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Current-induced Switching of a Ferromagnetic Weyl Semimetal Co2MnGa
J. Han, B. C. McGoldrick, C.-T. Chou, T. S. Safi, J. T. Hou, L. Liu
Sponsorship: NSF, Semiconductor Research Corporation Program

The introduction of magnetic moments to topological 
materials provides rich opportunities for studying the 
interplay among magnetism, electron correlation, and 
topological orders, which can give rise to exotic magne-
toelectric effects and allow one to manipulate the to-
pologically nontrivial band structure via spintronic ap-
proaches. Weyl semimetal is a type of novel topological 
material that exhibits exotic magnetoelectric effects 
enabled by the Berry curvature around the Weyl nodes 
of the topological band structure. The valley conserva-
tion of Weyl node also provides a potential source of 
robust tunneling magnetoresistance, which can be uti-
lized to develop energy efficient memory devices. 

In this work, current-induced spin orbit torque 
switching of ferromagnetic Weyl semimetal Co2MnGa 
perpendicular magnetic anisotropy (PMA) is 
demonstrated. X-ray diffraction results confirm that 
the Co2MnGa is epitaxially grown and in L21 phase of 

the  space group, which has been theoretically 
predicted and experimentally shown to own 
topological Weyl states. The strong anomalous Hall 
effect associated with Weyl states is also observed. The 
thickness of Co2MnGa is tuned to have PMA, and 
current-induced switching of PMA Co2MnGa is 
achieved by an adjacent Pt layer through spin-orbit 
torque. The reversal of the large anomalous Hall signal 
indicates an effective electrical control of the Berry 
curvatures and therefore the associated 
magnetoelectric effects. The efficiency of the spin-
orbit torque switching is calibrated to be comparable 
to that in conventional ferromagnets. Given the 
compatibility of Co2MnGa films with various 
spintronic devices and techniques, our work represents 
an essential step towards incorporating topological 
ferromagnetic materials in memory and computing 

devices.

 ▲Figure 1: (a) Crystal structure of Co2MnGa (CMG), (b) XRD θ-2θ scan of a 70-nm 
Co2MnGa film grown on (001) MgO substrate, (c) Hall resistance as a function of the out-
of-plane field Hz, (d) current-induced switching with different minimum writing currents.

FURTHER READING

• J. Han, B. C. McGoldrick, C.-T. Chou, T. S. Safi, J. T. Hou, and L. Liu, “Current-induced Switching of a Ferromagnetic Weyl Semimetal Co2MnGa,” 
Appl. Phys. Lett., vol. 119, p. 212409, 2021.



MICROSYSTEMS ANNUAL RESEARCH REPORT 2022 Electronic, Magnetic, Superconducting, and Sprintronic Devices 35

3-D Printed Quadrupole Mass Filters for CubeSat Mass Spectrometry 
A. Diaz, L. F. Velásquez-García
Sponsorship: MIT Portugal 

Mass spectrometry is the gold standard for quantitative 
chemical analysis. Mass spectrometers employ mass fil-
ters that generate electromagnetic fields to sort out in 
vacuum the ionized constituents of a sample based on 
their mass-to-charge ratio, making it possible to deter-
mine the chemical composition of the sample. Howev-
er, mass spectrometers are typically large, heavy, and 
power hungry, restricting their deployability into in-si-
tu, portable, and hand-held scenarios, e.g., CubeSats. 
Miniaturization of electronics and mass spectrometry 
hardware has made possible the implementation of 
compact instruments. Nonetheless, instrument min-
iaturization has been attained at the expense of great 
loss in performance, caused in part by fabricating un-
ideal electrode shapes and losing assembly resolution 

via post-assembly. Via additive manufacturing, it is 
possible to create monolithically and more precisely 
electrode shapes, avoiding some or most of the key 
assembly steps in a traditional mass filter, potentially 
resulting in hardware that performs better. 

In this project we are developing compact, 
monolithically 3D-printed RF quadrupole mass filters 
that operate in the MHz range. Figure 1 shows an 
early-stage prototype of this filter. Moreover, the work 
includes developing compact, precision electronics 
for running the quadrupole and reading the current 
transmitted by the mass filter (Figure 2). We will also 
explore ideas for improving the performance of the 
mass filter, e.g., operating the devices in the second 
stability region.

 XFigure 2: Full bridge class D 
amplifier setup to maximize power 
efficiency with a 2.65-MHz driving 
frequency. 

 WFigure 1: 3-D printed prototype of a quadrupole with conductive elec-
trodes and non-conductive supporting structure.

FURTHER READING

• L. F. Velásquez-García, K. Cheung, and A. I. Akinwande, “An Application of 3D MEMS Packaging: Out-Of-Plane Quadrupole Mass Filters,” J. 
Microelectromech. Syst., vol. 16, no. 6, pp. 1430-1438, Dec. 2008.

• K. Cheung, L. F. Velásquez-García, and A. I. Akinwande, “Chip-Scale Quadrupole Mass Filters for Portable Mass Spectrometry,” J. 
Microelectromech. Syst., vol. 19 no. 3, pp. 469-483, June 2010.

