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Abstract— Ascompute demands andtheir large energy costscontinue
torise in the datacenter, it isimperative to identify lowenergy compute
solutions. One approach is to investigate device schemes based on
collective mode phenomena arising at low temperatures where power
dissipation and switching voltage can be extremely low. Additionally,
such devices could also have applications in quantum computing
where such a low power logic/memory scheme could possibly be
integrated onto the qubit plane, which is typically at ~10mK
temperature. Josephson Junction Field Effect Transistor (JJFET) is a
promising candidate for low power operation with zero voltage drop
across its drain-source terminals while operating in the
superconducting regime. JJFET logic gate is typically realized as a n-
type JJFET connected in a common-source configuration with a
current source load. Thisresults in high noise margin for logic-1 input
but not for bothlogic-1 and 0. In this paper, we propose an overdamped
region, n-type JJFET based digital logic using a cascaded common-
source configuration-based design yielding high noise margin for both
the logic inputs. DC noise margin sensitivity analysis is performed for
the bias current and threshold voltage modulation. The noise margin
can be furtherimproved (approachesideal inverter case) by cascading
multiple common source stages yielding higher inverter gain.

Index Terms— Commonsource, Cooper pairs, Critical current,
Inverter, Josephson Junction, Noise margin, ,

. INTRODUCTION

Currently, datacenter power consumption accounts for over
1% ofthe world’s energy usage. With this figure expected
to increase significantly over the next decade [1], it is
imperative to identify new ways to reduce computing power
consumption. Thisincludes looking at the device level for new
types of logic and memory for low power circuit applications.
While a variety of different novel device schemes have been
looked at for beyond CMOS [2] applications, these have been
typically evaluated at operating temperatures at or above room
temperature, consistent with conventional processor
applications. With recent advancements in cryogenic cooling
technology [3], it is timely to explore the applicability of novel
cryogenic devices in solvingthedata center energy problem In
particular, newtypes of collective mode phenomena, having no
counterpart at roomtemperature, suchas superconductivity can
exist at low temperature. Additionally, such cryogenic devices
could also have applications in quantum computing [4]. Such
guantumcomputers offer the promiseto provide anexponential
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Fig. 1a) TWFET schematlc with  source/drain contact de ‘a
superconductor. Arrow indicates the direction of cooper pair transport at
cryogenic temperatures. L is the channel length, X is the cooper pair mean free
path and & is the coherence length of cooper pairs. L<X and L<E ensures that
cooper pairs are not destroyed from source to drain transport b) I-V
characteristics of JJFET in overdamped regime (non-hysteretic); operates in
superconducting regime when drain current (lds) is less than the critical
current (Ic) and in resistive regime when drain current exceeds the critical
current. ¢) RCSJ model with a parallel RLC network having a phase varying
with time for the overdamped region of JJFET with dotted box showing the
dominant time constant. Josephson time constant is less than RC time
constant d) RCSJ model for the underdamped region of JJFET with dotted
box showing the dominant time constant. Josephson time constant is greater
than RC time constant

speedup for certain compute applications, which are pervasive
across multiple segments of the economy. The quantum bits
(qubits) are extremely noise sensitive, so are typically operated
on the mixing chamber plate of a dilution refrigerator at ~
10mK. One of the grand challenges in scaling a quantumsystem
to large numbers of qubits is the need for logic and memory co-
integrationon the qubit plane. Sincethis chip is operating at 10
mK, this places extreme switching energy constraints on the
device scheme due to cooling overhead cost and a novel
cryogenic collective mode device is needed. Lowtemperature
CMOS operation results into, higher threshold voltage,
improved subthreshold slope which further leads to low leakage
power [5]. Despite these advantages, cryogenic CMOS
operations needto operate at moderately higher supply voltage
due to higher threshold voltage for achieving same operating
frequency. Higher supply voltage leads to higher switching
energy dissipation resulting in increased cooling cost. Hence,
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Fig.2 a) The common-source (baseline) JIFET inverter schematic [5] b)
Baseline inverter DC voltage transfer characteristics c) The proposed 3-stage
common source JIFET inverter schematic d) DC voltage transfer
characteristics for the proposed JIJFET inverter; Vi/Vin refers to the
maximum/minimum input value for which the inverter recognizes it as alogic
0/1. The output voltage swing ranges from V, to Vo . Noise Margins (NM)
for both stages of the inverter design. NML = Vi - Vo1, NMH = Vg, - Vin x=1,.2
corresponds to the first, second stage of the proposed source follower JJFET.
Theregions of operation of the configuration is also marked e) For Icritical
> 2.18uA, JJFET behaves like a superconductor and like a resistor for Icritical
< 2.18uA. Ratio of Ibias and Icritical values decreases as Ic keeps increasing
with increase in Vin f) JJFET operating mode change with input voltage

