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Abstract 
 
Programmable resistors are widely explored devices 
as building blocks for analog deep learning 
accelerators. In this work, we demonstrate Si-
compatible nanoscale protonic devices based on 
phosphosilicate glass (PSG) electrolyte. The 
conductance modulation characteristics of our 
devices are ideal in terms of fast operation (5 
ns/pulse), high energy efficiency (~fJ/pulse), large 
dynamic conductance range, linearity, symmetry, 
reversibility, retention, and high endurance. This 
paper summarizes the fabrication and characteristics 
of these devices with particular attention to the proton 
dynamics during fast operation. 
 
(Keywords: Analog deep learning, protonics, non-
volatile Devices) 

Introduction 
Acceleratingly increasing deep learning workloads 
are fast becoming unmanageable for digital 
processors [1]. Analog hardware has attracted great 
interest as an alternative paradigm to provide high 
throughput matrix algebra using a fraction of the 
energy of digital hardware [2]. The building blocks of 
these analog architectures are programmable resistors 
with intrinsic physical properties that can be used to 
process information. For these operations to be 
performed accurately, devices need to satisfy a long 
list of strict requirements [3]. Unfortunately, none of 
the existing devices repurposed from memory 
applications matches the needs [4]. Considering that 
those devices were originally optimized for 
information storage purposes, they naturally have 
fundamental shortcomings in this new information 
processing application. 
A new device family based on electrochemically 
controlled ion intercalation to an active channel has 
gained interest thanks to their promising 
characteristics [5-11]. The fundamental idea behind 
these devices is dynamic doping of a semiconductor 
through the application of electrical pulses (Fig. 1). 
Early variants of this device concept were based on 
mature-but-CMOS-incompatible Li+ ion [5] while 

later attempts have used compatible, yet difficult to 
move O2- based alternatives (i.e., large and heavy ion) 
[6]. Ultimately, H+ (proton)-based variants have 
come into focus for their small size and light mass, 
promising fast and energy-efficient operation [7]. 
Recently, we have resolved the critical limitation of 
protonic devices: the absence of a CMOS-compatible, 
solid-state material system [8-10]. In this paper, we 
summarize the ultrafast modulation characteristics of 
these devices (Fig. 2) which display outstanding 
energy efficiency under extreme electric fields. 

Device Structure and Operation 
The basic operation principle of the devices is based 
on shuttling protons from a Pd reservoir (gate) into a 
WO3 active channel through a PSG electrolyte. Each 
positive voltage pulse applied to the gate transfers a 
controlled number of protons into the channel, 
increasing its conductivity by an incremental amount. 
The application of a negative pulse reverses this 
process, reducing the conductivity back. Thanks to 
the small size of protons, this process does not 
mechanically stress or strain the material, ensuring 
high endurance. Moreover, since the modulation of 
these devices is through macroscopic chemical and 
electronic modifications, their behavior is distinctly 
controllable and deterministic. Finally, in the absence 
of programming pulses, protons remain stationary, 
and the device conductance remains unchanged (i.e., 
nonvolatile). 

