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Amorphous silicon carbide (a-SiC) based resistive memory (RM) Cu/a-SiC/Au devices were
fabricated and their resistive switching characteristics investigated. All four possible modes of
nonpolar resistive switching were achieved with ON/OFF ratio in the range 10°-10°. Detailed
current-voltage I-V characteristics analysis suggests that the conduction mechanism in low resistance
state is due to the formation of metallic filaments. Schottky emission is proven to be the dominant
conduction mechanism in high resistance state which results from the Schottky contacts between the
metal electrodes and SiC. ON/OFF ratios exceeding 107 over 10 years were also predicted from state
retention characterizations. These results suggest promising application potentials for Cu/a-SiC/Au
RMs. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867198]

Conventional Si charge-storage-based non-volatile memo-
ries are running into serious limitations as further down-
scaling leads to difficulties in retaining reliable performance.’
In recent years, this dilemma has triggered great interest and
development of resistance random access memory for next
generation non-volatile memory due to its promising perform-
ance and potentials including down-scalability, excellent en-
durance, simple structures, fast speed, low power
consumption, and back-end of line compatibility.” A resistive
memory (RM) usually consists of an insulating or semicon-
ducting material which is sandwiched between two metal elec-
trodes. Reversible resistive switching is modulated by applying
a voltage across the metal electrodes to achieve the transition
from high (HRS) to low (LRS) resistance state (SET) or the
transition from LRS to HRS (RESET). Resistance of device at
LRS and HRS are often noted as Ron and Rogg, respectively.

A number of RMs has been reported with resistive
switching behaviour. Based on current-voltage (I-V) charac-
teristics, the switching modes can be classified into three
main types: unipolar, bipolar, and nonpolar. Unipolar resis-
tive memories refer to RMs which can be SET and RESET
by applying voltages with the same polarity, while bipolar
RMs require opposite voltage polarities to SET and RESET
for each switching cycle. A typical bipolar RM usually con-
tains two different electrodes as one is electrochemically
active and the other is inert.> This is to enable the voltage po-
larity dependant filamentary formation during SET and rup-
ture during RESET based on electrochemical reaction in the
middle solid electrolyte layer.>* On the other hand, the same
metal is generally used for both electrodes in a typical unipo-
lar RM to enable SET/RESET under the same voltage polar-
ity.>® Relatively speaking, bipolar switching features faster
switching speed, better uniformity, and lower operation
power,” while unipolar switching presents higher ON/OFF
ratios (Ropr/Ron) and presents advantages for high density
integration.® Thus nonpolar RMs which exhibit both unipolar
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and bipolar switching behaviours have been considered ad-
vantageous as they can potentially expand application scopes
of RMs.? It is worth noting that there can be two possible
bipolar switching modes in one device which can be defined
as positive bipolar achieved by positive SET voltage (Vsgr)
followed by negative RESET voltage (Vrgsgr) and negative
bipolar achieved by negative Vggr followed by positive
Vgeser- Similarly two possible unipolar switching modes
can exist in one device which can be defined as positive uni-
polar (positive Vggr followed by positive Vrgser) and nega-
tive unipolar (negative Vggr followed by negative Vrgsgr).
Nonpolar devices ideally should present all these four possi-
ble switching modes.

Only a limited number of nonpolar RMs have been
reported to present all four possible switching modes. Most of
them are transition metal oxide based RMs*> or insulating
material based RMs with metal dopants or particles embedded
in the switching layers.*® However, introduction of dopants
into the switching layers can reduce the resistance in HRS,
leading to limited ON/OFF ratios.'® Furthermore, despite of
different device configurations, most reported nonpolar RMs
are attributable to the same conductive filaments when subject
to positive Vggr or negative Vggr, hence similar resistant
states, i.e., Ron, Ropp, and switching ratios were observed.>®
For example, positive bipolar and negative bipolar switching
performance can be similar or symmetric.® If the change of
polarity could also induce asymmetric switching performance
such as Ron, Ropr, and switching ratios, this may be further
exploited to expand the potential programmable range of
future RMs.

