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In this paper, the self-compliance bipolar resistive switching characteristic of an HfO-based memory device with
Ag/HfO,/Au structure for multilevel storage is investigated. By applying a positive voltage, the dual-step set processes
corresponding to three stable resistance states are observed in the device. The multilevel switching characteristics can still
be observed after 48 hours. In addition, the resistance values of all the three states show negligible degradation over 10* s,
which may be useful for the applications in nonvolatile multilevel storage.
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1. Introduction

To solve the scaling limitation of conventional flash mem-
ory, various new types of nonvolatile memory (NVM) such
as ferroelectric random access memory (FRAM), magnetic
random access memory (MRAM), and resistive random ac-
cess memory (RRAM) have been proposed. Among all these
choices, the RRAM device, which is based on resistance
change modulated by electrical stimulus, is considered as one
of the most promising candidates for next-generation NVM
due to its excellent scalability, simple structure, fast switching
speed, low power consumption, and nondestructive readout. ]
In view of these excellent characteristics for RRAM devices,
a large variety of candidate materials with resistive switching
characteristics, such as GeTe,[H SrZrOs,[3 w05, 7r0,,P!
Cu,0,[® and HfO,"-%! have been proposed. In recent years,
multilevel storage started to arouse the research community’s
interest due to the achievement of the multilevel storage on
a single memory cell that demonstrates the capability of high

9-13

density storage of RRAM devices.”131 So far, several efforts

have been devoted to achieving multilevel storage, such as
adopting Al/CeQ,/Pt structure to form multiple filament paths
in CeO; films,!"3! controlling different voltage values in the

[10.111 and setting different compliance currents

[11,12]

reset process,
in the set process.

In this paper, an HfO,-based RRAM device with a sil-
ver top and a gold bottom electrode is fabricated. The device
can achieve self-compliance multilevel storage capability. In
the set process, dual-step set processes with three stable re-
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sistance states can be obtained in the device. These results
suggest that the Ag/HfO,/Au device is potentially suitable for
multilevel memory applications without controlling different
voltage values or compliance currents.

2. Experimental details

The HfO;-based RRAM devices in this study were fab-
ricated as follows. A 20-nm thick Cr layer was deposited
on the SiO,/Si substrate followed by a 50-nm thick Au bot-
tom electrode by electron beam evaporation. In this case,
the Cr layer was used to improve the adhesion between the
Si0O, and Au bottom electrode. After that, a 40-nm thick
HfO, film was then deposited on the Au bottom electrode
via electron beam evaporation at room temperature. Finally,
50-nm thick square-shaped Ag top electrodes each with an
area of 100 pmx 100 um were deposited and determined by
photolithography and lift-off process to form an Ag/HfO,/Au
structure device. The current—voltage (/-V) characteristics of
the fabricated devices were measured at room temperature,
and the bias voltage was applied to the top electrode with the
bottom electrode grounded.

3. Results and discussion

Figure 1 shows the typical bipolar /-V characteristics of
the Ag/HfO,/Au device. No initial electrical forming process
is needed for our fresh devices to achieve the reversible re-
sistive switching. When the voltage is swept from 0 V to a
positive voltage, the current increases abruptly at the set volt-
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age (Viet), and the device switches from high resistance state
(HRS) to low resistance state (LRS), which is denoted as the
set process. Afterwards, by sweeping from 0 V to a nega-
tive voltage, a sudden drop in current happens at reset volt-
age (Vieset), and the device switches back from LRS to HRS
(denoted as the reset process). Compared with those of other
reported HfO,-based RRAM devices,!”™! the general trends
of I-V curves from the structure with Ag/HfO,/Au are found
to be rather different, in which two ‘current leaps’ occur in
each of the I-V curves when a positive sweeping voltage is ap-
plied, confirming the multilevel set process. Whereas, a mul-
tilevel reset process is seldom observed. In the multilevel set
process, the device is first set from the HRS to an intermedi-
ate resistance state (IRS) and then to the LRS. These ‘current
leaps’ can be observed repeatedly over 30 cycles without any
degradation, confirming the reproducibility and stability of the
device.

In addition, the ‘current leaps’ can still be observed even
after two days for the same device cell as shown in Fig. 1(b),
implying that it is an intrinsic property of this device. It also
guarantees that the device is potentially suitable for multilevel
storage, and thus suggesting a feasibility to achieve high den-
sity memory by means of multilevel storage in future applica-
tions.
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Fig. 1. (color online) /-V characteristics of the Ag/HfO,/Au device (a)
for Ist, 10th, 20th, and 30th cycles, (b) after two days. All the mea-
surements are performed at room temperature and under dc sweeping
mode.

