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 Resistive switching memory devices are systems in which the 
resistance of a material can be modulated between two non-
volatile states by applying an electrical pulse. These devices 
are some of the most promising candidates for the next gen-
eration of non-volatile computer memories, although they are 
also being studied for many other advanced applications such 
as bio-inspired neuromorphic systems. Here we demonstrate a 
metal-insulator-semiconductor resistive switching memory in 
which the resistance can be controlled both by voltage pulses 
and by light. Our device stems from the traditional electrical-
pulse manipulated resistive memories, adding the light as an 
extra control parameter. The system allows data encoding by 
using a certain light irradiance during the writing process and 
can be involved in the storage and transport of secured infor-
mation. In addition, our design has the capability to work as 
light sensor, combination that opens the door to novel multi-
functional storage devices. 

 There is currently an intense effort to push further the 
frontier of non-volatile storage devices. Resistive switching 
memories (RSM) are one of the most promising candidates 
to replace the current technology of non-volatile memo-
ries. The resistive switching in certain memory architectures 
was shown to be connected to the concept of memristors 
(memory resistors), initially introduced as a specifi c imple-
mentation of the fourth basic element present in an electronic 
circuit. [  1  ,  2  ]  Resistive switching, typically measured in nano-
metric-sized metal-insulator-metal (MIM) structures, refers 
to the capability of switching an electrical insulator between a 
high resistance (HR) and a low resistance (LR) state by elec-
trical pulses, allowing information to be stored as either 0 or 
1. [  3–6  ]  The RSM systems are also emerging as key hardware 
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elements for implementing bio-inspired neuromorphic 
systems, since their behavior can mimic the synapses between 
neurons. [  7  ]  Combined electric and magnetic fi eld control of 
the memory state was reported in manganites. [  8  ]  In this paper 
we propose a new concept: a photon-charge bifunctional RSM 
with a simple metal-insulator-semiconductor (MIS) structure in 
which we can modify the resistance state not only by voltage 
pulses, but also by means of light. Our devices inherit the prop-
erties of the voltage or current controlled RMS, while adding 
the light as extra control parameter. To our knowledge, this is 
the fi rst report on controlling the state of a resistive memory in 
a different manner, by using light in combination with voltage 
pulses. 

 The studied devices are vertical stacks with a metal/Al 2 O 3  
bilayer grown on a SiO 2 /Si wafer ( Figure    1  ). The fabrica-
tion involves the deposition of a 20 nm thick Al 2 O 3  fi lm on a 
p-doped epitaxial (100) Si substrate covered with a native SiO 2  
layer, followed by a photolithography patterned Palladium layer 
(see Experimental Section for details). The Al 2 O 3  fi lms were 
prepared at 300  ° C by Atomic Layer Deposition. The circular 
Pd top contacts have a radius of 50  μ m and around each contact 
we defi ned rings with areas A L  from 10  − 5  cm 2  to 1 cm 2 . These 
rings are left uncovered by metal, allowing light to reach the 
mbH & Co. KGaA, Weinheim

     Figure  1 .     Schematic representation of the studied devices. An Al 2 O 3  
fi lm is deposited on the SiO 2 /Si substrate, followed by the fabrication of 
Pd top contacts. Around the circular Pd contacts (radius 50  μ m) light-
exposed Al 2 O 3 /SiO 2 /Si rings are kept, with outer radii ranging from 
53  μ m to 1 cm, corresponding to ring areas, A L , from 10  − 5  cm 2  to 1 cm 2 . 
The remaining surface is covered with Pd to prevent light being trans-
mitted to the optically active Si. The bottom electrical contact is on the 
p-doped Si substrate.  
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     Figure  2 .     Typical current-voltage curves.  I – V  characteristics for a Pd/Al 2 O 3 /SiO 2 /Si device upon different irradiances are presented (a,b - UV, c,d - IR) 
and light-exposed ring areas (A L ). The absolute values of the current are represented. The arrows indicate the memory operation sequence: a voltage 
of  − 10 V is equivalent to setting a low resistance state, while under positive bias the system switches from LR to HR state when the voltage exceeds a 
threshold value that depends on the illumination power. Consecutively measured  I – V  curves in the same conditions are superposed, so for the sake 
of clarity we only include one representative curve for each sample and irradiance value.  
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optically active Si after passing through the transparent oxide 
layers. The remaining surface was covered with Pd to block 
light irradiation.  