Amorphous silicon carbide (a-SiC) based RMs has
recently been reported to show very promising resistive
switching behaviours.>!" Our previous results also suggest that
ultrahigh switching ratios in the range of 10°-10° can be
achieved.'” In this paper, we report a-SiC based RMs which
exhibit nonpolar switching characteristics, high ON/OFF
ratios, and excellent retention performance. Asymmetric bipo-
lar and unipolar switching behaviours are investigated based

© 2014 AIP Publishing LLC
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on the formation and rupture of conductive filaments in all
four switching modes.

Cu/a-SiC/Au RM cells were fabricated on Si wafers
covered with a 1 pum thick thermal SiO, layer. 300nm Au
was deposited by magnetron sputtering followed by the dep-
osition of a 250 nm thick SiO, layer. Photolithography and
reactive ion etching were then conducted to pattern and ex-
pose the active device areas. Subsequently, 40 nm thick
a-SiC and 300nm thick Cu layers were deposited without
breaking the sputtering chamber vacuum on the patterned
substrates. A final lift off process was used to achieve the
Cu/a-SiC/Au RM devices. All processes were conducted at
room temperature. [-V characteristics were measured by
voltage sweeps using an Agilent B1500A semiconductor de-
vice parameter analyser. All voltage sweeps were conducted
by grounding the Au electrode while applying polarized vol-
tages on the Cu electrode. A current compliance of 100 uA
was applied for all SET switching process, and no compli-
ance current was applied during RESET. A cross-section
view of a typical device and the schematic of voltage appli-
cation are shown in the inset of Figure 1(d).

Material composition of the as-deposited a-SiC has been
characterised by X-ray photoelectron spectroscopy (XPS).
Figures 1(a) and 1(b) show that Si 2p and C s peaks are at
100.7eV and 283.3 eV, respectively, which corresponds to
stoichiometric a-SiC."* High resolution X-ray diffraction
(XRD) spectra have been obtained from both the SiC sputter-
ing target as well as as-deposited SiC layer, as shown in
Figure 1(c). The characteristic 3C-SiC (111) XRD peak at
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35.7° (Ref. 14) is clearly observed from the SiC target, while
no peaks are shown from the as-deposited SiC layer, suggest-
ing amorphous status of the as-deposited SiC. Furthermore,
by analysing the capacitance of pristine Cu/a-SiC/Au devices
with varied device areas, as shown in Figure 1(d), dielectric
constant ¢ and refractive index n of the a-SiC layer can also
been estimated to be 6.5 and 2.55, respectively, which also
corresponds to C/Si ratio of 1.1

To avoid any possible influence from switching history,
in this work, each of the four switching mode i.e., positive
bipolar (+bipolar), negative bipolar (—bipolar), positive uni-
polar (4unipolar), negative unipolar (—unipolar) was con-
ducted using a pristine Cu/a-SiC/Au device with identical
device structures, i.e., each device has only been tested using
its respective switching mode. In order to ensure the uni-
formity of the device performance, at least five identical
devices have been measured for each switching mode, and
for each switching device, at least 20 cycles have been con-
ducted. All four switching characteristics have been
observed over a range of devices, respectively, which have
also shown reliability over repeated switching cycles (not
shown here). As the starting state of pristine Cu/a-SiC/Au
RMs is always HRS, a first electroforming process is
observed for all these switching mode to obtain the initial
LRS with the forming voltage in the range of 4-5V, as
shown in Figures 2(a) and 2(b). Higher forming voltage for a
pristine device as in contrast to Vgt in the subsequent SET
and RESET cycles has been frequently observed in many
RMs, which is attributed to the requirement to induce the

283.3eV

FIG. 1. (a) Si 2p and (b) C 1s XPS
spectra of as-deposited a-SiC film,
with peak binding energy labelled. (c)

XRD spectra of SiC sputtering target
and as-deposited a-SiC film. (d)

Slope=1.51x10"

Capacitance of pristine Cu/a-SiC/Au
devices with varied device area. The
inset shows the cross-section of a typi-
cal device with a schematic indication
of electric connection configuration for
the switching tests.

