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Abstract—Since the discovery of ferroelectric 
properties in doped HfO2, various types of memory 
devices have emerged based on this novel material. 
Especially, the ferroelectric tunnel junction (FTJ) has 
gained considerable attention for selector-less crossbar 
array. Although various studies have been done for the 
HfO2-based FTJs, there was no investigation of them at 
cryogenic temperature. While cryogenic memories are 
getting increasing attentions for diverse applications from 
high-performance computing to aerospace electronics, 
exploring the FTJ at cryogenic temperature is particularly 
interesting because it has been known for relatively poor 
retention characteristics and endurance at room 
temperature. For the first time, we characterize the HfO2-
based FTJ at cryogenic temperature down to 77 K. It was 
found that both the retention and endurance 
characteristics become greatly improved at 77 K. 
Furthermore, the read voltage was found to be critical for 
optimized performance in terms of on-current, off-current 
and their ratio at 77 K. 

 
Index Terms—Ferroelectric tunnel junction (FTJ), 

Hf0.5Zr0.5O2 (HZO), retention, endurance, reliability, cryogenic 

I. INTRODUCTION 

ERROELECTRIC tunnel junction (FTJ) has recently 

obtained intensive interest due to the discovery of the 

doped HfO2 as its ferroelectric layer [1]–[3]. Promising 

memory characteristics could be observed from many different 

groups for diverse memory applications [4]–[6]. The state-of-

the-art HfO2-based FTJ demonstrated on/off ratio as high as 

~30, while achieving extremely small power consumption 

down to ~1 fJ, could be obtained along with good retention 

(~10 years) and endurance (~106 cycles) [7]. To the best of our 

knowledge, however, the testing environments were limited to 
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the room temperature (RT) or higher temperature in the 

previous HfO2-based FTJ studies. In the meantime, the low 

temperature-dependent study at cryogenic temperature is 

getting more significant attention as there lies a variety of 

applications including high performance cloud-computing, 

aerospace electronics, quantum computing, etc. [8]. Most 

recently, the FTJ using BaTiO3 (BTO) layer was investigated 

under cryogenic temperature down to 10 K [9]. There was also 

a report with antiferroelectric tunnel junction with Hf0.5Zr0.5O2 

(HZO) layer whose current-voltage (I-V) characteristics were 

demonstrated at 230 K [10], but it is still insufficient to 

understand the full memory behavior and reliability 

performance of the HZO-based FTJ at even lower liquid-

nitrogen temperature 77 K.  

As HZO is compatible with CMOS and back-end-of-line 

(BEOL) processes [11], and highly scalable [12] unlike 

previous perovskite ferroelectrics, the HZO-based FTJs have 

greater potential to be used in the real applications. In this 

perspective, we took advantage of the HZO material as a 

ferroelectric layer in our FTJs and adopted the double-layer 

stack design with Al2O3 interlayer [13]. Here, by using 

double-layer structure, the FTJ can have an intrinsic diode-like 

behavior [14] and more flexibility to the thickness 

optimization [15].  

In this work, at cryogenic temperature of 77 K, the HZO-

based double-layer FTJ structure is characterized in terms of 

on-current, off-current, on/off ratio (=on-current/off-current), 

and its memory reliabilities, i.e., retention and cycling 

endurance. Although the reliability characteristics could be 

greatly improved at 77 K, the application of pre-pulses was 

needed at RT to let the FTJ have two stable states. It was also 

found that it is important to choose a right read voltage (Vread) 

to achieve better on/off ratio and reliability performances. 

II. FABRICATION PROCESS AND MEASUREMENT SET-UP 

The fabricated FTJ structure has the multiple thin film stack 

of Al/TiN/Al2O3/HZO/TiN. Firstly, the p+ Si wafer was RCA 

cleaned, which was followed by deposition of bottom 12nm-

thick TiN electrode. Then, the 10nm HZO was deposited to be 

served as a ferroelectric layer. Next, the 2nm Al2O3 and 12nm 

of top TiN electrode were deposited sequentially. All these 

layers were deposited using plasma-enhanced atomic layer 

deposition (PEALD) at 250 oC. Then, the sample was put into 

rapid thermal annealing (RTA) chamber and annealed at 450 
oC for 30 secs. Lastly, 100nm-thick Al was deposited 
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as probing pad using e-beam evaporator. The Al and top TiN 

layers were patterned afterwards. Further details of the 

fabrication process can be found in [13]. 

The fabricated FTJ (approximately with the size of 200×200 

µm2) was measured with Keithley 4200-SCS parameter 

analyzer. Write voltage (Vwrite) of ±6 V and pulse width (twrite) 

of 50 µs were used to program (to on-state) and erase (to off-

state) the FTJ state. Fig. 1(a) shows the schematic of the 

fabricated FTJ structure and Fig. 1(b),(c) show the energy 

band diagrams to explain the operation mechanism. At on-

state, the electrons tunnel through the Al2O3 layer face only 

the Al2O3 energy barrier due to the polarization heading 

towards the top electrode. On the other hand, at off-state, the 

electrons face both the Al2O3 and HZO barriers as the 

polarization is induced towards the bottom electrode [3]. This 

leads to larger current at on-state compared to that at the off-

state. 

III. FTJ PERFORMANCE AT ROOM TEMPERATURE 

Fig. 2(a) shows the cycling endurance of the FTJ at read 

voltage (Vread) of 1.5 V at RT. Here, the program condition of 

Vwrite=±6 V (+6 V/-6 V for on/off-state respectively applied to 

bottom TiN electrode) and twrite=50 µs is stronger compared to 

[13], leading to faster hard breakdown at approximately 2×103 

cycles. However, the increasing and decreasing trend of the 

on/off ratio follow the similar trend where it increases up to 

approximately 100 cycles and starts to decrease after that. Fig. 