• Z. Sun, G. Vladimirov, E. Nikolaev, and L. F. Velásquez-García, “Exploration of Metal 3-D Printing Technologies for the Microfabrication of 
Freeform, Finely Featured, Mesoscaled Structures,” J. Microelectromech. Sys., vol. 27, no. 6, pp. 1171-1185, Dec. 2018.
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Compact, Monolithic, Additively Manufactured Quadrupole Mass Filters
C. Eckhoff, L. F. Velásquez-Garcia 
Sponsorship: Empiriko Corporation

Mass spectrometry (MS) is the gold standard for identi-
fying matter. Whether quantitative precision is needed 
to study absolute amounts of target molecules or qual-
itative resolving power is needed to discriminate iso-
topes down to a single neutron of difference, MS is of-
ten the tool of choice in the biotech and medical fields. 
However, the emergent focus of medical device indus-
tries on point-of-care (POC) testing has not brought 
with it a POC MS device satisfying the requirements of 
physicians and clinical regulatory agencies. 

Our group seeks to improve POC MS systems 
by creating novel micro-electromechanical system 
(MEMS ) mass filters, using design techniques 
permitted exclusively by additive manufacturing. 
This includes arbitrary electrode shapes, precision 
electrode alignment, and the efficient use of device 
space. Our manufacturing approach is to use a digital 
light processing of glass-ceramic resin to produce 
monolithically fabricated, pre-aligned hyperbolic 
electrodes (Figure 1). By integrating parts that are 
usually separate, monolithic designs reduce the need 

for fastening, alignment, and mounting hardware. This 
not only reduces costs but increases assembly precision, 
improving quadrupole resolution. Furthermore, the 
hyperbolic geometry of the quadrupole electrode rods 
eliminates field harmonics that are present on common, 
commercial circular rods. Plating is used to metallize 
the electrodes (Figure 2), resulting in thermally stable, 
electrically conductive electrodes.

Additive manufacturing, mass filter design, and 
post-print metallization all pose challenges of their 
own; when these processes are combined, even greater 
challenges exist. Our research currently focuses on 
optimizing each of these processes while considering 
the needs and effects of the other processes. For 
instance, we have designed a working quadrupole 
filter that prints well in ceramic while also being easy 
to metallize. Proof-of-concept data is being collected 
for the early prototypes, which will guide future 
refinement and miniaturization of the quadrupole 
design.

FURTHER READING

• L. F. Velásquez-García, K. Cheung, and A. I. Akinwande, “An Application of 3D MEMS Packaging: Out-oOf-Plane Quadrupole Mass Filters,” J. 
Microelectromech. Syst., vol. 16, no. 6, pp. 1430- – 1438, Dec. 2008.

• K. Cheung, L. F. Velásquez-García, and A. I. Akinwande, “Chip-Scale Quadrupole Mass Filters for Portable Mass Spectrometry,” J. 
Microelectromech. Syst., vol. 19, no. 3, pp. 469- – 483, June 2010.

• Z. Sun, G. Vladimirov, E. Nikolaev, and L. F. Velásquez-García, “Exploration of Metal 3-D Printing Technologies for the Microfabrication of 
Freeform, Finely Featured, Mesoscaled Structures,” J. Microelectromech. Sys., vol. 27, no. 6, pp. 1171- – 1185, Dec. 2018.

 ▲Figure 1: CAD model of singular, monolithic quadrupole mass 
filter.

 ▲Figure 2: Close-up photo of metallized, 3D-printed electrodes.



MICROSYSTEMS ANNUAL RESEARCH REPORT 2022 Electronic, Magnetic, Superconducting, and Sprintronic Devices 37

Robust and Scalable Vertical GaN Transistor Technology 
J.-H. Hsia, J. Perozek, A. Zubair, R. Molnar, J. Niroula, O. Aktas, V. Odnoblyudov, T. Palacios 
Sponsorship: Advanced Research Projects Agency-Energy

FURTHER READING

• Y. Zhang, M. Sun, J. Perozek, Z. Liu, A. Zubair, D. Piedra, N. Chowdhury, X. Gao, K. Shepard, and T. Palacios, "Large-Area 1.2-kV GaN Vertical 
Power FinFETs with a Record Switching Figure of Merit," IEEE Electron Device Letters, vol. 40, no. 1, pp. 75-78, Jan. 2019, doi: 10.1109/
LED.2018.2880306.

• M. Itoh, T. Kinoshita, C. Koike, M. Takeuchi, K. Kawasaki, and Y. Aoyagi, “Straight and Smooth Etching of GaN (1 1 0 0) Plane by Combination of 
Reactive Ion Etching and KOH Wet Etching Techniques," Jpn. J. Appl. Phys., vol. 45, no. 5A, pp. 3988-3991, May 2006. doi: http://doi.org/10.1143/
JJAP.45.3988.

Vertical GaN fin field-effect transistors (FinFETs) have 
attracted significant research interest due to their po-
tential in overcoming the limitations of traditional 
lateral devices. The unique vertical structure provides 
area-independent, large breakdown voltages, improved 
thermal management, and reduced susceptibility to 
surface states, which make GaN FinFETs excellent 
candidates for high performance, highly scaled power 
and radio frequency (RF) devices.  However, one of the 
biggest challenges in this field is the complex, low yield 
fabrication of these devices. Over last few years, our 
group has developed a robust process flow for vertical 

GaN FinFETs, whose basic structure is shown in Figure 
1a. One of the key fabrication technologies we use is 
anisotropic wet etch based on heated tetramethylam-
monium hydroxide, which smoothens the fin sidewalls 
and improves channel properties (Figure 1b). The use of 
this technology produced devices with high yields for 
both RF and power applications. Furthermore, we have 
obtained excellent device characteristics for our fully 
vertical bulk GaN devices (Figure 2). We are currently 
extending our fabrication technology to build more ad-
vanced vertical GaN structures, such as vertical super 
junction devices.

