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ZrN-Based Flexible Resistive Switching Memory

Dayanand Kumar™, Umesh Chand™, Lew Wen Siang™, and Tseung-Yuen Tseng™, Fellow, IEEE

Abstract—In this letter, ZrN-based resistive random
access memory (RRAM) is investigated for flexible
memory applications for the near future. Due to the
room-temperature fabrication process, the device is suit-
able for low-temperature flexible monolithic technologies.
The TiN/ZrN/TiN device exhibits excellent AC endurance
cycling (107), a rapid speed (45 ns) and stable reten-
tion (10* s) at 100°C without any degradation. In addi-
tion, RRAM devices built with an additional HfN interface
layer exhibit small operational voltage variations and stable
switching characteristics. The flexibility of the device is
excellent, and it maintains excellent electrical characteris-
tics at a bending radius of up to 4 mm.

Index Terms— RRAM, nitrogen ions, conductive filament,
resistive switching.

|. INTRODUCTION

ESISTIVE random access memory (RRAM) has received

a substantial amount of attention for use in high-density
memory applications [1], [2]. Flexible electronics are becom-
ing an evolving technology due to their attractive properties
and high degree of flexibility for portable electronic devices
that can be used in daily life. Flexible electronic devices are
fabricated on plastic substrates and not Si substrates, so they
are low-cost and green electronic devices [3]. It is well known
that high local temperature and self-heating effects in the
filament region can result in uncontrolled filament issues, such
as switching current overshoot and reliability problems [4].
Various transition metal nitrides, such as HfN, ZrN, VN, SiN,
SiCN, and CrN, have been used as either resistive switching
(RS) layers or interface layers in RRAM devices [2], [5]-[8].
Transition metal nitride ZrN has a high thermal conduc-
tivity (50 W/mK) and a semiconducting phase [8]. These
properties are beneficial for suppressing local heating effects
and improving the controllability of the conductive filament.
Several types of flexible RRAM have been reported but are
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TABLE |
COMPARISON OF PREVIOUS REPORTED OXIDES AND ORGANIC
MATERIALS BASED FLEXIBLE DEVICES
WITH CURRENT WORK

Device Structure Endurance |Speed Retention Bending radius | Bending | Report
(Cycles) (mm) cycles Year

Ni/Sm,04/ITO/PET (S 105s @ 85°C 5 10° 2013
Cu/WOy/ITO 108 | - 105s @ 85°C 5.5 103 2016
Ag/TiO,/ITO/PET 102 | e [ e 5 500 2016
ZnS/TVALOy/MgO/ 150 [ - 10%s 10 10* 2017

ZnS

Pt/TiO,/ITO/PET 600 | - 104s 20 10° 2017
ITO/hBN/FLG/PET 800 | - 10%s 14 850 2017
Ni/NbO,/Ni 420 | - 104s @ 85°C 5 10° 2018
AVP4/ITO/PET 500 10 ms 104s 5 102 2019
Alparylene/W 500 10 ps 105s 10 500 2016
TiN/HfN/ZrN/ 107 45ns 104s @ 4 mm 104 This
TiN 100°C work

not appealing due to their poor endurance, high bending
radius, low speeds and poor bending cycling behavior [9]-[17].
Kim and Choi [9] reported flexible RRAM, which showed
good retention (10* s) but poor endurance (150 cycles) and a
high bending radius (10 mm). Qian ef al. [10] also reported
flexible devices with poor endurance (800 cycles), poor reten-
tion (103 s), a high bending radius (14 mm), and poor bending
cycling behavior (850 cycles). To overcome these problems in
flexible devices, we propose a flexible RRAM based on a new
TiN/HfN/ZrN/TiN structure that has shown excellent charac-
teristics, such as AC endurance (107 cycles), speed (45 ns),
bending radius (4 mm) and retention (10* s) at 100°C. These
characteristics indicate that the TiN/HfN/ZrN/TiN RRAM
stack is better than the previously reported RRAM stacks
for flexible nonvolatile memory applications. Table I shows
a comparison of oxide- and organic material-based flexible
devices with the current work.