(@)

100.7eV
5 S5
s s
=2 >
= =
ey C
9] o |k
k= k=
(a) A (] 1 L 1
96 99 102 105 279 282
Binding Energy (eV)
15
35.7°
3C SiC (111)
Sk _10
. [V
®© e
= ]
= . . c
2 — as-deposited SiC S
Q —— SiC target & 5
C r Q.
- ©
o
\ LN 0 Il
30 40 50 60 70 0 2500

2 Theta (degree)

5000
Area(pm2)

7500



093507-3 Zhong et al.

conductive paths through the entire thickness of the device
layer.'® Typical I-V characteristics of the stable switching
cycles of the Cu/a-SiC/Au devices with 1 um? device area
are also shown in Figures 2(c) and 2(d), presenting all four
unipolar switching modes, respectively. It is observed that
typical Vggr and Vygsgr are around or below 2 V. It is worth
noting that, high switching ratios in the range of 10°~10®
were obtained for all four modes. Asymmetric switching per-
formances between positive bipolar and negative bipolar
cycles as well as between positive unipolar and negative uni-
polar cycles are observed. For instance, switching ratios for
negative bipolar and negative unipolar are approximately
two orders of magnitude higher than positive bipolar and
positive unipolar modes, respectively.

To investigate the switching mechanisms, detailed I-V
characteristics for LRS and HRS are plotted in Figure 3.
Straight lines with slope of approximately unity are obtained
for all LRS in a double logarithmic plot (Figure 3(a)), which
indicates Ohmic conduction, most likely due to filamentary
conduction.” It is believed that, when the device is subject to
an applied electrical field during SET process, conductive fil-
aments are formed by redox reaction of the electrochemically
active metal electrode followed by ion migration and deposi-
tion within the insulating layer. For the herein reported Cu/a-
SiC/Au devices, when positive voltage is applied to the Cu
electrode, i.e., SET processes for positive bipolar and positive

Appl. Phys. Lett. 104, 093507 (2014)

unipolar modes, Cu atoms are oxidized to Cu”" ions which
migrate through the a-SiC layer and subsequently reduce to
Cu atoms at the Au counter electrode and eventually form Cu
filaments. Cu as an electrochemically active material has
been widely used in many RMs**!'! with real time observa-
tion of Cu filaments observed using high resolution transmis-
sion electron microscopy (TEM).!” In comparison with Cu,
Au has a much higher reduction potential'® and thus has
mainly been used as inert counter electrodes in RMs.'”
Nevertheless, real time TEM observation of Au filaments has
been recently reported.”’ For our Cu/a-SiC/Au devices, when
negative voltage is applied to the Cu electrode during SET
process, i.e., negative bipolar and negative unipolar modes,
the Au electrode is subject to a positive electrical field where,
we believe, Au atoms can be oxidized to Aut ions which
reduce to Au atoms at the Cu counter electrode and thus form
Au conductive filaments. To further clarify these conduction
mechanisms, Figure 4 shows Ry as a function of tempera-
ture. As expected, metallic behaviour is observed for the LRS
resistance for both positive (Ron.) and negative (Ron_)
switching modes. Through linear fitting, the temperature
coefficient of Rony and Ron_ are extracted to be 2.4 x 1073
K~ "and 2.7 x 107> K. These values are in agreement with
reported values for Cu nanowires (2.5 x 10 K H?! and Au
nanowires (2.3 x 107> K™ "),* respectively. These results
also discard the possibility of any oxygen vacancy conduction

10

107

10°

Current (A)

FIG. 2. I-V curves of electroforming
cycles and typical switching cycles of
all four possible switching modes: (a)

—O— +unipolar
—O— -unipolar

6 electroforming cycles of +bipolar and
—bipolar modes, (b) electroforming
cycles of +unipolar and —unipolar

2 4

Current (A)

—O— +bipolar
—{+— - bipolar

modes, (c) typical switching cycles of
+bipolar and —bipolar modes, (d)
typical switching cycles of +unipolar
and —unipolar modes. The arrows
indicate the respective voltage sweep-
ing directions.
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as its temperature coefficient should be at least an order of
magnitude smaller than metal filaments.>

Figure 3(b) shows the HRS I-V characteristics of all the
four switching modes which can be explained by Schottky
Emission mechanism following:**

