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Abstract

The reversion of polarity within bipolar resistive switching operation occurs in P#/HKand
Pt/Hf/HfO./TIN resistive random access memory devices. This reversion of voltage polarity is
the result of interface generation which induces a conduction mechanism transformation from
PooleFrenkel emission to space charge limited current mechanism. To {hvever®n of
polarity, this study uses curve fitting of\l relations to verify the conduction mechanism
theoretically and physical analysis to verify the oxygen ion distribution practically. The proposed
Pt/Hf/HfO./TIN devices exhibit good resistive switchinigacacteristics, such as good uniformity,

low voltage operation, robust endurance®(d®sweep), and long retention (3%k0at 85°C).
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1. Introduction

Resistive random access memory (RRAM) is an ideal candidate fevatatie memory
applications because of its simple structure, great scalability, fast switching speed, low power
consumption, and compatibility witcomplementarymetatoxide semiconductor technology
[1,7]. RRAM devices achieve the memory effect using the switchable resistance transformation
between a high resistance state (HRS) and a low resistance state (LRS), and tymsadtyof a
metal/insulator/metal strtire RRAM devices generally have two switching modes (unipolar
and bipolar), which alternate based on the operating voltage polarity. Unipolar resistive switching
occurs in any single voltage bias and does not depend on voltage polarity. Conversely, bipol
resistive switching depends on the variation of voltage polarity to complete the set (i.e., from the
HRS to the LRS) and reset (i.e., from the LRS to the HRS) processes. Recent developments in
RRAM have shifted to bipolar RRAM for several advantageduding a stable ON/OFF ratio,
robust endurance, good retention, smaller switching voltage fluctuation, and the one-eakector
resistor (1S1R) applicatiof8]. The transition metal oxide, HiQis already widely used in
semiconductor industries becaudets superior physical properties, such as large permittivity,
subsequent band gap, and excellent thermal stapilityin addition to its use as higimetal
gate stacks, Hf@based RRAM has attracted significant attention for its potential in
nextgenegation nonvolatile memorHfO.-based RRAM devices are formed by an eledtslzl
induced conductive filaments formation/rupture process, and possess superior bipolar resistive
switching for future RRAM applications.

The localized filamentary conducting paths in the thin films are diverse in each switching,
leading to the nonuniform distributions of switching voltages and resistance states, which result
in irresolvable errors in the RRAM operations. Thus, how to effegtimprove the stability of
switching behavior is an essential issue for practical application of the RRA8&archers have
used many methods to improve resistive switching characteristics and charAgmthnoperties,
such as embedding nanocrystdls doping effect§6,7], and embedding metal laygs-11]. The
embedding metal layanethod typically serves as an interfacial oxygen storage layer, leading to
oxygen ion concentration variation and diffusion. This in turn confines the conductiveriilame
formation and rupturing within insulators and improves the uniformity of resistive switching
characteristics. The interfacial layer also play a key role in polarity effect and resistive switching,
and is dominant inthe conversion of polarity from unif@ resistive switching to bipolar
resistive switching, as shown by Yeoal.[12] The reversion of polarity within bipolar resistive
switching operation in Pt/Hf&TIN and Pt/Hf/HfQ/TIN devices was observed in this woillhe
polarity reversion may be significantly affected by interfacial layer generation, inducing the
change of conduction mechanisms in two device structures. -Fheelation and physical
analysis in this study both provide proofs of the reversion of pyplddt/Hf/HfO/TIN RRAM



devices also exhibit good resistive switching characteristics by inserting Hf metal layer resulted
in the production of HfQlayer as an oxygen storage layer.