 ▲Figure 1: (a) Basic device structure of vertical GaN FinFET. (b) Scanning 
electron microscope image of GaN fin channels with smooth sidewall.

 ▲Figure 2: (a) Transfer and (b) Output characteristics of our fully vertical 
bulk GaN device.
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Modeling Defect-level Switching for Highly-Nonlinear and Hysteretic Electronic 
Devices
J. Dong, R. Jaramillo
Sponsorship: Office of Naval Research MURI (N00014-17-1-2661)

Many semiconductors feature defects with charge 
state transition levels that can switch due to structure 
changes following defect ionization: we call this de-
fect-level switching (DLS). For example, DX centers in 
III-V compounds can switch between deep and shallow 
donor configurations. This effect is known to produce 
persistent photoconductivity. We recently demonstrat-
ed highly-nonlinear, hysteretic, two-terminal electronic 
devices using DLS in CdS   DLS devices operate in the 
opposite sense to most resistive switches: they are in 

a high-conductivity state at equilibrium. Although 
DLS uses the crystal defects that are responsible for 
photoconductivity, DLS devices operate without light 
and can be orders-of-magnitude faster. In this work 
we use theory and numerical simulation to explore the 
design space of DLS devices, emphasizing the tradeoff 
between switching speed and on/off ratio. Our results 
establish a platform for future numerical optimization 
of circuits using DLS-based resistive switches.

 ▲Figure 1: (a) Metal-semiconductor DLS heterojunction device schematic. (b) System enthalpy vs. atomic configu-
ration around the DLS-active defect. (c) Current-voltage characteristics of a DLS device for various drive frequencies. 
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Impact of Gate Geometry on Threshold Voltage Instability of p-GaN-Gate High-
electron-mobility Transistors
E. S. Lee, J. A. del Alamo
Sponsorship: Texas Instruments

Enhancement-mode GaN high-electron-mobility tran-
sistors (HEMTs) that incorporate a p-doped GaN layer 
in the gate stack are attractive for power electronics 
due to a positive threshold voltage, low resistance, and 
high voltage capabilities. However, the p-GaN layer 
brings concerns on instability of the threshold voltage. 
Experimental studies in this type of devices have re-
vealed the occurrence of threshold voltage shifts, both 
recoverable and permanent. Furthermore, the p-GaN 
sidewall has been found responsible for poor reliabili-
ty and excessive gate leakage. This realization suggests 
a gate design in which the p-GaN is longer than the 
Schottky gate contact, resulting in a p-GaN offset, as 
sketched in Figure 1. Among other considerations, it is 

important to understand the reliability implications of 
transistor designs where the p-GaN layer is longer that 
the metal Schottky barrier. 

We have experimentally studied the reliability 
of industrial pre-competitive p-GaN HEMTs with 
different gate dimensions. In particular, we have 
studied the impact of prolonged positive gate bias 
stress on the electrical characteristics of the devices. 
Our study reveals a new permanent threshold voltage 
degradation mechanism that uniquely takes place 
in the offset region of the gate. This is a concern as it 
might compromise long-term reliability. Our research 
thus reveals the existence of a constraint on how long 
the offset region of p-GaN HEMTs can be.

FURTHER READING

• E. S. Lee, J. Joh, D. S. Lee, and J. A. del Alamo, “Impact of Gate Offset on PBTI of p-GaN Gate HEMTs,” 2022 IEEE International Reliability Physics 
Symposium (IRPS), 2022.

• E. S. Lee, J. Joh, D. S. Lee, and J. A. del Alamo, “Gate-geometry Dependence of Dynamic Vt in p-GaN Gate HEMTs,” 2022 34th International 
Symposium on Power Semiconductor Device and Ics (ISPSD), 2022.

• E. S. Lee, J. Joh, D. S. Lee, and J. A. del Alamo, “Gate-geometry Dependence of Electrical Characteristics of p-GaN Gate HEMTs,” Appl. Phys. Lett., 
vol.  120, p. 082104, 2022. https://doi.org/10.1063/5.0084123.

 ▲Figure 1: (Left) simplified schematic of p-GaN HEMT. LSBD = 0.7μm is the metal-gate/p-GaN interface length, 
LPIN is the p-GaN/AlGaN/GaN heterostructure length, and Loffset = LPIN – LSBD. (Right) changes to Vt as a func-
tion of increasing VGS step stress for devices with different Loffset. Regime III, associated with a prominent positive 
Vt shift disappears as Loffset is reduced below 0.7 µm.
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In-situ Monitoring of Dynamic Threshold Voltage in GaN Transistors Under Multi-
pulse Hard-switching Conditions
A. Massuda, J. A. del Alamo
Sponsorship: Analog Devices

Recently, GaN HEMT technology entered a new gener-
ation of development and production. With the pros-
pect of power management applications, a successful 
technology must meet strict reliability requirements. 
Since power management applications involve operat-
ing the transistors under repeated switching, reliability 
and robustness under pulsed operation is a concern. In 
this mode, parameters such as dynamic on-resistance, 
RDS,ON, and threshold voltage, VTH, are subject to the 
influence of various trapping effects as well as perma-
nent degradation. Since GaN HEMT has relatively low 
turn-on VTH, it is more susceptible to high di/dt and dv/
dt during the dynamic operation. 

