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In this work, bipolar resistive switching (RS) character-

istics of polycrystalline hafnium oxide were studied for 

embedded 1T1R RRAM device applications. The HfO2 

films with thickness of 15 nm to 25 nm were grown by 

the atomic vapor deposition (AVD) method at 400 °C. 

The HfO2 films were estimated as polycrystalline from 

the surface topography results by applying atomic force 

microscopy (AFM) and X-ray diffraction (XRD), and 

grain size observed in the AFM images increased when 

increasing thickness of HfO2 films. In addition, current-

voltage characteristics of the films were investigated to 

examine the RS characteristics. First, in the forming pro-

cedure, we observed the lowest forming voltage for 15 

nm thick HfO2 films and the forming voltage gradually 

increased with increasing the thickness of the HfO2 films. 

A reproducible resistance switching behavior was ob-

served with resistance ratio of ~20 and dc cycling of 100 

times. SET and RESET voltages were measured about 

1.2 and 1.6 V, respectively, indicating that the RRAM 

device can be operated below 2 V. The Current-Voltage 

characteristics are discussed in the frame of the quantum 

point contact model. 

Copyright line will be provided by the publisher  

1 Introduction Resistive random access memories 

(RRAMs) with 1 transistor-1 resistor (1T1R) structures 

have been studied for embedded and high density 

nonvolatile memory (NVMs) applications. Compared to 

conventional flash memory [1], it has some advantage in 

the simplicity, low-power operation, high speed, and 

scalability. Moreover, embedded NVMs when employing 

the RRAM technology are of interest for many different 

system-on-chip (SoC) applications in Si-based 

complementary metal oxide semiconductor (CMOS) 

technologies, in particular for various wireless sensor 

networks (WSNs) and medical health care devices, since it 

is easy to reduce the power dissipation as a function of time 

in the inactive mode (standby) of the sensor node [2],[3]. 

Up to now, various kinds of resistive switching materials, 

i.e., metal-oxides [4],[5] and metal-nitrides [6],[7] have 

been explored to improve their resistive switching 

characteristics and reliability. Among them, hafnium oxide 

(HfO2), which has been intensively studied as gate 

dielectric replacing SiO2 in CMOS transistors, is suggested 

as one of the most promising candidates for RRAM devices 

due of its compatibility with the current process of 

semiconductor fabrication. However, most studies in 

RRAM researches have been focused on improving the 

performance and understanding the unclear RS mechanism, 

rather than a consideration of current semiconductor 

processing environment, by using physical vapor deposition 

(PVD). For this reason, the HfO2 RRAM fabricated by 

atomic layer deposition (ALD) have been employing and 

studying to realize fab friendly devices [8],[9]. 

In addition, in order to fabricate RRAM devices in a 

manufacturing level, it is required to employ more cost 

competitive deposition method in terms of mass production 

than the single wafer ALD method for the deposition of the 

HfO2 films. As a result, to satisfy reliability of both bottom 

electrodes and the HfO2 films especially for the nanoscale 
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and 3D structure memory applications, it is considered to 

study on chemical deposition method, i.e., atomic vapor 

deposition (AVD). Therefore, we have investigated the 

resistance switching behaviors of AVD grown HfO2 films. 

In this work, resistive switching characteristics of 1T1R 

devices with different thickness of AVD grown HfO2 films 

were continually investigated. In addition, to study the 

conduction mechanism of the resistive switching behaviors, 

the current-voltage (I–V) characteristics have are discussed 

by applying the Quantum Point Contact (QPC) model [10], 

[13].  

2 Experimental Procedure We firstly fabricated 

NMOS transistors as a selecting element. After that, 

featuring width (W) of 1.14 µm and length (L) of 0.24 µm, 

the resistive switching cell of metal-insulator-metal (MIM) 

is placed between the metallization levels 2 and 3, as 

illustrated in Fig. 1(b). In order to study the impact of the 

bottom electrode deposition process, an additional AVD 

TiN with thickness of 20 nm was deposited on top of the 

metal 2 stack. In addition, in order to study thickness 

dependence, HfO2 films with thickness of 15 nm to 25 nm 

were deposited at 400 °C by using AVD method, 

respectively. Finally, HfO2 was capped by 7 nm ionized 

metal plasma (IMP) Ti and 20 nm PVD TiN [11]. We 

measured the electrical properties of the memory cells using 

a Keithley 4200-SCS and Cascade PA200 Semi-automatic 

Probe System.  

3 Results and discussions First, in order to check 

structural property of HfO2 films deposited at 400 
°
C, we 

measured the X-ray diffraction peaks. Figure 2(a) reveals 

that the HfO2 films deposited by AVD method at 400 
°
C 

have a polycrystalline monoclinic structure; the marked 

diffraction peak observed at ~30.5, 35.2, and 50.8° 

corresponding to (111), (200), and (220) planes originates 

in the scanned range of 20−55°. 