 The system we propose displays a light-dependent RSM 
behaviour in the ultraviolet (UV) - infrared (IR) range, and 
allows information to be encoded by using a chosen irradiance 
during the writing process. The observed dependence between 
the output current and the illumination conditions makes our 
design also suited for light sensing applications, thus allowing 
for the integration of an extra functionality in the non-volatile 
memory system. 

 The devices were investigated in dark conditions, as well as 
under illumination with UV (390 nm) and IR (950 nm) light 
emitting diodes (LED) with irradiances up to 2.5 mW/cm 2 . In 
 Figure    2   we present the typical   I–V  curves measured at room 
temperature for two devices with different light-exposed Al 2 O 3 /
SiO 2 /Si ring areas, A L  (see Experimental Section for details). In 
what follows we concentrate on the   I–V  characteristics under 
illumination. Under forward bias, the system is initially in a LR 
state, while a voltage above a critical value switches it to a HR 
state. The HR state has the onset value shifted towards positive 
voltages with respect to the LR curve and hence, for a reading 
voltage of about  + 6 V, we observe a signifi cant difference in the 
output current values for the two states. For reverse bias, which 
corresponds to a negative voltage applied to the Pd top contact, 
only a small current is measured independent of the illumi-
nation conditions. The  I–V  curves evidence a rectifying junc-
tion, with a blocking behaviour at reverse bias until the reverse 
breakdown is reached at about  − 15 V.  
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 2496–2500
 Under illumination, the  I–V  curves display a current saturation 
that refl ects the photo-generated current in Si [  9  ]  (see Figure  2 ). 
By plotting the saturation current (defi ned as the current reached 
at  + 10 V) as a function of A, we observe a scaling up to an area of 
0.03 cm 2 ; at this value the current reaches a plateau ( Figure    3  a). 
This saturation point corresponds to a ring radius of about 
950  μ m, which agrees with the electron diffusion length in the 
lightly-doped p-Si substrate. [  10  ]  Also, we note that under illumi-
nation with 1550 nm (0.8 eV) light, which is not suffi cient for 
photogenerated electrons to overcome the Si bandgap of about 
1.1 eV, at any LED power we only obtain the dark current. This 
result also proves that the heating produced by the LED is not 
infl uencing our devices. The photo-generated electrons in Si are 
the dominant charge carriers through the multilayer system.  

 For information storage we exploit the hysteresis present on 
the current-voltage curves in forward bias under illumination 
(Figure  2 ). The application of  − 10 V to the device is equivalent 
to bringing the system to a LR state (data writing), while  + 10 
V are applied for switching to an HR state (data erasing). The 
reading pulse can be a chosen voltage between 4.5 V and 7 V. 
The memory window of the device can be tuned by changing 
the illumination and/or A L . Consequently, we have extra 
degrees of freedom compared to conventional RSM. 