—qbs  q\/q/4TE
1= AA'T? exp ZTB+q %mﬁ, (1)

where A is the conduction area, A* is Richardson’s constant,
@y is Schottky Barrier Height (SBH), E is electrical field, q
is the electronic charge, k is the Boltzmann’s constant, ¢; is
dielectric constant of the film, and T is absolute temperature.
This is expected as SiC have been widely exploited for
Schottky diode applications.”> The existence of Schottky
contacts between the metal electrodes and a-SiC in this case
is advantageous for Cu/a-SiC/Au RMs as it contributes to the
high Ropr, leading to high switching ratios. Furthermore, it
is observed that the Ropr values for negative bipolar and
negative unipolar modes are over an order of magnitude
higher than positive bipolar and positive unipolar modes,
respectively. This is probably due to the higher work func-
tion of Au nanowires in the negative bipolar and negative
unipolar modes in comparison with Cu nanowires in positive
bipolar and positive unipolar modes, which leads to higher

-3
O +bipolar
- /A -bipolar (a)
O +unipolar
S ¥ -unipolar

In(V)

O +bipolar
A\ -bipolar

O +unipolar
WV -unipolar
34 2 i "
0.0 0.5 1.0 1.5 2.0
Vi

FIG. 3. (a) LRS I-V data in Ln(I)-Ln(V) plots, with respective linear fittings.
(b) HRS I-V data in Ln(I)-V"? plots, with linear fittings to the Schottky emis-
sion equation. The insets illustrate the possible RESET mechanisms for each
switching mode: +-unipolar, +bipolar, —bipolar, and —unipolar in top-down
sequence.
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FIG. 4. Normalized Ron values versus temperature, with the straight lines
being their respective linear fittings.

@z when in contact with a-SiC in HRS. Rupture of the con-
ductive filaments has been reported to underpin the RESET
process. We believe that in our Cu/a-SiC/Au devices, elec-
trochemical dissolution of the metal filaments plays the dom-
inant role in bipolar switching,” while Joule heating
enhanced lateral diffusion dominates RESET in unipolar
switches. The fact that our devices have clearly demon-
strated stable resistive switching when Cu and Au electrodes
are subjected to positive electrical fields suggest that the Au
electrode is not only inert enough to enable positive bipolar
and positive unipolar switching cycles but also active enough
to allow negative bipolar and negative unipolar switching
behaviours. Furthermore, both Cu and Au have very low dif-
fusion coefficients in SiC,*? suggesting Cu or Au ions are
apt to be reduced before they reach their respective counter
electrode and thus result in a cone-shaped filament with the
narrowest point near the counter electrode.'>*® We thus
believe that the rupture of the filaments for Cu/a-SiC/Au
RMs is likely to occur at this narrowest point, as insets in
Figure 3(b) illustrate the possible RESET mechanisms for
each switching mode.

Figure 5 shows the retention performance of Roy and
Ropr states. There is no noticeable deterioration over the
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FIG. 5. Ron and Repr values versus time measured at 85 °C, with power
law extrapolation to 10 years.
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measurement duration at 85 °C. The power-law extrapola-
tion> suggests that the ON/OFF switching ratio after 10 years
can still be expected to be greater than 107, implying excellent
stability and retention of these devices. This might be attribut-
able to the high chemical stability of SiC material as well as
the low Cu and Au diffusion in SiC.2%%7 As a result, these
a-SiC based RMs using Cu and Au electrodes demonstrate
significant advantages and potential for future applications.

In summary, Cu/a-SiC/Au devices with nonpolar resis-
tive switching characteristics are obtained and analysed. All
four possible switching modes are present with asymmetric
switching performance, such as Ron, Ropp, and switching ra-
tio between positive bipolar and negative bipolar modes as
well as between positive unipolar and negative unipolar
modes. Detailed I-V characteristics analysis suggests that the
conduction mechanism in LRS is due to the formation of Cu
or Au filaments. Schottky emission is proven to be the domi-
nant conduction mechanism in HRS, which results from the
Schottky contacts between the metal electrodes and SiC. The
rupture of the filaments in the RESET process is likely to be
attributable to electrochemical dissolution for bipolar modes
and Joule heating assistant diffusion for unipolar modes. The
combination of Cu and Au as electrodes in the a-SiC RM has
proven to be effective in enabling all four possible nonpolar
switching modes. The Cu/a-SiC/Au devices also show excel-
lent retention performance. These results suggest promising
application potentials for Cu/a-SiC/Au RMs.
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