Then, as shown in Fig. 2(b), we investigated roughness 

properties of the HfO2 films by using atomic force 

microscope (AFM) in a non-contact mode with scanning 

range of 3um x 3um. As a result, it is found that the Rq (root 

mean squared) is gradually increased by increasing 

thickness of the HfO2 films. 

In forming process, a lower leakage is observed in 

thicker films and forming voltage is also gradually 

increased when increasing film’s thickness, as shown in Fig. 

3(a).  

In set process of Fig. 3(b), we observed similar set 

voltage at around 1 V to around 1.5 V in all samples, while 

a current level at high resistive state (HRS) for a thicker 

sample, i.e., 25 nm AVD HfO2 films, is lower than those of 

thinner samples, i.e., 15 nm and 20 nm AVD HfO2 films. 

Then, a current ratio between set and reset is slightly 

increased with increasing thickness of the HfO2 films in this 

study.  

In Fig. 3(c), reset process for three samples shows a 
similar trend to set process in current level, while reset 

voltage is proportional in this test; especially, compared to 
15 nm and 20 nm AVD HfO2 films, reset voltage of 25 nm 

 
Figure 1 (a) Equivalent circuits of fabricated HfO2-based 1T1R 

RRAM cells and (b) schematic of RRAM devices with AVD TiN 

bottom and AVD HfO2 films on drain. 

 

 
Figure 2 (a) XRD peaks for AVD HfO2 films deposited at 400 oC and 

(b) AFM topography measured on metal 2 (i.e., AVD TiN BEs), 15 nm 

AVD HfO2 films, 20 nm AVD HfO2 films, and 25 nm HfO2 films. This 

figure also shows their root mean square (RMS) properties. 
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AVD HfO2 films is observed over 1 V, i.e., from around 

1.7 V to around 2.7 V.  
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where ΦB is the barrier height, α is a shape parameter 

related to the barrier thickness tB, e is the electron charge, h 
is the Planck’s constant m* is the electron effective mass in 

the constriction (assumed equal to 0.44m0, where m0 is the 
free electron rest mass), rB is the constriction radius at the 

narrowest point and z0=2.404 is the first zero of the Bessel 
function J0.  

where ΦB is the barrier height, α is a shape parameter 

related to the barrier thickness tB, e is the electron charge, h 

is the Planck’s constant m* is the electron effective mass in 

the constriction (assumed equal to 0.44m0, where m0 is the 

free electron rest mass), rB is the constriction radius at the 

narrowest point and z0=2.404 is the first zero of the Bessel 

function J0.  

As shown in Fig. 4 and 5, the QPC model accurately 

reproduces typical I–V curves of the high resistive state 

(HRS) as well of the low resistive state (LRS). By compar-
ing the fitting parameters for the two states, we observe 

that the conduction in the HRS is ruled by a higher and 
larger potential barrier with respect to the LRS (ΦB = 1.53 

eV and tB = 0.47 nm for the HRS, ΦB = 0.97 eV and tB = 
0.32 nm for the LRS). The values of the constriction radius 

lower than 1 nm (rB = 0.57 nm for the HRS, and rB = 0.72 

nm for the LRS) confirms the high potential scalability of 
the resistive RRAMs and the necessity of using a quantum 

model for explaining the conduction mechanism through 
the filamentary path.  

Finally, in order to estimate device’s reliability, we 

have investigated the dc-cycling characteristics at reading 
voltage (VREAD) of 0.1 V. As shown in Fig. 6, we have 

successfully done a repetitive resistive switching for 100 
times in dc mode. 

4 Conclusion In this study, we have successfully 
demonstrated bipolar resistive switching (RS) characteris-

tics of 15 nm polycrystalline HfO2 films and TiN BEs us-

ing atomic vapor deposition (AVD) method at 400 °C. In 
forming, the forming voltage is gradually increased with 

increasing the thickness of the HfO2 films. The QPC model 
allows to accurately reproduce the I-V curves for both re-

sistance states and to estimate the basic physical parame-

ters of the filamentary path. The constriction radius is low-
er than 1 nm for both resistance states, thus confirming the 

high potential scalability of RRAMs. A reproducible resis 

 
Figure 3 (a) Forming, (b) SET and (c) RESET characteristics for AVD 

HfO2 based 1T1R RRAM with different thickness of 15 nm, 20 nm, and 25 

nm HfO2 films. 
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tive switching behavior was observed for dc cycling of 100 
times. SET and RESET voltages were measured about 1.2 

and 1.6 V, respectively, indicating that the RRAM device 

can be operated below 2 V.  
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Figure 4 The dc cycling characteristics of 100 times in (a) RESET 

and (b) SET voltage regions at VREAD = 0.1V for 15 nm AVD HfO2 1T1R 

RRAM cells. 

 
Figure 5 Experimental and theoretical I-V characteristics for the 

 
Figure 4 Experimental and theoretical I-V characteristics for 

the HRS. The QPC model (Eq. (1)) was used for the theoretical 

curve. 

 
Figure 5 Experimental and theoretical I-V characteristics for 

the LRS. The QPC model (Eq. (1)) was used for the theoretical 

curve. 
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