RDS,ON has been the major focus in switching 

reliability studies of GaN power transistors. In 
contrast, the impact of a shift in VTH as an indicator to 
detect device degradation remains much less studied. 
This work explores a test system for in-situ monitoring 
of VTH during sustained double-pulsed switching 
operation. The circuit diagram is shown in Figure 
1a. By using a gate driver design with separate gate 
resistors for turn-on and -off (Figure 1b.), the user can 
fine-tune the turn-on speed to optimize the extraction 
of VTH (Figure 1c,d). This study will contribute to 
understanding the impact of hard switching on 
dynamic VTH shifts and dynamic RDS,ON of GaN power 
transistors.

 ▲  Figure 1: (a) Schematic for the double-pulse test setup. (b) Gate driver design to 
enable selecting the right gate resistor to tune the turn-on slew rate. (c) Simulation for 
various RGON in gate driver showing that: (d) extracted VTH is within specs.

FURTHER READING

• H. Wang, J. Wei, R. Xie, C. Liu, G. Tang, and K. J. Chen, "Maximizing the Performance of 650-V p-GaN Gate HEMTs: Dynamic RON 
Characterization and Circuit Design Considerations," IEEE Transactions on Power Electronics, vol. 32, pp. 5539-5549, 2017.

• M. Meneghini, G. Meneghesso, and E. Zanoni, "Analysis of the Reliability of AlGaN/GaN HEMTs Submitted to On-State Stress Based on 
Electroluminescence Investigation," IEEE Transactions on Device and Materials Reliability, vol. 13, pp. 357-361, 2013.
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Ising Machine Based on Electrically Coupled Spin Hall Nano-Oscillators
B. C. McGoldrick, J. Z. Sun, L. Liu
Sponsorship: MIT-IBM Watson AI Lab

Combinatorial optimization (CO) problems are ubiqui-
tous in real-world applications, such as computer net-
working, very large-scale integration (VLSI) circuit de-
sign, and operations research. However, most of these 
problems remain unsolvable on traditional von Neu-
mann computing architectures. These architectures 
suffer from a “bus bottleneck” whereby the shuffling of 
data between separate memory and computing units 
results in high latency. Unconventional computing ar-
chitectures such as Ising machines have been proposed 
based on new hardware systems with novel physics 
that are better-suited for solving CO problems.

The Ising machine is composed of a coupled 
network of nonlinear oscillators, shown in Figure 1, on 
which CO problems can be mapped and subsequently 
solved using the natural phase synchronization 
dynamics. GHz spin Hall nano-oscillators (SHNOs) are 
a particularly attractive technology for building fast, 

energy-efficient, and scalable computing systems; 
however, due to a lack of general modeling tools, the 
performance of Ising machines based on electrically 
coupled SHNOs has  not yet been studied in detail.

In this work, we develop a new analytical 
framework describing SHNO synchronization that is 
integrated into an efficient device model for scalable 
circuit-level simulations of the Ising machine. We study 
the performance of the SHNO-based Ising machine 
using networks up to hundreds of coupled oscillators. 
As seen in Figure 2, we predict that the SHNO network 
can solve CO problems orders of magnitude faster than 
previous approaches and with ultralow power and a 
small footprint thanks to the devices’ nanoscale size. 
Our results illuminate important considerations in 
designing an Ising machine based on SHNOs that can 
efficiently solve full-scale CO problems with widely 
useful applications.

FURTHER READING

• B. C. McGoldrick, J. Z. Sun, and L. Liu, “Ising Machine Based on Electrically Coupled Spin Hall Nano-Oscillators,” Physical Review Applied, vol. 
17, pp. 014006, Jan. 2022.

 ▲Figure 1: Electrically coupled network of four oscillators that can 
be used to solve CO problems encoded by coupling weights Jij.

 ▲Figure 2: Solution time of SHNO Ising machine (blue) com-
pared to previously proposed LC oscillator Ising machine (orange).
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Nanoscale Protonic Programmable Resistors for Analog Deep Learning
M. Onen, N. Emond, B. Wang, D. Zhang, F. M. Ross, J. Li, B. Yildiz, J. A. del Alamo 
Sponsorship: MIT-IBM Watson AI Lab

Interest in engineering the ideal programmable resis-
tor for analog deep learning applications has skyrock-
eted due to increasing workloads of deep learning prob-
lems. Ion intercalation-based programmable resistors 
have emerged as a potential next-generation technol-
ogy for analog deep learning applications. While there 
have been previous successful demonstrations using 
Li+ and O2- as the working ion, the former is incompat-
ible with Si-integration whereas the latter is too large 
and heavy to be moved around, limiting the operation 
speeds and energy efficiency. In this regard, H+ as the 
lightest ion available and eminently CMOS compatible 
is an interesting candidate.

Previously, we demonstrated the first back-end 
CMOS-compatible non-volatile protonic programmable 
resistor enabled by the integration of phosphosilicate 
glass (PSG) as the proton solid electrolyte layer. PSG is 
an outstanding solid electrolyte material that displays 

both excellent protonic conduction and electronic 
insulation characteristics. Moreover, it is a well-known 
material within conventional Si fabrication, which 
enables precise deposition control and scalability. 

