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Abstract: In this work, we report the feasibility of resistive switching (RS) properties of oxygen-
doped zirconium nitride (O-doped ZrN) films with platinum (Pt) and platinum silicide (PtSi) bottom
electrode (BE), produced by a sputtering method. Compared to O-doped ZrN using Pt BE, when
Pt/p-Si was used as BE, the foaming voltage slightly increased, but the operation current was reduced
by about two orders. In particular, the average reset current of the O-doped ZrN memory cells was
reduced to 50 µA, which can delay deterioration of the element, and reduces power consumption.
Therefore, the use of PtSi as the BE of the O-doped ZrN films is considered highly effective in
improving reliability through reduction of operating current of the memory cells.

Keywords: oxygen dopping; platium silicide; ZrN films

1. Introduction

In the era of the fourth industrial revolution research into new non-volatile memory
(NVM) devices that can store and process a large amount of information is being actively
conducted. Random access memory (RAM) using a resistive switching device (RRAM)
has many advantages, such as simple cell structure, long data retention time, excellent
scalability, and compatibility with existing CMOS technology, compared to conventional
charge-based NVM devices [1–4]. However, high operating currents can lead to device
degradation, so commercialization requires improving the device reliability characteristics,
such as durability and maintenance. Various materials are being studied to solve this
problem. Recently, a stable resistive switching (RS) characteristic has been reported for
various nitride-based materials like ZrN, BN and SiN, all of which feature low operating
voltage and fast operation of <100 ns [5–10]. According to the reported literature [11], ZrN
has attracted much attention as a resistance switching material due to its high thermal
conductivity (50 W/mK) and semiconductor phase characteristics, which result in sup-
pression of the random formation of the conductive filament (CF) and improvement of
the current overshoot phenomenon of the RRAM. The Kumar Group recently reported
an improvement of resistive switching (RS) characteristics, such as the reduced current
variation, for ZrN-based RRAM results [12]. However, it is still necessary to lower the high
driving current (more than ~10 mA) and the high forming voltage of the ZrN-based RRAM
device because it is the cause of the decrease in reliability.

Therefore, in this study, we applied the oxygen-dopped ZrN thin film to a RS layer and
platinum silicide (PtSi) as lower electrodes to reduce the foaming voltage and operating
current of RRAM elements. Then, current−voltage (I−V) characteristics and the retention
time were measured in a direct-current (DC) mode to investigate the RS properties of
RRAM devices. In addition, a possible conduction mechanism for RS phenomena is
discussed by applying the space charge limited conduction (SCLC) and Poole–Frenkel
(P–F) emission models.
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2. Experiments

For sample preparation, after the radio corporation of America (RCA) cleaning process,
a 100 nm thick Pt metal was deposited on a p-Si substrate using an e-beam deposition
method to form a PtSi layer as a bottom electrode (BE). Afterwards, a 20 nm thick O-ZrN
layer was deposited in a mixed gas ambient of Ar/N2/O2 (20/5/1 sccm) and under a
working pressure of 4 mtorr using a RF Sputtering system, Korea Vacuum System 2000L
(KVS-2000 L, Korea Vaccuum Tech, Gimpo-si, Korea). In the process, we used a high purity
4N, Zr target (2 inch size). Then, the PtSi/ZrN structures was annealed in N2 gas ambient
at 450 ◦C for 30 s using MILA-5000 (Ulvac, Kanagawa, Japan). After that, we formed a
top electrode (TE) of 50 nm-thick TiN with 150 × 150 µm2 using photolithography. Finally,
indium was used to make ohmic contact with the substrate.

Figure 1a shows the fabricated structures and fabrication procedure of the proposed
PtSi/O-ZrN/TiN cell in detail, as well as the cross-sectional image and top view of the
device measured by a field emission scanning electron microscope (FE-SEM, SU-8010, Hi-
tachi, Tokyo, Japan). We then investigated the RS properties of the PtSi/O-doped ZrN/TiN
and PtSi/ZrN/TiN RRAM cells using a Keithley 4200 parameter analyzer (Tektronix, Inc.,
Beaverton, OR, USA).

Coatings 2021, 11, x FOR PEER REVIEW 2 of 7 
 

 

discussed by applying the space charge limited conduction (SCLC) and Poole–Frenkel (P–
F) emission models. 

2. Experiments 
For sample preparation, after the radio corporation of America (RCA) cleaning pro-

cess, a 100 nm thick Pt metal was deposited on a p-Si substrate using an e-beam deposition 
method to form a PtSi layer as a bottom electrode (BE). Afterwards, a 20 nm thick O-ZrN 
layer was deposited in a mixed gas ambient of Ar/N2/O2 (20/5/1 sccm) and under a work-
ing pressure of 4 mtorr using a RF Sputtering system, Korea Vacuum System 2000L (KVS-
2000 L, Korea Vaccuum Tech, Gimpo-si, Korea). In the process, we used a high purity 4N, 
Zr target (2 inch size). Then, the PtSi/ZrN structures was annealed in N2 gas ambient at 
450 °C for 30 s using MILA-5000 (Ulvac, Kanagawa, Japan). After that, we formed a top 
electrode (TE) of 50 nm-thick TiN with 150 × 150 µm2 using photolithography. Finally, 
indium was used to make ohmic contact with the substrate. 