 The current through the device depends on the illumination 
conditions (Figure  3 b). We can deduce the irradiance values by 
measuring the current for a known light-exposed area, A L , at an 
appropriate applied voltage. This is equivalent to detecting in 
our system an extra capability as light sensor, offering an addi-
tional functionality to our memory devices. 
2497wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Light response. (a) Dependence of the current, measured at an applied voltage of  + 10 V, on the light-exposed ring area when illuminating 
the devices with UV light of different irradiances. The double abscissa scale helps correlating the light-exposed Al 2 O 3 /SiO 2 /Si ring radius and its cor-
responding ring area, A L . (b) Dependence of the current, measured at an applied voltage of  + 10 V, on the irradiance of the UV LED for different light-
exposed Al 2 O 3 /SiO 2 /Si ring areas around the Pd top contacts. These memory devices also work as a light detector, as proved by the strong relation 
between the output current and the irradiance.  
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   Figure 4   presents bipolar hysteresis switching loops (HSL) 
measured for a device with A L  of 1 cm 2  under different illu-
mination conditions. To construct the HSL, we apply voltage 
pulses of 5 ms following the sequence 0 V,  + 10 V,  − 10 V, 0 V, in 
steps of 0.1 V. After each of these pulse steps we wait 100 ms in 
short-circuit conditions, then we measure the remnant current 
(I rem ) for a fi xed voltage of  + 6 V. This specifi c measurement 
of the remnant current refl ects an authentic resistive memory 
behaviour, since capacitive effects (observed in Figure  2 ) are 
excluded by the long 100 ms time in short-circuit conditions. [  11  ]  
In Figure  4 , for certain regions of the HSL measured with 
2.5 mW/cm 2  irradiance, we include sketches describing the 
trapped charges in the system.  

 We interpret the change in the remnant current as a modula-
tion of the trapped electrons in the Al 2 O 3  layer. [  12  ,  13  ]  In this charge 
storage layer the resistivity increases upon the introduction 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  4 .     Remnant current hysteresis switching loops. The HSL were measured und
for a device with light exposed Al 2 O 3 /SiO 2 /Si ring area, A L , of 1 cm 2 . The remn
we have the best ratio between the LR and HR current values and the minimum
irradiance, we describe the behaviour of the trapped charges. Starting from L
reaches 7 V, photogenerated electrons are injected in the Al 2 O 3  layer (2), satura
stable (4) until the potential exceeds a negative value that depends on the illu
from the Al 2 O 3  layer (6).  

b

of electrons from the Si layer. [  14  ]  For positive bias, a depletion 
region is generated in Si at the interface with the SiO 2 /Al 2 O 3 . 
The photogenerated electrons are injected in the Al 2 O 3  layer 
only if the electric fi eld is high enough to overcome this energy 
barrier. In fact, in the HSL we observe an abrupt decrease of the 
remnant current at a voltage of about 7 V, which represents this 
effect. The charge removal occurs gradually at negative voltages 
(Figure  4 ). When the device is measured in dark conditions, 
the modulation in the remnant current is strongly suppressed, 
since the source of electrons is only the small dark current. We 
point out that a device with a thin SiO 2  layer alone does not 
present any hysteresis and there is no blocking at reverse bias, 
thus we ascribe the observed behaviour to the Al 2 O 3  layer and 
the Al 2 O 3 /SiO 2  interface. 

 In order to verify the performance of the devices when used 
as core of a binary memory cell, we performed write/read/
mbH & Co. KGaA, Weinheim

er different UV illumination conditions (a: dark, b: 0.025 mW/cm 2 , c: 2.5 mW/cm 2 ) 
ant current was measured at 6 V considering that around this voltage value 
 noise in the high resistance state. For the HSL measured with 2.5 mW/cm 2  
R at 0 V the Al 2 O 3  layer is free of trapped charges (1). When the potential 
ting the layer with charges and reaching the HR state (3). This state remains 
mination conditions. (5), where the trapped charges are gradually removed 