2(b) shows the retention characteristics of the on-state and off-

state current densities of the FTJ. Although the memory 

window is sustained after 10 years with extrapolated lines, the 

absolute values of the current densities keep decreasing in 

both states, which will end up with reading false data. The 

analogous trend can be observed in the several previous 

literatures [5], [16] due to the imprint effect. 

IV. FTJ PERFORMANCE AT CRYOGENIC TEMPERATURE 

At cryogenic temperature of 77 K, the current densities of 

on-state and off-state were measured in the FTJ. It was found 

that the FTJ should go through wake-up cycles at RT before 

putting the sample into the cryogenic environment to achieve 

expected cryogenic memory performance. The left panel of 

Fig. 3(a) displays the comparison between the two states at 

Vread of 1.5 V without the wake-up cycles at RT. Here, an 

abnormal behavior is observed where the FTJ current after 

positive write pulse is smaller than that after negative write 

pulse. This is due to the small number of defects in the 

ferroelectric layer in the beginning [3], which leads to 

inefficient trap-assisted-tunneling effect. Moreover, the 

tunneling probability becomes smaller at cryogenic 

temperature compared to the case at RT [10]. Nevertheless, 

this does not fully explain the opposite trend of on/off-state 

current. This may be due to the switching current induced 

from the small Vread. In other words, the positive polarity of 

read voltage is slightly flipping the ferroelectric domains over 

time after negative write voltage, leading to higher current. 

Indeed, it was found that after > 100 s of hold time, the read 

current after positive and negative write pulses became almost 

the same (Fig. 4). In addition, it needs to be noted that the off-

current is smaller before the wake-up due to the not fully-

woken-up ferroelectric domains in the FTJ [13]. After 100 

wake-up cycles of Vwrite=±6 V and twrite=50 µs at RT, in which 

the on/off ratio showed its maximum in Fig. 2(a), the on-state 

current became larger than the off-state current as shown in 

the right panel of Fig. 3(a). Moreover, it was also found that 

the on/off ratio becomes greatly dependent on the Vread. 

Fig. 3(b) shows the highest on/off ratio >20 at Vread of 2.5 V 

right after the wake-up cycles. Due to the higher off-state 

current at higher Vread of 3 V, the on/off ratio decreased 

compared to Vread of 2.5 V. 
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Fig. 3. (a) On-state and off-state current density and (b) on/off ratio of 
the fabricated FTJ at cryogenic temperature of 77 K. 
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Fig. 2. Reliability characteristics of the fabricated FTJ at RT: (a) 
Cycling endurance of on/off ratio and (b) retention drift of the on-state 
and off-state current densities. 
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Fig. 1. (a) Schematic of the ferroelectric HZO-based capacitors 
fabricated, and energy band diagrams for FTJ at (b) on-state and (c) 
off-state. 
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Fig. 5 shows the polarization-voltage (P-V) characteristics of 

the FTJ at RT before wake-up and at 77 K after wake-up 

process. It should be noted that the hysteresis curve does not 

meet at 0 V possibly because of the depolarization field from 

Al2O3 interlayer. The increased polarization values could be 

found with the increased defects for tunneling path. 

The retention behaviors of the FTJ at Vread = 2.5 V and 3 V 

are demonstrated in Fig. 6. Compared to the retention drift of 

the FTJ at RT (Fig. 2(b)) the current densities of the on- and 

off-states are substantially more stable. At Vread of 2.5 V, the 

on/off ratio is expected to reach 10 years of retention without 

severe retention degradation due to the suppressed imprint 

effect at cryogenic environment. However, at Vread of 3.0 V, 

the off-state current is slightly increased as time goes on, 

which is because of the relatively high value of Vread=3.0 V 

that induces the negatively polarized dipoles to the opposite 

direction. To minimize the retention degradation at 77 K, we 

chose the Vread values ≤ 2.5 V for characterizing cycling 

endurance of the FTJ at 77 K. Nevertheless, the coercive 

voltage of the FTJ extracted from I-V loop (not shown) are 

larger than 3 V (-3.5 V and 4.7 V),  thus the Vread < 3.5 V is 

still practicable. In Fig. 7, the FTJ did not experience the hard 

 

 
breakdown phenomenon at 77 K due to the suppressed stress-

induced-leakage-current (SILC) effect [8]. Nevertheless, the 

on/off ratio keeps decreasing with increasing number of pulse 

cycles as both the on- and off-state current increase with the 

increasing trap densities in Al2O3 and HZO films. Although 

the on/off ratio was higher with Vread=2.5 V compared with 

Vread=2.0 V, the trend was reversed after >103 cycles. The 

on/off ratio of Vread=2.25 V was right in between the two after 

> 103 cycles. Therefore, the reading pulse condition must be 

carefully optimized in FTJ at cryogenic environments in terms 

of both retention and endurance characteristics. 

V. CONCLUSION 

The memory performance of ferroelectric HfO2-based FTJ 

was investigated in cryogenic temperature for the first time. It 

was found that the reliability characteristics, i.e., both the 

retention and endurance performance, greatly improved at 77 

K compared to RT environment. Here, pre-wake-up pulse 

cycles at RT were required to fully facilitate the FTJ memory 

performance before putting it to cryogenic temperature. 

Finally, optimization of reading condition was essential to 

maximize the on/off ratio and improved reliability 

characteristics at the same time. Although the 

fabricated/measured FTJ had double-layer structure, it is 

expected that the other type of HfO2-based FTJ would perform 

analogous memory characteristic in cryogenic environment. 
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