Results 
Figure 3A shows the conductance modulation of a 
device with a 50 nm × 150 nm active area with 10 nm 
thick PSG for 1000 positive voltage pulses followed 
by 1000 negative ones [9]. The devices display ideal 
characteristics in terms of: (1) high modulation speed 
(5 ns/pulse), (2) nearly linear and symmetric behavior 
for incremental and decremental changes, (3) good 
retention (~1010×  times longer than programming 
pulse, Fig. 3B), (4) large dynamic range (20×), (5) 
optimal base resistance of 88 MΩ, and (6) high 
endurance without any degradation (Fig. 3C) over 105 
pulses. Moreover, devices consumed only ~2.5 
fJ/pulse which was almost exclusively capacitive loss 
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(i.e., CV2), whereas the energy associated with 
shuttling protons was merely ~15 aJ/pulse. As a result, 
these protonic devices display state-of-the-art 
combined material, processing, and performance 
properties for analog deep learning applications. 
In order to further establish the high-speed 
modulation of these devices, we have recorded the 
channel current with a 170 MHz bandwidth during 
the application of 10 copies of 5 ns pulses (Fig. 4). 
The results show that the conductance modulation 
occurs in an impulse-like fashion, without any 
extended equilibration period [10].  
Nonetheless, capturing the dynamics during 
programming was not possible for 5 ns pulses, which 
is why we opted to study device dynamics with μs-
long ones (Fig. 5, right). There are 4 distinct 
components expected for the channel current: (a) gate 
leakage, (b) electronic displacement, (c) volatile 
field-effect, and (d) non-volatile intercalation effect. 
Of these, gate leakage was found to be negligible 
(data not shown).  
To isolate the different components, we first applied 
a 3 V pulse before device protonation (red trace in Fig. 
5, left). Under this condition, only electronic 
displacement current was observed during the rising 
and falling edges of the programming pulse. These 
results were expected since there are no mobile 
protons within the device. 
Repeating the same programming pulse after the 
protonation of the stack (i.e., forming gas, FG, 
treatment), still does not show an intercalation signal 
(no residual increase in the channel current after the 
pulse comes to an end). However, the signal (blue 
trace) exhibits a distinct new component on top of the 
previously observed displacement currents. This 
component evolves (and disappears) with the pulse 
voltage, leaving no residual change behind (i.e., 
volatile). The nature of this additional current is a 
proton-induced field-effect in the n-type WO3 
channel. This is due to an increase in the electron 
concentration in reaction to the pile-up of positively-
charged protons within the PSG layer adjacent to the 
WO3 interface. In other words, the protons within the 
electrolyte lead to a negative threshold voltage shift. 
Ultimately, non-volatile proton intercalation is only 
observed when the amplitude of the programming 
pulse is increased (4.5 V). The evolution of this effect 
manifests itself as a distinct current rise during the 
pulse plateau, which ultimately results in a permanent 

current enhancement after the pulse ends. 

Conclusion 
In summary, we have demonstrated CMOS-
compatible nanosecond programmable protonic 
resistors with outstanding energy efficiency and near 
ideal modulation characteristics. Future work will 
focus on optimizing the PSG/WO3 interface to reduce 
the programming voltage. 
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Fig. 1. Operation of a programmable resistor based on ion intercalation 

under (A) positive pulse, (B) negative pulse, and (C) no pulse conditions. 

  

Fig. 2. (A) 3-D illustration, (B) False-colored top-view SEM image, and 

(C) TEM cross-section image of a protonic programmable resistor. Figure 

adapted from [9]. 

 

 

Fig. 5. Is (left) under positive gate voltage pulse drive (right). Negligible ΔGFE in the absence 

of protons (i.e., before FG treatment, red). After FG treatment (blue, green), a volatile ΔGFE is 

observed. When Vpulse is sufficiently high (green), a nonvolatile ΔGINT is generated. If Vpulse is 

small enough (blue), no intercalation takes place. Figure adapted from [10].  

 

 

 

Fig. 4. Modulation behavior of a 30 × 

5000 nm active area device with 

dPSG=10 nm for -12 V, 5 ns gate pulses 

under VDS=-0.5 V captured at 170 MHz. 

(A) Linear, gradual deprotonation of the 

channel over 10 pulses. (B) IS(t) before, 

during, and after the first pulse on a finer 

time scale, clearly displaying impulse-

like fast modulation characteristics. 

Figure adapted from [10]. 

 

 

Fig. 3 (A) Modulation performance of a 50 nm × 150 nm active area protonic device showing 

fast (5 ns/pulse), nearly linear, and symmetric characteristics. (B) Retention, and (C) endurance 

behavior of the protonic device. Figure adapted from [9]. 
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