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redox-based resistive switching memories (ReRAMs) are of particular 
interest [7]. The ReRAMs utilize a change in the resistance of the Metal-
Insulator-Metal (MIM) structure for operation. When applying a specific 
voltage, the resistance between these two terminals changes [8]. 

For example, ReRAMs could operate as binary, non-volatile, high-density 
memories [8]. Beyond, the high on/off ratio, low switching voltage, and 
small footprint of ReRAM make it possible for more revolutionary 
architectures to increase the performance and reduce energy consumption, 
such as in-memory computing [9] and ReRAM based steep slope 
transistors [10]. 

 
Figure 1.3: Microprocessor clock frequency data and trend. Figure adapted from [3]. 
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Since ReRAMs have a significant advantage in downscaling, the 
combination of silicon photonics and ReRAM technology is of great interest 
to the community. Already, both ReRAM based electronics-to-optics 
(modulation) [29, 38] and optics-to-electronics (photodetection) [39] have 
been demonstrated. These elements exhibit inherent memristive features, 
enabling the electro-optical platform with storage and computation 
capabilities directly in the optical domain. However, the demonstrated 
ReRAM based electronics-to-optics required either an external light source 
coupled onto the chip or co-integrated photon sources [40], which is the 
bottleneck for integration density. 
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demonstration of direct photon emission from the memristive switching 
process. The mechanism of the photon emission process during the 
switching remains unclear. In this work, we will first demonstrate the 
electroluminescence experimentally from memristive switching. Then, 
various experiments are performed to understand the light emission 
process (Chapter 5).  
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Figure 2.2: (a) typical I - V characteristics of a volatile switching device. (b) typical I - V 
characteristics of a non-volatile switching device. 
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Alternatively, one can implement a vertically stacked CBRAM atomic 
switch. This approach is more practical for large-scale integration and 
therefore is the focus of this section. We require a three-dimensional sharp 
tip-like structure patterned on one of the electrodes for this approach. As a 
matter of fact, 3D patterning is becoming more and more attractive for 
various applications [66]. Two main methods have been successfully shown 
for the 3D patterning: overlay exposures for additive construction and the 
exploitation of the electron penetration depth. On the other hand, focused 
ion beam lithography has become a rapidly evolving field for the fabrication 
of 3D structures. It can also be used for resist exposure, imaging, etching, 
and depositing material [67]. 

Another relatively new method of fabricating high-resolution 3D 
patterns is the thermal scanning probe lithography (t-SPL) [68]. It has 
minimal substrate interference and proximity effects, making it promising 
and easy to use for various applications [69]. A heated tip is pressed into a 
thermal resist, which is then evaporated and leaves a pattern of slightly 
larger dimensions than the tip itself [70]. The advantages of this technology 
are, among others, the direct writing scheme with a demonstrated depth 
resolution of less than one nanometer [71]. Since the cantilever is a 
modified AFM tip, in-situ monitoring and high overlay accuracy are possible 
by switching off the heat and using the tip to measure the surface topology 
in the AFM imaging mode [72]. In this thesis, we use a commercially 
available t-SPL machine named Nanofrazor. 

3.1.2 Working Principle of the t-SPL 
T-SPL is an emerging nanolithography technology with many unique 

properties, which enable many new nanofabrication methods. The 
patterning relies on a specially designed cantilever. The cantilever is a 
modified AFM tip, see in Figure 3.1(a). The sharp tip is fabricated with 
isotropic silicon etch, shown in Figure 3.1(b). The tip can be heated up and 
pressed into thermal resist forming any desired, arbitrarily shaped patterns. 

The tip features a radius of 2.5 to 3.5 nm. Thanks to its small dimension, 
a highly localized thermal treatment of surfaces generate high-resolution 
patterns. This has allowed fabrication ranging from sub-10 nm sized features 
in silicon [69] to high aspect patterns [73] and single-nanometer accurate 
three-dimensional structures [74] with additional amplification into 
silicon [75]. 
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writing with a tip temperature of ~ 525 °C results in a narrower writing line 
with a rim formed on the side of the patterns, which is characteristic of 
plastic deformation. Higher temperature (above 700 °C) leads to deeper 
patterning and inhibits residuals and plastic deformation formation. 
However, it widens the written line and decreases the resolution [69]. Note 
that those temperature values are experimentally measured with writing 
into PPA on Si substrate. The thermal conductance varies in different 
material stacks, and the temperature in the setting also needs to be 
adapted. 

 
Figure 3.4: Schematics of the patterning process indicating the difference between 
cold (blue line) and hot (red line) writing. The writing at cold (roughly 525 °C) results 
in a narrower and less deep written line. However, it leads to the undesirable 
formation of a rim or residuals at the edge of the written line, probably due to the 
plastic deformation. Hot writing of over 700 °C leads to a higher loss of material and 
thus a wider pattern. Figure adapted from [69]. 

3.1.4 Surface Patterning for a sharp tip 
In our process, a ~ 15 nm layer of SiO2 was deposited on top of the Pt 

electrode using Atomic Layer Deposition (ALD). On top of the SiO2, a double 
layer of 2 nm polymethylmethacrylate (PMMA) and 20 nm PPA was spin-
coated. The layer stack is shown in Figure 3.5(a). The 2 nm PMMA thereby 
serves as a buffer layer and prevents the scanning tip from getting blunt. 
Figure 3.5(b) shows the sharp tip shape patterned using thermal-scanning 
probe lithography [68, 82, 83] (t-SPL). 
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~ 800 °C is necessary to heat up the probe for a reliable single-indentation. 
An AFM image of the pattern written is demonstrated in Figure 3.7. 

 
Figure 3.7: AFM image of a single indentation into the resist. 

