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Controlling the Synaptic Plasticity of a Cu 2 S Gap-Type 
Atomic Switch
 It is demonstrated that a Cu 2 S gap-type atomic switch, referred to as a Cu 2 S 
inorganic synapse, emulates the synaptic plasticity underlying the sensory, 
short-term, and long-term memory formations in the human brain. The 
change in conductance of the Cu 2 S inorganic synapse is considered analo-
gous to the change in strength of a biological synaptic connection known as 
the synaptic plasticity. The plasticity of the Cu 2 S inorganic synapse is con-
trolled depending on the interval, amplitude, and width of an input voltage 
pulse stimulation. Interestingly, the plasticity is infl uenced by the presence of 
air or moisture. Time-dependent scanning tunneling microscopy images of 
the Cu-protrusions grown in air and in vacuum provide clear evidence of the 
infl uence of air on their stability. Furthermore, the plasticity depends on tem-
perature, such that a long-term memory is achieved much faster at elevated 
temperatures with shorter or fewer number of input pulses, indicating a close 
analogy with a biological synapse where elevated temperature increases the 
degree of synaptic transmission. The ability to control the plasticity of the 
Cu 2 S inorganic synapse justifi es its potential as an advanced synthetic syn-
apse with air/temperature sensibility for the development of artifi cial neural 
networks. 
  1. Introduction 

 To build a machine with a human level of intelligence is an 
age-old dream of mankind. In his famous 1950 paper on com-
puting machinery and intelligence, [  1  ]  Alan Turing admitted 
“we can only see a short distance ahead, but we can see plenty 
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there that needs to be done”. Despite over 
half a century of effort, modern state-of-
the-art von-Neumann computers [  2  ]  have 
not overpowered the brain’s capability in 
many computational tasks, such as visual 
perception in complex environments. The 
achievements of CMOS architecture are 
indeed impressive, but the performance of 
these computers are plagued by a speed-
limiting step known as the von-Neumann 
bottleneck [  3  ]  together with orders of 
magnitude more energy and space con-
sumption compared to their biological 
counterparts. In an attempt to match the 
effi ciency of biological systems, artifi cial 
neural network architecture has been con-
ceived [  4  ]  in which logic circuits dynami-
cally reconfi gure in response to inputs, 
like a human brain. [  5  ]  Basically, nanoscale 
electronic devices that can perform non-
volatile logic, [  6  ]  multilevel, [  7  ]  and memris-
tive [  8  ]  operations with inherent learning 
abilities are desired. 

 So far, resistive switching (RS) devices 
using different materials, such as metal 
oxides and chalcogenides, and different architectures have 
shown the potential to mimic biological synaptic behavior. [  9  ,  10  ]  
In metal oxide-based systems, [  11  ,  12  ]  oxygen vacancies are respon-
sible for the RS operation and the output conductance depends 
on the history of switching events, thereby causing the memory 
effect. [  13  ]  In the chalcogenide glass-based system, phase change 
of the material is responsible for the RS operation. [  14  ]  This 
system demonstrates an interesting aspect of synaptic behavior, 
namely, the spike-timing-dependent plasticity (STDP) under-
lying Hebbian learning. [  15  ]  STDP has also been demonstrated 
using hybrid materials [  16  ]  and hybrid nanocrossbar/CMOS 
architecture including a Ag-incorporated Si active layer. [  17  ]  
Recently, we discovered that a Ag 2 S chalcogenide-based gap-
type atomic switch, which is an exciting subset of RS devices, 
demonstrates a number of fascinating synaptic properties, 
including learning [  18  ]  and memorization. [  19  ,  20  ]  Because of its 
unique operating mechanism, composed of metal fi lament 
formation/annihilation, the atomic switch shows exotic behav-
iors [  21  ]  such as quantized conductance multistate switching [  22  ]  in 
addition to the conventional memristive operations. [  23  ]  Unlike 
some strictly non-volatile RS devices, the atomic switch exhibits 
time-dependent conductance, which has lead to the observation 
of short-term (volatile) and long-term (non-volatile) memories. 
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     Figure  1 .     a) In a biological synapse, the arrival of an action potential 
releases neurotransmitters that assist ion channels for signal transmis-
sion. Frequent stimulation by action potential results in a persistent 
increase in the synaptic connection. b) Schematic illustration of a Cu 2 S 
gap-type atomic switch (referred to as a Cu 2 S inorganic synapse) in sen-
sory memory (SM), short-term memory (STM), and long-term memory 
(LTM) states depending on the interval ( T ) of the input voltage pulse 
stimulation. The conductance ( G ) for a single atomic contact is given by 
 G  0   =  77.5  μ S.  
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Inspired by the exciting synaptic properties of the Ag 2 S atomic 
switch, Stieg et al. proposed a new hardware-based architec-
ture utilizing a self-assembled Ag 2 S-atomic switch network that 
aims to harness the power of highly coupled, nonlinear systems 
in neuromorphic computation. [  3  ]  

 Although the idea of using RS devices to emulate neural 
synaptic behavior is not new, endeavors continue to identify 
materials and architectures that can bring electronics closer to 
the complexity of the human brain. We believe that different 
systems, even with slight variations in operation based on 
materials/architectures, can be rewarding when put together to 
design elements for the complex circuitry of the brain. It goes 
without saying that the brain’s complexity arises from unity 
in diversity. As a simple example, various metal ions (Fe, Zn, 
Cu, etc.) infl uence the process of neural signal transmission, 
yet each has a different role; for instance, the fl ow of Cu in the 
brain has a recognized role in learning and memory. [  24  ]  

 Our previous reports [  19  ,  20  ]  demonstrated the synaptic behavior 
of a Ag 2 S gap-type atomic switch; however, the synaptic behavior 
of a Cu 2 S gap-type atomic switch has not been explored so far. 
In this paper, we demonstrate the synaptic behavior of a Cu 2 S 
gap-type atomic switch and show that the synaptic plasticity can 
be controlled not only by input voltage pulse stimulation, but 
also by the presence of air (or moisture) and by temperature. 
Apart from the reasonably higher operation voltage, the effect 
of air (or moisture) marks an important material-based differ-
ence between the Cu 2 S and previously reported Ag 2 S systems. 
Moreover, this is the fi rst study on the temperature dependence 
of synaptic behavior revealing a close analogy to the behavior 
of a biological synapse at elevated temperatures and is crucial 
for any practical implementation. These results indicate the 
possibility of advanced applications of the Cu 2 S gap-type atomic 
switch, exhibiting synaptic behavior with sensibility for air (or 
moisture) and temperature, for the development of artifi cial 
intelligent machines.   

 2. Results and Discussion 

 Firstly, the analogy between a biological synapse and a Cu 2 S 
gap-type atomic switch is discussed briefl y.  Figure    1  a shows a 
schematic illustration of a biological synapse. The arrival of an 
action potential at the pre-synaptic neuron releases neurotrans-
mitters at the synapse which bind with the receptors of the post-
synaptic neuron to form ion channels for signal transmission. 
Consequently, an enhancement of the synaptic potential occurs, 
which can last for a fraction of a second to hours or even longer 
depending on the rate of stimulation. For instance, a frequent 
stimulation by action potential causes long-term enhancement 
in the synaptic connection (weight). [  25  ,  26  ]  This is called synaptic 
plasticity and is believed to be the basis of sensory memory 
(SM), short-term memory (STM), and long-term memory (LTM) 
described in the psychological memorization model of human 
brain. [  27  ]  Figure  1 b shows the construction of a Cu 2 S gap-type 
atomic switch using a Cu 2 S solid electrolyte grown on a Cu elec-
trode and a counter Pt electrode with a nanogap made between 
them by a scanning tunneling microscope. [  28  ]  When a voltage 
is applied between the electrodes such that the Cu 2 S is at posi-
tive bias, the Cu  +   ions, which were uniformly distributed at the 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3606–3613
initial state, diffuse toward the sub-surface of Cu 2 S. Depending 
on the applied voltage and the thermodynamic conditions (e.g., 
temperature), the Cu  +   ions precipitate to form Cu atoms on the 
surface due to a solid electrochemical reaction Cu  +    +  e  −    →  Cu. 
Subsequently, the precipitated Cu atoms form a bridge between 
the electrodes and the conductance increases. The conduct-
ance corresponding to a single atomic contact is given by 
 G  0   =  2 e  2 / h   =  77.5  μ S, where  e  is the electron charge and  h  is 
Planck’s constant. The change of conductance of the Cu 2 S gap-
type atomic switch is considered analogous to the change of 
strength of a biological synaptic connection underlying synaptic 
plasticity. Thus, the Cu 2 S gap-type atomic switch is referred to 
as a Cu 2 S inorganic synapse hereafter.  

 As illustrated in Figure  1 b, the Cu 2 S inorganic synapse 
exhibits three different conductance states analogous to the SM, 
STM, and LTM states in the human brain. Our understanding 
of such states was already presented in previous reports on the 
Ag 2 S system. [  19  ,  20  ]  While Ag 2 S is an  n -type material, the Cu 2 S 
is a  p -type material (more correctly described as Ag 2 +  δ  S and 
Cu 2− δ  S, respectively). In Cu 2 S, the Cu vacancies act as electron 
acceptors and give rise to free holes for conductivity; therefore, 
the resistance of Cu 2 S is known to increase with increasing Cu 
concentration. [  29  ]  It should be mentioned here that during syn-
apse operation the change in resistance of the Cu 2 S material 
3607wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Changes in the conductance ( G ) of a Cu 2 S inorganic synapse in vacuum at room temperature depending on the interval ( T ), amplitude 
( V ), and width ( W ) of the input voltage pulse stimulation: a)  V   =  150 mV,  W   =  500 ms,  T   =  10 s; b)  V   =  150 mV,  W   =  500 ms,  T   =  1 s; c)  V   =  100 mV, 
 W   =  500 ms,  T   =  10 s; d) V   =  150 mV,  W   =  50 ms,  T   =  1 s; and, e) V   =  100 mV,  W   =  500 ms,  T   =  1 s. f) The values of time constant (  τ  ) extracted from 
the fi ts of the conductance decay curves shown in the dashed rectangular box in (c). An exponential function,  y   =   y  0   +   A e   −  t /  τ   , was used to fi t the 
conductance curves.  
itself due to the local Cu  +   enrichment at the subsurface should 
be negligible taking into account the much larger resistance 
of the nanogap, since the Cu 2 S inorganic synapse is basically 
a Cu 2 S gap-type atomic switch. Briefl y, in the SM state, small 
precipitation occurs that increases the conductance by a small 
amount (« G  0 ) only during the pulse application and the infor-
mation of the input is stored as an increase in the concentra-
tion of Cu  +   ions at the Cu 2 S subsurface. In the STM state, small 
and unstable nuclei of precipitated Cu atoms cause unstable 
bridging, probably due to surface diffusion or reincorporation 
of Cu atoms into the Cu 2 S electrolyte to balance the energetics 
at the interface. Hence, a persistent conductance of approxi-
mately  G  0  is not achieved. In the LTM state, the Cu 2 S subsur-
face is enriched with Cu  +   ions, which makes the precipitated 
Cu atoms more stable against reincorporation, forming a com-
plete and robust atomic bridge. Eventually, a Cu cluster forms, 
enhancing the stability and retention of the conductance of 
approximately  G  0 . The stability of a metal cluster with a magic 
number of valence electrons is well known in the fi eld of photo-
graphy, [  30  ]  and might be applicable to explain the stability of the 
LTM state. 

 In the following subsections, the dependence of these con-
ductance states on the input voltage pulse, the infl uence of air 
(or moisture), and the effect of temperature are presented.  

 2.1. Stimulation by Input Voltage Pulse 

   Figure 2  a,b show the changes in conductance of the Cu 2 S inor-
ganic synapse obtained in vacuum for input voltage pulses of 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
amplitude ( V  )  =  150 mV, width ( W )  =  500 ms, and intervals 
( T  )  =  10 and 1 s, respectively. For  T   =  10 s, the conductance reached 
approximately  G  0  during most of the input pulses, but it decayed 
spontaneously in the interval between the pulse applications, indi-
cating an STM state (Figure  2 a). Note that, during the fi rst input 
pulse, an SM state was observed (Figure  2 a) which is contrary 
to other memristive devices whose output always changes with 
every input. [  8  ,  11  ]  For  T   =  1 s, a long lived transition to the higher 
conductance state ( ≥   G  0  for at least 20 s) was achieved after the 
last input pulse, which corresponds to a LTM state (Figure  2 b). 
The dependence of the conductance states on the input 
pulse amplitude obtained in vacuum are shown in Figure  2 c 
and e for  T   =  10 and 1 s, respectively. For the input pulse with 
the original  T   =  10 s and  W   =  500 ms but a smaller  V   =  100 mV 
(Figure  2 c), an SM state was observed at the 6th pulse prior 
to the observation of the fi rst STM state at the 8th pulse. For 
the input pulse with the original  T   =  1 s and  W   =  500 ms but 
a smaller  V   =  100 mV (Figure  2 e), the fi rst STM state was 
achieved after 5 input pulses and a higher conductance state 
was achieved after 11 input pulses. Figure  2 f shows the fi tting 
of the conductance curves of the successive STM states shown 
within a dashed rectangular box in Figure  2 c. An exponential 
decay function,  y   =   y  0   +   A e   −  t    / τ   , was used where  y  is the con-
ductance,  y  0  is the conductance offset,  A  is the fi t constant,   τ   is 
the time constant, and  t  is the time after each input pulse appli-
cation. It should be mentioned here that among the several 
decay functions known in psychology, exponential functions 
are the most commonly used for the quantitative description 
of retention of human memory. [  31  ]  The increasing values of   τ   
for the successive curves indicate that the decay of conductance 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3606–3613
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maintains a history of previous inputs depending on the non-
stoichiometry and rearrangements of Cu  +   ions at the subsurface 
of Cu 2 S. A similar effect can also be seen in Figure  2 a, together 
with a steep fall of conductance instantaneously at the end of 
each pulse indicating the effect of electric fi eld. The depend-
ence of the conductance state on the input pulse width obtained 
in vacuum is shown in Figure  2 d. For the input pulse with the 
original  V   =  150 mV and  T   =  1 s but a narrower width  W   =  50 ms, 
the fi rst STM state was achieved after 10 input pulses and a 
LTM state was not achieved even after 30 input pulses. Thus, 
the SM, STM, and LTM states of the Cu 2 S inorganic synapse 
depend on the input voltage pulse stimulation, similar to the 
Ag 2 S inorganic synapse. [  19  ,  20  ]  However, the operation voltage 
of the Cu 2 S inorganic synapse is a reasonable amount higher 
than that of the Ag 2 S inorganic synapse. This is consistent with 
the previously reported relatively higher voltage needed for the 
switching operation of the Cu 2 S gap-type atomic switch com-
pared to that of the Ag 2 S gap-type atomic switch. [  28  ,  32  ,  33  ]     

 2.2. Effect of Air or Moisture 

 The most signifi cant difference between the Ag 2 S and Cu 2 S 
inorganic synapses was found in the effect of ambient condi-
tions. For the Ag 2 S system, there was no infl uence of air (or 
moisture) on operation; as a result, almost the same behavior 
was observed under both ambient and vacuum conditions. On 
the other hand, the operation of Cu 2 S inorganic synapse was 
infl uenced by the presence of air (relative humidity  ≈  50%). 
Compared to its operation in vacuum for the same input pulse 
condition (Figure  2 a), the values of conductance were signifi -
cantly higher after the application of each pulse when operated 
in air ( Figure    3  a). It is noteworthy that these values of conduct-
ance, though below  G  0 , were maintained for a long time after 
the pulse application. Figure  3 b shows one such example of 
conductance state below  G  0  observed over 30 s after a single 
input pulse in air. The fi tting of the conductance curve using 
 y   =   y  0   +   A e  − t/ τ    yielded a value of   τ   of 5 s, which is much larger 
than those obtained in vacuum (Figure  2 f). Though the decay 
of conductance might have a different origin, the value of   τ   
indicates a qualitative difference in the stability of conductance 
between air and vacuum. To confi rm this difference, we carried 
© 2012 WILEY-VCH Verlag Gm

     Figure  3 .     Change in conductance ( G ) under ambient conditions for: a) multip
at an interval ( T ) of 10 s, and, b) a single input of the same pulse. The tim
curve using the exponential function  y   =   y  0   +   A e  − t/ τ   .  
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out time-dependent scanning tunneling microscopy imaging of 
the Cu protrusions grown on Cu 2 S in air and in vacuum.    

 Figure 4   shows images of the Cu 2 S surface in air before and 
after growing a Cu protrusion. Because the surface of Cu 2 S was 
rough, a slow scanning with a relatively large sample bias was 
preferred and a large protrusion needed to be grown that could 
be easily identifi ed. To grow the protrusion, a voltage pulse of 
 V   =  200 mV and  W   =  2 s was applied and the scanning tunneling 
microscope-feedback loop was kept active such that the tip could 
retract following the growth. All imaging was carried out at a 
sample bias of –100 mV, a set point tunneling current of 1 nA, 
and a scan speed of 500 nm s  − 1 . Note that there is a time gap 
between the moment at which the protrusion was grown and 
the moment at which the image of the protrusion was obtained 
due to the time required for imaging. [  34  ]  The image of the sur-
face of Cu 2 S before the pulse application is shown in Figure  4 a 
wherein the point at which the pulse was applied is marked by a 
circle. The next image of the same region, obtained 8 min after 
the pulse application, shows a clear Cu cluster (Figure  4 b). Suc-
cessive imaging revealed that the Cu cluster was quite stable. 
The image obtained 48 min after pulse application (Figure  4 c) 
shows the remaining part of the cluster. Figure  4 d shows the 
height profi les corresponding to the lines drawn across the pro-
trusion-grown region in Figure  4 a–c. As can be seen, a cluster 
about 12 nm high and 30 nm wide was obtained after 8 min, 
which shrank to about 4 nm high and 10 nm wide after 48 min. 
On the contrary, the Cu protrusion grown in vacuum under the 
same voltage pulse condition was found diffi cult to image due 
to fast shrinking.    

 Figure 5  a,b show typical examples of the images of Cu 2 S sur-
face in vacuum before and 5 min after the same pulse applica-
tion as in Figure  4 . Although a protrusion of almost the same 
height grew, as was indicated by the tip retraction during growth, 
only remnants of it could be imaged after just 5 min. A change 
in morphology of the region of pulse application (marked by 
dashed circles in the 3D representations) can be seen, which is 
evident of these remnants. The height profi les corresponding to 
the lines drawn on the 2D images ( Figure 5 c) show an increased 
roughness by about 1 nm only, indicating the fast dissolution of 
the grown protrusion in vacuum. It should be mentioned here 
that the sample bias of –100 mV while imaging may be suf-
fi cient to induce electrochemical dissolution. The fact that a 
3609wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Scanning tunneling microscopy images of a Cu protrusion grown in air on the Cu 2 S surface upon application of a pulse of 200 mV for 2 s: 
a) Before application of the pulse at the point marked by a circle, and, b) 8 min and c) 48 min after application of the pulse. Both 2D and 3D repre-
sentations of the images are shown (one below the other for clarity). d) Height profi les corresponding to the lines drawn on the 2D images across the 
protrusion grown region.  
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signifi cant part of the Cu protrusion survived in air under this 
sample bias (Figure  4 ) is evident of its enhanced stability.  

 In order to obtain an image of the Cu protrusion in vacuum, 
a voltage pulse of longer width was applied.  Figure    6  a–c show 
the successive images of the Cu 2 S surface obtained in vacuum 
before and after growing a Cu protrusion with a pulse of the 
same amplitude but a longer  W   =  4 s. A cluster of smaller size, 
compared to that grown in air (Figure  4 b), could be imaged 
5 min after the pulse application (Figure  6 b). The image of the 
same region 12 min later shows further reduced size of the 
cluster (Figure  6 c), and thereafter the cluster was hardly visible. 
Figure  6 d shows the height profi les corresponding to the lines 
drawn across the protrusion growing region in Figure  6 a–c. The 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  5 .     Scanning tunneling microscopy images of Cu 2 S surface in vacuum
Figure 4 at the point marked by a circle. (c) The height profi les correspondin

(a) (b)

t=0 t=5 min
height of the protrusion was about 5 nm after 5 min, shrinking 
to about 2 nm after 12 min from pulse application. Note that, 
despite the wider pulse of  W   =  4 s which might have caused a 
bigger protrusion compared to that grown in air for  W   =  2 s 
(Figure  4 b), a smaller cluster was imaged in vacuum, enriching 
the evidence for the fast dissolution. Thus, the time-dependent 
imaging clearly revealed that the Cu protrusion in air is more 
stable than in vacuum.  

 Generally, the atoms in a cluster rearrange to attain the ener-
getically most favorable symmetry isomer of the cluster. The 
special stability for clusters containing certain number of atoms 
is known in the literature based on the fascinating concept of 
magic number. [  30  ]  However, the stability of such clusters on a 
mbH & Co. KGaA, Weinheim

: a) before and b) 5 min after application of the same voltage pulse as in 
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     Figure  6 .     Scanning tunneling microscopy images of Cu-protrusion grown in vacuum on Cu 2 S surface upon application of the same voltage pulse as 
in Figure 4 but for a longer width of 4 s: a) before application of the pulse at the point marked by a circle and b) 5 min; c) 12 min after application of 
the pulse. d) Height profi les corresponding to the lines drawn on the 2D images.  
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     Figure  7 .     Temperature dependence of conductance ( G ) of a Cu 2 S inor-
ganic synapse in vacuum for input voltage pulses of amplitude  =  150 mV, 
interval  =  1 s, and width  =  500 ms (a) and 50 ms (b). RT is room tempera-
ture. The values of time constant (  τ  ) are extracted from the fi ts (dashed 
curves) of the conductance decay curves using the exponential function 
 y   =   y  0   +   A e  − t/ τ   .  
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surface may be limited or time-dependent. We suggest that, 
in vacuum, the stability of a Cu cluster is limited mainly by 
surface diffusion and reincorporation. In air, additional fac-
tors depending on the atmosphere infl uence the stability; for 
instance, the chemisorption of oxygen [  35  ]  and water [  36  ]  can form 
energetically stable clusters of copper oxides and hydroxides. 
Since these are charge-transfer processes, open electronic shell 
clusters with a low ionization potential should be more reac-
tive than closed shell clusters. Such reactions are spontaneous 
and have also been reported to show a strong dependence on 
the cluster size. [  37  ]  In our study, the observation of the time-
dependent stability of Cu clusters in air is consistent with a 
previous report in the literature; [  38  ]  however, the dependence 
of stability on the cluster size itself will be a topic of future 
research. These observations open a new perspective for fur-
ther investigations of air-exposed Cu nanoclusters for exploring 
stable conductance states exhibiting LTM with a value less than 
 G  0 . This is the fi rst time-dependent scanning tunneling micro-
scope observation of Cu protrusions on Cu 2 S that provides 
direct evidence with respect to stability; the results indicate the 
possibility of achieving advanced operation with the ability to 
sense the atmosphere.   

 2.3. Effect of Temperature 

 The temperature dependence of the Cu 2 S inorganic synapse 
was studied in vacuum for two different width ( W   =  500 and 
50 ms) of the same input pulse of  V   =  150 mV and  T   =  1 s. 
 Figure    7  a shows the conductance states measured at various 
temperatures for the input pulses of  W   =  500 ms. At room tem-
perature (RT  ≈  22  ° C), the conductance reached a maximum of 
 G  0  during single input pulse and decayed back to its initial value 
immediately after the pulse application, indicating a SM state. 
At 30  ° C, a STM state was achieved for a single input pulse, but 
at least 3 pulses were required for the formation of a LTM state. 
However, at 40  ° C, a single input pulse was enough to achieve 
3611wileyonlinelibrary.com© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2012, 22, 3606–3613
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a LTM state. It is to be noted that, during the pulse application, 
the values of conductance at 30  ° C ( ≈  3  G  0 ) and at 40  ° C ( ≈  4  G  0 ) 
were higher than at RT ( ≈   G  0 ). The values of   τ   obtained from 
the exponential fi ts also increased with increasing temperature, 
indicating a better maintenance of synaptic strength analogous 
to a biological synapse at elevated temperatures. Thus, a LTM 
state could be obtained with fewer number of input pulses at 
elevated temperatures compared to that at RT under the same 
pulse condition, as shown in Figure  2 b.   

Figure  7 b shows the conductance states measured under 
similar conditions but with a narrower width ( W   =  50 ms) of 
the input pulse. At RT, a SM state with a conductance of approx-
imately 0.2  G  0  during the pulse was observed. At 30  ° C, a STM 
state was achieved for a single input pulse, but 3 pulses were 
required for the formation of a LTM state. At 40  ° C, a single 
input pulse also yielded a STM state but with a higher value of 
conductance (approximately 3  G  0 ) than at 30  ° C (approximately 
 G  0 ). For the formation of a LTM state at 40  ° C, at least 2 pulses 
were required. Not only the values of conductance but also the 
values of   τ   extracted from the exponential fi ts increased with 
temperature. Thus, a LTM state was obtained with a narrower 
pulse width at elevated temperatures, while at RT (Figure  2 d) 
an LTM state was not achieved even after 30 inputs of the same 
pulse condition. On the basis of these observations, we suggest 
an increased precipitation of Cu atoms at an elevated temper-
ature. The rate of precipitation can be signifi cantly enhanced 
at these temperatures since it depends exponentially on the 
tunneling current fl owing through the inorganic synapse. [  39  ]  
The behavior of the inorganic synapse at elevated temperature 
is consistent with our previous observation of the exponen-
tially faster switching of the Cu 2 S gap-type atomic switch with 
increasing temperature. [  28  ]  

 In biology, the temperature change is known to have a major 
impact on the function of the central nervous system. [  40  ]  The 
biological synaptic transmission that involve the integrated 
functioning of multiple factors might be differentially infl u-
enced by a temperature change. [  41  ]  Studies have shown that a 
large increase in amplitudes of facilitation and augmentation 
and little change in the amplitude of depression at higher tem-
peratures dramatically improve the maintenance of synaptic 
strength. [  42  ]  Although a direct correlation with the biological 
system is not possible at this stage, our system of Cu 2 S inor-
ganic synapse shows close analogy as it exhibits a large increase 
in conductance and a signifi cant increase in time constant of 
the conductance decay curves at higher temperatures, facili-
tating faster LTM formation with fewer or shorter stimulations 
(Figure  7 a,b). In addition, the successful technological imple-
mentation of the Cu 2 S inorganic synapse would also demand 
its ability to operate above RT. More importantly, because of its 
response to temperature and air, this system can be regarded 
as an advanced artifi cial synapse with the potential to perceive 
environment, like the human brain.    

 3. Conclusions 

 We demonstrated that a Cu 2 S inorganic synapse mimics the 
key features of learning and memorization in the human brain, 
namely, SM, STM, and LTM states. The synaptic plasticity 
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material-based difference from the previously reported Ag 2 S 
inorganic synapse. This is the fi rst temperature-dependence 
investigation of the atomic switch-based inorganic synapse, 
suggesting a close analogy with a biological synapse since both 
show a better maintenance of synaptic strength at elevated 
temperatures. Our study indicates the possibility of achieving 
advanced artifi cial synapse element with the ability to sense 
two important environmental factors, viz. temperature and air. 
Nevertheless, the uniqueness of the human brain is its ability 
to perceive environment. It is expected that, together with the 
emerging devices such as metal-oxide memristors and phase-
change memories, our inorganic synapses based on the concept 
of atomic switch using different materials will contribute to the 
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 4. Experimental Section 
 The Cu 2 S inorganic synapse, which is basically a Cu 2 S gap-type atomic 
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