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Greatly improved ferroelectricity with an excellent remanent polarization of 20 lC/cm2 and

enhanced tunneling electroresistance (TER) were achieved with TiN/HfZrO(HZO)/p-type Ge

ferroelectric tunnel junctions (FTJs) annealed at a high pressure of 200 atmosphere (atm.). We

found that the enhanced ferroelectric characteristics can be ascribed to the effective formation of

an orthorhombic phase at high pressures. This was verified by the combined study of grazing angle

incidence X-ray diffraction, transmission electron microscopy, and hysteresis polarization curve

analyses. In addition, using pulse switching measurements, we quantitatively evaluated the interfa-

cial paraelectric capacitance (Ci) of HZO FTJs according to the annealing temperature. HZO films

annealed at 550 �C and 200 atm. exhibited an excellent TER effect ratio of 20 due to the extra

paraelectric layer between the ferroelectric layer and the bottom electrode and a relatively high

remanent polarization. Published by AIP Publishing. https://doi.org/10.1063/1.5040031

Ferroelectric materials with perovskite structures, such

as Pb(Zr, Ti)O3, BaTiO3, SrBi2Ta2O9, and (K,Na)NbO3, are

widely studied in low-power non-volatile memory devices

due to their switchable polarization under an applied electric

field.1,2 Of the various applications possible, ferroelectric

tunnel junctions (FTJs) are considered as prospective candi-

dates for the fabrication of next-generation non-volatile

memory devices.3–5 Perovskite-based conventional FTJs,

which were first suggested by Esaki in 1971, are composed

of an ultra-thin ferroelectric barrier inserted between two

electrodes.6 Because the barrier thickness is approximately a

few nanometers, quantum mechanical tunneling can occur

through the ferroelectric barrier.7 Tunneling probability is

associated with an effective barrier height and width, which

are modulated according to the ferroelectric polarization

direction, generating two or multi-level electrical resistance

states. These give rise to the so-called tunneling electrore-

sistance (TER) effect.8 FTJs are non-volatile and exhibit

nondestructive read-out characteristics, combining the

advantages of fast read/write speed, reliability with scalabil-

ity, and simplicity of manufacturing.9–11 However,

perovskite-based FTJs suffer from poor CMOS process com-

patibility due to the poor interface with silicon substrates. In

addition, their low band gap (3–4 eV) limits scaling due to

the leakage of current from the low Schottky barrier when

forming a junction with a metal layer.12

In 2011, a new type of ferroelectric based on fluorite-type

HfO2-based thin films emerged.13 It has been proposed that

hafnia ferroelectric materials allow us to solve the problems

associated with conventional perovskite-type ferroelectrics.

Compared to traditional perovskite materials, HfO2-based

ferroelectrics offer many advantages including low processing

temperatures (�450 �C), excellent compatibility with the

CMOS process, high band gaps (5–6 eV), and high dielectric

constants.14,15 However, HfO2-based ferroelectric materials

typically exhibit poor ferroelectricity and low remanent

polarization (Pr), compared to the traditional perovskite

ferroelectrics, thereby preventing achieving high tunneling

electroresistance.14,16,17 The ferroelectricity of HfO2-

based materials comes from the formation of a non-

centrosymmetric Pbc21 orthorhombic phase (o-phase),

which is not thermodynamically stable under normal pro-

cess conditions.18,19 Therefore, it is necessary to apply a

moderate mechanical stress on the HfO2 film during the

crystallization to stabilize the Pca21 o-phase, thereby

achieving excellent ferroelectricity.20 In this study, we

report the fabrication of a [TiN/Hf0.5Zr0.5O2 (HZO)/p-type

Ge] junction by high-pressure annealing (HPA) at 500,

550, and 600 �C, and the impact of high-pressure nitrogen

annealing on the characteristics of HZO FTJs.

