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detraping/retrapping of electrons within the interfacial CeO 2− x   
layer next to the AlO y  intercalation, which effectively modulates 
the band bending at the CeO 2− x  /AlO  y  /Al region, the intrinsic 
conductivity of the ITO/CeO 2− x  /AlO  y  /Al structure can be signif-
icantly modulated upon being subjected to optical illumination 
pulse and electrical stimulation pulse, thus leading to persis-
tent and adjustable photoresponse in the present devices. The 
intensity- and wavelength-dependent resistances can be used to 
demodulate the broadband optical information into electrical 
signals, while the stepwise and linear response of the photo-
current makes the device capable of performing counting and 
addition operations. More importantly, the received optical dig-
ital signals can be stored non-volatilely by the multilevel and 
persistent photoresponses of the device, thus providing consid-
erable potential for non-volatile optoelectronic memory devices 
with higher information storage and processing capacity.  

 To construct the ITO/CeO 2− x  /AlO  y  /Al junction (Figure  1 b), a 
30 nm thick Al electrode was fi rst deposited by electron-beam 
evaporation on a commercial Si-based substrate. Then the 
polycrystalline CeO 2− x   layer with the thickness of ≈20 nm has 
been deposited by magnetron-sputtering technique. Finally, the 
100 µm-diameter ITO electrodes with the thickness of ≈200 nm 
were fabricated by pulsed laser deposition with good electrical 
conductivity and excellent optical transparency. [ 29 ]  In this work, 
cerium oxide with a fl uorite crystalline structure (Figure S1, 
Supporting Information) has been selected as the photo-sensi-
tive medium for its semiconducting properties and tolerance of 
oxygen vacancy defects, which can provide extra defect energy 
levels in the bandgap to widen the wavelength window of the 
photoresponses. [ 30–33 ]  By using aluminum as the bottom elec-
trode, a native aluminum oxide layer with the thickness of 
≈5 nm has been received to form the Schottky junction with 
the cerium oxide layer (Figure S2, Supporting Information), 
serving as an insulating barrier at the CeO 2− x  /AlO  y  /Al junction 
to suppress the leakage current and to enhance the signal-to-
noise ratio of the devices. [ 34 ]  The AlO y /Al layer would also act 
as a reservoir to grab oxygen content during the CeO 2− x   depo-
sition process, therefore generating more oxygen vacancies in 
the cerium oxide fi lm near the CeO 2− x  /AlO  y  /Al interface, as 
compared to that at the CeO 2− x   fi lm top surface (Figure S3, 
Supporting Information), [ 35,36 ]  which provide stable interfacial 
trapping cites for the charge carriers. [ 37 ]  Upon being exposed 
to an optical illumination, electrons in the trapping sites can 
be excited and swept away by the build-in electric fi eld, leaving 
the positively charged oxygen vacancies to intensify the band 
bending at the CeO 2−   x  /AlO  y  /Al interfacial region and facili-
tate the charge transport across the junction persistently with 
a thinner Schottky barrier (Figure  1 c). When an external nega-
tive electrical-fi eld is applied to the ITO/CeO 2−   x  /AlO  y  /Al device, 

  The integration of multiphotonic-functionalities, including the 
on-chip sources, manipulators, fi lters, multipliers, detectors, 
and storage, into microelectronic platforms, has been consid-
ered as an alternative solution for the size-scaling and intellec-
tualization campaign of the post-Moore era. [ 1–6 ]  An important 
module of such optoelectronic integrated circuits would be 
the fi eld-induced resistive switching memory, the major task 
of which is to write and store the electrical bits of informa-
tion through optical means. [ 7–13 ]  Additional merits of the com-
munication and computation capabilities may also lower the 
complexicity of the integrated circuits and make them more 
profi cient when dealing with the rapidly increased massive data 
generated nowadays. Over the past few years, various semicon-
ductor materials and nanostructures of silicon, [ 14 ]  organic mole-
cules, [ 15–18 ]  carbon nanotubes, [ 19,20 ]  graphene, [ 21,22 ]  molybdenum 
disulfi de and its analogs, [ 23–25 ]  as well as metal oxides have been 
investigated for information storage and processing applica-
tions seperately. [ 26–28 ]  Nevertheless, it is still challenging at the 
moment to achieve multifunction integration of effi cient infor-
mation storage, processing, and communication within a single 
device for the sake of high-performance optoelectronic circuits. 

 In this contribution, we report the design and construction 
of an optoelectronic resistive switching memory (OE-Memory) 
with integrated demodulating and arithmetic functions, com-
posed of a simple ITO/CeO 2− x  /AlO  y  /Al junction structure 
( Figure    1  a), for future information technology. Due to the 
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electrons will be injected into the interfacial trapping sites 
again and recover the initial energy band diagram. 

