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The influences of electrical and optical excitations on the conductivity characteristic are investigated in bulk and edge
devices of ITO/TiO2/ITO structure. Driven by the electrical and optical stimuli independently, the conductivity relaxation
behaviors of the pristine resistive state (PRS) are observed and ascribed to the electron trapping and the oxygen transport
processes. For a resistive switching (RS) device, the conductance change under optical illumination is about two orders of
magnitude smaller than the conductance change corresponding to the variation of background current due to the emergence
of a great number of oxygen vacancies in the RS device. With the illumination being off, the conductance slowly decays,
which suggests that the oxygen diffusion process dominates the conductance relaxation. The difference in conductance
relaxation between the bulk and edge devices indicates that the oxygen exchange plays a critical role in the relaxation
process of conductivity. The synergistic effects of both electrical and optical excitations on the RS devices could be used
for novel applications in integrated optoelectronic memory devices.

Keywords: resistance switching, photoconductance, relaxation, oxygen vacancy

PACS: 77.80.Fm, 72.40.+w, 68.55.Ln, 73.50.Gr DOI: 10.1088/1674-1056/26/8/087702

1. Introduction

When subjected to an electric field, metal oxide films
sandwiched between electrodes may exhibit the resistive
switching (RS) effect, which describes a reversibly resistance
change between a high resistance state (HRS) and a low resis-
tance state (LRS).[1–4] The RS behaviors in oxides have drawn
a great deal of attention for their potential applications in fu-
ture nonvolatile memory devices. Accordingly, the migration
and diffusion of oxygen vacancies driven by the electric field
have been proposed to play a critical role in the RS process
of oxide films.[5–10] Meanwhile, some metal–oxide semicon-
ductors, such as TiO2, ZnO, and WO3, manifest large change
of conductivity under optical irradiation.[11–14] These photo-
conductivity characteristics have provided useful information
about the oxygen vacancies in the oxide from another per-
spective, such as distribution of sub-bandgap states,[11,13] sur-
face states, and adsorption.[12,14] Recently, it has been reported
that the RS properties of oxides can be dramatically modu-
lated by optical illumination by realizing optical writing and
multilevel storage in the memory devices.[15–20] Several mod-
els have been suggested to explain the optically modulated
RS phenomena, including electron trapping/detrapping,[18]

carrier injection,[15,19,20] and chemical adsorption/desorption
molecules on the surface.[16,17] However, the mechanism of

the optically induced modification of the RS is still a matter of
debate, due to the fact that the optically induced conductivity
change during the RS is actually an emergent property result-
ing from the synergy effect of oxygen vacancies under optical
and electrical stimulation. Therefore, a better understanding
of the optically modulated RS should be based on systematic
investigations of the conductance change driven independently
by the electrical and optical stimuli and their interplay.

In this paper, we report the influences of electrical
and optical excitation on the conductive characteristics of
ITO/TiO2/ITO structure. The conductance relaxation behav-
iors are observed after electrical forming and in the dark, re-
spectively. Under the optical illumination, the conductance
change of the RS device is about two orders of magnitude
larger than that of the device in the pristine resistive state
(PRS), but 2–3 orders of magnitude smaller than the conduc-
tance change corresponding to the variation of the background
current, which manifests the emergence of a great number of
oxygen vacancies in the RS device. With the illumination ex-
tinguished, the conductance decays slowly which can be as-
cribed to the dominant oxygen diffusion process in the con-
ductance relaxation. The differences in conductance relax-
ation between the edge and bulk device suggest that the oxy-
gen exchange through the TiO2 edges plays a critical role in
the oxygen diffusion process.
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2. Experimental details
The ITO/TiO2/ITO/Au films were prepared on glass sub-

strates in a radio-frequency magnetron sputtering system.[21]

