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In this study, we have observed dynamic switching behaviors in a memristive device. There are only

a few atoms in the resistive switching reaction which enables the high-speed resistive switching

characteristics, which was analyzed dynamically by real-time analyzing tools. From fundamental

conductance considerations, the resistance of the conductive path in HfOx memristor is found to be

due to barriers which are atomically incremented during the RESET process. Simultaneously, we

have demonstrated the quantized switching phenomena at ultra-cryogenic temperature (4 K),

which are attributed to the atomic-level reaction in metallic filament. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4802821]

An advanced memory technology with high perform-

ance, high density, and low power consumption is needed to

support the growing needs of mobile devices in the cloud

computing era.1–5 It is required to address the performance

gap between logic and storage for future systems on chip.

Among emerging memory technologies,6–12 the memristor

has the potential to become the ultimate next-generation non-

volatile memory due to its attributes of simple structure,

high speed, and high endurance.13–22 In particular, the mem-

ristor exhibits ultra-high switching speed because the resis-

tive switching behaviors are dominated by variation of

several atoms in the device. According to the previous

reports, the speed of resistive switching of memristor can be

less than 10 ns. The switching speed of memory states of

memristor is potentially fast enough to match the operation

of CPU.

From the literature, it is understood that the procedure

of resistive switching is caused by a sequential redox in

memristor.23–25 The redox mechanism will result in the for-

mation and interrupt of filament, leading to the resistive

switching between high resistance state (HRS) and low re-

sistance states (LRS). However, the dimension of the fila-

ment is too small to be observed directly by materials

analysis tools. Moreover, the atoms involved in the reaction

procedure are so few that we need to carefully design an

experiment to verify the atomic-level phenomenon in mem-

ristor. In general, the atomic-level reaction cannot be exam-

ined easily in the room temperature because of the

disturbance by electric field and thermal energy in switching

material. Therefore, the atomic quantized reactions should

be analyzed at the ultra-cryogenic temperature of 4 K.

First, 300 nm wet oxidation was grown on the lightly

doped p-type substrate (100) silicon-substrate. SiO2 layer is

used to as an insulator layer between our bottom electrode

and silicon substrate to avoid other leakage path from bottom

electrode to silicon substrate. Second, a titanium nitride

(TiN) bottom electrode 200 nm was deposited by using RF

sputter and followed by a SiO2 deposition. The lithography

process was taken to pattern the cell size and active region

from 0.24 to 20 lm2 via. After that, a 5 nm switching layer

was grown by using atomic layer deposition (ALD) process.

Finally, the 40 nm/10 nm TiN/Ti layer as top electrode and

pattern by lithography process. All of the electrical charac-

teristics were measured by the Agilent B1500 semiconductor

analyzer. The bias was applied to the bottom electrode (TiN)

as the top electrode (Ti) was grounded during the electrical

measurement.

The continuous reaction curve of current versus voltage

(I-V) in the room temperature can be observed by the black

line in Fig. 1. However, a special discontinuous trend of I-V

curve was found at 4 K. The ratio of voltage and current pos-

sess regularity at some regime of I-V curve. Based on the

Ohm’s law of R¼V/I, the different ratios of voltage and cur-

rent represent different resistance values. The resistance val-

ues revealed a regular phenomenon of decreased variation

step by step with reset reaction procedure shown in the mag-

nified inset of Fig. 1. The quantized resistive variation can be

interpreted as an atomic-level reaction shown in the inset of

bottom of Fig. 1.

Figure 2 shows a typical resistance switching character-

istics of the Ti/HfO2/TiN cells which measured in the DC-

voltage sweep mode, and exhibited the bipolar behaviors

with applied bias on the Ti electrode. For the operation of

memristor, an irreversible forming procedure is required to

active the as-fabricated memristor cells. A compliance cur-

rent of 500 lA was set to prevent permanent breakdown dur-

ing memristor operation in DC-voltage sweeping mode. A

sudden increase of the current was observed at the voltage ofa)Email: tcchang@mail.phys.nsysu.edu.tw
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about 3.5 V to achieve the forming procedure. As the nega-

tive bias was swept over the set voltage (Vset, �0.55 V), the

memristor cell will switch from HRS to LRS, i.e., “set

procedure,” which is attributed to the formation of filament.

The inset diagram in the upper left shows that the set proce-

dure is the transformation of an open circuit situation with

HRS changed to a short circuit situation with LRS.

Conversely, a gradual descent of current interpreted the cell

switched back to HRS from LRS while a positive bias was

swept over the reset voltage (Vreset, 0.55 V), called as “reset

procedure,” which is due to the rupture of the filament. The

inset diagram in the lower right shows that the reset proce-

dure is the transformation of a low resistance state changed

to a higher resistance state. In particular, the reset procedure

can be divided into different resistive stages by altering the

negative stop voltage of DC sweeping cycle (Vstop). The re-

sistance value increases with increasing the Vstop, which can

be indicated by the stage 1 to stage 5 corresponding to gradu-

ally increased Vstop (0.7, 0.8, 0.9, 1.0, 1.1 V). We could

obtain the multi-level resistance state by controlling the

Vstop. The variation of resistance state was examined during

the reset procedure so as to further comprehend the mecha-

nism of reset reaction in memristor.

In order to ascertain the switching mechanism, the mul-

tiple I-V curves in Fig. 2 are fitted to analyze the carrier

transport of switching layer. A good linear relationship with

a slope of 1 was found in the curve of napierian logarithm

leakage current (ln(I)) versus napierian logarithm voltage

(ln(V)), indicating that the leakage current in LRS is domi-

nated by Ohmic conduction because the carriers are trans-

ported through the continuous filament. The different states

of reset I-V curves were fitted and their carrier transport

mechanism was analyzed, which represents the multi-high

resistance state (multi-HRS) from stage 1 to stage 5 in Fig.

2. The relationship in the curve of ln(I/T2) versus the square

root of the applied voltage (V1/2) is linear. This demonstrated

that Schottky emission is considered as the main transport

mechanism in multi-HRS during the reset procedure. The

major leakage current is contributed from the electrons

crossing the potential energy barrier between the interface

of switching layer and TiN electrode by the thermionic

effect. According to the formula of Schottky emission,

J ¼ A��T2exp
�q
�
/B�

ffiffiffiffiffiffiffiffiffi
qV

4peidsw

p �
kT

� �
, where A** is the

Richardson constant, the effective switching thickness (dsw)

and energy barrier height (/B) can be obtained from the

slope and intercept of the plot of
ffiffiffiffi
V
p

-lnð I
T2), respectively.

The slope is q
kT

ffiffiffiffiffiffiffiffiffiffiffi
q

4peidsw

q
and the intercept is lnAA�� � q/B

kT ,

where the ei ¼ je0, and the j of HfO2 is about 25. The

lnAA�� can be ignored because it is much smaller than the

item of
q/B

kT . Based on the above-mentioned method, the dsw

and /B of different multi-HRS in Fig. 2 can be obtained

through calculation. Figure 3 shows corresponding resistance

for different multi-HRS in Fig. 2 with its dsw and /B. The

analytic results exhibit that the /B were fixed about 0.7 eV

and not correlated with corresponding resistance in different

multi-HRS, which implicates that the switching layer in dif-

ferent multi-HRS showed similar material properties.

However, the dsw was correlated with the resistance value of

different multi-HRS. During the reset procedure, the continu-

ous conduction filament will be ruptured gradually leading to

FIG. 1. Quantization reaction for a memristor, compared with continuous

reaction. The inset diagram in the bottom part is an illustration to indicate

the discontinuous resistance variation due to quantized atomic reaction dur-

ing reset process.

FIG. 2. Memristor operation procedure. The inset in the upper left shows the

schematic of the set procedure and the inset in the lower right presents the

schematic of the reset procedure.

FIG. 3. Different resistance states with effective thickness and energy bar-

rier height. The inset shows the resistance switching procedure which trans-

forms from LRS to HRS, and the distance between filament tip and TiN

electrode increases with raising reset voltage.

172903-2 Syu et al. Appl. Phys. Lett. 102, 172903 (2013)
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the dsw increased, as shown in the insets of upper site of Fig.

3. Therefore, the thickness of switching layer was correlated

with the resistance value of different reset multi-HRS,

increased with raising Vstop.

The above experiment results revealed that the reaction

must be begun from the first layer of conductive filament close

to the TiN electrode during the reset procedure. During the

reaction in the first layer, the effective cross section of contact

area will cause the variation of resistance value in memristor.

Therefore, we propose a three-dimension diagram of filament

in the LRS of memristor to simulate the continuous conduc-

tion path connect between the TiN and Ti electrodes as shown

in Fig. 4. As oxygen atoms are moved in one after another to

recombine the filament, the effective conduction area of fila-

ment resulting in decreasing effective conduction area of fila-

ment leads to the rise of the resistance value of memristor.