Adv. Mater. 2012, 24, 2496–2500

rary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

     Figure  5 .     Data retention capability in dark conditions and under illumination with UV light (a), and IR light (b). Devices having light-exposed Al 2 O 3 /
SiO 2 /Si ring area, A L , of 1 cm 2  were chosen in order to have a large memory window (see  I – V  curves in Figure  2 ). The voltage-pulses applied are dis-
played in the lower part of the fi gures. The ON (LR) state is set with one pulse of  − 10 V and consecutive readings at  + 6 V are made with light, in the 
dark, and then again with light. The OFF (HR) state was set with one pulse of  + 10 V and consecutive readings at  + 6 V were made with light, in dark, 
then with light.  
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erase/read experiments by applying 5 ms voltage pulses in the 
sequence  − 10 V/ + 6 V/ + 10 V/ + 6 V both in dark conditions and 
under illumination. We observe that data can be accurately 
written, read, and erased only under illumination ( Figure    5  ). 
The light power during the writing step dictates an information 
encoding, the same light power being required for a correct 
read out of the data. Therefore, the devices can be employed to 
store and transport secured information. The storing conditions 
of the system between data processing steps do not infl uence 
the retention capabilities, and accurate readings are obtained 
both after maintaining the devices in the dark, as well as after 
keeping them under illumination.  

 The memory devices we propose were tested and support 
more than 10 4  write/read/erase/read cycles, with a data reten-
tion time, obtained by extrapolation, of about one year. We sus-
pect that a gradual loss of the charges stored in the Al 2 O 3  layer, 
probably due to electron diffusion, is responsible for the limited 
retention time. 

 We have designed a new type of resistive switching memory 
device with a simple metal/Al 2 O 3 /SiO 2 /Si structure. This 
memory has extra capabilities when compared to conven-
tional memory devices, as in our confi guration information 
can be encoded by exposure to a certain light irradiance during 
the writing step. Furthermore, considering the dependence 
between the current and the light entering the system, the 
devices also function as light sensors. Multilevel switching can 
also be aimed at, considering that we have multiple steps for 
the LR state in the same device for different illumination condi-
tions. As a fi nal point, we note that the devices work with low 
currents, below the  μ A. This low-current operation is benefi cial 
for memory devices, meaning fast data processing and reduced 
heat dissipation. Future efforts can be directed at improving the 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 2496–2500
data retention time by tailoring the Al 2 O 3  layer properties as 
well as reducing the device size. The results presented in this 
paper offer the possibility for extra degrees of freedom to be 
exploited in prospective complex memory architectures. 

  Experimental Section 
 The Al 2 O 3  fi lms were prepared at 300  ° C by Atomic Layer Deposition 
(ALD) on single crystalline (100) Si substrates covered by a native 
SiO 2  layer. We used p-doped Si substrates (resistivity 15  Ω  · cm) with 
an amorphous 1.9 nm thick native SiO 2  layer, as determined by 
ellipsometry. ALD involves sequential pulses of trimethylaluminium 
(TMA) as metal-carrying precursor gas and H 2 O vapour as oxygen 
source, separated by N 2  inert gas purges. The deposition rate was 
1.08 Å/cycle, with a time consumption of about 8 s/cycle. ALD 
provides atomically fl at surfaces, supported in our case by the smooth 
native SiO 2  under-layer formed by oxidation in air of the single 
crystalline Si substrate. The lack of peaks in the grazing-incidence 
X-ray diffraction spectra for the Al 2 O 3  fi lms indicates an amorphous 
phase. The roughness of the Al 2 O 3  surface was determined by X-ray 
refl ectometry (XRR) to be below 0.2 nm, which means reduced 
optical losses from light scattering on surface imperfections when the 
device is illuminated. The Al 2 O 3 /SiO 2  bilayers are transparent to the 
incident light, which can reach the optically active silicon substrate. 
Photoelectrons are generated in the Si substrate under illumination. 
A 50 nm thick Pd layer was deposited by magnetron sputtering after 
photolithography on the Al 2 O 3  fi lm. Circular structures were created 
after lift-off (Figure  1 ). 