The distributions of the HRS resistance (Ryrs), IRS re-

sistance (Rigrs), and LRS resistance (Rprs) during 30 suc-
cessive resistive switching cycles in the Ag/HfO,/Au device
are presented in Fig. 2. The mean values (standard devia-
tions) of Ryrs, Rirs, and Ry rs for the Ag/HfO,/Au device are
8.39x107 (1.25x10%) Q, 1255 (470) Q, and 162 (22) Q, re-
spectively. The values of the coefficient of variation (6/u, ©
is the standard deviation, u is the mean value) of Ryrs, Rirs,
and Ry s are 150.0%, 37.5%, 13.6%, respectively. Compared
with Rirs and Ry Rs, the Ryrs shows a larger variation, which
have the same tendencies as those reported in other work.[="]
According to the experimental observations, it is sure that the
fluctuant distributions of the Rygrs, Rirs, and Ry rs make the
stability of the resistance ratio reduced. Even though the de-
crease in the resistance ratio for our Ag/HfO,/Au device, the
average resistance ratio Ryrs : Rirs : RLrs of the three resis-
tance states is still about 5x10°:8:1, which provides a suffi-
cient margin of resistance ratio for the periphery circuit to dis-
tinguish different resistance states, and thus guarantees mul-
tilevel storage possibility. To further confirm the potential in
multilevel storage application, the retention characteristics of
the three resistance states are investigated at room tempera-
ture, as shown in Fig. 3. After switching, a continuous 0.1-V
voltage stress is applied, and the resistance is sampled every
100 s. The resistance values of the HRS, IRS, and LRS of the
device are stable and show negligible degradation over 10* s,
confirming the nonvolatile nature and the nondestructive read-
out characteristics of the device, thereby guaranteeing its good
stability for RRAM applications.
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Fig. 2. (color online) Distributions of the Ryrs, Rirs, and Ry rs during
30 successive resistive switching cycles in the Ag/HfO,/Au device.

So far, several mechanisms and hypothetical models
have been proposed to explain resistive switching phenom-
ena, such as trap charging and discharging,!'*! Schottky
contact,!® motion of oxygen vacancies in the insulating ox-
ide film,!”! and the forming and rupture of conductive fil-
aments (CFs).[%!1213.15] However, the possible underlying
mechanisms of the resistive switching phenomenon are sur-
prisingly divergent and not yet clearly understood. To under-
stand the switching mechanisms of the Ag/HfO,/Au mem-
ory devices, the log—log plot of the /-V characteristic at
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LRS is shown in the inset of Fig. 4. Through this fitting
curve, it should be noticed that the slope of the LRS curve
is very close to unity (slope=1.01), which shows ohmic con-
duction with a slope of one. This result indicates that the
resistive switching of the Ag/HfO,/Au memory device is
believed to be related to the formation and dissolution of
metallic CFs inside the HfO, layer.[*>%!5] For the fabricated
Ag/HfO>/Au memory device, when a positive voltage is ap-
plied to the top electrode, a multilevel set process occurs.
This result, we believe, may be related to the formation of
multiple CFs in the set process, which is similar to the be-
havior of the Al/CeO,/Pt memory device.l'! For the reset
process, when it comes to the rupture of CFs, there is a gen-
eral debate nowadays. Some reported results showed that
the thermal dissolution of the CFs was the mechanism for
the reset process.!!~18 But others believed that the rupture
of CFs was due to an electrochemical effect.[*!>] To under-
stand the dominant mechanism of the Ag/HfO,/Au device in
the reset process, further analysis identifies the correlation
between Rprs and reset current (Leser) as shown in Fig. 4.
The ILeset is closely correlated with its Rprs. High leget iS
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Fig. 3. (color online) Retention characteristics of the HRS, IRS, and
LRS resistances for the Ag/HfO,/Au device under a continuous 0.1-V
read voltage.
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Fig. 4. (color online) LRS resistance dependence of reset current of the

Ag/HfO,/Au device. The inset shows /-V characteristic at the LRS in
a double-logarithmic scale.

needed for small Ry s, which is in accordance with the ther-

1.116,17

mal dissolution mode I However, no distinct correlation

is found between Ry rs and the reset voltage, which suggests
that electrochemical reactions may not play a dominant role in
the reset process of the Ag/HfO,/Au device even if they exist.
Instead, the reset process is very likely to be mediated by Joule
heating.