Metal/ferroelectric/semiconductor (MFS)-type FTJs

with HZO films were fabricated as shown in Fig. 1(a). 8 nm-

thick HZO thin films were deposited on a p-type Ge semi-

conductor substrate via atomic layer deposition (ALD) at a

stage temperature of 300 �C using TEMAHf, TEMAZr and

ozone as the precursors for Hf, Zr, and O, respectively. The

growth rates per cycle were 0.98 Å/cycle and 1 Å/cycle for

HfO2 and ZrO2, respectively. A TiN top electrode was

deposited on the prepared HZO layer by DC sputtering,

followed by a patterning procedure using a wet etchant of

NH4OH:H2O2:H2O solution (1:2:5) at 70 �C. For the com-

parison study, the HZO films were crystallized at 500 �C for

30 s in a nitrogen environment by rapid thermal annealing

(RTA; reference) and for high-pressure annealing (HPA)

under 200 atmosphere (atm) pressure for 30 min. In addition,

to optimize the annealing conditions, we conducted HPA at

various temperatures in the range of 500–600 �C. Figure 2(b)

shows a schematic of the high-pressure annealing equipment

used in this study. A high pressure is generated by injecting

N2 gas into a sealed chamber and raising the temperature.a)Author to whom correspondence should be addressed: jeonsh@kaist.ac.kr
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We employed a glancing incidence X-ray diffraction sys-

tem (GIXRD; Rigaku, SmartLab) and a high-resolution trans-

mission electron microscope (HRTEM; Titan) in the cross-

sectional mode to understand the structure and ferroelectric

properties of the HZO films. In addition, the electrical perfor-

mance of the device was analyzed by polarization-electric

field (P-E) hysteresis curves measured using a ferroelectric

tester (Radiant Technologies, Precision LC II). Typical resis-

tive switching was demonstrated in terms of the hysteretic

current-voltage characteristics of the FTJs at a 0.2 V read

voltage using a parameter analyzer (Agilent B1500). We

also investigated the electrical switching kinetics of the FTJs

by pulse-switching technique using a parameter analyzer

(Agilent B1500).

In order to analyze the crystalline characteristics of the

HZO thin films, we performed GIXRD and HRTEM. Figure

1(c) depicts the GIXRD spectra corresponding to the devices

produced by RTA and HPA at 500 �C in the 2h range

25�–65�. The diffraction peaks corresponding to the (111),

(200), and (220) planes of the non-centrosymmetric o-phase,

which are responsible for the ferroelectricity of HZO films,

could be clearly detected in the diffraction patterns of both

the devices. In fact, because of structural similarities, the

peak near 2h� 30.5�, which was mentioned as the (111)

peak of the o-phase, was then better assigned as the mixture

of (101) of the t-phase and (111) of the o-phase. The differ-

ence between the GIXRD patterns of the HZO films sub-

jected to RTA and HPA lies in the difference in the relative

ratios of the orthorhombic and monoclinic phases. In the

case of the HZO film subjected to HPA, the relative peak

area of orthorhombic and monoclinic phases exhibited a high

ratio, indicating the formation of a highly stabilized o-phase,

in comparison to conventional RTA. Figure 1(d) shows the

HRTEM and fast-Fourier transformation (FFT) of the lattice,

which can be used to further validate that exact structural

phase of the HZO film subjected to HPA. The lattice fringes

of the HZO layers on the p-type Ge substrate shown in the

yellow box in Fig. 1(d) represent the o(111) plane with an

interplanar distance (d) of 3.16 Å. In the FFT images, the dif-

fraction points indicated by yellow circles matched with the

o(111) planes, which suggests that film crystallization

occurred effectively under high-pressure conditions. Figures

2(a) and 2(b) show the polarization-electric field (P-E) hys-

teresis curves of the HZO films crystallized during RTA and

HPA, respectively, at 3, 4, and 5 MV/cm. As for the HZO

film subjected to HPA, stable P-E hysteresis can be observed

with a large Pr value of 20 lC/cm2 and a steep slope of the

P-E curve near coercive field (Ec). Furthermore, the Ec value

significantly decreased compared to the HZO film subjected

to RTA [Fig. 2(c)]. In previous works, Yu et al.21 and Park

et al.22 observed that an in-plane tensile stress can transform

the c-axis of the tetragonal phase (t-phase) into the a-axis of

the o-phase activating the formation of ferroelectric o-phase.