3.1.5 Pattern Transfer 
After patterning into PPA, an etching process is applied to transfer the 

3D pattern from the resist into the desired material layer. 

Plasma-assisted dry etching is the most commonly used etching 
technique. It uses ionized gas as the etchant. Plasma is the fourth state of 
matter and consists of approximately equal electrons and ions [84]. It is 
typically generated with a 13.56 MHz radiofrequency (RF) power applied to 
electrodes facing each other [84]. The etch gas dissociated in this plasma 
could generate reactive species, such as ions, radicals, and monomers. 
These reactive species and monomers are transported onto the wafer 
surface and react with the etch target material [84]. In our approach, the 
pattern is transferred into SiO2 through reactive ion etching (RIE). 

Most processes use a fluorocarbon-based plasma to etch SiO2. The F- 
radicals react rather slowly with SiO2 without ions in the plasma [85, 86]. 
Other common RIE etchants, such as Cl-, Br-, and H+, do not react with SiO2 
at room temperature. In the plasma state, the ion bombardment allows the 
removal of the material. Unfortunately, the selectivity against silicon with 
these reactants is relatively low. Thus, most SiO2 etching recipe consists of 
fluorine-based reactants [87]. 

At the beginning of the etching process, a thin polymeric species (CxFy) is 
formed at the SiO2 surface. However, if this layer is too thick, it could also 
inhibit further reaction by blocking the transport of the species and the 
delivery of the activation energy to remove oxide. Next, the passivation 
layer is consumed, and the reaction with oxygen in the SiO2 forms COFx, CO, 
and CO2. Finally, the silicon reacts with the F radicals, forming a SiFx 
product, thus completing the process flow. As oxygen is present in the lattice 
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3.2 3D Field-enhanced Atomic Switch 
Here, we present the implementation of a field enhanced atomic switch 

with the technology developed above. It indicates an improvement of 
reliability and lower cycle to cycle variance. Moreover, a low switching 
voltage and high switching speed have been achieved. 

Ultra compact electrochemical metallization cells offering 
reproducible atomic scale memristive switching 

Bojun Cheng1*, Alexandros Emboras1,2*, Yannick Salamin1, 

Fabian Ducry2, Ping Ma1, Yuriy Fedoryshyn1, Samuel Andermatt2, 

Mathieu Luisier2 and Juerg Leuthold1* 

1Institute of Electromagnetic Fields (IEF), ETH Zurich, 8092 Zurich, 
Switzerland. 

2Integrated Systems Laboratory, ETH Zurich, 8092 Zurich, Switzerland. 

Communications Physics 2.1 (2019): 1-9. 

3.2.1 Abstract 
Here we show electrochemical metallization cells with compact 

dimensions, excellent electrical performance, and reproducible 
characteristics. An advanced technology platform has been developed to 
obtain Ag/SiO2/Pt devices with ultra-scaled footprints (15 × 15 nm2), inter-
electrode distances down to 1 nm, and a transition from the OFF to ON 
resistance state relying on the relocation of only few atoms. This technology 
permits a well-controlled metallic filament formation in a highly confined 
field at the apex of an atomic scale tip. As a consequence of this 
miniaturization process, we achieve set voltages around 100 mV, ultra-fast 
switching times of 7.5 ns, and write energies of 18 fJ. Furthermore, we 
demonstrate very good cell-to-cell uniformity and a resistance extinction 
ratio as high as 6 · 105. Combined ab-initio quantum transport simulations 
and experiments suggest that the manufactured structures exhibit reduced 
self-heating effects due to their lower dimensions, making them very 
promising candidates as next-generation (non-)volatile memory 
components. 
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3.2.2 Introduction 
Non-volatile and volatile memristive devices hold promise for offering 

high-density, energy-efficient operation and high-speed. All of which is 
needed in light of the high demand for sharing, analyzing, and storing 
information in everyday life. In this regard, memristive devices might play 
an essential role towards the further development of large-scale 
neuromorphic computer systems as well as energy-efficient memory 
devices for the Internet of Things (IoT). Already, non-volatile memristive 
devices have attracted attention for various applications such as high-
density storage units [88, 89], logical circuits [49, 90], photonic systems [29, 
39], or neuromorphic computing elements [91, 92]. Also, volatile 
memristive devices have shown many applications related to low refresh 
dynamic memories [93], short-term-memories (STM) [94], selectors for 
cross-bar arrays [95, 96], and steep threshold slope transistors [95]. Yet, 
such devices should not only operate at lowest power but also operate 
reliably with complementary metal-oxide semiconductor (CMOS) 
compatible materials and offer an atomic scale footprint. 

Different memristive technologies have been proposed so far [97], e.g. 
phase change material [98] or oxide-based random access memory 
(RAM) [47]. Of particular interest are the electrochemical metallization 
(ECM) cells, also known as conductive bridging random access memory 
(CBRAM). Typical ECM cells consist of metal-insulator-metal layer stacks. 
Their switching is achieved by the electrochemical growth and dissolution of 
a tiny metal filament between an inert and active electrode [99]. Indeed, 
ECM cells exhibit particularly attractive storage features, either comparable 
or better than state-of-the-art memristive technologies. For instance, they 
offer low power consumptions, fast switching speeds, and high integration 
densities through multiple bits per cell [100]. Even more importantly, the 
ECM technology can scale to the size of few atoms when the electrodes are 
arranged in liquid [101] or in a solid Ag2S electrolytes [13] featuring 
quantum conductance and switching voltages of 30 and 100 mV, 
respectively. However, the industry would prefer stable CMOS compatible 
dielectrics as a matrix material between the metallic electrodes such as e.g. 
SiO2, TiO2, HfO2 or Ta2O5 and others [88]. Beyond, the fabrication methods 
of most atomic scale devices require sophisticated conditioning procedures 
to reach quantum conductance. To make atomic scale devices practical, a 
path towards a more reproducible technology providing devices with a high 
endurance is needed. And indeed, geometry engineering has already shown 
promise towards this goal [41, 102-104]. Researchers already demonstrated 
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the magnitude of the field, the filament is expected to be formed preferably 
at the apex of the tip. A top- and cross-section view of the atomic scale ECM 
cell is depicted in Figure 3.8(d) and Figure 3.8(e), respectively. The ultra-
sharp tip of Ag is patterned with the help of thermal-scanning probe 
lithography [68, 82, 83] (t-SPL). The thermal scanning tip typically has a 3 nm 
radius [105]. The thermal lithography transfers the 3D profile of the ultra-
sharp thermal-scanning tip into the pattern transfer layer of PPA 
(polyphthalaldehyde) and subsequently into SiO2. In a final step, the thin 
switching matrix layer and top Ag electrode are deposited subsequently on 
top of the 3D structure to fill the hole and form an ultra-sharp tip. A more 
detailed description of the fabrication technology is given in the methods 
section. 

The thermal-scanning probe lithography fabrication method is attractive 
as it can be extended toward a large-scale high-throughput technology, 
which is essential for mass production [106]. The small recession between 
the Pt and Ag layers in Figure 3.8(d) indicates the location of the active area 
with the atomic scale tip. Figure 3.8(e) shows the topology of the sharp tip, 
measured by an Atomic Force Microscope (AFM). Figure 3.8(f) shows the 
image obtained by transmission electron microscopy (TEM) of the cross-
section of the final tip-like ECM cell. The radius of the tip is determined to 
be 10 nm, as marked by the red dashed line. For the sake of a better image 
contrast, we have deposited a sample with a 4 nm thick SiO2 rather than a 
1 nm SiO2 layer. For thinner SiO2 layers the tip radius supposedly would be 
even smaller. The AFM measurement agrees well with the TEM cross-
section image. According to the AFM measured topology, the full width half 
maximum (FWHM) of the tip is ~15 nm. It is worth mentioning that with this 
technology the matrix material is not limited to SiO2. Other materials such 
as HfO2 [94], Ta2O5 [107], and TiO2 [22] can also be implemented. 

Performance Enhancement with Ultra Thin Oxide. The results depicted 
in Figure 3.9 show that a reduction of the oxide gap thickness d within the 
sharp tip devices. The combination of sharp tip and thin oxide confines the 
location of a conductive filament to an ultra-small volume (see Figure 3.9b, 
c). Smaller switching voltages, a more reliable switching operation and a 
lower heat dissipation across the junction have been achieved. 
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Figure 3.8: Sharp-shaped tip electrochemical metallization (ECM) devices. (a) 
Schematic illustration of the sharp tip ECM cell. (b) Simulation of the electric field 
inside the SiO2 layer. (c) A visualization of the electric field as obtained through a 
real-time time-dependent density functional theory (RT-TDDFT) simulation of the 
system in CP2K [108]. (d) Scanning electron microscope (SEM) image showing the 
top view of the atomic scale ECM cell. The dashed area indicates the location of the 
sharp tip, which is beneath the centre area with the darker contrast. Scale bar, 
200 nm. (e) Atomic force microscope (AFM) measured surface topology. (f) 
Transmission electron microscope (TEM) image of the device cross-section. The tip 
radius is 10 nm, marked by the red dashed line. Scale bar, 10 nm. 

The relation between the oxide gap thickness d and the switching voltage 
can be seen in Figure 3.9(a), where the median switching voltage has been 
plotted for different gap thickness, d. To determine the switching voltage, a 
bias has been applied to the Ag electrode while the Pt one is grounded. The 
bias has then been gradually increased at a rate of ~20 mV per 20 ms. It can 
be seen that the switching voltage reduces as d decreases. Such a trend has 
also been reported in the literature [41, 109, 110]. In particular, our work 
shows that ultra-small gaps in the order of d = 1 nm (which are among the 
smallest ever reported) can be realized while high on-off ratios are still 
preserved and excessive tunneling leakage can be suppressed. 

A massive reduction of the switching voltage variances for smaller 
insulator gaps can be derived from Figure 3.9(b). Here, the statistics of more 
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Figure 3.10: Switching results of the sharp tip electrochemical metallization (ECM) 
cell. (a) Reproducibility of resistive switching (100 consecutive cycles). The current 
(upper) and resistance (lower) is measured as a function of the applied voltage and 
demonstrate an excellent cycle-to-cycle variance. (b) Resistance of the on and off 
states for 50,000 cycles. To keep the plot as legible as possible, we have always 
plotted the first resistance in a group of consecutive 100 cycles. The inset shows the 
voltage sequence applied to the device. (c) The off-state and on-state resistance as 
a function of compliance current. The dot indicates the median and the error bar 
indicates the 10th and 90th percentiles. (d) The on-state resistance histogram at a 
compliance current of 12, 25, and 35 µA, indicating that the on-state resistance is 
quantized 

Volatile and non-volatile switching. It has been demonstrated that the 
stability of the filament is dependent on the compliance current [95, 124]. 
Following this, we measured the relationship between the retention time 
and the compliance current. A ~4 s, 1 V pulse with compliance currents of 1, 
100, and 200 µA were applied to the same device to set it into its low 
resistance state. After applying the set pulse, we measured the resistance 
continuously as a function of time, as shown in Figure 3.11(a). The resistance 
is measured at 20 mV, minimizing the influence of the read voltage on the 
retention time. We observed that with a higher compliance current, the on-
state resistance becomes smaller and the retention time longer. This can be 
explained by the fact that a high set current results in more stable filaments 
in terms of retention time that makes it more difficult to rupture them [95]. 
Particularly, for the specifically investigated device, Icc = 200 µA the 
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119, 128] software package. To obtain the local field resulting from an 
external bias, a potential difference was applied to the system boundaries 
through constraints in the Poisson solver [108, 129] (see Figure 3.14). After 
the voltage is set, RT-TDDFT simulates the reaction of the electrons to the 
external bias. The data shown in Figure 3.8(c) of the main text represents 
the difference between the electric field of the biased and unbiased 
systems. 

CP2K uses a primary contracted Gaussian basis with an auxiliary plane-
wave basis. For the silicon and oxygen atoms, a 3SP [130] basis set with 12 
basis functions per atom was employed, while for the copper atoms a DZVP-
MOLOPT-SRGTH [131] basis set with 25 basis functions was used. The 
auxiliary PW basis was cut off at 500 Rydberg. Goedecker-Teter-Hutter [132] 
pseudo-potentials were utilized to model the atomic cores and inner 
electrons, whereas the exchange and correlation energy was calculated 
through a PBE [133] exchange correlation functional. The time step of the 
RT-TDDFT simulation was chosen to be 10 attoseconds. 

The simulations were performed with Cu atoms because we have very 
reliable simulation tools for copper but not yet for Ag. In the experiment, we 
tested the devices with both Cu and Ag. It turned out that the Ag active 
electrodes delivered better performance. We now keep the simulations 
with the Cu atoms as they still give valuable information. 

 
Figure 3.14: Setup of the RT-TDDFT simulation. A copper filament extends from one 
copper slab to another. The filament is surrounded by a SiO2 matrix which was 
created through a melt and quench approach [134]. The induced stress of the system 
has been relaxed with DFT. 
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demonstrates the excellent reproducibility of our ECM cells. The voltage 
used to measure the on/off resistances is extracted from the I - V sweep in 
Figure 3.10(a). In particular, the off-state resistance is measured at 70 mV 
during the voltage ramp-up phase and the on state resistance is measured 
at 70 mV during the voltage ramp down phase, respectively. 

a b

 
Figure 3.16: (a) SET voltages of the 1 nm gap ECM cell under 100-time continuous 
switching cycles. (b) Off-state resistance and on-state resistance of the 1 nm gap 
ECM cell under 100-time continuous switching cycles. 

Supplementary Note 4: Comparison of Flat and Sharp Tip ECM Cell. Flat 
and sharp tip ECM cells have been fabricated and compared. A larger cycle-
to-cycle variance was found for flat ECM Devices over sharp tip ECM Devices 
during the voltage sweeps. For example, we show cycling plots for two 
typical devices in Figure 3.17. Both devices feature a SiO2 gap thickness of 
1.5 nm. Flat ECM Cells with a 1 nm SiO2 gap did not show any memristive 
behaviour. 
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Figure 3.17: Device characteristics as obtained by sweeping the voltages. (a) A sharp 
tip ECM Device. (b) A flat ECM Device. In both subplots, we show 100 consecutive 
switching cycles. 

Supplementary Note 5: Conductance at Various Compliance Currents. 
To better reveal the discretization of the conductance as a function of the 
compliance current, the conductance in units of G0 is plotted in Figure 3.18. 
It can be seen that the conductance is discretized at around 1, 2, and 3 G0. It 
can be seen by this experiment that higher compliance current leads to 
lower on-state resistance, which means thicker nano-filaments. 
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Figure 3.18: On-state conductance as a function of compliance current. Each 
compliance current is plotted with the median (square) and the 25 and 75 percentile 
as obtained across various measurement cycles. The dashed line marks the 1, 2, and 
3 G0 values. 
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 access = Metr; 
 units = "m"; 
 abstol = 0.01n; 
endnature 
discipline Distance 
 potential distance; 
enddiscipline 
module Memristor_hold(n, w_position, p); 
input p;//positive pin 
output n;//negative pin 
output w_position;// weight pin 
electrical p, n,gnd; 
Distance w_position; 
ground gnd; 
parameter real dt=5e-13; 
// dt should be the same as max step size in 
// transient analysis & must be at least 3 orders 
//smaller than T period of the source 
parameter real init_state=0; // the initial state condition (0:1) 
//parameters definitions and default values 
parameter real Roff = 5e9; 
parameter real Ron = 5e3; 
parameter real uv =3e10; 
parameter real w_multiplied = 1e8; 
parameter real delay_on = 10e-12; 
parameter real delay_off = 10e-12; 
parameter real threshold_voltage=0.5; 
parameter real hold_voltage=0.15; 
// local variables 
real w; 
real dwdt; 
real w_last; 
real R; 
real first_iteration; 
real on_count; 
real off_count; 
//////////////////// MAIN //////////////////////// 
 analog begin 
  if(first_iteration==0) begin // start the first iteration 
with w_init 
   w_last=init_state; 
   on_count = 0; //cold device needs time to 
switch on and off 
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`include "constants.vams" 
`include "disciplines.vams" 
`include "constants.vams" 
`include "disciplines.vams" 
// define meter units for w parameter 
nature distance 
 access = Metr; 
 units = "m"; 
 abstol = 0.01n; 
endnature 
discipline Distance 
 potential distance; 
enddiscipline 
module Memristor_hold(n, w_position, p); 
input p;//positive pin 
output n;//negative pin 
output w_position;// weight pin 
electrical p, n,gnd; 
Distance w_position; 
ground gnd; 
parameter real dt=5e-13; 
// user must specify dt same as max step size in 
// transient analysis & must be at least 3 orders 
//smaller than T period of the source 
parameter real init_state=0;  // the initial state condition (0:1) 
//parameters definitions and default values 
parameter real Roff = 1.7e13; 
parameter real Ron = 5e3; 
parameter real uv =1e10; 
parameter real uv_off =1e8; 
parameter real w_multiplied = 1e8; 
parameter real delay_on = 8e-12; 
parameter real delay_off = 2e-12; 
parameter real threshold_voltage=0.41; 
parameter real hold_voltage=0.1; 
parameter real off_current =1e-12; 
// local variables 
real w; 
real dwdt; 
real w_last; 
real R; 
real first_iteration; 
real on_count; 
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real off_count; 
//////////////////// MAIN //////////////////////// 
analog begin 
 if(first_iteration==0) begin  // if this is the first 
iteration,start with w_init 
  w_last=init_state; 
  on_count = 0; //cold device needs time to switch on 
and off 
  off_count = 0; 
  dwdt=0; 
 end 
 if (V(p,n)>threshold_voltage) begin //switch on process 
  on_count = on_count+1; 
  if (on_count>delay_on/dt) begin 
   dwdt =(uv); 
   on_count = 0; // reset on_count 
  end 
 end 
 if (V(p,n)<hold_voltage) begin //adapt the w to have hold 
voltage V_m,hold 
  off_count = off_count+1; 
  if (off_count>delay_off/dt) begin 
   dwdt =-uv_off; 
   if (I(p,n)<off_current) begin 
    dwdt=-(uv)-0.1*w/dt; 
   end 
  end 
 end 
 w=dwdt*dt+w_last; 
 if (dwdt<=0) begin 
  dwdt=0; 
 end 
 if (w>=1) begin 
  w=1; 
  dwdt=0; 
 end 
 if (w<=0) begin 
  w=0; 
  dwdt=0; 
  off_count = 0; // reset on_count 
 end 
//update the output ports(pins) 
 R=Roff*exp(ln(Ron/Roff)*w); 
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conventional circuit design consideration. Therefore, the atomic switch is 
ideal for CMOS integration in both aspect of fabrication and circuit design. 

4.2.3 3D Atomic Switch 
An illustration of a possible implementation device consisting of an 

Ag/amorphous SiO2/Pt layered structure on top of a FinFET is presented in 
Figure 4.5(a). A top-view of the atomic scale ECM cell is depicted in Figure 
4.5(b). Here, we use thermal-scanning probe lithography [68, 82, 83] (t-SPL) 
to pattern the ultra-sharp tip of Ag. The thermal scanning tip has typically a 
3 nm radius [105]. The 3D profile of the ultra-sharp tip is illustrated in the 
AFM measured surface contour shown in Figure 4.5(c). With such a focused 
structure, a strong electric field confinement can been achieved at the apex 
of the tip. This promotes a more controllable and uniform filament 
formation. With such devices, we have demonstrated good reproducibility, 
an ultrafast switching of 7.5 ns at a low voltage of 1 V [60]. These 
characteristic are in line with low power consumption CMOS circuit 
specifications in terms of voltage and speed. 
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Figure 4.5: Steep slope transistor with 3D atomic switch. (a) Illustration of a possible 
implementation the steep slope transistor. An atomic switch is integrated on the top 
of the FinFET source. (b) Scanning electron microscope (SEM) image showing the top 
view of the atomic switch. The dashed area indicates the location of the sharp tip, 
which is beneath the centre area with the darker contrast. Scale bar, 200 nm. (c) 
Atomic force microscope (AFM) measured surface topology. Figures partially 
adapted from [60]. 
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in edge computing for Internet of Things (IoT) devices [140] and portable 
embedded systems [142], where reduction of power consumption can 
increase battery charge intervals. In the former case (IoT), chips composed 
of a sensor and a complementary metal-oxide-semiconductor (CMOS) 
control circuit often operate at sampling rates below 1 kHz [141]. 
Consequently, the leakage (static) power between two consecutive events 
can be significant compared to the dynamic power consumption. In the 
latter case (portable systems), circuits operate at a sub- or near-threshold 
supply voltage (VDD), which improves the energy efficiency of field-effect 
transistors (FETs) in a quadratic way at the cost of increased delay and 
lowered speed. In both types of application, lowering the leakage power of 
CMOS circuits can further reduce the power consumption and increase the 
lifetime of the battery. However, the Boltzmann tail of the electron 
distribution in conventional CMOS logic imposes a fundamental limit of 
60 mV/dec to the subthreshold swing (SS) of the drain current at room 
temperature [145]. As a result, maintaining a high dynamic current requires 
either to increase the leakage current or the supply voltage and dynamic 
power. 

To overcome the 60 mV/dec limit, steep-slope transistors are getting a 
lot of attention. Among many approaches, the so-called hyper-FET (or 
hybrid-FET) in combination with a resistive switching (RS) device is a very 
attractive candidate [152]. So for instance, hybrid-FETs with sub 60 mV/dec 
SS have been demonstrated by connecting a phase change material (PCM) 
to the source terminal of a FET [10]. The PCM-FET utilizes metal-insulator 
transitions to achieve steep switching. 

As an alternative to PCMs, filament-based threshold switching (TS), also 
known as conductive bridging random access memories (CBRAM)-type 
memristors [22, 23], offer steep switching, low switching voltage, low 
energy consumption, high ON/OFF ratios and small footprint. Hybrid-FETs 
with filament-based threshold switching have been demonstrated with a SS 
below 5 mV/dec [20, 21]. 

Circuits with steep-slope hyper-FETs have been proposed. For example, 
simulation with PCM-FETs predicts an improvement of speed and power 
consumption for various circuits comparing to conventional CMOS 
implementations [24-26]. We note that the PCM switchings are current or 
temperature-induced. This may pose some additional challenges to 
conventional circuit design as the current and temperature have a strong 
dependence on the load capacitance and transistor variations. A steep-slope 
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to the presence of a TS device in the memristive circuit, the static power of 
the memristive inverter (straight blue line) is reduced by a factor of 150 over 
the static power consumption of the reference inverter (straight black line), 
while the dynamic power only increases by approximately 5% (dashed plots 
around 1 fJ). The energy savings are plotted in green in Figure 4.17 as a 
function of the operation frequency. Below 100 kHz the static power 
consumption dominates over the dynamic and the memristive inverter 
features a lower total power consumption than the reference inverter. This 
favourable power consumption performance makes the memristive inverter 
suitable for sensor applications where low sampling rates suffice. The 
memristive inverter saves more than 50% energy at 1 kHz and even more at 
lower frequencies. This demonstrates that the proposed memristive-FET 
circuit is advantageous for low-frequency IoT devices in terms of power 
consumption. 

 
Figure 4.17: The static and dynamic energy for memristive and reference inverters 
as a function of frequency. The total energy saved when we use the memristive 
inverter is shown in green on the right axis. The memristive inverter saves more than 
50% energy at a frequency of 1 kHz and much more at lower frequencies. 

4.3.6 Memristive Circuits for Near-threshold Computing 
Following the same approach as for low leakage IoT circuits, we now 

focus on near-threshold computing. As we lower the VDD from 0.8 V by more 
than a half, for the best performance-energy balance, we also select 
transistors with lower threshold voltage and higher leakage. Moreover, to 





Atomic Switch Enabled Hybrid Circuits 

 103 

  
Figure 4.18: The frequency (black, left axis) for memristive and reference ring 
oscillator (RO) as a function of VDD and the frequency difference in percentage 
(green, right axis). 

Energy Analysis: We now evaluate the potential energy saving of logic 
circuits employing the TS devices. For this, we use the simulations from 
Figure 4.18 to extrapolate the delay performance of a typical logic circuit. 
Without loss of generality, we assume that our model circuits are able to 
operate at 5% of the fundamental frequency of the 11-stage RO. These 
operation frequencies are much lower than what the 11-stage RO would 
permit. Operation at 5% of the maximum frequency of a simple RO is 
reasonable. The maximum operation frequency would depend on actual 
implementations and applications though. The chosen ratio yields realistic 
optimum operation points for the technology in question below. 
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Figure 4.19: Demonstration of NAND logic. (a) Circuit diagram of the memristive 
NAND. (b) Input and output voltage sequences. The output of memristive and 
reference NAND are given in red and black, respectively. Only when both Va and Vb 
are high (between 2.5 and 7.5 ns), Vz is low. 

Figure 4.19(a) shows the circuit diagram of a memristive NAND, which is 
considered among the fundamental building blocks for digital circuit. We 
use the same nFET and pFET as we used for the RO. A sequence of voltage 
inputs Va, Vb and output Vz is reported in Figure 4.19(b), with VDD = 0.4 V, 
demonstrating its proper functionality. 

The energy consumption result as a function of VDD is given in Figure 
4.20. Figure 4.20(a) shows the static and dynamic energy per cycle for both 
the memristive and reference NAND. The energy is defined as the average 
over all transitions from each of the 4 input states to another state. The 
static power is the average over 4 static states. With the memristive NAND, 
the leakage energy is reduced by ~ 95%. In addition, the TS switching delay 
also eliminates the short-circuit current [155]. As a result, the dynamic 
power of the memristive NAND at VDD < 0.4 V is lower than that of the 
reference NAND. 

Figure 4.20(b) shows the total energy per cycle as a function of VDD. For 
the reference NAND, the total energy per cycle reaches its minimum of 
33.4 aJ (highest efficiency) at VDD = 0.4 V. The lowest total energy per cycle 
of the memristive NAND is 15.8 aJ at VDD = 0.26 V, where it is more than 52% 
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smaller than the minimum energy of the reference NAND. This corresponds 
to an efficiency gain of 111%. Note that we restrict VDD to be higher than 
0.26 V. Lower values would not be practical, though it can be inferred that 
the performance gain could be even higher at lower VDD. 

(a)

(b)

 
Figure 4.20: (a) The static and dynamic energy per cycle for memristive and reference 
NANDs as a function of VDD. Right axis: frequency of the NAND. (b) The total energy 
per cycle for memristive and reference NAND as a function of VDD. Right axis: the 
ratio of the reference and memristive total energy. 

The memristive NAND lowers the leakage current significantly (~20X) 
and therefore effectively shifts the energy optimal operation voltage of a 
circuit to a lower value. Like most design parameters this effect can be 
exploited by a designer to achieve different energy-delay trade-offs. As an 
example, the nFET threshold voltage could be further reduced, increasing 
the operation speed at the expense of increased leakage. In fact, for the 
result of the memristive NAND reported in Figure 4.20, a 10 % increase in 
leakage (0.4 aJ at VDD = 0.26 V) would completely compensate for the 
performance loss of the TS device at VDD=0.26 V, while still maintaining an 
overall 106% efficiency gain. This way, the memristive circuit offers an 
additional tuning parameter to allow designers to adapt their circuits over a 
broader range. 
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Memristive Full Adder: As the last illustration, we constructed a 
memristive full adder with 9 memristive NAND gates, see Figure 4.21. We 
simulated its characteristics at VDD = 0.4 V, f = 20 MHz, which is the optimal 
operation point of the reference circuit. The corresponding static and 
dynamic powers, as well as efficiency gain, can be found in Table 4.4. The 
dynamic power is the average over all transitions from each of the 8 input 
states to one of the 4 output combinations, whereas the static power is the 
average over the 8 possible input combinations. It is found that the static 
power of this adder is reduced by 94.7 % and the total efficiency is increased 
by 13.9 %. Note that the reference full adder is already operating at the 
optimum VDD with the highest efficiency, while more gain in efficiency could 
be expected if we lower the VDD to the most efficient operation point of the 
memristive full adder. 

B

A

Cin Cout

Sum

 
Figure 4.21: Circuit diagram of the memristive full adder. It consists of 9 memristive 
NAND, as depicted in Figure 4.19. 

Table 4.4: Full Adder Performance comparison. VDD = 0.4 V. 

Full Adder Static Power Dynamic Power Efficiency Gain 

Reference  1.12 nW 6.54 nW  

Memristive  0.059 nW 6.67 nW +13.9% 

4.3.7 Summary 
A 3D TS device with around 10 fA leakage has been combined with CMOS 

transistors to build low power memristive inverter element. A leakage 
current reduction by a factor of 100 was found in the experiment. Also, a 
hysteresis-free operation was demonstrated. Based on these findings the 
power consumption of other interesting memristive circuits was derived 
based on calibrated simulations. Using the proposed memristive circuit 
approach, we find significant reductions of the total power consumption at 
operation speeds up to 100 kHz. Additionally, an improvement of the power 
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efficiency by a factor of 2 is demonstrated for near-threshold computing. All 
of these findings make the proposed approach ideal for low-power 
applications and IoT sensing. 
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60 nm layer of SiOx was deposited on both Pt and Ag electrodes by reactive 
RF magnetron sputtering.  
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memristive electronics, which is inaccessible to traditional on-chip photon 
sources. 

5.3.2 Introduction 
On-chip photon sources are of great interest to the scientific community. 

Ideally, such light sources offer a compact footprint, low power 
consumption, are operated electrically and compatible with the standard 
fabrication, leading to high integration densities and energy-efficient 
operation at reduced cost [30]. Such compact electrically driven photon 
sources would be much needed within integrated circuits. For instance, for 
optically interconnecting processor and memories [27]; or to optically 
communicate a sensing event [28]. In quantum communications, they could 
act as on-chip single photon sources. In the memristive field, they could be 
used to communicate a memristive state [29]. 

Research in compact electrically driven photon sources has led to quite 
a few innovative solutions over the past years. For example, quantum dot 
based light sources already deliver excellent emission efficiency with 
controlled spectra [31, 32] but require complex integration processes for 
fabrication. Electrically driven light emitting tunnel junctions can be 
extremely compact and versatile [33-35, 37]. But, the vertically stacked 
structure still requires a large injection area [37] and fine control over the 
fabrication of a thin oxide barrier; and the in-plane structure requires 
advanced nanofabrication [33] or stochastic arrangement [35] that is not 
scalable. 

More recently, innovative memristive device concepts have 
emerged [143]. Memristive devices are attractive for downscaling, as the 
operation only relies on the movement of a few atoms [49, 50, 199]. The low 
energy, high-speed operation [60] makes memristors suitable for high-
density storage [200], in-memory computing, and neuromorphic 
computing [201]. Also, memristively controlled optical switches [29] and 
photodetectors [39] have been introduced. Yet, so far, the photonic 
operation of a memristor relies on external or co-integrated photon 
sources [40]. 

In this paper, we introduce an atomic scale memristive photon source, 
which complements the toolbox of the memristive optical link. Our device 
features the compact footprint of transistors and the compatibility with the 
emerging memristive technology. The device is based on transient-mode 
electroluminescence (EL) triggered by memristive switching. More precisely, 
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induced by resistive switching. To identify the dominant contributions to the 
respective spectra, the spectra have been fitted by Gaussian functions. 
Besides the new peak at 875 nm, two peaks at ~625 and 745 nm were 
identified in both spectra. 
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Figure 5.19: PL measurement indicating the creation of luminescent defects created 
by resistive switching. (a) Confocal PL scan of the pristine device. The laser power is 
1 µW with an integration time of 1 ms per pixel. (b) Confocal PL scan of the device 
after activation and switching. The laser power is 300 nW with an integration time 
of 0.5 ms per pixel, which yields an approximately six times weaker PL for the SiOx 
(25 kHz in figure b and 160 kHz in figure a). (c) PL spectrum taken at a SiOx spot 
outside of the gap. Gaussian fits are used to interpolate the measured emission. Two 
spectral components may be identified that contribute to the overall emission. (d) 
PL spectrum taken in the gap. A new dominant emission around 875 nm is found. 
This is best seen from the interpolation to Gaussian fits. Note that the intrinsic peak 
at 625 nm in both c and d are normalized to the same amplitude. 

Furthermore, by comparing the two spectra, it is evident that the 
amplitude of the peak at 745 nm after switching is increased by a factor of 
3 compared to the spectrum of SiOx cladding. This again confirms that 
additional luminescence centers are created in the oxide during the resistive 
switching process, which caused an increase in the PL intensity close to this 
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current from getting too high and electrically damaging the APS. The high-
speed probe is also connected to an oscilloscope to measure the current 
from the APS. 

The setup used for the photoluminescence is shown in Figure 5.20(b). 
The inverted microscope allows us to perform photoluminescence 
measurements by inserting a dichroic beam splitter in the microscope 
(Chroma, inc) and using a diode laser at 515 nm wavelength excitation. 

APS

Objective

APD

OilActive Probe

Oscilloscope

APS

Objective

AWG

Oil

Dichroic
Beamsplitter

EMCCD/
APD/

Spectrometer

a b

Laser

 
Figure 5.20: Measurement setup. (a), Setup for microscopic image (Figure 5.15c). In 
the illustration, an electron-multiplying CCD (EMCCD) camera is chosen as a 
detector. It can be exchanged by an APD or spectrometer by selecting the desired 
output port. b, Setup for PL measurement. The dichroic beam splitter allows the 
515 nm diode laser beam to pass through and optically excite the sample. The PL 
beam is reflected from the beam splitter to the APD. 

5.3.7.3 Microscopic Image 
The image shown in Figure 5.15(c) is the result of two images overlayed. 

First, an optical image taken in transmission is acquired with external 
illumination, and no bias applied, as shown in Figure 5.21(a). Then the 
external illumination is switched off, and a bias is applied. The 
corresponding EL microscopic image is shown in Figure 5.21(b). The bright 
spot appears right at the gap between Ag and Pt. 
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Figure 5.25: XPS Measurement of the SiOx. (a) XPS Measurement of the sputtered 
SiOx cladding. (b) XPS Measurement of the glass substrate without SiOx sputtering. 

A more precise ratio is given in Table 5.1. From the table, one can derive 
that both the glass substrate and the deposited SiOx cladding have an 
oxygen ratio above 1:2 at the surface. This is due to the oxygen in the 
atmosphere. Once the surface layer is locally etched by a 500 keV X-ray, the 
ratios change. After 5 min etch, the Si:O ratio becomes close to 1:2 in the 
glass substrate. And the sputtered SiOx indicates that the layer is oxygen-
rich with a Si:O ratio of 29.1:70.9. 

Table 5.1: Si to O ratio extracted from the XPS Measurement. 

 Si:O Ratio: Deposited 
SiOx Cladding 

Si:O Ratio: Glass 
Substrate 

Surface 26:74 31:69 
After 1min 500 keV etch 28.3:71.7 31.8:68.2 
After 5min 500 keV etch 29.1:70.9 33.6:66.4 

 

5.3.7.6 PL of the Pristine Device 
The PL scan of the pristine device in Figure 5.19(a) of the main text 

indicates an almost identical PL in the gap and outside of the gap (in the SiOx 
cladding). The PL scan of the pristine device is shown again in Figure 5.26(a). 
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The PL spectrum was measured both in the gap and the SiOx cladding outside 
of the gap. The raw measurements are shown in Figure 5.26(b). The PL 
intensity in the gap is lower because of the local absorption from the metal 
structure. The normalized PL spectrum is given in Figure 5.26(c). The PL 
spectrum from the deposited SiOx cladding and the gap are almost identical 
before activation. 

The PL spectrum of the SiOx cladding is similar before and after 
activation, while the PL spectra from the gap differ significantly after 
activation. 
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b cRaw Spectrum Normalized  Spectrum

 
Figure 5.26: Photoluminescent measurement of a pristine device. (a) Confocal PL 
scan of the pristine device. (b) Raw data of PL spectra from deposited SiOx and from 
within the gap. (c) Normalized PL spectrum of the gap and the SiOx cladding. The 
plots show that the PL spectra are almost identical at the gap and the SiOx cladding 
outside of the gap before activation. 

5.3.7.7 Reverse-bias Switching 
A reverse-bias resistive switching experiment was performed on a 

pristine device in the absence of a silver filament. The experiment shows 
similar but less intense EL and PL spectral responses as observed under a 
forward-bias resistive switching. 

A negative bias is applied on the Ag electrode of a pristine APS device. 
The negative voltage prevents Ag oxidation and Ag filament formation [206]. 
As a consequence, a much higher voltage was required to induce resistive 
switching (dielectric breakdown). The EL spectrum is measured during 
reverse-bias switching and plotted in red in Figure 5.27(a). The EL spectrum 
of a forward-bias switching is plotted in blue for comparison, and they look 
alike. 

After the initial forming, a confocal PL scan was performed on the device 
(see Figure 5.27b). A bright spot is observed in the gap, indicating a new 
emission center generated after the reverse-bias switching at around 
850 nm. The PL spectrum of both the gap and SiOx cladding is shown in 
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Figure 5.27(c); the spectrum of the gap (shown in red) indicates an 
additional PL luminescence in the spectral range of 700 nm to 900 nm. To 
better distinguish the newly generated emission center in the gap, a 50 nm 
bandpass optical filter centered at 850 nm was inserted before the APD. The 
confocal scan is shown in Figure 5.27(d). Based on these PL measurements, 
one can see that the newly generated emission center during reverse-bias 
switching is similar to the PL observed in forward-bias switching reported in 
Figure 5.19. 
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Figure 5.27: Investigation of luminescence under forward- and reverse-bias. Before 
reverse-bias switching, no forward-bias switching has ever been applied, and no Ag 
is migrated into the gap. (a) the measured EL spectrum of a device under reverse-
bias switching (red curve). For comparison, the EL spectrum of another device under 
forward-bias switching is plotted in blue. The EL spectrum of both the forward- and 
reverse-bias switching is similar. Please note that the emission spectra have been 
normalized. In reality, the forward-biased spectrum is much more intense. (b) 
Confocal PL scan of one device after reverse-bias switching. The PL in the gap during 
reverse-bias switching is weaker than what one would see under forward-bias 
switching. Nevertheless, a luminescent spot is still visible in the gap. The laser power 
is 300 nW with an integration time of 0.5 ms per pixel. (c) The measured PL spectrum 
in the gap and in the SiOx cladding outside of the gap under reverse-bias switching. 
The PL spectrum of the gap indicates a new PL centered around 750 nm, which is 
also observed in the PL scan taken under forward-bias switching, as shown in Figure 
5.19d. (d) Confocal PL scan of one device after reverse-bias switching, with a 50 nm 
optical bandpass filter centered at 850 nm. This confirms that the newly generated 
luminescence with a wavelength around 850 nm is present, similar to what one 
would expect in the forward-bias case in Figure 5.19d of the main text. 
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Figure 5.28: PL lifetime measurement. (a) Confocal PL scan of one device after 
resistive switching. (b) Confocal PL scan shot with a 50 nm bandpass filter centered 
at 850 nm. The emission centered at 875 nm is now clearly visible. (c) PL lifetime of 
the deposited SiOx cladding without a filter. (d) PL lifetime of the emission in the gap, 
with filter. 
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