Figure 1a shows the fabricated structures and fabrication procedure of the proposed 
PtSi/O-ZrN/TiN cell in detail, as well as the cross-sectional image and top view of the 
device measured by a field emission scanning electron microscope (FE-SEM, SU-8010, Hi-
tachi, Tokyo, Japan). We then investigated the RS properties of the PtSi/O-doped ZrN/TiN 
and PtSi/ZrN/TiN RRAM cells using a Keithley 4200 parameter analyzer (Tektronix, Inc., 
Beaverton, OR, USA). 

 
 

Figure 1. (a) (left side) Device schematic diagram of PtSi/ O-doped ZrNx/TiN RRAM cell and manufacturing procedure. 
(B) (right side) Cross-sectional image and top view of fabricated device measured by FE-SEM. (b) X-ray diffraction (XRD) 
curves measured for O-ZrN films annealed in the scan range of 20°–80°. Inset table shows crystallinity of ZrN, Zr, and 
ZrON using Hinrichsen’s method. 

3. Results and Discussion 
First, to evaluate a structural property of ZrN films, we investigate XRD peaks for 

the O-doped ZrN fims using Joint Committee on Powder Diffraction Standards (JCPDS) 
cards. As shown in Figure 1, it is found that the O-doped ZrN film has a polycrystalline 
structure for the samples before and after N2 annealing; the measured diffraction peaks 
were observed at 28°, 30°, 35°, 50°, 53°, and 60°, corresponding to ZrON (222), ZrN (111), 
Zr (002), ZrN (220), Zr (110), and Zr (103) planes [13,14], in the scanned range of 20°−80°. 
In the case of as-deposited films, we found several Zr metal peaks as well as those related 
to ZrN and ZrON, which means that the film might be very leaky when bias is applied to 
the device. On the other hand, compared to the as-deposited samples, larger diffraction 
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Figure 1. (a) (left side) Device schematic diagram of PtSi/ O-doped ZrNx/TiN RRAM cell and manufacturing procedure.
(B) (right side) Cross-sectional image and top view of fabricated device measured by FE-SEM. (b) X-ray diffraction (XRD)
curves measured for O-ZrN films annealed in the scan range of 20◦–80◦. Inset table shows crystallinity of ZrN, Zr, and
ZrON using Hinrichsen’s method.

3. Results and Discussion

First, to evaluate a structural property of ZrN films, we investigate XRD peaks for
the O-doped ZrN fims using Joint Committee on Powder Diffraction Standards (JCPDS)
cards. As shown in Figure 1, it is found that the O-doped ZrN film has a polycrystalline
structure for the samples before and after N2 annealing; the measured diffraction peaks
were observed at 28◦, 30◦, 35◦, 50◦, 53◦, and 60◦, corresponding to ZrON (222), ZrN (111),
Zr (002), ZrN (220), Zr (110), and Zr (103) planes [13,14], in the scanned range of 20◦–80◦.
In the case of as-deposited films, we found several Zr metal peaks as well as those related
to ZrN and ZrON, which means that the film might be very leaky when bias is applied to
the device. On the other hand, compared to the as-deposited samples, larger diffraction
peaks are observed at ~28◦ and 30◦ for the O-doped ZrN fims after annealing, which
indicates improvement in crystallinity, by removing the Zr related peaks. In addition, to
evaluate the crystallinity of O-ZrN films, we tried to calculate the weight fraction of the
crystal part using using Hinrichsen’s method [15,16], as shown in inset table of Figure 1b
As a result, compared to the crystallinity before RTA, after heat treatment, the crystallinity
of ZrN and Zr decreased, while that of ZrON has doubled. These results mean that the
post-RTA method is very useful in improving the crystallinity of O-ZrN by reducing the
crystallization of Zr and ZrN components.