In addition, Kim et al. quantitatively investigated the influ-

ence of high-pressure nitrogen annealing on the ferroelectric

characteristics of HfO2-based capacitors confirming that

enhancements arise from phase transitions to the o-phase

from the t-phase.23 As shown in Fig. 1(c), as the annealing

pressure increases, the inter-planar distance of (111) planes

(d111) decreases, which could be calculated from shift of the

t(111) or o(111) diffraction peak to higher angles. This result

is involved in the in-plane tensile stress during the annealing

process in HZO films and it can influence the phase transi-

tion from the t-phase to the o-phase, which is consistent with

the previous study.

In order to systematically analyze the effect of annealing

temperature on the crystal structure and the ferroelectric

properties of HZO films; we prepared HZO-based FTJ devi-

ces crystallized via HPA at different temperatures (500, 550,

and 600 �C). The P-E hysteresis curves of each of the devices

are exhibited in Figs. 3(a)–3(c). As shown in Figs. 3(a) and

3(b), for the device with the HZO film annealed at 500 �C
and 550 �C under high-pressure, nearly similar and stable

P-E hysteresis properties were observed with a maximum Pr

value of 19–20 lC/cm2, indicating that both devices have

similar crystallinity to contribute to the formation of ferro-

electric materials. However, the HZO device formed by

550 �C HPA exhibits a lower Ec value and a more gradual

FIG. 1. (a) Schematic of the TiN/HZO/p-type Ge device structure. (b)

Schematic of the high-pressure annealing equipment. (c) GIXRD patterns of

the HZO films subjected to HPA and RTA. (d) Cross-sectional high-resolu-

tion transmission electron microscopy image and the FFT image of HZO-

based FTJ with 500 �C HPA.

FIG. 2. P-E hysteresis characteristics

of HZO-based FTJs subjected to (a)

500 �C RTA and (b) 500 �C HPA. (c)

Comparison of the Pr and Ec values of

HZO-based FTJs subjected to 500 �C
RTA and 500 �C HPA.
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slope at Ec compared to that of 500 �C HPA. On the other

hand, the HZO device formed at 600 �C HPA exhibited weak

ferroelectricity and a gradual slope at Ec which is reflected in

the relatively low Pr value of �10 lC/cm2. In fact, HZO

films are mixture grains of ferroelectric and non-ferroelectric

phases. At annealing temperatures over 600 �C, the film is

mostly crystallized into a non-ferroelectric phase, especially

in interfacial layer. Due to the non-ferroelectric phase, the

effective electric field applied to the ferroelectric phase

decreased indicating decreasing Pr and a gradual slope at Ec.

To examine the ferroelectric and non-ferroelectric

domain compositions of the HZO films, we analyzed the

switching kinetics of three devices using a short-pulse

switching technique.24 Initially, we applied a negative write

pulse of 4 MV/cm to induce polarization in the HZO films in

one direction and then the switching current was evaluated

while applying positive pulses of varying magnitude from

3 MV/cm to 4 MV/cm. Figures 3(d)–3(f) show the transient

switching current of HZO-based FTJ devices annealed at

500, 550, and 600 �C at high pressures, respectively. In

accordance with the polarization reversal theory, the domain

switching current (ISW) is calculated using the following

equation:

ISW tð Þ ¼ I0
SWe

t�t0
RLCi t0 < t < tswð Þ; (1)

where I0
sw is the starting current of the switching process, t0

is the switching starting time, RL is the total possible resis-

tance, Ci is the interfacial capacitance and tsw is the time

when the switching process is finished. This theory funda-

mentally states that when the switching process starts,

marked by the arrow in Figs. 3(d)–3(f), a switching current

flows linearly through the ferroelectric layer, which indicates

that the ferroelectric layer performs like a resistor. Then,

I0
SW can be described as

I0
SW ¼

Ea � Ecð Þtf

RL
; (2)