In this work, we further optimize the material 
stack and fabrication process to realize nanoscale 
devices. The devices show excellent modulation 
characteristics by means of dynamic range, the number 
of states, modulation symmetry, retention, endurance, 
and energy efficiency. Furthermore, we provide a 
theoretical framework for room temperature ionics, 
based on electrical characterization under different 
operation conditions and metrological evidence 
obtained via TEM. This new device technology 
presents all-desirable characteristics to realize analog 
accelerators for deep learning applications and can 
serve as a platform to further explore ultrafast ionics.

FURTHER READING

• M. Onen, N. Emond, J. Li, B. Yildiz, and J. A. del Alamo, "CMOS-compatible Protonic Programmable Resistor Based on Phosphosilicate Glass 
Electrolyte for Analog Deep Learning," Nano Letts., vol. 21, no. 14, pp. 6111-6116, 2021.

 ▲Figure 1: Cross section, scanning electron microscopic, and transmission electron microscope images of a 
nanoscale protonic programmable resistor
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Vertical GaN Superjunction Transistors
J. Perozek, A. Zubair, R. Molnar, T. Palacios
Sponsorship: Advanced Research Projects Agency-Energy Power Nitride Doping Innovation Offers Devices Enabling 
SWITCHES

Increasing sustainable energy practices have spurred 
the need for next generation power conversion sys-
tems. At their core, these systems, which are essential 
for solar farms, data centers, and electric vehicles, re-
quire small, fast, and affordable power transistors. 
While gallium nitride (GaN) as a material is uniquely 
suited for these applications, existing transistors are 
far from optimized. Their inability to control the elec-
tric fields within the device have prevented commercial 
transistors from achieving the performance promised 
by theoretical studies.

We aim to use our expertise in fabricating 
vertical GaN fin field-effect transistors (FinFETs) to 
push beyond the unipolar limit and create the first 
GaN superjunction transistors. These transistors 
use alternating n- and p-type regions to optimize the 
electric field profile within the transistor to reach the 
theoretical limits of semiconductor performance. As 
shown by the red lines in Figure. 1, such devices could 
outperform existing tech by 50-100× and significantly 
improve energy conversion efficiency.

 ▲Figure 1: Theoretical limits for the specific on-resistance and breakdown voltages of several material system for 
both unipolar (gray) and super-junction (red) based devices of varying column widths. 
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Nanoporous Gadolinium-doped Ceria-based Protonic Solid-state Electrochemical 
Synapse for CMOS-compatible Neuromorphic Computing
S. Ryu, H. G. Seo, M. Huang, J. A. del Alamo, J. Li, B. Yildiz  
Sponsorship: MIT-IBM Watson AI Lab 

FURTHER READING

• X. Yao et al., “Protonic Solid-State Electrochemical Synapse for Physical Neural Networks,” Nature Communications, vol. 11, p. 3134, 2020. 
• M. Onen et al., “CMOS-Compatible Protonic Programmable Resistor Based on Phosphosilicate Glass Electrolyte for Analog Deep Learning,” 

Nano Letters, vol. 21, no. 14, pp. 6111-6116, 2021.

Artificial neural networks offer great opportunities in 
artificial intelligence application. However, the hard-
ware structures must overcome the decreasing scaling 
effectiveness of transistors and the intrinsic inefficien-
cy of employing transistors in von-Neumann comput-
ing architectures. Diverse physical neural networks 
have demonstrated promising implementation of ma-
chine learning algorithms. However, currently devel-
oped physical processors suffer from poor device-to-de-
vice uniformity or high energy dissipation.

To address the issue, we mainly focus on protonic 
electrochemical artificial synapses. Protons are the 
smallest ions requiring low energy for transport, and 
the protonic synapse modulates conductance states 
via electrochemical proton intercalation. Therefore, 
the protonic electrochemical memristors can realize 
low energy computation using shuffling of protons. 
Also, uniform switching properties can be obtained by 

controlling a fixed number of protons and electrons 
into active switching channel materials. 

However, most conventional protonic 
electrochemical artificial synapses are incompatible 
with complementary metal-oxide-semiconductor 
(CMOS) fabrication due to polymeric proton 
electrolytes. Inspired by our former research 
demonstrating a CMOS-compatible protonic 
programmable resistor, we developed nanoporous Gd-
doped ceria as an inorganic solid proton electrolyte, 
which provides efficient proton transport at room 
temperature via physisorbed water channels at the 
open pores. Controlling microstructures enables 
higher proton conductivities in the electrolytes and 
low energy computation based on controlling proton 
movement. This work provides a path to solution of 
CMOS-compatible energy efficient computing.

 ▲Figure 1. (a) Top view scanning electron microscope image of nanoporous Gd:CeO2 proton electrolytes. (b) Electro-
chemical impedance spectroscopic analysis of nanoporous Gd:CeO2 electrolytes. (c) Device schematics of protonic elec-
trochemical random access memory consist of proton reservoir (R), proton electrolytets (E), and active switching channel 
(A), source and drain (S & D). (d): Representative conductance modulation characteristics of the device.
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Sub-10-nm Diameter Vertical Nanowire p-Type GaSb/InAsSb Tunnel FETs
Y. Shao, J. A. del Alamo 
Sponsorship: Intel Corporation

Tunnel field-effect transistors (TFETs) have attracted 
great attention due to their ability to operate with a 
sub-thermal subthreshold swing (S), which promises 
significant reduction in supply voltage and static pow-
er consumption in logic circuits. III-V materials are of 
particular interest in designing TFETs, thanks to the 
flexibility of band engineering and their superior trans-
port properties. To date, III-V n-type TFETs with S < 60 
mV/dec and decent drive current have been demon-
strated. Nevertheless, for application in logic circuits, a 
complementary p-type III-V TFET is needed, preferably 
with similar performance to that of the n-type devices.