variation for different values of critical current

there is a need to explore alternative devices which canenable
lower operating voltage for lower power consumption [5,6].
Josephson Junction Field Effect Transistor (JJFET) is a
promising candidate for low power operationwith zero voltage
drop across its drain-source terminals while operating in
superconducting regime [5]. JJFETSs are formed by connecting
Josephson Junctions whichare in turn made of superconducting
contacts with aweak link that allows transport of electrons. In
the case of JJFET’s, it can be viewed like the source and drain
contacts made of superconductors as Josephson Junctions with
the in-between channel providing a path for the current flow.
JJFETSs operating at very low supply voltage can minimize the
cooling energy cost at cryogenic temperatures. A JJFET logic
gate is typically realized as a n-type JJFET connected in a
common-source configuration with current source load [5].
This results in high noise margin for logic-1 input but not for
logic-0 as the JJFET transitions intoresistive regime.

In this paper, we propose a digital logic using an
overdamped region, common-source based JIFET yielding
high noise margin for both logic inputs. We analyze the DC
noise margin sensitivity to the design parameters and outline
JIFET device requirements. Further, the noise margin can be
improved by cascading multiple common source stages
improving the overall invertergain.

Il. JJFET DEvICE MODELING

JJFET is a three terminal MOSFET-like device (Fig. 1a) that
relies on superconductivity [5,7,8], the property by which
charge moves through a material in the form of cooper pairs
without any resistance for their transport. The cooper pairs in
superconductors are formed due to the electronphonon
interactions at very low temperatures [8]. These cooper pairs
form the channel of JJFET and are responsible for the drain-
source current. The source, drain contacts can be made of
superconductors like Niobium (Nb) or Aluminum (Al) [9], as
shown in Fig.1a. The JJFET exhibits superconducting behavior
for drain current (Ids) less than a critical current (Ic) resulting
in zero voltage drop acrossdrain tosource terminals as depicted
in Fig. 1b. The JJFET exhibits a resistive behavior when the
drain current exceeds the critical current. The gate voltage
modulates the JJFET critical current altering the transition point
between superconducting region and resistive operating region.

JIFET devices comprise of Josephson junctions which can
operate in eitheras short or long, diffusive or ballistic mode of
operation. In this work, JJFET is modeled assuming short
channel ballistic transport [5]. The device is short because the
channel length is assumed to be smaller than the coherence
length and this is sufficiently small to allow coherent movement
ofcooperpairs [5]. In caseofa Nb contact, the coherence length
~15nmand itis ~40nmin case of Alcontact[5]. The transport
mechanism of cooper pairs is ballistic because the channel
length is assumed to be smaller than the cooper pair mean free
path. The mean free path for Al contacts has been reported to
be around 87nm[10].

JJFET can be modelled using RCSJ model wherein the
current-voltage characteristics are derived in terms of the
Josephson phase ¢(t), the phase difference of thewave function
between the source and drain superconducting contacts [5].

dv, V
Where Vg = zh_e . d(git)

Where V,, is the drain to source voltage, I, is the drain to
source current, R, is the normal resistance and I . is the critical
currentofthe JJFET.

V
Ry= T @
where V; =n-AJ2 3

Where A is thesuperconductor gap voltage [11] and A is equal
to 3.05mV or0.45mV when the superconducting contact is Nb
or Alrespectively [5].

_ 4.V0.W.e

I, 2.6 (Vg—V,) =g-V, 4

Where C,, is thegate capacitance per unit area, V; is threshold

voltage, 1, is the gate voltage, W is the device width, h is
Planck’s constant, e is electronic charge.

The conductance (g) ofthe device when normalized with the
average velocity along the direction of the channel, can be
modelled using thebelow equation:

J@2 1m-n)
(- h)
Equation (1) can be written as

g= W-4e? - (5)
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Fig.3 a) DC voltage transfer characteristics for the baseline inverter
varying luias; V,; and Vy; are O irrespective of lyias b) DC voltage transfer
characteristics for the proposed 3 stage design as a function of Ibiasl
keeping lbias2, Ibias3 fixed at 1.45uA, 2.18uA respectively. V,, and V,,;
are at Vcc (10mV) and OmV respectively irrespective of Ibiasl c¢) DC
voltage transfer characteristics for the proposed 3 stage design as a
function of Ibias2 keeping Ibiasl, Ibias3 fixed at 2.18uA,2.18uA
respectively. V,, and V,, are at Vcc (10mV) and OmV respectively
irrespective of Ibias2 d) DC voltage transfer characteristics for the
proposed 3 stage design vs. lbias3 with Ibiasl, Ibias2 fixed at
2.18uA, 1.45uA respectively. Vo is OmV irrespective of Ibias3.

Ips do PBd?

DS _ g _r 6
L sin(g) + Ir + = 6)
Where 7 is defined as Ti ; 7; is defined as the Josephson time
J
constant given by
Lj h 1
T =—= )

J R 2e I..Ry
And B is defined as thesquare of Stewart McCumber parameter
which is further equal to the ratio of Josephson time constant
and time constantdue to RCnetwork
T; C
B=Q2=_J=2.e.RN2._ (8)
Tre h
Qualitatively, this can be viewed as a parallel RLC network
with a time varying phase. JJFET is operating in overdanped
region when the Josephson time constant due to RL (L/R) i
greater than the time constant due to RC (RC) and in
underdamped region when the Josephson time constant due to
RL (I/R) is lesser than the time constant due to RC (RC)
network as shown in Fig.1c and 1d. JJFET inverter in common
source configuration canoperate in either underdamped regime
or over-damped regime [5,7,8,9], governed by the Q parameter

Q= (M-, (CL +G)) @

J@ e Gy (V= V)

Where, Cy,, G; is the load and junction capacitance/per unit
device width respectively. It is important to note that JJFET
operating in under-damped (Q>1) regime exhibits hysteretic
characteristics as well as ringing due to inductive nature of
JIFET I-V relationship induced by the phase of cooper-pairs,
both of which are not suitable for robust logic circuit operation.
Hence, the device parameters need to be optimized in such a
way that the JJFET is operating in the overdamped regime
(Q<1) resulting in non-hysteric behavior for achieving high
noise margin and functionally correct logic circuits at cryogenic
temperature.

Overdamped (non-hysteretic) regime JIFET Verilog-A
model introduced in [5] is adopted for the circuit analysis. I-V
characteristics of a JJFET operating in overdamped regime,
where the Stewart-McCumber parameter is assumed to be 0,
can be expressed as [7,8]:

Vps =Ry~ /IDS2 — 1% Ips > I (10)

Vps=0; Ips < I¢ (11)
I-V characteristics showing JJFET in overdamped regime for
varying values of Vs is plotted in Fig.1b. It is worth mentioning
that JJFET used here has been modelled similar to a depletion
mode MOSFET with negative threshold voltage as described in