where Ea, E0, and tf are the applied field, the coercive electric

field, and the HZO film thickness, respectively. Therefore,

Ec and RL can be obtained from the plot of I0
SW as a function

of Ea by extracting the intercept of the x-axis and the slope

of the graph, as shown in Fig. 4(a). Finally, Ci can also be

extracted from the Isw(t) graph by substituting the RL value

in Eq. (1). As shown in Fig. 4(b), the decrease in the Ci value

with an increase in the annealing temperature indicates the

increase in interfacial non-ferroelectric t-phases due to high

temperatures. This is consistent with the decrease in the Pr

FIG. 3. P-E hysteresis characteristics

of HZO-based FTJs subjected to

annealing at (a) 500 �C and 200 atm,

(b) 550 �C and 200 atm, and (c) 600 �C
and 200 atm. Transient domain switch-

ing current vs time curves of HZO-

based FTJs annealed at (d) 500 �C and

200 atm, (e) 550 �C and 200 atm, and

(f) 600 �C and 200 atm.

FIG. 4. (a) Switching start current as a function of the applied electric field.

(b) Extracted Ci values of the HZO-based FTJs at different annealing

temperatures.
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value with increasing annealing temperature. Therefore, it

can be concluded that a high-temperature annealing process

on a hafnia device induces interfacial non-ferroelectric t-

phases and weak ferroelectricity.

To confirm the influence of annealing temperature on

tunneling, we analyzed the resistance-write voltage (R-V)

curve reading at 0.2 V. Figures 5(a)–5(c) show the electrical

resistance switching of the three devices at different anneal-

ing temperatures (500, 550 and 600 �C). The TER effects

were apparent in all three HZO-based FTJs; a maximum

TER value of 10 was obtained with the HZO-based FTJ

annealed at 550 �C in a HP environment. Interestingly, devi-

ces with 500 and 550 �C HPA have a similar Pr value, but

the TER effect is significantly improved in devices with

550 �C HPA. Comparing the FTJ devices annealed at 500 �C
and 550 �C as seen in Figs. 5(a) and 5(b), the HZO FTJ devi-

ces with 550 �C HPA have an extra interfacial non-

ferroelectric layer which makes an additional parameter for

adjusting the tunneling barrier.25 As schematically described

in Figs. 5(d) and 5(e), an interfacial non-ferroelectric is a

paraelectric layer which has a relatively high dielectric con-

stant resulting in unchanged potential profiles, depending on

polarization switching. As a result, for a fixed total film

thickness, the HZO-based FTJ annealed by 550 �C HPA cer-

tainly has a lower (higher) potential barrier height in the ON

(OFF) state than the HZO-based FTJ annealed at 500 �C. On

the other hand, despite the formation of a non-ferroelectric

layer at the interface, the HZO-based FTJ annealed at 600 �C
has a low TER value due to weak ferroelectricity as shown

in Fig. 5(c). Basically, tunneling probability depends not

only on the barrier height but also on remanent polarization,

which determines the magnitude of ferroelectric bound

charges and accordingly modulates the potential profiles.

The low TER value of the HZO-based FTJ produced by

HPA at 600 �C is consistent with the previous results.

In this study, we investigated a CMOS-compatible non-

volatile HZO-based FTJ crystallized by high-pressure nitro-

gen annealing. The influence of annealing pressure on the

ferroelectricity of HZO films was verified by GIXRD,

HRTEM, and P-E hysteresis curve analyses. A large propor-

tion of the ferroelectric o-phase and an improved remanent

polarization were observed under high-pressure nitrogen

annealing conditions when compared to HZO films subjected

to RTA due to effective phase transition from the t-phase to

the o-phase under in-plane tensile stress. Furthermore, based

on short pulse measurements, we analyzed the ferroelectric

and non-ferroelectric domain distributions in HZO-based

FTJs according to the annealing temperature. It could be

confirmed that as the annealing temperature increases, an

interfacial non-ferroelectric layer is formed, resulting in a

decrease in the interface capacitance value. By modulating

this interfacial paraelectric layer in an appropriate manner,

we could obtain a maximum TER value of 10 with the HZO-

based FTJ subjected to HPA at 550 �C.
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