In this work, we have fabricated sub-10-nm 

diameter vertical nanowire (VNW) GaSb/InAsSb 
broken-band p-type TFETs through a top-down 
approach. One of our devices demonstrates a peak 
transconductance of 90 µS/µm at |Vds| = 0.3 V, which 
improves the state-of-the-art 3-D p-type TFETs by 
100%. A linear Smin of 225 mV/dec is obtained in the same 
device, demonstrating a good balance between on-state 
and subthreshold regime. Clear negative differential 
resistance is observed at room temperature, a first 
in any III-V p-type TFETs, with the highest peak-to-
valley-current-ratio being 3.1. This work shows the 
great potential of ultra-scaled III-V VNW TFETs on 
future complementary logic circuit applications.

FURTHER READING

• Y. Shao, and J. A. del Alamo, "Sub-10-nm Diameter Vertical Nanowire p-Type GaSb/InAsSb Tunnel FETs," IEEE Electron Device Letters, vol. 43, 
no. 6, pp. 846-849, Jun. 2022, doi: 10.1109/LED.2022.3166846.

 ▲Figure 1: Schematics of (a) starting heterostructure and (b) 
device cross-sectional view.

 ▲Figure 2: (a) Output and (b) transfer characteristics of a D = 
9 nm device. Inset in (b) shows the smoothed transconductance 
extracted at Vds = -0.3 V.
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Electronegative Metal Dopants Reduce Switching Variability in Al2O3-resistive 
Switching Devices
V. Somjit, Z. J. Tan, C. Toparli, N. Fang, B. Yildiz 

Brain-inspired or neuromorphic hardware holds great 
promise to reduce energy consumption and accelerate 
training and inference of deep neural networks. In par-
ticular, oxide-based electronics can emulate long- and 
short-term memory and spiking neurons of the brain 
by switching the oxide’s resistive state via the strength 
and number of conductive networks. However, high 
variability of these resistive switching devices is a key 
drawback hindering reliable training of physical neural 
networks. In this study, we show that doping an oxide 
electrolyte, Al2O3, with electronegative metals makes 
resistive switching significantly more reproducible, 
surpassing the reproducibility requirements for ob-
taining reliable hardware neuromorphic circuits. Using 
first principles calculations, we identify that the under-

lying mechanism is the ease of creating oxygen vacan-
cies in the vicinity of electronegative dopants, due to 
the capture of the associated electrons by dopant mid-
gap states and the weakening of Al-O bonds. These ox-
ygen vacancies and vacancy clusters also bind signifi-
cantly to the dopant, thereby serving as preferential 
sites and building blocks in the formation of conduc-
tive oxygen vacancy networks. We validate this theory 
experimentally by implanting multiple dopants over a 
range of electronegativities and find superior repeat-
ability with highly electronegative metals, Au, Pt, and 
Pd. These results establish dopant electronegativity as 
a descriptor for predicting the ease of oxygen vacancy 
formation in an insulating oxide, with implications for 
reducing switching variability.

 ▲Figure 1: Schematic of proposed switching mechanism in Au-doped Al2O3: presence of Au reduces oxygen 
vacancy formation energy, giving rise to oxygen vacancy clusters preferentially formed around Au, improving 
switching consistency
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Chip-less Wireless Electronic Skins Enabled by Epitaxial Freestanding Compound 
Semiconductors
Y. Kim, J. M. Suh, Y. Liu, J. Shin, J. Kim
Sponsorship: Amore Pacific

Electronic skin (e-skin) has been developed with a 
goal to obtain a non-invasive human health monitor-
ing electronic system with its imperceptibility. So far, 
one of the major shortcomings in this field is the bulky 
wireless communication system that severely affects 
its wearability (Figure 1). In this paper, we introduce a 
single-crystalline non-Si-based e-skin system where 
fully conformable, ultrathin, piezoelectric, compound 
semiconductor membranes are incorporated as pow-
er-efficient wireless communication modules and 
extremely high sensitivity sensors without needing 
bulky chips and batteries. The developed GaN surface 

acoustic wave (SAW)-based device successfully mea-
sured wirelessly three different inputs including strain, 
ultraviolet light, and ion concentrations (Figure 2). The 
consistency and accuracy of the measured heart rate 
and pulse waveforms over a 7-day period, during which 
the e-skin was re-attached 7 times, strongly demon-
strate the reusability and long-term wearability of our 
device. This study will change the paradigm of e-skins 
by providing versatile wireless platforms for fully im-
perceptible e-skins with very high sensitivity and low 
power consumption.
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Two-Dimensional Material-based Layer Transfer,” Nature, vol. 544, pp. 340-343, Apr. 2017.