[51
l1l. COMMON SOURCE JJFET LOGIC

Fig. 2a and 2b show the schematic and the DC voltage
transfer characteristics (Vcc=10mV) of the JJFET common-
source inverter design (referred as the baseline design) [5]. For
logic-1input with higher gatebias, the critical current given by
Eq. (4) exceeds the bias current resulting in superconducting
JIFET behavior with Vps=0 (i.e. Vo =0mV). However, for
logic-0 input with zero gate bias, the critical current is less than
the bias current resulting in resistive JJFET behavior, with
reduced noise margin (ie. V;=0mV). Fig. 2e shows the
variation of critical current as a function of Vin depicting
different regions of JJFET inverter circuit operation.

Fig. 2c and 2d showtheschematics and DC voltage transfer
characteristics of the proposed common source based 3 stage
JIFET inverter. The three-stage inverter circuit consists of
JIFET’s with current source load connected in a common-
source configuration which are cascaded together. The device
parameters and biasing current for all stages are optimized to
achieve overdamped regime of JJFET behavior for both input
conditions. JJFETS are biased in such a way that the value of
the bias current is in betweenthecritical currentcorresponding
to the logic-Oinput lowand logic-1input high. For low Vin, Ic:
is less than Iuias1 resulting in Ji device operating in resistive
regime. As Vin is ramped up, lc: increases (given by Eq. 4)
resulting in reduced output resistance (given by Eq. 3) which
decreases V1. As Vin ramps up to a critical voltage (Verin= the
voltage at which lci= lhiast), Ji device transitions into
superconducting regime, resulting in zero voltage drop across
its output, i.e. V=0. The first stage is necessary predominantly
to set the high noise margin of the inverter. Similarly, for the
second stage, J. device would be in superconducting regime
with its V=0 when ¢z exceeds lviaso. This could happen for V1
values which are greater than the voltage necessary to ensure
that the critical current of J; is greater than lpias2. V1=0 voltage
corresponds to J> being in resistive stage and saturates V2 at
around 6mV. The voltage saturates at 6mVbecause the voltage
in the resistive regime corresponding to the current bias of
1.45pA is 6mV. The second stage coupled with first stage is
necessary for obtaining non-zero low noise margin. The third
stage is necessary for logic functionality of an inverter. The
biasing current of the third stage is chosen in such a way that
Vor=10mV as shown in Fig. 2d. The third stage i
superconducting for voltages greater than Vi, of the inverter and
is resistive for other input voltages. Von of the design is
predominantly set by the third stage. Thus, by combining
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Fig.4 a) Vout vs Vin with |Vt| modulation with 3 stage common source
JIFET Inverter; V,,, same but V,; increases with |Vt| b) JJFET inverter

with 5 stages of common-source configuration cascaded c¢) JJFET
inverter design with 7 stages of common-source configuration cascaded
d) Improving noise margin and inverter gain with increasing source
follower stages; DC voltage transfer characteristics for 3,5 and 7 stage
design . e) Comparison between 3-stage cryo-CMOS, 1-stage cryo-CMOS
with V; modulated to 1.2mV, 1-stage cryo-CMOS with no V,
modulation(yellow line) and 3-stage JJFET inverter
common source JJFET’s, superconducting regions of the 3
stages of JJFETSs are utilized for achieving high noise margins
forboth input conditions (Voutsaturating at Vcc/0 for low/high
Vin). The proposeddesign increases V;; to4.6mV which is 45%
higher than the baseline design for 10mV Vcc design. Fig. 2f
shows the critical currentvariation for all stages of the proposed
3-stage common source inverter design and operating regions
ofJi, Jz, Jzas afunction of inputvoltage. It is important to note
that all the JJFETs are in resistive regime when the output
transitions from 10mV to OmV as shown in Fig. 2d and
determines the gain of the inverter circuit.

IV. DESIGN SENSITIVITY ANALYSIS

JIFET region of operation and the noise margin of the
inverter is governed by the bias current as well as the critical
current. Critical current is further determined by the threshold
voltage which determines the supply voltage for JIFET
operation and careful consideration of threshold voltage is
required forlowvoltage, low temperature operation.