Coatings 2021, 11, 197 3 of 6

To investigate the RS properties for the O-doped ZrN RRAM devices with different
bottom electrode, i.e., Pt and PtSi, as can be seen in Figure 2a,b, we measured the I–V curve
in the dc mode. In the six Pt/O-doped ZrN/TiN cells, memory operation was observed in
bipolar RS mode. First, as shown in Figure 2a a forming is required +2.3 V for a bipolar
RS with compliance current (Icc), which indicates that the resistance state of the devices
is switched to low resistive state (LRS). Then, a reset process was performed at −3 V by
sweeping a reverse voltage for the sample, in Figure 2b the resistance state was changed to
the high resistive state (HRS). Subsequently, the current abruptly rises near +1.3 V when
the forward voltage is applied to the TE, meaning that the memory cell has been switched
back to the LRS. In this cell, when using Vread = +0.2 V, current ratio (CR) is ~102 as shown
in Figure 2b. Then, to confirm the conduction property of PtSi, we measured the I–V curve
characteristics in Figure 2b. As a result, we observed a current level of <100 nA at ±3 V
in I–V curve. In addition, when applying PtSi to the bottom electrode, a forming voltage
was slightly rose to +3.6 V, while the self-current limiting characteristic was obtained,
as shown in Figure 3a. Then, compared to the Pt BE samples, the memory cells with PtSi
BE shows slightly higher operating voltage such as Vset and Vreset, but have a lower
operating current characteristic, less than two orders. On the other hand, in order to verify
the oxygen doping effect, as shown Figure 2a,b, we investigated the PtSi/ZrN/TiN device
using un-doped ZrN films. As a result, compared to RS characteristics of the un-doped
ZrN film, although the operating voltage is slightly increased, the operating current can be
lowered by more than two orders, and the CR has also increased by 10 times. Thus, it can
be confirmed that oxygen doping in ZrN films directly affects the reduction of the current
level of the device, as well as increase of CR. As a result, the use of PtSi as BE increases
the operation voltage slightly, but the memory cells can operate in the nanoampere level,
especially the cell’s operation current can be reduced up to two orders, compared to the
memory cell with Pt BE, so it is evaluated as a very effective BE.

To further study the conduction properties for PtSi/O doped ZrN/TiN samples, we
investigated the fitted I–V curve by using various models such as Ohmic conduction,
Fowler–Nordheim tunneling, Schottky emission, direct tunneling, P–F emission, and SCLC,
respectively [17,18]. As a result, as shown in the inset of Figure 2a, before the forming
process, the RS curve of a pristine device was matched with P–F emission model with
ln (I/V) vs. sqrt (V). After the forming process, as shown in Figure 2b, the RS curves
at both HRS and LRS were consistent with SCLC model of I~V1 at voltages from 0 V to
+1.5 V (ohmic behavior), and I~V2 over +2 V (Child’s Law), respectively. The resistance
state then shifted from HRS to LRS at the trap-filled limit voltage (VTFL) of +2.2 V during
the set process. In short, in the case of pristine cells, the O-doped ZrN film has a high
resistance, in the inset of Figure 2a, and the fitting results were well consistent with P–F
emission. On the other hand, after a forming process, the results of SCLC fitting at both
HRS and LRS showed that many traps were created during the forming process and could
be distributed uniformly under the conduction band. Therefore, the generation and erasing
of nitrogen (or oxygen) vacancies can contribute to RS phenomena from high resistance to
low resistance, and from low resistance to high resistance, via charge trapping/de-trapping
process. Noth that the P–F emission and SCLC models are as one of the bulk-limited
conduction mechanisms, which depends on charge trapping and de-trapping in trap sites
of the film [19–23].
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Then, to evaluate the voltage variations for the proposed PtSi/O-doped ZrN/TiN
RRAM, as shown in Figure 3a, distribution characteristics were investigated for the 10 mem-
ory cells. In this experiment, each sample performed RS operation five times in bipolar RS
mode. Firstly, in Figure 3a, a slight change was observed in the reset operation of ∆1.59 V,
while slightly increased voltage variation of 2.7 V was observed, which is still in reasonable
operating range. Then, as shown in Figure 3b, we tested the reset current variation on six
memory cells. As a result, it is found that most reset operations occurred in the range of
1 µA to 800 µA, with an average reset current of 140 µA. The reset current could also be
1 order lower than when Pt was used as the BE, and the memory cell could be reset in ~µA
level, which might be a very meaningful result in terms of device reliability and power
consumption.

Finally, to study the reliability of proposed RRAM cell, the retention time at the LRS
and HRS were investigated by examining the data storage capacity of the proposed cell,
in Figure 3c. In this result, it is revealed that the CR of about 5 × 102 between both the
HRS and the LRS stably remains without major changes for ~104 s at 25 ◦C. In addition,
to evaluate the thermal stability of the proposed cell, we conducted for the same time at
high temperature (125 ◦C). As a result, when increasing a temperature, the current value
slightly increased at both states, compared to room temperature (RT), while a CR of about
5 × 102 was maintained up to 104 s.

4. Conclusions

In summary, we investigated bipolar resistive switching (RS) properties using oxygen-
doped zirconium nitride (O-doped ZrN) films with platinum silicide (PtSi) bottom electrode
(BE). As a result, a PtSi/O-doped ZrN/TiN memory cell showed slightly increased foaming
voltage, but the operation current could be reduced by about two orders. In addition, in
the retention test, the stable memory states with the CR of about 102 were performed at RT.
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