. As x increased,
both Vi, and Iof decreased, reducing power consumption. Fig. 3b shows
the Vi, and I,g of GeSy-based OTS devices using (WaN)1.xCx (0 < x <
0.25) electrodes. The Vg was determined to be 4.8, 4.6, 4.5, 4.3, 4.1, and
3.8 V, respectively as the x in (W3N); 4<Cx electrodes increased. Similarly,
I was measured to be 8.00, 5.37, 5.11, 4.90, 4.67, and 4.17 nA with
increasing x. To classify the decreasing Vi phenomenon, STS and
inter-trap distance (Az) were extracted using

dlogl q Az

oV, kT 2U,

STS =

where V4 denotes applied voltage, q represents elementary charge, k is
Boltzmann constant, T represents temperature, and Uy is the thickness of
the amorphous film [33]. From the above equation, STS can be calcu-
lated from the measured I-V curves with a Vi, range of 0.3 — 0.7 V.
Fig. 3c shows STS, Az, and Nj.. The STS and Az increased from 1.15 to
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1.35 V/dec and 0.890-1.045 nm, respectively. As Ny is inversely pro-
portional to Az3, the estimated Nj decreased from 1.37 x 102 t0 1.14 x
10%° cm 3. Decreased Nj; can be attributed to the decreasing roughness
of (W3N); xCx with increasing x. The low roughness of the electrode is
expected to reduce interfacial defects, which are composed of vacancies,
dislocations, and grain boundaries [34]. Therefore, it minimizes charge
trapping and allows charges to transport easily from the electrode to an
insulating layer. The decrease in Vi, can be attributed to the decrease in
Nj. Fig. 3d-e demonstrates WF of DC magnetron co-sputtered
(W35N)1.xCx electrodes. The WFs were calculated to be 4.50 and 5.11 eV
for WoN and a-C, respectively as shown in Fig. 3d [35,36]. As a-C was
incorporated into W3N, the pairs formed a metal-nonmetal Ohmic
contact. Then, WF increased from 4.50 eV to 4.65 eV with increasing x
to 0.25 as shown in Fig. 3e. Considering the p-type conductivity of the
GeS;, film, a high WF helps reduce the barrier height for hole injection as
shown in Figures S3c—d schematic [25]. Therefore, increased WF allows
holes to transport more easily from the electrode to the insulating layer,
resulting in lower Vy,. We believe that decreased Nj; and increased WF of
(W3N); xCyx electrodes attributed to a decrease in Vi,

3.4. Transient response and endurance

Fig. 4 demonstrates the transient characteristics of the GeSy-based
OTS selector device employing (W3N); xCx (0 < x < 0.25) electrodes. To
prevent current overflow, a 10 kQ load resistor was connected in series
with a compliance current of 10 mA. Fig. 4a—f show the transient
response of the GeSp-based OTS selector device using (WoN); Cy elec-
trodes with increasing x. The height of the triangular pulse was set to 8 V
with a rising/falling time of 50 us. When V, is lower than Vi, devices
remained highly resistive with low current. Once V4 > Vj, currents
sharply increased, corresponding to Vi, of X, 4.3, 4.2, 4.1, 4.0, and 3.8 V
for devices based on (W3N); 4Cy electrodes with increasing x. Fig. 4g
illustrates the endurance of the GeSy-based OTS selector device using
(W2N);xCx electrodes. Repeated AC pulses were applied until I
increased up to tester limit to investigate the lifetime. After 5.0 x 10’
pulses I of device with (W>N)1xCy electrode at x = 0 began to increase,
indicating device degradation. After incorporating C into (W2N); xCx
electrodes, the lifetime enhanced to 9.0 x 107, 9.5 x 107, 1.0 x 108, 3.5
x 108, and 1.0 x 10° pulses for x = 0.11, 0.14, 0.16, 0.21, and 0.25,
respectively. This enhanced lifetime with increasing C contents can be
attributed to the prevention of W diffusion into the OTS layer. When
repeated pulses are applied, transition metals such as W and Ti interact
or diffuse with the chalcogenide materials and crystallize, causing de-
vices degradation [21]. However, once C is incorporated, small atomic
size of C prevents metal diffusion, allowing to maintain stable state. The
(W2N);xCx electrode with the highest C contents showed superior
endurance among the (W2N); 4xCx electrodes owing to the most compact
networks, effectively preventing diffusion or interactions.

4. Conclusion

We explored the effect of vaying a—C content in (WaN);.xCx (0 <x <
0.25) electrodes and its impact on GeSy-based OTS selectors. The
microstructure, electrical characteristics, and device lifetime of (W3N);.
xCx (0 < x < 0.25) electrodes were investigated using the GeS; as the
selector layer. The XRD and HRTEM analyses confirmed the phase
transformation from polycrystalline to amorphous with increasing a-C.
The decreased roughness and increased density can be attributed to the
reduced grain size. In electrical characteristics, both Vi and I of
GeSy-based OTS devices using (WaN)1.4xCx (0 < x < 0.25) electrodes
decreased from 4.8 to 3.8 V and 8.0-4.17 nA with increasing x. The
higher WF and lower N;; with increasing x allowed for a reduction in V.
The enhanced device lifetime up to 1.0 x 10° pulses for the highest a—C
content in (W2N);.4Cx (0 < x < 0.25) electrodes showed superior per-
formance than that of other studies. This novel electrode offers stable
and excellent performance, providing insight for future 3D X-point
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memory arrays.
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