 The electrical characterization was performed at room temperature 
by current-voltage ( I – V ) measurements on a probe station connected 
to a Keithley 2636 source-meter. The p-doped Si substrate serves as 
grounded bottom electrode. A compliance current of 10  − 6  A was fi xed for 
all measurements to protect the system from possible undesired high 
currents. The sweep rates (for Figure  2 ) were between 6 s/curve and 
100 s/curve, similar results were obtained in all cases. 
2499wileyonlinelibrary.combH & Co. KGaA, Weinheim

e C
om

m
ons L

icense



2500

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

 15214095, 2012, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201200382 by C
O

N
IC

E
T

 C
onsejo N

acional de Investigacio
     [ 1 ]     L.   O. Chua  ,  IEEE Trans. Circuit Theory   1971 ,  18 ,  507 .  
     [ 2 ]     D.   B. Strukov  ,   G.   S. Snider  ,   D.   R. Stewart  ,   R.   S. Williams  ,  Nature  

 2008 ,  453 ,  80 .  

 We used LEDs as light source, thus avoiding heat transfer to the 
sample, which was placed at a distance of 3 cm. The emitted UV and IR 
irradiation was calibrated using a commercial photodetector (Thorlabs 
DET36A). 

    Acknowledgements  
 This work was supported by the Juan de la Cierva Program JCI-2010-07837 
and by MAT2009-08494 and Consolider-Ingenio CSD2006-53 projects all 
from the Spanish Ministry of Science, by the Marie Curie Reintegration 
Grant 2009 ITAMOSCINOM from the European Commission and by the 
ETORTEK Program IE06-172 from the Basque Government. 

    Received: January 27, 2012 
  Revised: March 18, 2012

Published online: April 10, 2012  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

ne
     [ 3 ]     A. Sawa  ,  Mater. Today   2008 ,  11 ,  28 .  
     [ 4 ]     R. Waser  ,   R. Dittmann  ,   G. Staikov  ,   K. Szot  ,  Adv. Mater.   2009 ,  21 , 

 2632 .  
     [ 5 ]     M. Rozenberg  ,  Resistive switching, Scholarpedia   2011 ,  6 ( 4 ),  11414 .  
     [ 6 ]     M.   J. Lee  ,   C.   B. Lee  ,   D. Lee  ,   S.   R. Lee  ,   M. Chang  ,   J.   H. Hur  , 

  Y.   B. Kim  ,   C.   J. Kim  ,   D.   H. Seo  ,   S. Seo  ,   U.   I. Chung  ,   I.   K. Yoo  ,   K. Kim  , 
 Nat. Mater.   2011 ,  10 ,  625 .  

     [ 7 ]     S.   H. Jo  ,   T. Chang  ,   I. Ebong  ,   B.   B. Bhadviya  ,   P. Mazumder  ,   W. Lu  , 
 Nano Lett.   2010 ,  10 ,  1297 .  

     [ 8 ]     M. Quintero  ,   A.   G. Leyva  ,   P. Levy  ,  Appl. Phys. Lett.   2005 ,  86 , 
 242102 .  

     [ 9 ]     M.   S. Sze  ,  Physics of Semiconductor Devices ,  John Wiley and Sons 
Inc .,  Hoboken, New Jersey   1981 .  

    [ 10 ]     R. Hull  ,  Properties of Crystalline Silicon ,  INSPEC ,  London   1999 .  
    [ 11 ]     Y.   B. Nian  ,   J. Strozier  ,   N.   J. Wu  ,   X. Chen  ,   A. Ignatiev  ,  Phys. Rev. Lett.  

 2007 ,  98 ,  146403 .  
    [ 12 ]     M. Specht  ,   H. Reisinger  ,   F. Hofmann  ,   T. Schulz  ,   E. Landgraf  , 

  R.   J. Luyken  ,   W. Rösner  ,   M. Grieb  ,   L. Risch  ,  Solid-State Electron.  
 2005 ,  49 ,  716 .  

    [ 13 ]     J.   G. Simmons  ,   R.   R. Verderber  ,  Proc. R. Soc. Lond. A   1967 ,  301 ,  77 .  
    [ 14 ]     Y.   N. Novikov  ,   V.   A. Gritsenko  ,   K.   A. Nasyrov  ,  Appl. Phys. Lett.   2009 , 

 94 ,  222904 .  
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2496–2500

s, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense




