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IEEE Journal on Exploratory Solid-State Computational  
Devices and Circuits Launches

The new IEEE Journal on Exploratory 
Solid-State Computational Devices and 
Circuits (JXCDC) is an open access jour-
nal. The scope of the journal is materials, 
devices, circuits, and architecture that 
relate to the research to find a more ener-
gy-efficient way of doing computing than 
CMOS, i.e., beyond CMOS technology.  

JXCDC is for the publication of re-
sults unifying the areas of solid-state 
materials, devices, and circuits for 
novel computation (logic, memory, 
and communication) toward the ex-
ploration of beyond-CMOS technol-
ogy.  The publication is not limited 
to digital information processing but 
also encompasses non-Boolean com-
putation including analog, neuromor-
phic computing, and novel concepts 
in computer automata. It is envi-
sioned that these exploratory devices 
and methods of computing could aug-
ment CMOS through an improvement 
in energy efficiency.

By its nature, JXCDC is a publica-
tion that connects materials, devices, 
and circuits vertically and specifically 
in the area of energy-efficient compu-
tation. Such cross-disciplinary papers 
are often not a good fit for established 
journals. JXCDC is a selective research 
publication that scientists and en-
gineers can read to follow develop-
ments in beyond CMOS for energy-
efficient computation.

The papers in this journal have a 
maximum length of eight pages, which 
are edited and formatted in HTML 
for easier referencing. The papers are 
allowed to have supplementary material 

that can be found under the multimedia 
tab of the paper on IEEE Xplore.

For submission information, visit 
https://mc.manuscriptcentral.com/
jxcdc. JXCDC is sponsored by the IEEE 
Solid-State Circuits, Magnetics, Cir-
cuits and Systems, and Computer Soci-
eties (as financial sponsors). It is also 

sponsored by the IEEE Electron Devices 
Society, Nanotechnology Council, the 
Council on Electronic Design Automa-
tion, and the Council on Superconduc-
tivity (as technical sponsors). Recent 
papers in JXCDC are listed below.

New Types of Transistors That Have  
a Steep Turn On, i.e., Low Input 
Voltage Swing

“Tunnel Field-Effect Transistors  
in 2-D Transition Metal 
 Dichalcogenide Materials”
by H. Ilatikhameneh, Y. Tan, B. 
Novakovic, G. Klimeck, R. Rahman,  
and J. Appenzeller

In this paper, the performance of 
tunnel field-effect transistors (TFETs) 
based on two-dimensional (2-D) tran-
sition metal dichalcogenide (TMD) 

materials is investigated by atomistic 
quantum transport simulations. One 
of the major challenges of TFETs is 
their low ON-currents. The 2-D mate-
rial-based TFETs can have tight gate 
control and high electric fields at the 
tunnel junction, and they can, in prin-
ciple, generate high ON-currents along 
with a subthreshold swing (SS) small-
er than 60 mV/decade. Simulations 
reveal that high-performance TMD 
TFETs not only require good gate con-
trol but also rely on the choice of the 
right channel material with optimum 
bandgap, effective mass, and source/
drain doping level. Moreover, the crite-
ria for high ON-currents are explained 
with a simple analytic model, showing 
the related fundamental factors. Fi-
nally, the SS and energy delay of these 
TFETs are compared with convention-
al CMOS devices.

“Polarization-Engineered III-Nitride 
Heterojunction Tunnel Field-Effect 
Transistors”
by W. Li, S. Sharmin, H. Ilatikhameneh, 
R. Rahman, Y. Lu, J. Wang, X. Yan, A. Sea-
baugh, G. Klimeck, D. Jena, and P. Fay

The concept and simulated device 
characteristics of TFETs based on III-
nitride heterojunctions are presented 
for the first time. Through polarization 
engineering, interband tunneling can 
become significant in III-nitride hetero-
junctions, leading to the potential for a 
viable TFET technology. Two prototype 
device designs, inline and sidewall-gat-
ed TFETs, are discussed. Polarization-
assisted p-type doping is used in the 
source region to mitigate the effect of 
the deep Mg acceptor level in p-type 
GaN. Simulations indicate that TFETs 
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based on III-nitride heterojunctions 
can be expected to achieve ON/OFF 
ratios of 106 or more, with switching 
slopes well below 60 mV/decade, ON-
current densities approaching 100 μA/
μm, and energy delay products as low 
as 67 aJ-ps/μm.