 Experimental data well agree with the above model. As 
shown in the current–voltage ( I – V ) characteristics of  Figure    2  a, 
electrically erasable persistent photoresponse has been 
observed in the present device. With the nominal bandgap of 
≈3.3 eV for the CeO 2  thin fi lms grown at room temperature, [ 38 ]  
an absorption cut-off wavelength of ≈375 nm should be theoret-
ically expected. However, the introduction of oxygen vacancies 
and consequently the rich defect-energy levels in the bandgap, 
nevertheless, further extends the light absorption of the CeO 2− x   
layer from the ultraviolet into the visible region (Figure S4a, 
Supporting Information). [ 29–31 ]  When the device is swept from 
0 to +2 V and 0 to −2 V (Al bottom electrode was grounded 
and ITO was biased), an obvious rectifi cation effect with the 
rectifying ratio of ≈10 4  (read at ±2 V) can be observed. This is 
in good agreement with the n-type semiconducting nature of 
cerium oxide and the present of defect levels in the bandgap 

for electron conduction, wherein the electrons will be injected 
into the defect levels in the bandgap instead of into the con-
duction bands. The device resistance is ≈3 × 10 10  Ω at 0.1 V 
read voltage. Upon being exposed to the 400–800 nm broad-
band emission of the halogen lamp at 60 pW µm −2  for 20 s 
(Figure S4b , Supporting Information), the device can be pro-
grammed into a lower resistance (≈1 × 10 9  Ω) state with the 
ON/OFF ratio of ≈30. The photoresponsivity of the device is 
≈1 A W −1  (read at 2 V), when the illumination duration is fur-
ther increased to 100 s. The rectifi cation effect is also reduced 
signifi cantly. Nevertheless, the low resistance state can be well 
maintained after removing the optical illumination, indicating 
the persistent nature of the observed photoresponse in the 
ITO/CeO 2−   x  /AlO  y  /Al device.  

 When a voltage pulse with the height of −2 V and the dura-
tion of 0.1 s has been applied onto the device, the multilayer 
structure can be programmed back to the initial high resistance 
state, with the initial rectifying properties also recovered. The 
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 Figure 1.    Device architecture and physical model for the electrically erasable persistent photoresponses. a) Schematic illustration of the ITO/CeO 2−   x  /
AlO  y  /Al junction structure and operation principle of the multifunctional optoelectronic resistive switching memory (OE-Memory). b) High-resolution 
transmission electron microscopic image of the CeO 2−   x  /AlO  y  /Al junction deposited on SiO 2 /Si substrate. c) Schematic illustration of the energy band 
diagram of CeO 2−   x  /AlO  y  /Al MIS junction under optical illumination and electric fi eld stimulations. The light-gray arrows illustrate the direction of elec-
tron transport while the dark-gray arrow shows the polarity of the applied electric fi eld.
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optoelectronic switching of the device is reliable, where the 
alternative application of the light illumination and electrical 
stimuli can switch the ITO/CeO 2− x  /AlO  y  /Al structure between 
two resistance states with good reproducibility (Figure  2 b). The 
present device also responds in the ultraviolet region, as well as 
exhibit electrically resistive switching behaviors (Figure S5 and 
S6, Supporting Information). [ 29 ]  Since the photo-induced elec-
tron detrapping, electrode-injection, and retrapping processes 
of the ITO/CeO 2− x  /AlO  y  /Al structure, and consequently the 
band bending at the CeO 2−   x  /AlO  y  /Al interfacial region, will be 
signifi cantly infl uence by the history of the applied electric fi eld, 
other resistance states would be reached when erasing voltage 
pulses with other magnitude and duration are used. Further-
more, as shown in Figure  2 c,d, the linearity of the photocur-
rents in response to the incident light pulse width and intensity 
is in good agreement with the proposed model, wherein the 
accumulation effect of the photo-charged oxygen vacancies in 
the interfacial region will continuously modulate the photocur-
rent of the device (see Figure S7 and S8, Supporting Informa-
tion for details). Thus, adjustable photoresponse has been dem-
onstrated in the ITO/CeO 2−   x  /AlO  y  /Al device, which can be used 
to achieve multiple information functions. On the other hand, 
the charging process will gradually slow down as the illumina-
tion continues, and the photocurrent will eventually stabilize at 
a saturated level. 