2. Experimental Details

In this study, RRAM devices consist of Pt/HfON and Pt/Hf/HfQ/TIN structures. HfQ
thin films were deposited on TiN (50 nm)/Ti (150 nm)/S{@00 nm)/pSi substrates at 20T
using the atomic layer deposition (ALD) method. The Hi@n film (derived from TEMAH and
H2>O precursors) was controllet aproximatelyl0 nm, and the deposition thickness of KHfO
per ALD cycle was approximately 0.1 nm. After Hf@hin-film deposition, Hf and Pt metal
layers measuring 40 nm and 70 nm in thickness were capped continuously by dc sputtering and
patterned by ashadw mask with a diameter of 200 pym. T |
penetration from the atmosphere. The Pt/Hf/MION device was subjected to post metal
annealing (PMA)at 400°C for 30 s in a WatmospherelFor a comparison, a reference sample
made without Hf layer and PMA process was also prepared, dend®etH&S,/TiN device.The
chemicaibonding states of Hf atoms in thin films were analyzed using thay>photoelectron
emission spectrum (XPS). The dhaxal properties of the devices were measured using a
Keithley 4200 semiconductor parameter analyzer. During the vettageping mode
measurement, the bias was defined as positive when the current flowed from the top electrode to
the bottom electrode, dnwas defined as negative when the current flowed in the opposite
direction.

3. Results and Discussion

Figures la and 1b show the reverse polarity operation within bipolar resistive switching.
Figure la shows that the set operation by a negative biath@ndset operation by a positive
bias appear in the electrical characteristics of PtfHi® RRAM devices. The same polarity
was observed in similar devices described in previous resedithds]. After the Hf metal
layer deposition and PMA processéd/Hf/HfO./TIN RRAM devices show reverse polarity
operation (i.e., the set operation by a positive bias, and the reset operation by a negative bias) in a
stable resistive switching situation, as shown in Fig. 1b. The experimental results and literatures
review in this study will confirm that the reverse polarity is correlated with inteyfacéucing
and conduction mechanism, transforming between two structures. In FTHORRAM
devices, the conduction mechanism in pure Ht@in films is usually attribted to the
PooleFrenkel emissionl5,16. The PooleFrenkel emission equation can be expressetl as

T

n * AA@p — , in which q is the electronic chargd) is the density of

states in the conduction barajs the electronic drift mobilitygdt i s t he trap | ev
conduction bandl3 is the dynamic dielectric constan, is the permittivity of free spacé, is



Bol t z mann Ts the tenmpsrdtuaenamds a coefficient ranging between 1 anfllZ,1g.
If r = 2, the conduction mechanism is-called the normal PoolErenkel emission. However,
when the insulator contains another influential trap, r is equal to 1 and the conduction is called

the modified Poolérenkel emission. In the reset presgthe3 *1% % relationship

of the HRS in the high electric field exhibits linear dependence, as shown in Fig. 2a. Accordingly,
a refractive index of n = 2.05 can be obtained from the slope of the-P@uikel plot at r = 1.
This value is close to that of HiGhin films reported in previous studi€d9,2q. The
consistency between these results and fitting data implies that-Peoleel emission is the
primary conduction mechanism in Pt/HION RRAM devices.

Voltage polarity during resistive switching operatiorthe Pt/HfQ/TIN RRAM device can
be reversed by Hf metal deposition and the PMA process. This study applies theoretical
deduction and physical analysis to investigate the reason for this polarity reversion. Initially,
curve fitting was executed for theegdive bias region ofl-V characteristics in the
Pt/Hf/HfO./TIN RRAM device. Figure 2b shows the resultidgublelogarithmic plots In the
reset operati on, ?Gshobeled irtehighgoltage bias by slope € 2 irthe
HRS, whereas Ohm’ s | aw -vdlthge bigs by stopeo-d enyteedHRS. n  t h
According to the fitting results, the conduction mechanism of the proposed Pt/HITHNO
RRAM devices is caused by space chargetéd current (SCLC) mechanisf@,16,2]. Many
studies have indicated that the SCLC mechanism is related to the insulating interfacial layer
formation between metal layers and oxide thin films. This suggests the presence of an oxide
interfacial layer beteen the Hf metal and the Hi@hin film, which might be partial oxide H{O
(x<2) [9,16,21. After the PMA process, many oxygen ions may diffuse from thex i@ film
to the Hf metal, resulting in the formation of Hf@ith oxygen deficiencies and Hf oxatdon.To
verify upon deductions of Pt/H#DIN and Pt/Hf/HfQ/TIN RRAM devices, XPS analysis was
adopted to characterize the distribution of oxygen. The XPS data, which were obtained at a fixed
sputtering rate, shows localization near the interface. €gda and 3b show the XPS spectra of
the Hf 4f core levels of the pure HiGhin film and the Hf/HfQ structure. Figure 3a shows that
the Hf 4f core level correlates with the pure Hf@in film. However, the Hf 4f region in the
Hf/HfO: structure correlagewith three spirorbit doublets, each with correspondingAbinding
energies at 14.21, 15.4, and 18.26[8¥]. The pink, green and red lines in this figure represent
the Hf metal (Hf), the suboxide (HfQ) and the fully oxidized hafnium (Hf) signals,
respectively. These XPS results confirm the presence of an interfacial layer between the Hf metal
and the HfQ thin film. Based on these results, the Pt/Hf/LITAN RRAM device with an
interfacial layer between the Hf layer and the Ht@in film was dominated by the SCLC
conduction mechanism. The polarity reversion of resistive switching behaviors can be explained
by the effect of the interfacial layer, which fixes the oxygen diffusion region in the upper