“Transistor Switches Using Active 
Piezoelectric Gate Barriers”
by R.K. Jana, A. Ajoy, G. Snider, and D. 
Jena (this article contains multimedia)

This paper explores the conse-
quences of introducing a piezoelectric 
gate barrier in a normal field-effect 
transistor. Because of the positive 
feedback of strain and piezoelectric 
charge, internal charge amplification 
occurs in such an electromechani-
cal capacitor, resulting in a negative 
capacitance. The first consequence 
of this amplification is a boost in the 
ON-current of the transistor. As a 
second consequence, employing the 
Lagrangian method, we find that using 
the negative capacitance of a highly 
compliant piezoelectric barrier, one 
can potentially reduce the SS of a tran-
sistor below the room-temperature 
Boltzmann limit of 60 mV/decade. 
However, this may come at the cost 
of hysteretic behavior in the transfer 
characteristics.

“Sub-kT/q Switching in Strong 
Inversion in PbZr0.52Ti0.48O3 Gated 
Negative Capacitance FETs”
by S. Dasgupta, A. Rajashekhar, K. 
Majumdar, N. Agrawai, A. Razavieh, 
S. Troiier-McKinstry, and S. Datta

Hysteretic switching with a sub-kT/q 
steep slope (13 mV/decade at room 
temperature) is experimentally demon-
strated in MOSFETs with PbZr0.52Ti0.48O3 
as a ferroelectric (FE) gate insulator, 
integrated on a silicon channel with a 
nonperovskite high-k dielectric (HfO2) 
as a buffer interlayer. The steep switch-
ing is independent of drain bias. For the 
first time, sub-kT/q switching due to FE 
negative capacitance is observed not at 
low currents but in strong inversion 
( / ).I 100 A md ` n n  Steep switching in 
strong inversion provides an important 
point of consistency with the predic-
tions of the Landau–Devonshire theory 
and the Landau–Khalatnikov equation.

Benchmarking Methodology  
and Analyses

“A Material Framework for  
Beyond-CMOS Devices” 
by K. Galatsis, C. Ahn, I. Krivorotov, 
P. Kim, R. Lake, K.L. Wang, and J.P. Chang 
(this article contains multimedia)

Beyond-CMOS device concepts are 
greatly dependent on new functional 
materials to provide inspiration and 
innovation beyond the silicon status 
quo. Here, we propose a material frame-
work specifically for beyond-CMOS 
devices. In doing so, material system 
examples and data points presented 
are taken from the Center on Functional 
Accelerated Nanomaterials Engineer-
ing, the STARnet Center of Excellence.

“Benchmarking of Beyond-CMOS 
Exploratory Devices for Logic  
Integrated Circuits”
by D.E. Nikonov and I.A. Young (this 
article contains multimedia)

A new benchmarking of beyond-
CMOS exploratory devices for logic inte-
grated circuits is presented. It includes 
new devices with FE, straintronic, and 
orbitronic computational state vari-
ables. Standby power treatment and 
memory circuits are included. The set 
of circuits is extended to sequential 
logic, including arithmetic logic units. 
The conclusion that TFETs are the lead-
ing low-power option is reinforced. FE 
transistors may present an attractive 
option with faster switching delay. Mag-
netoelectric effects are more energy 
efficient than spin transfer torque, but 
the switching speed of magnetization is 
a limitation. This paper enables a bet-
ter focus on promising beyond-CMOS 
exploratory devices.

Spintronic Devices and Interconnect 
(Based on Magnetics and  
Spin Physics)

“Interconnects for All-Spin Logic  
Using Automotion of Domain Walls” 
by S. Chang, S. Dutta, S. Manipatruni, 
D.E. Nikonov, I.A. Young, and A. Naeemi  
(this article contains multimedia)

In this paper, an interconnect 
scheme based on the automotion of do-
main walls (DWs) for all-spin logic (ASL) 

is proposed. The proposed interconnect 
is analyzed using a comprehensive nu-
merical model including an equivalent 
circuit for ASL operations, the 1-D Lan-
dau–Lifshitz–Gilbert equation for DW 
creation, reflection, and disappearance 
at the boundaries. Analytical expres-
sions for DW transport along the wire 
are also presented. From the model, it 
is found that the reflection of the DW 
can be eliminated using a material with 
a high Gilbert damping coefficient at 
the end, the energy dissipation can be 
independent of the interconnect length, 
and DW displacement and energy dissi-
pation can be further improved using a 
material with a low damping factor and 
saturation magnetization. Furthermore, 
the interconnect reliability is also stud-
ied by applying the thermal random 
noise analysis on the dynamics of DWs, 
and it is found that thermal fluctua-
tions can have a significant impact on 
the interconnect performance; thus, the 
interconnect with a low Gilbert damp-
ing factor is desired to suppress the 
thermal noise effects.