 Beyond the intensity-dependent photoresponsive resistances, 
the ITO/CeO 2− x  /AlO  y  /Al device also demonstrates broadband 
response to the light illumination over the entire visible region 
( Figure    3  a). For instance, red illumination beam with the wave-
length of 638 nm and a light power of 6 pW µm −2  (calibrated by 
the Li-250A Light Meter, Figure S4c, Supporting Information), 
which is obtained by passing the broadband emission through 
a commercial fi lter, can program the device to a resistance level 
of 2 × 10 10  Ω. Similarly, the green and blue light beams with 
the same intensity of 6 pW µm −2  but different wavelengths of 
560 and 499 nm, can set the device to much lower resistance 
levels of 8.5 × 10 9  and 1.6 × 10 9  Ω, respectively. All the three 
resistance states, together with the virgin state, can be optically 
programmed, maintained, electrically read and erased in cyclic 
operations (Figure  3 b). Therefore, the present device is capable 
of converting the wavelength (or frequency) information of the 
incident light beam into electrical signals, as well as storing 
them simultaneously in the same device.  

 In the strategy of utilizing photons to communicate and 
using electrons to process the signals, one of the core compo-
nents is the optoelectronic demodulator, which is used to con-
vert the optical signals that carry information through their 
intensities and frequencies into electrical signals. [ 39,40 ]  With 
both the intensity- and wavelength (frequency)-dependent per-
sistent photoresponses of the ITO/CeO 2− x  /AlO  y  /Al structures, 
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 Figure 2.    Photoresponse of the ITO/CeO 2−   x  /AlO  y  /Al structure. a) Current–voltage characteristics of the device: (1) in dark, (2) after being exposed to 
400–800 nm broadband illumination at 60 pW µm −2  for 20 s, as well as (3) after being subjected to a voltage pulse with the height of −2 V for 0.1 s. 
b) Reproducible photoresponse of the device after being alternatively exposed to broadband illumination with the intensity of 60 pW µm −2  for 20 s and 
voltage pulse with the height of −2 V for 0.1 s. c) Current–time characteristics of the ITO/CeO 2−   x  /AlO  y  /Al multilayer structured device under broadband 
optical illumination with different intensities of 8, 13, 21, 32, 44, and 60 pW µm −2 , respectively. The symbols are the experimental results while the 
solid lines are fi tted lines. d) Relationship between the photocurrent and the incident optical powers. The photocurrent was read at the illumination 
time of 100 s. In (b–d), the read voltage is 0.1 V.
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an optical information demodulator has been demonstrated. 
Herein a two-digit piece of information, which is carried 
through the two degrees of freedom of a single light beam, 
namely the wavelength and intensity, can be accurately demod-
ulated and stored by the resistance responses of the present 
device. For instance, the fi rst-digit information can be trans-
mitted with and demodulated from the wavelength of the light 
beam. The wavelengths of 560 nm for the green light and 
499 nm for the blue light can be demodulated as “0” and “1,” 
respectively. On the other hand, the second-digit binary infor-
mation can be carried and demodulated with the intensity of 
the light beam, where 4 and 6 pW µm −2  for either colored light 
stand for “0” and “1,” respectively. Thus, the four pieces of two-
digit information of “00,” “01,” “10,” and “11” can be demodu-
lated and stored from the wavelength and intensity of the inci-
dent light beams, with the corresponding device resistances of 
≈1.5 × 10 10 , 9.0 × 10 9 , 4.3 × 10 9 , and 1.7 × 10 9  Ω in response to 
the optical beams of green light with lower intensity (G L ), green 
light with higher intensity (G H) , blue light with lower inten-
sity (B L ) and blue light with higher intensity (B H ), respectively 
(Figure  3 c). 

 Illustratively, a bundle of four light pluses with the wave-
lengths and intensities of 560 nm and 6 pW µm −2 , 560 nm and 
4 pW µm −2 , 499 nm and 6 pW µm −2 , as well as 499 nm and 
4 pW µm −2 , respectively, can be demodulated into the single 
letter “N” and stored with the ITO/CeO 2− x  /AlO  y  /Al device, 
through the standard eight-bit codes of “01001110” according 

to the ASCII codes. In order to avoid the interference between 
the sequentially imposed light beams (accumulation effect 
in general) and to guarantee the precise demodulation of the 
optical signals, the device was erased with an electrical pulse 
after reading each light bit. With the two degrees of freedom of 
a single light beam to carry the digital information, which can 
be readily read and stored by the present optical demodulator 
and memory devices, the operation for both the optical-modu-
lator and demodulator can be simplifi ed as compared to those 
only capable of using one degree of freedom and larger num-
bers of light beams to transmit an eight-bit code. [ 41,42 ]  The other 
letters of the alphabet can be demodulated similarly. Therefore, 
the word “NIMTE”, which is short for the name of our institute 
(Ningbo Institute of Materials Technology and Engineering), 
can be demodulated from the light signals by and stored in the 
ITO/CeO 2− x  /AlO  y  /Al MIS structure (Figure  3 d). 