• H. S. Kum, H. Lee, S. Kim, S. Lindemann, W. Kong, K. Qiao, P. Chen, J. Irwin, et al.,, “Heterogeneous Integration of Single Crystalline Complex-
Oxide Membranes,” Nature, vol. 578, pp. 75-81, Feb. 2020.

 ▲Figure 1: Comparison between (left) conventional wireless 
e-skin based on integrated circuit chips and (right) chip-less wire-
less e-skin based on SAW devices made of GaN freestanding 
membranes.

 ▲Figure 2: Schematic and optical images of our wireless GaN 
SAW e-skin strain sensor and wireless pulse measurements using 
GaN SAW e-skin strain sensors. Scale bars indicate 200 μm.
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Deuterium-terminated Diamond Field-effect Transistor
A. Vardi, M. Geis, B. Zhang, J. A. del Alamo
Sponsorship: DARPA, Bose Fellowship

Due to its extraordinary thermal conductivity, wide 
bandgap, and large saturation velocity, diamond is 
a very promising semiconductor for high-power/
high-frequency applications. The standard way to 
form a conducting channel on diamond is by exposing 
it to hydrogen plasma in a so-called hydrogen termi-
nation (D:H) process. This enables the formation of a 
two-dimensional-hole-gas which can form the basis of 
a field-effect transistor (FET).
Although the carbon-hydrogen bonds that form on the 
diamond surface after hydrogenation are stable, it is 
often observed that during the fabrication process of 
diamond FETs that there is severe degradation in the 
channel conductivity and contact resistance. In this 
work, we explore deuterium termination, diamond:-

deuterium (D:D), as a way to increase the device stabili-
ty during the fabrication process. Figure 1 shows the re-
sult of the experiment. Initially, D:D gives better results 
than diamond:hydrogen (D:H), but more significantly, 
throughout the process, D:H shows a dramatic increase 
in sheet and contact resistance that persists after the 
process is completed, while D:D exhibits a lower and 
stable sheet and contact resistances that are retained 
well after the process is completed. The figure also com-
pares the transistor characteristics; notably, D:D devic-
es show higher current and deeper depletion-mode 
characteristics. This all suggests that the available 2D 
hole concentration in the D:D device is higher and more 
stable than in the standard D:H device.

FURTHER READING

• A. Vardi, M. Tordjman, J. A. del Alamo, and R. Kalish, "Refractory W-Ohmic Contacts to H-terminated Diamond," IEEE Transaction on 
Electrical Devices, vol. 67, no. 9, pp. 3516-3521, Sept. 2020.

• M. W. Geis, J. O. Varghesea, A. Vardi, J.Kedzierski, J. Daultona, D. Calawaa, M. A. Hollisa, C. H. Wuorioa, G. W. Turnera, S. M. Warnock, T. Osadchy, 
J. Mallek, A. Melville, J. A. del Alamo, and B. Zhang, " Hydrogen and Deuterium Termination of Diamond for Low Surface Resistance and 
Surface Step Control," Diamond and Related Materials, vol. 118, p. 108518, Oct. 2021.

 ▲Figure 1: Left: sheet and contact resistance of D:H and D:D throughout and after the process. 
Right: output, transfer, and sub-threshold (inset) characteristics of D:H and D:D FETs.
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NbN-Gated GaN Transistor Technology for Applications in Quantum Computing 
Systems
Q. Xie, N. Chowdhury, A. Zubair, M. S. Lozano, J. Lemettinen, M. Colangelo, O. Medeiros, I. Charaev, K. K. Berggren,  
T. Palacios
Sponsorship: IBM

High-performance and scalable cryogenic electronics 
is an essential component of future quantum infor-
mation systems, which typically operate below 4 K. 
Superconducting qubits need advanced radio frequen-
cy (RF) and pulse-shaping electronics, which typically 
occupy large instrumentation racks operating at room 
temperature. Today’s approach to the RF control elec-
tronics is not scalable to the millions of physical qubits 
needed in future fault-tolerant quantum systems.

This work explores the use of wide band gap 
electronics, specifically the AlGaN/GaN high-electron-
mobility transistor (HEMT), for cryogenic low-noise 
applications. These structures take advantage of the 
polarization-induced two-dimensional electron gas 
to create a high mobility channel, hence eliminating 
the heavy doping needed in the other semiconductor 
technologies. Epitaxially-grown GaN-on-silicon wafers 
have been demonstrated in large (300 mm) substrates, 
therefore making the technology an excellent 
candidate for scalable RF electronics in quantum 
computing systems.

Furthermore, the use of electrodes using 
superconducting materials is proposed to significantly 
reduce the parasitic components and therefore push 
the RF performance of cryogenic transistors. Short-
channel transistors with NbN gates of length 250 nm 
have been demonstrated with promising performance 
at 4.2 K.