4. Conclusions

The resistive switching characteristics of Ag/HfO,/Au

RRAM devices are demonstrated. These devices exhibit

their self-compliance multilevel storage characteristics with-
out controlling different voltage values or compliance cur-
rents. The conduction mechanism of the set process is very
likely to be mediated by forming multiple CFs, and the cor-
relation between LRS resistance and reset current suggests
that Joule heating is a dominant effect in the reset process.
Self-compliance multilevel storage, enough resistance ratios
between different resistance states, and good data retention
demonstrate suitability for future memory applications.

References

[1] Waser R and Aono M 2007 Nat. Mater. 6 833
[2] Choi S J, Lee J H, Yang W Y, Kim T W and Kim K H 2009 /EEE
Electron Dev. Lett. 30 451
[3] LinCC,TuBC,LinCC, Lin C Hand Tseng T Y 2006 /[EEE Electron
Dev. Lett. 27 725
[4] LiY T, Long S B, Lv H B, Liu Q, Wang Q, Wang Y, Zhang S, Lian W
T, Liu S and Liu M 2011 Chin. Phys. B 20 017305
[5] Li Y T, Long S B, Zhang M H, Liu Q, Shao L B, Zhang S, Wang Y,
Zuo QY, Liu S and Liu M 2010 IEEE Electron Dev. Lett. 31 117
[6] Yang W Y and Rhee S W 2007 Appl. Phys. Lett. 91 232907
[71 FangZ, Ya HY, Li X, Singh N, Lo G Q and Kwong D L 2011 /EEE
Electron Dev. Lett. 32 566
[8] Zhang HW, LiuL F, Gao B, Qiu Y J, Liu X Y, Lu J, Jing Lu, Han R Q,
Kang J F and Yu B 2011 Appl. Phys. Lett. 98 042105
[9] WangY, Liu Q, Long S B, Wang W, Wang Q, Zhang M H, Zhang S, Li
Y T, Zuo Q Y, Yang J H and Liu M 2010 Nanotechnology 21 045202
[10] Li YT, Yuan P, Fu L P, Li R R, Gao X P, Xiaoping Gao and Tao C L
2015 Nanotechnology 26 391001
[11] Lee HY, Chen P S, Wu T Y, Chen Y S, Wang C C, Tzeng P J, Lin C
H, Chen F C, Lien H and Tsai M J 2008 IEDM Tech. Dig. 297
[12] Russo U, Kamalanathan D, Ielmini D, Lacaita A L and Kozicki M N
2009 IEEE Trans. Electron Dev. 56 1040
[13] Sun X, Sun B, Liu L, Xu N, Liu X, Han R, Kang J, Xiong G and Ma T
P 2009 IEEE Electron Dev. Lett. 30 334
[14] Lee D, Choi H, Sim H, Choi D, Hwang H, Lee M J, Seo S A and Yoo
1K 2005 IEEE Electron Dev. Lett. 26 719
[15] Liu Q, SunJ, Lv H, Long S, Yin K, Wan N, Li Y, Sun L and Liu M
2012 Adv. Mater. 24 1844
[16] Fang T N, Kaza S, Haddad S, Chen A, Wu Y, Lan Z, Avanzino S, Liao
D, Gopalan C, Choi S, Mahdavi S, Buynoski M, Lin Y, Marrian C, Bill
C, Vanbuskirk M and Taguchi M 2006 IEDM Tech. Dig. 789
[17] Russo U, Ielmini D, Cagli C, Lacaita A L, Spiga S, Wiemer C, Perego
M and Fanciulli M 2007 IEDM Tech. Dig. 775
[18] SunP X, LiL,Lu ND, Li Y T, Wang M, Xie H W, Liu S and Liu M
2014 J. Comput. Electron. 13 432

106102-3


http://dx.doi.org/10.1038/nmat2023
http://dx.doi.org/10.1109/LED.2009.2015689
http://dx.doi.org/10.1109/LED.2009.2015689
http://dx.doi.org/10.1109/LED.2006.880660
http://dx.doi.org/10.1109/LED.2006.880660
http://dx.doi.org/10.1088/1674-1056/20/1/017305
http://dx.doi.org/10.1109/LED.2009.2036276
http://dx.doi.org/10.1063/1.2822403
http://dx.doi.org/10.1109/LED.2011.2109033
http://dx.doi.org/10.1109/LED.2011.2109033
http://dx.doi.org/10.1063/1.3543837
http://dx.doi.org/10.1088/0957-4484/21/4/045202
http://dx.doi.org/10.1088/0957-4484/26/39/391001
http://www.ncbi.nlm.nih.gov/pubmed/26024162
http://dx.doi.org/10.1109/LED.2009.2014256
http://dx.doi.org/10.1109/LED.2005.854397
http://dx.doi.org/10.1002/adma.v24.14
http://dx.doi.org/10.1007/s10825-013-0552-x

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	References