The effective area is directly proportional to the numbers of

atom connected with the TiN electrode. Therefore, the resist-

ance value is inversely proportional to the number of compo-

nent atoms of conduction filament, the ratio of resistance with

and without i atoms removed away in effective cross section

is RN�i/RN¼N/N�i. Therefore, the quantized variation of re-

sistance can be obtained due to the atomic-level reaction on

the filament during the reset procedure. However, the thermal

disturbance effect is so serious, and the reaction speed is so

fast that the quantized phenomenon of resistance is hardly to

be observed at room temperature. In order to clarify the

switching mechanism, the resistance switching characteristics

of memristor were measured in the ultra-cryogenic environ-

ment to remove the thermodynamic effect during reset

procedure. Therefore, the switching resistance transformed

step-by-step from low to high resistance states at the tempera-

ture of 4 K can be observed in Fig. 1. The phenomena can be

speculated that the atoms of effective cross section of conduc-

tion path are removed one after another, resulting in the quan-

tized variation on the resistance of memrisor.

The ratio of initial and post-reactive numbers of atom

corresponds to a specific ratio of resistance states during

the reset procedure. Every transition resistance states can

be extracted from the slope of experimental data in Fig. 1

for each quantized step of I-V curve at ultra-cryogenic tem-

perature (4 K). Based on the above-mentioned discussion

for resistance calculation, the theoretical resistance ratio of

effective cross section between beginning and intermediate

states can be calculated according to the removable atoms

from the filament. The experimental values complied

exactly with the theoretical calculation data as shown in

Fig. 5. The results verify that the reaction of reset procedure

is an atomic-level reaction, causing conduction area of the

effective cross section decreased and the resistance ratio

raised. The beginning numbers of atom are 13, which is cal-

culated from the experimental data in the intermediate

region of reset procedure as shown in the enlarge inset of

Fig. 1. Because the magnitude of change in resistance value

is not pronounced at the beginning of reset procedure, the

initial variation of atomic numbers was difficult to observe

on the effective conduction filament area in initial LRS of

memristor. However, we can obtain the atomic numbers of

effective cross section in the initial LRS, speculated from

the relationship of resistance value and conduction area of

filament.

Because the resistance value of the filament is roughly

inversely proportional to the area A and the number of compo-

nent atoms in the effective cross section is proportional to A,

the number of component atoms in the original LRS (#LRS)

can be obtained from the resistance of 13 effective atoms

(#13) acquired from the experimental data in Fig. 1 as below:

#LRS¼R13� #13/RLRS¼ 2760� 13/1920¼ 18.68. If the

atoms in the filament are configured with a hexagonal lattice

structure, the effective area of each atom can be indicated by

the blue region of inset in Fig. 4. While the lattice constant is

0.32 nm, the effective area (A#) of each atom is 0.0887 (nm2).

The effective area (ALRS) of the original LRS can be calcu-

lated as ALRS¼ #LRS�A#¼ 18.68� 0.0887¼ 1.66 (nm2).

According to the simple ohm’s law, estimated resistivity, q, is

319 (nX m), which is approximately the theoretical value of

Hf metal (qHf¼ 331 (nX m)). Therefore, we consider that the

conductive filament for the carrier transport in the LRS is

constructed with the elemental Hf.

FIG. 5. Atomic-level quantized reaction. The inset shows the numbers of

effective cross section atom after reaction.

FIG. 4. Filament 3D simulation diagram. The inset at lower right shows the

hexagonal-close-packed structure, where the light blue region is the effec-

tive cross section area of each atom.

172903-3 Syu et al. Appl. Phys. Lett. 102, 172903 (2013)
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In conclusion, the dynamic switching mechanisms dur-

ing reset procedure in memeristor were completely clarified

by a sequential experimental design. A conductive filament

composed of oxygen vacancies is confirmed as the initial

state of reset reaction procedure. The phenomenon of quan-

tized variation on the resistance of memristor was attributed

to the oxygen vacancies change one by one within the effec-

tive cross section of conductive filament. Sequentially, the

filament near the TiN electrode was oxidized layer by layer,

leading to a resistance gradually increase due to the

increased barrier layer. We demonstrated that the ultra-fast

switching speed of memristor is attributed to several atomic

reaction procedures in virtue of the atomic-level quantized

phenomena at ultra-cryogenic temperatures.
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