The bias current plays an important role in determining the
noise margin of the inverter. For the baseline design, as lpis
increases, Vs increases as given by Eq.1which leads to higher
V,n(Fig. 3a). Also, with increased liss, therequired Ic (basedon
Vin modulation) to transition JJFET into superconducting
regime increases leading to higher V,,, (Fig. 3a). For the
proposed 3 stage design, with luias1 increase, Vin increases
because the resistive operating region of J; expands and since
Vin is predominantly set by the first stage, there is a large
sensitivity of Vin with respectto lnias:. Vi increase is because
the range of voltages for which Jz is superconducting increases
as the range of voltages forwhich J. is resistive increases (Fig.
3b). Furthermore, with lyies2 increase, the range of voltages for
which J; operates as a resistor increases thus decreasing Vi and
Vin (Fig. 3c). Vi is highly sensitive to Inias2 becausethe Vi of the
inverter is predominantly fixed by lpiass. Von and Vo are not
affected by lniasz and lniaso modulation. Similarly, lpiass increase

results in an increase of resistive regime of Jz resulting in an
increase in Vi and Vi, (Fig.3d). It is important to mention that
Vi and Vi, are not highly sensitive to changes in lpiass. Von
increases becausethevoltage at the output of the Js increases as
describedin Eg. 10.

Threshold voltage of JJFET modulates the critical current of
the device which further affects the inverter noise margin as
shown in DC transfer characteristics of 3-stage design in Fig.
4a. As |V, | increases, critical current increases (M is negative),
as given in Eq. 4, thus decreasing the voltage at the outputwhen
Js is in resistive region, resulting in lowered Von. Vi of the
design is set by the combination of first and second stages. Vi
of the designis predominantly set by the first stage. As critical
current increases, the range of voltages for which J; operates in
superconducting regime increases which decreases Vin. Also,
anothereffect is that the output voltage swing decreases at the
output of first stage because of decrease in Vys for resistive
regime which furtherresults in decrease in the range of voltages
for which J, is superconducting, thus decreasing Vi. It is
important to note that as critical current increases, the output
voltage ofthe second stage corresponding to voltage low at the
output of first stage decreases, which results in J; not entering
superconducting regime, further resulting in increase of Voi. As
the number of stages increases from3to 5 as shown in Fig. 4b,
V; increases from 4.6mV to 49mV. DC voltage transfer
characteristics for 7 stage design are similar to the ideal inverter
characteristics with noise margin low and high approximately
equal to 5mV (Vcc/2) as shown in Fig. 4c and 4d. Cascading
multiple common source JJFET stages reduces the voltage
range for which all the JJFET’s are in resistive regime and
results in increase of Viyand Vin which further results in high
noise margin forthe logic-0and logic-1inputs.

The proposed JJFET inverter designis compared with
CMOS inverter designed using ASU 7nm Predictive
Technology model(PTM)[12]. The analysis compares cryo-
CMOS(4K) inverter with i) JJFET of iso-threshold voltages
assuming themetal work function canbe modified to modulate
V;: so as to compensate for the increase in V: due to carrier
freezeout and ii) without changing V; as shown in Fig. 4e .

V. CONCLUSION

This work presents a 3-stage, common source based JIFET
inverter design yielding high noise margin for both logic-Oand
logic-1 inputs, unlike the baseline common-source
configuration which yields high noise margin for logic-1 input
only. Detailed comparison of the proposed design with the
baseline design, along with the noise margin sensitivity to
different parameters (V4 lbiast, Ibias2, loias3) iS presented. Three
stage, common source inverter utilizes the resistive operating
region of the JJFETs Ji1, J2 to improve logic-0 input noise
margin by 45% compared to the baseline design. By inserting
additional source-follower stages, logic-0 noise margin can be
further improved achieving near-ideal noise margin of ~\cc/2
for both inputs while operatingat low V..
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