 The relationship between the photocurrent and light pulse 
number was also investigated for the realization of computing 
functions. As shown, the dark current of the ITO/CeO 2− x  /
AlO  y  /Al structure is ≈2.0 pA ( Figure    4  a). When multiple iden-
tical input light pulses with the intensity of 60 pW µm −2  and 
duration of 3 s have been applied onto the device, the output 
current (read at 0.1 V) increases from 2.6 to 78.6 pA linearly, 
in response to the total input light pulse number increasing 
from 1 to 20. The observed linear relationship between the cur-
rent output and the number of the input light pulses can be 
expressed as:
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 Figure 3.    Optoelectronic demodulator and memory characteristics. a) Wavelength-dependent photoresponse and b) endurance performance of the 
device upon being exposed to the monochromic illumination with the wavelength of 638, 560, and 499 nm and identical intensities of 6 pW µm −2 , 
respectively. c) Decoding of the two-digit information of “00,” “01,” “10,” and “11” with the light pluses with the wavelengths and intensities of 560 nm 
and 4 pW µm −2  (G L ), 560 nm and 6 pW µm −12  (G H ), 499 nm and 4 pW µm −2  (B L ), as well as 499 nm and 6 pW µm −2  (B H ), respectively. d) Demodulating 
of the word “NIMTE” according to eight-bit codes of the American Standard Code for Information Interchange.
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    out = × +I a n b   (1)  

    

out=
−

n
I b

a   
(2)

 
 where  I  out  is the output current (pA) of the device,  n  is the 
number of the light pulse inputs,  a  is the photocurrent ramping 
step of ≈4.0 (pA) per light illumination, and  b  is a constant of 
≈−1.4 (pA), respectviely, for  n  ≠ 0. The observed linear depend-
ence of the device current on the total optical pulse numbers 
can be ascribed to the linear response of the photo-charged 
oxygen vacancies to the optical illuminations (see the Sup-
porting Information for details). As such, the present “optical-
input and electrical-output” device is capable of being operated 
as an arithmetic element for basic counting and adding opera-
tions. For instance, with the current readout of 29.6 pA for the 
optoelectronic arithmetic element, the total number of light 
pulses applied onto the device, 8 in this case, can be counted 
accordingly (upper panel of Figure  4 b). Similarly, when a 
bundle of seven light pulses and a bundle of nine light pulses 
have been applied onto the arithmetic element sequentially, an 
output current of 63.4 pA, which equals to the photoresponse of 
a bundle of 16 light pulses, can be read from the optoelectronic 

device. Therefore, a simple adding operation of 7 + 9 = 16 can 
be completed with the ITO/CeO 2− x  /AlO  y  /Al structure (lower 
panel of Figure  4 b). Nevertheless, the arithmetic operation is 
non-volatile and can be erased by negative voltage pulses, which 
makes the computing and memory functions achievable in a 
single device, thus allowing the design of scalable and complex 
computation architectures. [ 43,44 ]   

 The persistent nature of the photoresponse, nevertheless, 
allows the present device to function as a non-volatile resistive 
switching memory to electrically store the received optical infor-
mation. In addition, the intensity-dependent photoresponsive 
resistances render the ITO/CeO 2− x  /AlO  y  /Al structure promising 
multilevel storage capabilities. For instance, when the device is 
exposed to the 400–800 nm broadband illumination of the hal-
ogen lamp with the lower intensities of 60, 21, and 8 pW µm −2  
for 20 s, the device resistance can be programmed into levels of 
≈1 × 10 9 , 3 × 10 9 , and 7 × 10 9  Ω, respectively ( Figure    5  a). Due to 
the accumulation effect as shown in Figure  2 c, different illumi-
nation time can also be used to achieved multilevel storage. The 
device can be switched between the different resistances repeat-
edly, which shows the multilevel storage capability of an opto-
electronic memory (Figure  5 b). More importantly, the optically 
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 Figure 4.    Optoelectronic arithmetic characteristics. a) Stepwise and linear relationship between the device output current and the number of the input 
light pulses. The solid line is fi tted line. The read voltage is 0.1 V.  I  out ,  n ,  a , and  b  stand for the output current (pA) of the device, number of the light 
pulse inputs, photocurrent ramping step of ≈4.0 (pA) per light illumination, and a constant of ≈−1.4 (pA), respectviely, for  n  ≠ 0. The dark current is 
≈2 pA for  n  = 0. b) Schematic illustration of the counting and adding operations that can be completed with the ITO/CeO 2−   x  /AlO  y  /Al structure.