“Magnonic Holographic Memory: 
From Proposal to Device”
by F. Gertz, A. Kozhevnikov, Y. Fili-
monov, D.E. Nikonov, and A. Khitun 
(this article contains multimedia)

This work describes recent devel-
opments in magnonic holographic 
memory devices exploiting spin 
waves for information transfer. The 
devices comprise a magnetic matrix 
and spin wave-generating/detecting 
elements placed on the edges of the 
waveguides. The matrix consists of a 
grid of magnetic waveguides connect-
ed via cross junctions. Magnetic mem-
ory elements are incorporated within 
the junction while the read-in and 
read-out is accomplished by the spin 
waves propagating through the wave-
guides. Experimental data on spin 
wave propagation through NiFe and 
YIG magnetic crosses is presented. 
The obtained experimental data show 
prominent spin wave signal modu-
lation (up to 20 dB for NiFe and 35 
dB for YIG) by the external magnetic 
field, where both the strength and the 
direction of the magnetic field define 
the transport between the cross arms. 
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Also presented are experimental data, 
showing parallel read-out of two mag-
netic memory elements via spin wave 
interference. All experiments are done 
at room temperature. Magnonic holo-
graphic devices aim to combine the 
advantages of magnetic data storage 
with wave-based information transfer. 
Estimates on the spin wave holograph-
ic device performance are presented, 
including power consumption and 
functional throughput. According to 
the estimates, magnonic holographic 
devices may provide data processing 
rates higher than 1 × 1018 b/cm2/s 
while consuming 0.15 mW. Techno-
logical challenges and fundamental 
physical limits of this approach are 
also discussed.

Neuromorphic Computing,  
Associative Processors Using  
Nanotechnology-Based  
Coupled Oscillators

“Phase Coupling and Control 
of Oxide-Based Oscillators for 
 Neuromorphic Computing”
by A.A. Sharma, J.A. Bain, and J.A.  Wel-
don (this article contains multimedia)

Neuromorphic computing using 
neural-network hardware has attracted 
significant interest as it promises im-
proved performance at low power for 
data-intensive error-resilient graphical 
signal processing. Oscillatory neural 
networks (ONNs) use either frequency 
or phase as state variables to imple-
ment frequency-shift keying (FSK)- and 
phase-shift keying (PSK)-based neural 
networks, respectively. To make these 
ONNs power and area efficient, back-
end-of-the-line compatible, and capable 
of processing multilevel information, 
the authors explore an emerging class 
of oscillators that show fine-grain fre-
quency tuning and phase coupling. 
They examine TaOx- and TiOx-based 
oscillators (resistive random access 
memory type) as elements of a neu-
romorphic compute block and experi-
mentally demonstrate: 1) frequency 
control over four decades using a bal-
last MOSFET, 2) variable phase coupling 
between oscillators, and 3) variable 
phase programming between oscilla-
tors coupled with a MOSFET. Such fine-
grain control over both frequency and 
relative phase serve as the desirable 
characteristics of oscillators required 

for multilevel information processing 
in star-type directly coupled FSK- and 
PSK-based neuromorphic systems that 
find applications in gray-scale image 
processing and other graphical com-
pute paradigms.

“Physical Implementation  
of Coherently-Coupled  
Oscillator Networks” 
by M. Pufall, W. Rippard, G. Csaba, D. 
Nikonov, G. Bourianoff, and W. Porod

This paper presents a combined ex-
perimental and simulation study of the 
physical implementation of coherently 
coupled oscillator networks composed 
of spin-torque oscillators (STOs). 
Based on published works and on our 
recent experiments, the behavior of 
individual oscillators and arrays of 
coupled oscillators is reviewed. Mod-
els are constructed that are calibrated 
by experiments, and the simulations 
demonstrate that an array of coherent-
ly-coupled STOs exhibit the basic func-
tionality of an associative memory.

—Ian Young 
Editor-in-Chief,  IEEE Journal on 

Exploratory Solid-State Computational 
Devices and Circuits

SSCS Young Professionals, Graduate Students, Distinguished 
 Lecturers, and Executives Gather at ESSCIRC in Austria for  
Mentoring and Career Coaching

IIEEE Solid-State Circuits Society 
(SSCS) Young Professionals and Grad-
uate Students Chair Emre Ayranci 
held a mentoring and coaching event 
at the European Solid-State Circuits 
Conference (ESSCIRC) in Graz, Aus-
tria, on 15 September 2015.

The event kicked off with a warm 
welcome and a presentation by Ayranci 
highlighting the numerous benefits of 
SSCS membership. After a brief intro-
duction of the participating mentors, 
a moderated town hall was held. Par-
ticipants had the opportunity to ask 
mentors questions about career oppor-
tunities and directions, the future of 
IC design, and how to start their own 

companies. The mentors answered 
their questions based on their own 
experiences. After the town hall, partici-
pants mingled and talked with the men-
tors one on one. There were around 
100 attendees and ten mentors, includ-
ing Willy Sansen, Jan Van der Spiegel, 
Bram Nauta, Stefan Rusu, Kofi Makinwa, 
Andreia Cathelin, Borivoje Nikolic, Hol-
ger Meinel, and Marian Verhelst. The 
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