The bottom ITO electrode of 400 nm in thickness was
annealed at 340 ◦C for 10 min under an O2 pressure of
0.2 Pa to achieve better transparency. The TiO2 layer of
100 nm in thickness was prepared at room temperature, conse-
quently resulting in the formation of an amorphous structure
with a bandgap of about 3.45 eV.[22] The top ITO(70 nm)
/Au(100 nm) electrodes were then sputtered and patterned by
the standard lithography (bulk device A as shown in Fig. 1(a)).
The electrode pad size was 100 µm×100 µm, the distance
between two pads was about 2 mm, and a set of 8×8 top
electrodes were fabricated on each substrate. In order to in-
vestigate the influence of the ambient oxygen on the RS, an
etch step was introduced to remove the TiO2 layer surrounding
the top electrode, thereafter forming a TiO2 edge underneath
the top electrode (edge device B as shown in Fig. 1(a)). In this
case, device B with exposed TiO2 sidewall was prepared un-
der the same conditions as those in the case of device A. The
electrical measurements were performed with a Keithley 6430
source meter at room temperature, and the bottom ITO elec-
trode was grounded. A xenon lamp-monochromator system
was employed as a light source to illuminate the device from
the glass substrate side with a focused beam spot size of about
300 µm × 800 µm and an intensity of about 1 mW/cm2. The
wavelength of the illumination light of 400 nm was chosen in
order to photoionize the oxygen vacancies of the TiO2 layers

 

-3 -2 -1 0 1 2 3
10-6

10-5

10-4

10-3

10-2

C
u
rr

e
n
t/

A

Voltage/V

device A

device B

A B

D1 D1

D1D2

(b)

(a)

device A

Au

ITO

TiO2

ITO

glass

optic illustration

device B

Au

ITO

TiO2

ITO

glass

optic illustration

Fig. 1. (color online) (a) Schematics of ITO/TiO2/ITO/Au devices A
and B. (b) I–V curves for devices A (solid triangle) and B (solid circle),
respectively, where inset shows the equivalent circuit consisting of two
back-to-back diodes in series.

without triggering its intrinsic excitation and to stay away from
the absorption edge of the glass.[22,23]

3. Results and discussion
First, a direct current (DC) voltage sweep of ±3.5 V is

used to complete the electroforming process. After forming
devices A and B show reversible RS behaviors (Fig. 1(b)).
The RSs with almost symmetric nonlinear I–V curves have
been reported in Pt/TiO2/Pt layers,[24,25] and ascribed to the
changes of two Schottky-like back-to-back interfacial barriers
due to the drift of oxygen vacancies under an electric field. In
our experiment, devices A and B exhibit almost identical I–V
characteristics in the negative voltage region. In the positive
branch, the switching voltage (Vth) of device B from the LRS
to the HRS is about 3 V, larger than that of device A (2.5 V).
Hence, the dissimilarity of Vth between devices A and B in the
positive branch derives from the structural difference of the
bottom Schottky barrier. More specifically, the larger value of
Vth of device B may originate from the extra contribution of the
TiO2 edges,[26,27] as well as the ambient oxygen concentration
incorporated from edge into the bulk of TiO2.

To investigate the influence of optical illumination on the
RS, the conductivity characteristics of the RS devices in the
dark are firstly measured. Special care is taken to perform
all electrical measurements in the dark after device prepara-
tion. After forming, the device is immediately reset/set into
the HRS/LRS and the retention characteristics are measured
by using a series of low read-voltages of 0.5 V (duration =
70 ms, period = 10 s) to minimize disturbance on device con-
ductance. As shown in Fig. 2(a), the HRS conductances of
devices A and B first increase rapidly (t < 3000 s), followed
by a slow decay to reach a quasi-equilibrium state (t > 3000 s).
In contrast, the LRS conductance decreases rapidly, then de-
cays slowly. Similar conductivity relaxation behaviors of the
RS devices have been reported previously,[8,28–30] although it
has not been specified whether the measurements were per-
formed in the dark. Nian et al. have analyzed the conduc-
tivity relaxation in perovskite oxide film, and proposed an
oxygen diffusion model with oxygen vacancy accumulating
in the electrode interface region.[8] Zhang et al. have ob-
served the temperature-dependent relaxation and discussed the
results in terms of the trapping/detrapping process.[31] Schul-
man et al. have ascribed the relaxation for the HRS/LRS of ox-
ides to the diffusion of oxygen vacancies with a temperature-
dependent density of trapping centers.[28] In general, the con-
ductivity of oxide varies with oxygen concentration by surface
exchange or bulk diffusion.[32,33] Accordingly, the oxygen dif-
fusion process can be described by a single exponential func-
tion. On the other side, the thermally activated electron trap-
ping/detrapping process at oxygen vacancies also gives rise to
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conductivity relaxation, which can be phenomenologically de-
scribed by a stretched exponential function.[34,35] Therefore,
the overall conductivity relaxation of the RS device can be de-
scribed by