In this work, we demonstrate a new TiN/ZrN/TiN device on
a polyethylene terephthalate (PET) substrate for emerging non-
volatile RRAM for flexible applications. The highly flexible
TiN/ZrN/TiN device shows excellent switching characteristics
with an on/off resistance ratio (>102), device speed (45 ns),
AC endurance (107 cycles) and stable retention (10* ) at
100°C. The RS mechanism of the device is based on the
formation and rupture of conductive filaments (CFs) in the
ZrN layer due to nitrogen vacancies. In addition, we used HfN
as a thin layer that is inserted between the top electrode and
ZrN layer to reduce the voltage variation in the device.

II. DEVICE FABRICATION

First, the TiN bottom electrode (BE) was deposited by
sputtering on a flexible PET substrate. A 10 nm-thick ZrN RS
layer was deposited on the TiN BE by rf sputtering. Finally,
a 100 nm TiN top electrode (TE) with a diameter of 100 xm
using a metal shadow mask was deposited by sputtering at
room temperature to form a TiN/ZrN/TiN device. In addi-
tion, 3 nm HfN was used as an interface layer between the
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Fig. 1. (a) I-V trend for TiN/ZrN/TiN device, (b) voltage distribution of
the device, (c) AC endurance of the device and (d) retention results at
100°C.
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Fig. 2. (a) (color online) Replot of the I-V curve fitting for the TiN/ZrN/TiN
and TiN/HfN/ZrN/TiN in both the LRS and HRS. (b) and (c) illustrate the
conductive filament model for the SET and RESET of the TiN/ZrN/TiN
device.

TiN and ZrN for comparison to suppress the operational volt-
age variation. An Agilent BIS00A semiconductor parameter
analyzer was used for the DC measurements, and an AC pulse
was generated by an Agilent B1530A waveform generator/fast
measurement unit (WGFMU). The TiN BE was grounded,
and the voltage was applied to the TiN TE for the device
measurements.

I11. RESULTS AND DISCUSSION

Fig. 1(a) shows the bipolar RS behavior of the TiN/ZrN/TiN
device with a SET voltage (~1.3 V) and a RESET voltage
(~ —0.8 V). Figure 1(b) depicts the voltage distribution of
the device during 100 continuous DC switching cycles. The
device exhibits a wide variation in the SET/RESET voltages
during the continuous switching cycles. Such a wide variation
is due to the random formation and rupture of the CF in the
TiN/ZrN/TiN device. The reliability test is also characterized
to confirm the memory performance of the device, as shown
in Fig. 1(c). The AC endurance of the device was determined
by using a pulse height of 2.5 V for the SET operation and
—2.8 V for the RESET operation under a pulse width of 45 ns
at a read voltage of 0.3 V. A large AC endurance of more than
107 switching cycles is achieved. The retention characteristics
are also measured for the device, which is shown in Fig. 1(d).
Both the low resistance state (LRS) and high resistance state
(HRS) are highly stable for more than 10* s without any
degradation at 100°C.

To study the conduction mechanisms of TiN/ZrN/TiN and
TiN/HfN/ZrN/TiN devices, the I-V curves of the devices in
the positive voltage region were redrawn using a log-log
scale, as shown in Fig. 2(a). According to the space-charge

limited conduction (SCLC) model, the conduction mechanism
of the nitride films is closely related to electron trapping
and detrapping in nitride-related electron traps [4]. For both
devices, in the low voltage region (0 to 0.4 V) of the HRS,
the thermally generated carrier migration inherent in the
nitride film causes a low current, and the fitted curve shows
an Ohmic conduction dependence (I~V). As the voltages
of the TiN/ZrN/TiN and TiN/HfN/ZrN/TiN devices rise to
(0.4 to 1.3 V) and (0.4 to 0.9 V), respectively, the number of
injected carriers exceeds the number of thermally generated
carriers and trapping and detrapping of the inherent defects in
the nitride, which leads to the conduction following the SCLC
behavior of trap filling (I ~ V?). At high voltages (>1.3 V for
TiN/ZrN/TiN and >0.9 V for TiN/HfN/ZrN/TiN), all traps are
filled with charge carriers, a conductive path is formed, and the
current suddenly increases; the devices are SET from the HRS
to the LRS. In the entire LRS region of both devices, the I-V
curves are linear with a slope of 1, which is consistent with
the Ohmic conduction mechanism. In standard SCLC theory,
the current density J emitted by trap-controlled SCLC can be
expressed as:

T=(0/0 + 1)(9/8)ere0u (V2 /L?) (1)

where 8 = (N¢/N;) exp(EcE()/KT is the ratio of the free
electrons to the trapped electrons, Nc is the effective density
of states in the conduction band, N; is the number of empty
electron traps, o is the dielectric constant of free space, &,
is the relative permittivity, u is the electron mobility, V is the
applied voltage, and L is the film thickness.

We also present a schematic model of a TiN/ZrN/TiN device
based on the formation and rupture of CFs, which is shown in
Figs. 2 (b and c). The CF consists of nitrogen (N) vacancies
in the device that are created mostly at the grain boundaries of
the RS layer during the forming or SET process. The creation
of N vacancies in ZrN devices is very similar to the creation
of oxygen vacancies in metal oxide RRAM devices [4]. After
forming or the SET process, the free N ions released from ZrN
remain at the TiN/ZrN interface rather than being absorbed
by TiN because the Gibbs free energy of TiN (—217 kJ/mol)
is higher than that of ZrN (—336 kJ/mol), and nitrogen ions
need more energy to be absorbed in TiN [18]. During the
RESET process, the nitrogen ions drift back to the ZrN and
recombine with the nitrogen vacancies, causing the filament
to rupture. Due to the high thermal conductivity (50 W/mK)
of ZrN, the local heating effect is not as severe as that in the
metal oxide device, and the shape and size of the filament can
be better controlled [8].

To control the switching voltage variation and switching
stability of the TiN/ZrN/TiN device, we used a 3 nm HfN thin
layer between the TE and 7 nm ZrN layer. The improved char-
acteristics of the TiN/HfN/ZrN/TiN device are shown in Fig. 3.
The device has SET and RESET voltages of approximately
0.8 and —0.6 V, respectively (Fig. 3a). The TiN/HfN/ZrN/TiN
device has a smaller SET/RESET voltage change than the
TiN/ZrN/TiN device (Fig. 3b). For TiN/HfN/ZrN/TiN devices
with a speed of 45 ns, an AC endurance of up to 107 cycles is
achieved (Fig. 3c) using a pulse height of 1.6 V for the SET
operation and —1.5 V for the RESET operation. The retention
of the TiN/HfN/ZrN/TiN device is measured at 100° C, and
both the LRS and HRS exhibit high stability (Fig. 3d).
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Fig. 3. (a) I-V curve for the TiN/HfN/ZrN/TiN device, (b) voltage
distribution for the TiN/ZrN/TiN and TiN/HfN/ZrN/TiN devices, (c) AC
endurance for the TiN/HfN/ZrN/TiN device and (d) retention at 100°C
for the TiN/HfN/ZrN/TiN device.
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Fig. 4. (a and b) The CF model for the TiN/HfN/ZrN/TiN device.
(c) Memory window of the TiN/HfN/ZrN/TiN device for different bending
radii. (d) DC endurance characteristics of the TiN/HfN/ZrN/TiN device
during bending from the flat condition to a radius of 4 mm for 104
times. (e) AC endurance test of the TiN/HfN/ZrN/TiN at a bending
radius = 4 mm.