 Figure 5.    Non-volatile optoelectronic resistive switching memory characteristics. a) Intensity-dependent photoresponse of the device under broad-
band illumination with the intensities of 8, 21, and 60 pW µm −2 , respectively. b) Endurance performance of the device upon being exposed to optical 
illumination with different intensities as in (a). c) Retention performance of the resistance states programmed with the broadband illumination with 
different intensities for 100 s, respectively.
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programmed resistance states remain distinguishable in air 
after 10 4  s upon removing the illumination source (Figure  5 c), 
therefore allowing the non-volatile storage of the electrical 
information written by the optical means. Above all, the simple 
conceptual optoelectronic devices offer several advantages: i) 
For single-function application, these devices are capable of 
performing photodetection, optical information demodula-
tion, multilevel information storage, and basic counting and 
adding tasks separately. ii) Some of the above functions, e.g., 
photodetection and demodulation, demodulation and memory, 
and arithmetic and memory, can be achieved simultaneously, 
which will lower the complexity and power consumption of the 
integrated circuit. iii) The introduction of both optical and elec-
trical methods into integrated circuits will contribute to mul-
tifunctional optoelectronics and optoelectronic interconnection 
systems.  

 To summarize, due to the photo-induced electron detrap-
ping, electrode-injection and retrapping processes of the ITO/
CeO 2− x  /AlO  y  /Al structure, electrically erasable, multilevel and 
persistent photoresponsive resistances in the broadband visible 
region, which allow the integration of demodulating, arithmetic 
and memory functions in the same physical space, have been 
demonstrated in the present optoelectronic device. Though 
the challenge of slow speed, which hinders the optoelectronic 
device from immediate implementation, is still pending, the 
present fi nding demonstrates the possibility of using a photo-
responsive device for future high-performance information 
storage, computing and communication applications.  

  Experimental Section 
  Characterization : The device structure and fi lm thickness were 

determined using a JEOL 2100F transmission electron microscope 
(TEM) by SAE Magnetics (H.K.) Ltd. Company. The crystalline structure 
of the as-deposited CeO 2− x   fi lms was investigated by grazing-incidence 
X-ray diffraction technique (GIXRD) (Bruker AXS, D8 Discover) using 
Cu-K α  radiation. The incidence angle of X-ray beam was fi xed at 1° and 
the measurements were recorded with a step of 0.04° in the range of 
25–60°. The light absorption spectrum was recorded using UV–vis 
spectrometer (Perkin Elmer, Lambda 950) in the wavelength range 
from 300 to 800 nm. The spectra of broadband, red, green, and blue 
lights were measured using a fl uorescence spectrometer (Hitachi 
F-4600) in the wavelength range from 350 to 750 nm. To confi rm the 
existence of oxygen vacancies in the cerium oxide fi lms, depth-profi ling 
of cerium oxide fi lms was performed using ion-etching treatment 
during X-Ray photoelectron spectroscopic (XPS) (Shimadzu, AXIS 
ULTRA DLD) measurements. A monochromatic Al-K α  X-ray source 
(1486.6 eV photons) was used at a constant dwell time of 100 ms. A 
pass energy of 80 or 40 eV was employed for the wide and core-level 
spectra scan, respectively. The X-ray source was run at a reduced power 
of 150 W (15 kV and 10 mA). The pressure in the analysis chamber 
was maintained at 10 −8  Torr or lower during each measurement. The 
core-level signals were recorded at a photoelectron take-off angle 
( α , measured with respect to the sample surface) of 90°. All binding 
energies (BEs) were referenced to the C 1s hydrocarbon peak at 284.6 eV. 
A halogen lamp with broadband visible light was employed as the light 
source. Three commercial fi lters were used to produce the monochromic 
red, green and blue primary colored light beams. The intensities of light 
illuminations were characterized using a Li-250A Light Meter (LI-COR, 
Inc.). The photoresponsive current–voltage ( I – V ) characteristics of the 
ITO/CeO 2− x  /AlO  y  /Al structured devices were measured on a Lakeshore 
probe station equipped with a precision semiconductor parameter 

analyzer (Keithley 4200). To exclude the infl uence of environment lights, 
all the electrical measurements were conducted in the dark chamber of 
the Lakeshore probe station.  
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 Supporting Information is available from the Wiley Online Library or 
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