∆I(t) = I1 exp[−(t/τ1)
β ]+ I2 exp(−(t/τ2), (1)

where the first term and second term correspond to the trap-
ping/detrapping and diffusion terms, τ1 and τ2 are the re-
laxation times, and β (0 < β < 1) is the dispersion parame-
ter. Larger β means a narrower distribution of time constants
around τ1. In the regime of rapid variation (t < 3000 s), the
experimental results of Fig. 2(a) can be well fitted with Eq. (1)
as shown in Figs. 2(b) and 2(c). For device A in the HRS, the
values of β = 0.87 and τ1 = 466 s can be extracted while in
the LRS the values of β = 1 and τ1 = 4382 s are obtained.
We further discuss the possible conductance change caused by
different relaxation mechanisms. The oxygen vacancy diffu-
sion of a device in the LRS should reduce the conductance,
since the LRS is obtained by the drift of oxygen vacancies un-
der an electric field. The trapping process of electrons from
the conduction band to the defect level should reduce the con-
ductance, whereas the detrapping process of electrons from
the defect level to the conduction band should increase the
conductance. Thus during the HRS relaxation the decrease of
current would suggest that the process of thermal detrapping
of electrons dominates. Similarly, during the LRS relaxation
the increase of current together with β = 1 would suggest that
oxygen vacancy diffusion dominates. For device B, similar
curve fitting results are obtained as shown in Fig. 2(c). It is
noted that the values of τ1 = 466 s and τ2 = 4382 s for device
A are much larger than τ1 = 307 s and τ2 = 1432 s for device
B. The fast relaxation behaviors in device B can be ascribed to
more oxygen incorporated into the device from the TiO2 edge
surrounding the top electrode. Comparing the conductance re-
laxation of device A with that of device B, we conclude that
the fast relaxations of the HRS and LRS mainly result from
the thermal detrapping of electrons from oxygen vacancies
and the oxygen diffusion process, respectively. Both relax-
ations are influenced by the oxygen exchange between devices
and an ambient environment. In the regime of slow decay
(t > 3000 s), the HRS conductance decreases with time very
slowly, in contrast to the earlier sharp increase (t < 3000 s).
The trend change of conductance from increase to decrease
indicates that the oxygen transport process starts to displace
the process of thermal detrapping of electrons, dominating the
slow relaxation of the HRS conductance. For the slow de-
cay of the LRS (t > 3000 s), the relaxation of devices A and
B begins to deviate from the fitting results, where the fitted
curve of device B deviates more than that of device A, which
should also be ascribed to more oxygen atoms incorporated
from the edge. Therefore, the slow conductance relaxations

(t > 3000 s) of both HRS and LRS originate from the oxygen
diffusion process, and their main difference is that the oxy-
gen vacancy concentration of the HRS is less than that of the
LRS, which leads to the slight difference in relaxation rate as
t > 3000 s. However, the rate of conductance decrease is so
slow that the relaxation can be approximately treated as a lin-
ear variation with time, which leads to the fact that a fitting of
Eq. (1) is not applicable.
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Fig. 2. (color online) (a) Current relaxations for the HRS (solid) and
LRS (open) of devices A (triangle) and B (circle) in the dark. (b) and
(c) Relaxation curves of devices A (triangle) and B (circle) in the HRS
(solid) and LRS (open) as well as fittings (dashed lines), respectively.
The bias is −0.5 V and time interval is 10 s.