Fig. 4 (a) and (b) illustrate the CF model for the
TiN/HfN/ZrN/TiN device. When a positive bias is applied
to the TiN TE, N vacancies are generated in the ZrN layer
and migrate to the TiN BE to form conical filaments in the
ZrN layer. As the N vacancies in the ZrN layer increase, ZrN
becomes electrically conductive and behaves like a “virtual
electrode” [19]. It should be noted that the conductive virtual
electrode, which is part of the CF, also consists of N vacancies.
Now, the “virtual electrode” in the ZrN layer tends to be
the seed for CF regrowth in the HfN layer. Based on the
RS mechanism, the high uniformity is due to the limitation
of the rupture point and recovery locations in the matrix
layer near the HfN/ZrN interface. After the device switches
to the HRS, the root of the CF does not dissolve completely
during the RESET process. In the TiN/HfN/ZrN/TiN device,
the CF is preferably connected or ruptures at the HfN/ZrN
interface, and the ZrN layer behaves as a virtual electrode [19].
This RS mechanism enhances the uniformity and reduces
the SET/RESET voltage variations of the TiN/HfN/ZrN/TiN
device.
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Fig. 5. (a) SEM image of the device in the flat condition, (b) when the
device is bent to R = 4 mm and (c) when the device is bent R = 2 mm.

The flexible properties of the TiN/HfN/ZrN/TaN device are
also investigated. During the measurements, the device is bent
up to surface curvature radius of 25-2 mm. Figure 4(c) shows
the values for various bending radii. The device exhibits a
stable resistance ratio between the LRS and HRS without any
degradation to mechanical bending from 25 to 4 mm but rapid
degradation occurs for 2 mm bending. This degradation in the
resistances is due to the increase in the sheet resistance of the
RS layer and BE during the bending condition [20].

Fig. 4 (d) shows the endurance characteristics of the device
after bending from a flat state to a 4 mm radius 12,000 times.
Both the LRS and HRS are highly stable up to 10,000 bending
cycles, after which the device shows degradation in both states.
The first read operation is performed after the first bending
cycle, and then a read operation is performed after every
200 bending cycles to measure the stability of the device. The
AC endurance test is also investigated for a 4 mm bending
radius at a read voltage of 0.3 V, and the result is shown
in Fig. 4 (e). By using a pulse height of 1.6 V for the SET
process and —1.5 V for the RESET process with a pulse
width of 45 ns, the flexible device can maintain both LRS
and HRS for up to 107 cycles without any degradation. The
inset of Fig. 4(e) exhibits the consistency of LRS and HRS
values among the measured results for the 20 devices. The high
stability of the LRS and HRS confirms the high reproducibility
of the device.

For experimental evidence, we obtain SEM images of the
device in the flat and bent conditions, as shown Fig. 5.
In Fig. 5 (a), there are no cracks visible for the device in
the flat condition. For the device with a bending R = 4 mm,
the crack density is much less, as observed from Fig. 5 (b),
and the increase in the resistance of the ZrN layer due to
the few cracks results in the maintenance of a good memory
performance [13], [21]. In Fig. 5 (c), it is clear that there are
many cracks in the device when R = 2 mm. These cracks
lead to an increase in the ZrN layer resistance on the ITO/PET
substrate, resulting in degradation of the device performance.
Therefore, the device shows rapid degradation in the LRS and
HRS when the device is bent to R = 2 mm.

IV. CONCLUSION

We investigated RRAM devices based on a ZrN RS layer.
The device has excellent switching characteristics, such as a
high AC durability and stable retention at high temperatures.
In addition, the device fabricated with a HfN interfacial layer
between the TE and ZrN exhibits small operational voltage
variations and stable switching characteristics. The flexible
device shows excellent switching characteristics when bent up
to a radius of 4 mm. Finally, this report clearly establishes that
the ZrN-based RRAM device studied herein has potential for
flexible memory applications.
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