interface. The Pt/Hfe)TIN devices did ot exhibit this phenomenon. Figure 4 shows the possible
switching mechanism with different directions of applied bias. In virgin Pt/Hf#HiQ devices

after PMA (Fig. 4a), the oxygen storage layer getters oxygen ions and leaves charged oxygen
vacancies inthe oxide thin film, which makes the oxide thin film oxye#eficient and
conductive. Because the Hf@hin film becomes more conductive, a smaftaiming voltage (~1

V) can be applied to connect filaments formed by oxygen vacancies. When applying\e posi
bias to the top electrode (Fig. 4b), the external voltage enforces charged oxygen vacancies to
form a conductive filameniThis subsequently switches the device to the LA&R&r applying a
negative bias to the top electrode (Fig. 4leg oxygen ionglrift to the HfQ thin film from the
interfacial layer and reoxidize the conductive filament, rupturing the filaments. This subsequently
switches the device to the HRS&igures 5a and 5b show a comparison of the uniformity
parameters of the two devicessbd on cumulative probability statistics. The Pt/Hf/HTIN

RRAM devices exhibit more uniform resistive switching performance than P/HIORRAM

devices in both resistance and voltage distributions. The low operation voltages (lower than 1 V)
in the PtHf/HfO2/TIN device, reveals the potential for lggower RRAM applications. The
Pt/Hf/HfO./TIN devices also exhibit excellent resistive switching properties in both the
endurance and retention test. After 8 d® sweep, the HRS and LRS maintain a stadséstance

ratio higher than ten without decay, as shown in Fig. 6a. The dispersion of operation voltages
demonstrates the high switching uniformity, as shown in FigFBjore 6¢ shows their good data
storage ability (3x10s) under 100 mV stress at 85 with nondestructive readut.

4. conclusions

In conclusion, this study shows that inserting a Hf metal layer into a P{/HNDdevice
and subjecting it to a PMA process creates a Pt/HffHi@ device that exhibits polarity
reversion in the resistive switching property. Inserting a Hf metal layer and performing the PMA
process activated the Hf metal layer as an oxygen storage layer, which makes redox fixed near
the interface between the Hf megadd the HfQ thin film. Consequently, the interface generation
(HfOy) that makes the conduction mechanism switch to SCLC mechanism fromHArPenke|
emission, leading to a polarity reversion. The proposed Pt/HH/Mif® devices also exhibited
good resistve switching characteristics and switching uniformity, with a-laitage operation,
10° dc sweep endurance, and 3%%Qetention test at §&.
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Figure 1. Reverse polarity operation in resistive switching between PH/Hif® and
PtHf/HfO/TiN devices.
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Figure 2. Curve fitting in P/HfQ/TIN devices (2 PooleFrenkel emission and in
Pt/Hf/HfO./TIN devices (b) SCLC mechanism.
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Figure 3. XPS spectra of Hf 4f core level®) the HfQ thin film. (b) Interface between Hf/H©O
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Figure 4. Possible scenarios of switching mechanisms for the Pt/HH/Hf® device with
positivebias or negativias voltage.
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Figure 5. Statistical distribution ofesistive switching parameters during 100 continuous cycles
in both P/HfQ/TIN and Pt/Hf/HfQ/TIN devices. (a) HRS and LRS. (b}dvand Veset.
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