Since the TiO2 layers exhibit dark conductivity relaxation
after the electrical stimulus (forming), it is necessary to in-
vestigate the conductivity characteristics of the devices in the
PRS in response to optical illumination alone. By using the
same voltage pulses used in Fig. 2, the conductivity character-
istics of devices in the PRS are measured. Figure 3(a) shows
that the dark conductances of devices A and B in the PRS are
both below 1 nA and remain constant over time. Then the
photoconductance is measured under optical illumination for
about 500 s, followed by 2000 s in the dark. Upon illumina-
tion, the photocurrents of devices A and B increase quickly
up to 13.7 nA and 8.1 nA, respectively. When the illumina-
tion is turned off (t = t0), the conductance falls rapidly at first,
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then decreases gradually and does not return to the previous
level in the investigated time range. The dark current of the
PRS is about 0.2 nA, about 5–6 orders of magnitude smaller
than that of the HRS/LRS due to the generation of abundant
oxygen vacancies in the RS devices after forming. Under
illumination, electron-hole pairs are generated through oxy-
gen vacancy states within the bandgap of TiO2,[36,37] which
leads to the enhanced photoconductance. After illumination,
the decrease of photocurrent Iph originates from two kinds of
electron-consuming processes: (i) electrons are retrieved by
the adsorbed oxygen, which can be described by a single ex-
ponential function;[38] (ii) electrons are trapped by oxygen
vacancies with a distribution of activation energy, which can
be described by a stretched exponential function.[13,34] Hence,
the total photoconductance relaxation starting from t0 can be
described by an equation similar to Eq. (1):

Iph(t) = I1 exp
(
−t
τ1

)
+ I2 exp

[
−
(

t
τ2

)β]
, (2)

where τ1 and τ2 refer to the time constants and β is a dis-
persive parameter. The normalized photoconductance decay
curves (Iph(t)/Iph(t0)) are fitted with Eq. (2). The values of
β and τ before and after 200 s are shown in Fig. 3(b) ac-
cordingly, which corresponds respectively to the fast and long
stages observed in previous studies on ZnO.[39–41] The fast re-
laxation of photoconductivity decays as a single exponential
function (β ∼ 1), indicating that the reaction between the ad-
sorbed oxygen and electrons in the interface region is uniform,
which is consistent with the homogeneous interfacial resistive
switching in amorphous oxide film. The adsorption of oxygen
would increase the interfacial barrier for electrons and prevent
further oxygen from being adsorbed, thus leading to the fact
that the fast relaxation only dominates a short period (200 s).
Therefore, for the long time relaxation of photoconductivity
(β ∼ 0.4), the photocurrent decay mainly originates from the
electron trapping process on oxygen vacancy sites. The time
constant τ of device A is always larger than that of device B,
revealing that more oxygen is incorporated into TiO2 from the
exposed sidewall of device B, which leads to a faster photo-
conductance relaxation. Based on these results, it is clearly
demonstrated that TiO2 layers exhibit conductivity relaxation
driven independently by the electrical and optical stimuli. Dur-
ing the relaxation, both the electron trapping/detrapping and
the oxygen transport processes are involved.

Eventually, the photoconductances of the RS devices are
investigated under optical illumination. Because the dark con-
ductivity relaxation of the HRS/LRS is always present as back-
ground (Fig. 2), the total measurement time decreases to min-
imize the influence of background relaxation. After the RS
devices are reset/set into the HRS/LRS, they are kept in the
dark for about 1 h to achieve the quasi-equilibrium state. Then

the devices are monitored periodically in the dark for 400 s
and under illumination for 100 s to measure the conductivity
characteristics. Figure 4 shows the photocurrent-time curves
of the RS devices when the light is switched ON (100 s) and
OFF (400 s). In region I, the dark current decreases slowly,
which is consistent with the slow relaxation characteristics as
shown in Fig. 2(a). Upon illumination (region II), the pho-
tocurrent increases sharply. The total current change due to
optical illumination can be defined as Iph = Ion − Ioff − ∆I0,
where Ioff/Ion is the current ratio when light is OFF/ON, and
∆I0 is the background current which can be properly derived
from Fig. 2. Thereafter, the extracted photocurrent changes of
6.2 µA, 5.5 µA, and 5.1 µA are obtained for device A in the
HRS, respectively. The photocurrent changes of both device
A in the LRS and device B in the HRS/LRS can be obtained
in the same way. By comparing the experimental results of RS
devices in the dark and those under illumination, the following
results and discussions are achieved.
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Fig. 3. (color online) (a) Time-dependent photo-excitation and dark
relaxation for devices A (square) and device B (circle). (b) Stretched
exponential fittings of the normalized photoconductance decay curves
IN = Iph(t)/Iph(t0) for devices A (solid line) and device B (dash line).
The bias is −0.5 V and the time interval is 10 s.