In the next step, we will study the effect of the 
superconducting gate on the RF characteristics of 
the transistors, with the eventual goal of pushing the 
frequency performance of these transistors to new 
limits. Improvements to the NbN gate fabrication 
technology is underway. These transistors will 
be integrated into low noise amplifier circuits for 
applications in readout and control electronics 
at cryogenic temperature. Furthermore, the 
demonstrated NbN-gated GaN transistor paves 
the way for the application of high-frequency GaN 
technology in cryogenic electronics, notably in scalable 
quantum computing systems, and brings us one step 
closer to an all-nitride integrated electronics-quantum 
device platform.
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Self-aligned Enhancement-mode GaN p-Channel FinFET with ION > 100 mA/mm 
and ION/IOFF > 107
N. Chowdhury, Q. Xie, T. Palacios
Sponsorship: Intel Corporation

This work demonstrates self-aligned p-channel fin 
field-effect transistors (FinFETs) based on a GaN-on-
Si wafer. While the self-aligned gate process helps to 
achieve shortest possible source-to-drain distance to 
compensate for low hole mobility in GaN (~20 cm2/V⋅s), 
the FinFET architecture provides strong electrostatic 
control over the channel. Our fabricated transistors 
with 40-nm fin width, LSD=120 nm, and LG=90 nm ex-
hibits an ION≈140 mA/mm, ION/IOFF>107, VTH=1 V, 
SS=150 mV/dec, gm,max=14 mS/mm, and RON=61 Ω⋅mm. 
By precisely controlling the recess depth, enhance-
ment-mode (E-mode) operation was also achieved. Our 
best E-mode device shows an ION≈125 mA/mm, ION/
IOFF>107, VTH=−0.3 V, and RON=69 Ω⋅mm. In addition, 
record low subthreshold swing of 80 mV/dec for devic-
es with fin width of 40 nm and LSD=240 nm attests to 
the strong gate control over the p-channel achieved by 
the FinFET-architecture.
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Tungsten-gated GaN/AlGaN p-FET with Imax > 120 mA/mm on GaN-on-Si
N. Chowdhury, Q. Xie, T. Palacios
Sponsorship: Intel Corporation

This work demonstrates tungsten (W)-gated p-chan-
nel GaN/AlGaN heterostructure field-effect transistors 
(FETs) on a GaN-on-Si wafer grown by metal organic 
chemical vapor deposition (MOCVD). The choice of W 
as the gate metal over the more commonly used Mo 
induces larger turn-on voltage and lower gate leakage 
current. An annealing step at 500 °C in N2 ambient was 
introduced to heal the damage introduced during the 
gate recess step, which resulted in lower channel resis-
tance. Long-channel W-gated p-FETs with LSD=5.5 μm 

and LG=1.5 μm exhibit an ION≈25 mA/mm and ION/
IOFF>103. A scaled transistor of dimensions LSD=1.2 
μm and LG=100 nm demonstrates an ION≈125 mA/mm, 
ION/IOFF≈104, and RON=170 Ω⋅mm. To the best of the 
authors’ knowledge, the reported device performance 
represents the state-of-the-art of all planar GaN/Al-
GaN p-FETs and is comparable with high voltage Si FET 
on the 65-nm node.
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Efficient Spin-orbit Torques in an Antiferromagnetic Insulator with a Tilted Easy 
Plane
P. Zhang, C.-T. Chou, H. Yun, B. C. McGoldrick, J. T. Hou, K. A. Mkhoyan, L. Liu 
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Electrical manipulation of spin textures inside antifer-
romagnets represents a new opportunity for develop-
ing spintronics with superior speed and high device 
density. Injecting spin currents into antiferromag-
nets and realizing efficient spin-orbit-torque-induced 
switching is, however, still challenging due to the com-
plicated interactions from different sublattices. Mean-
while, because of the diminishing magnetic susceptibil-
ity, the nature and the magnitude of current-induced 
magnetic dynamics remain poorly characterized in an-
tiferromagnets, whereas spurious effects further com-
plicate experimental interpretations. 

In this work, by growing a thin film 
antiferromagnetic insulator, α-Fe2O3, along its non-
basal plane orientation, we realize a configuration 
where an injected spin current can robustly rotate 
the Néel vector within the tilted easy plane, with an 

efficiency comparable to that of classical ferromagnets. 
The experimental configuration is illustrated in Figure 
1. By measuring the second-harmonic Hall resistance, 
as shown in Figure 2, we find that the spin-orbit torque 
effect stands out among competing mechanisms and 
leads to clear switching dynamics. Thanks to this 
new mechanism, in contrast to the usually employed 
orthogonal switching geometry, we achieve bipolar 
antiferromagnetic switching by applying positive and 
negative currents along the same channel, a geometry 
that is more practical for device applications. 
By enabling efficient spin-orbit torque control on the 
antiferromagnetic ordering, the tilted easy plane ge-
ometry introduces a new platform for quantitatively 
understanding switching and oscillation dynamics in 
antiferromagnets.
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 ▲Figure 1: 30 nm of α-Fe2O3 layer was epitaxially grown on an 
α-Al2O3 R-plane  substrate and further covered by 5 nm 
of Pt, and patterned into Hall bar devices. Inset: The current chan-
nel is parallel to the axis, and the generated spin magnetic moment 
is parallel to the χ  axis and generated spin magnetic 
moment is parallel to γ axis. The magnetic easy plane of α-Fe2O3 
is the tilted C-plane . The external magnetic field is rotated 
within the  plane, with the angle defined as β Damping-like 
torque effective fields  rotate the antiferromagnetic sublat-
tice moments  and  constructively, while the field-like 
torque  does not. 

 ▲Figure 2: The angle-dependent second-harmonic Hall resis-
tance  as a function of β, at different external fields. The cur-
rent is 4 mA (root mean square value).  (red) and  
(blue) contributions to  at  are separately plot-
ted.  corresponds to a damping-like torque efficiency 

 comparable to the value of Pt - Ferrimagnetic Insu-
lator bilayers.