1) Upon illumination, the photocurrent change of device
A in the HRS is 6.2 µA, about two orders of magnitude larger
than 13.7 nA in the PRS of device A (Fig. 3(a)). The giant en-
hancement of photocurrent can be ascribed to the emergence
of a great number of oxygen vacancies in the RS devices after
forming, which can enhance the electron–hole pairs and ther-
mally detrap electrons. Similar behaviors are also found for
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device A in the LRS (Fig. 4(c)). By contrast, the photocurrent
change for device B in the HRS/LRS is much smaller than
that of device A as shown in Figs. 4(b) and 4(d). The rela-
tively fast decay of dark conductance of device B in the LRS
after t = 3000 s can account for the behaviors (Fig. 2(a)). For
device B, more oxygen absorption/exchange reactions occur
at the device sidewall, which leads to a lower concentration of
oxygen vacancies and correspondingly a smaller photocurrent.

The photoconductivity of the ZnO resistive device
in the HRS/PRS is observed and explained by oxy-
gen photodesorption.[17] No photocurrent is observed in
the LRS because the surface depletion layer is short-
cutted by the filament. Similar results have been re-
ported in metal/Al2O3/SiO2/Si and ITO/CeO2−x/AlOy/Al
structures.[15,18] These devices exhibit a persistent photocon-
ductance effect under illumination, which could change the
resistance state. The persistent photoconductance could either
come from the photoionization of oxygen vacancies at the in-
terface, or from the intrinsic excitation of substrates.

1180

1200

1220

1240

1260

900

920

940

960

980

0 500 1000 1500
1400

1420

1440

1460

1480

0 500 1000 1500

1060

1080

1100

1120

1140
device B, LRSdevice A, LRS

device B, HRS(b)

III

II

C
u
rr

e
n
t/
m
A

6.2 mA
5.5 mA

5.1 mA

I

III

II

I

III
II

I

(a) device A, HRS

(d)(c)

1.5 mA
1.1 mA

0.97 mA
III

II
I

6.9 mA

5.0 mA 

4.6 mA

Time/s Time/s

2.3 mA

1.6 mA

1.2 mA

Fig. 4. (color online) Photoconductive responses of devices A and B in the
HRS/LRS for periodic cycles of optical illumination. The bias is −0.5 V
and time interval is 10 s.

2) With the illumination extinguished, both the photocur-
rent relaxation as depicted in Fig. 3 and background relax-
ation as investigated in Fig. 2 contribute to the overall con-
ductance decay in region III. For the RS devices A and B in
the HRS/LRS, the photocurrent change (< 10 µA ) is usu-
ally 2–3 orders of magnitude smaller than the background cur-
rent (∼ 1000 µA) as shown in Fig. 4. The great difference
in conductance indicates that the conductance decay in region
III mainly comes from the background relaxation, or in other
words, the oxygen diffusion process plays a decisive role in the
conductance relaxations of devices A and B in the HRS/LRS
with the illumination being off. However, the slow relaxation
of conductance in region III is not suitable to be fitted accu-
rately in terms of the oxygen diffusion model. This is due to

the fact that the conductance variation is so slow that it can be
approximately treated as a linear variation with time.

3) These results above clearly show that the RS devices
exhibit conductance relaxation driven separately by the elec-
trical and optical stimuli. However, under the joint stimuli,
the conductance relaxation characteristics of RS devices are
indistinguishable to some degree. Therefore, an appropriate
control of the relative intensity between optical and electrical
stimuli will significantly help explore the influence of optical
modulation on RS devices, which has usually been ignored in
previous studies.

4. Conclusions
In this work, we study the conductance characteristics of

ITO/TiO2/ITO RS devices under electrical and optical excita-
tions. The conductivity relaxation behaviors are observed for
the TiO2 layers driven by electrical and optical stimuli sep-
arately, which can be ascribed to the thermal detrapping of
electrons and the oxygen transport process. For the RS de-
vices, the conductance change under optical illumination is
much smaller than the background current due to the enhanced
emergence of a great number of oxygen vacancies. With the
illumination being off, the conductance decays slowly, which
suggests that the oxygen diffusion process dominates the con-
ductance relaxation. The difference in conductance relaxation
between the edge and bulk devices indicates that the oxygen
exchange through the TiO2 edges plays a critical role in the
relaxation process of conductivity. The unique conductance
characteristics of the RS devices driven by both electrical and
optical excitations could be exploited for novel applications in
integrated optoelectronic memory devices.
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