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SUMMARY We have studied on thermally assisted nano-structured
transistors made of superconductor ultra-thin films. These transistors po-
tentially work as interface devices for Josephson-CMOS (complementary
metal oxide semiconductor) hybrid memory systems, because they can gen-
erate a high output voltage of sub-V enough to drive a CMOS transistor.
In addition, our superconductor transistors are formed with very fine lines
down to several tens of nm in widths, leading to very small foot print en-
abling us to make large capacity hybrid memories. Our superconductor
transistors are made with niobium titanium nitride (NbTiN) thin films de-
posited on thermally-oxidized silicon substrates, on which other supercon-
ductor circuits or semiconductor circuits can be formed. The NbTiN thick-
ness dependence of the critical temperature and of resistivity suggest ther-
mally activated vortex or anti-vortex behavior in pseudo-two-dimensional
superconducting films plays an important role for the operating principle
of the transistors. To show the potential that the transistors can drive MOS
transistors, we analyzed the driving ability of the superconductor transis-
tors with HSPICE simulation. We also showed the turn-on behavior of a
MOS transistor used for readout of a CMOS memory cell experimentally.
These results showed the high potential of superconductor transistors for
Josephson-CMOS hybrid memories.
key words: nanodevices, thermally assisted device, single-flux-quantum
logic, superconducting integrated circuits

1. Introduction

Single-flux-quantum (SFQ) circuits [1] are expected to be
next-generation devices enabling high-performance com-
puting because of their natures of high-speed operation and
low power consumption. Microprocessors or accelerators
made up of more than 10,000 Josephson junctions (JJs) have
been demonstrated [2]–[4]. In particular, programs stored
in an embedded memory have been executed in a bit-serial
microprocessor at 50 GHz for bit-operations [5], and a bit-
parallel arithmetic logic unit has successfully been demon-
strated at 50 GHz [6]. These demonstrations show that SFQ
large-scale logic circuits have very high potential for high
performance computing, that is, high-speed and energy-
efficient computing. The microprocessors with an optimized
architecture for SFQ circuits can achieve better performance
in both the computing power measured in the number of
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million instructions per second (MIPS) and the power ef-
ficiency (MIPS/W) than the CMOS (complementary metal
oxide semiconductor) microprocessors, even if the cooling
penalty is considered.

On the other hand, it still remains how to build large-
capacity memories operating at low temperatures, because
superconducting loops needed for storing an SFQ require
large footprints. To overcome this drawback, several mem-
ories have been proposed so far, such as a Josephson-
CMOS hybrid memory [7], magnetic-Josephson-junction-
based memories [8], [9]. Note that the drivers for bit-lines
and for word-lines are one of the most important subjects
for development of large-capacity matrix memories.

Among the above-mentioned memories, a Josephson-
CMOS hybrid memory, which hybridizes high-speed SFQ
circuits with well-established high-density CMOS memo-
ries, has the largest capacity with present technology [10]–
[13]. However, there is a major problem with the combina-
tion of SFQ and CMOS circuits due to the lack of appropri-
ate interfaces, that is, the drivers. CMOS amplifiers working
as a driver consume huge power, while output voltages of
SFQ circuits are too small to drive semiconductor transistors
directly. Although superconducting quantum interference
device (SQUID) amplifiers [14] and Suzuki stacks [15] have
been used to generate high output voltages, they need very
large footprints and much power, unacceptable for highly
integrated Josephson–CMOS hybrid memory systems.

Recently, an electrothermal nano-structured transis-
tor called a nanocryotron (nTron) [16] was proposed and
demonstrated by a group at the Massachusetts Institute of
Technology (MIT) as a three-terminal superconductive de-
vice. nTrons can act as a current-voltage transformer in a
scheme of the source-grounded operation, and have high
sensitivity for gate currents as well as SFQ circuits. Most
important feature of nTrons is high output voltage in the
sub-V range with high impedance in the kilo-Ohm range.
This feature enables us to drive CMOS circuits directly. Fur-
thermore, nTrons can achieve very low-power amplification
with sufficiently small footprints at a cryogenic temperature
compared with CMOS amplifiers. With these advantages, in
previous study, we proposed a highly integrated Josephson–
CMOS hybrid memories using the nTrons [17].

Although the nTrons reported by the MIT group were
fabricated using niobium nitride (NbN) thin films [16], the
crystallinity of NbN thin films is strongly influenced by the
substrate. Therefore, we examined niobium titanium nitride
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(NbTiN) thin films for the fabrication of nTrons. NbTiN
thin films can be suitable for highly integrated Josephson–
CMOS hybrid systems due to their good superconduct-
ing properties on various substrates, such as Si and SiO2

wafers [18]. The aim of this study is to show that nTrons
fabricated with NbTiN thin films potentially work as tran-
sistors between Josephson devices and CMOS memories. In
this study, we investigated the thickness dependency of the
critical temperature, Tc, and the resistivity, to figure out the
characteristics of NbTiN nTrons, and fixed the design based
on the obtained characteristics. We then proposed a thermal-
electrical model of the nTron in order to perform circuit sim-
ulation with the designed nTron and MOS transistors us-
ing the HSPICE simulator. Finally, we fabricated nTrons
using NbTiN thin films, and tested the readout from the
CMOS memories using the fabricated nTrons, demonstrat-
ing the applicability of NbTiN nTrons for Josephson-CMOS
hybrid memories. Although a high-electron-mobility tran-
sistor driven by the NbN nTron has already been demon-
strated [19], NbTiN nTron is attractive for highly integrated
hybrid systems. This is because that ultra-thin films of
NbTiN can be easily deposited on Si or SiO2 substrates
without buffer layers. Therefore, we can highly integrated
the SFQ circuits, the NbTiN nTrons, and the CMOS memo-
ries on the same Si substrates.

The paper is organized as follows: we briefly review
the operation of an nTron and show the characteristics of
NbTiN thin films obtained from experiments in Sect. 2.
Then, we describe the proposed device model and show
HSPICE simulation including an nTron and MOS transistors
in Sect. 3. In Sect. 4, we report the measurement results in
readout test using the fabricated NbTiN nTrons and CMOS
memory cells. We give concluding remarks in Sect. 5.

2. Evaluation of NbTiN Thin Films for Nanocryotron
(nTron)

2.1 Structure and Operation of an nTron

nTrons are fabricated by processing a superconducting thin
film and have three terminals (the drain, source, and gate),
similar to field-effect transistors (FETs), as depicted in
Fig. 1 [16]. The gate and channel (drain-source) paths cross
at right angles, and their intersection is referred to as a choke
and is narrow on a several tens of nanometers. The channel
current, Ichannel, can be controlled by the gate current, Igate,
supplied.

In the operation of nTrons, a superconducting current
less than the critical current of the channel, Ichannel

c , is sup-
plied from the drain to the source in the initial state. By
supplying Igate over the critical current of the gate, Igate

c , the
superconductive state in the choke is broken down and a re-
sistive area, called hotspot [20] is formed. The area of the
hotspot expands via Joule heat and a wide resistive area is
formed, as shown in Fig. 1. The darkness in Fig. 1 illus-
trates the degree of the temperature rise. Thus, an nTron
achieves high resistance and the supply current flows to the

Fig. 1 A nanocryotron (nTron) [16].

load resistance, RL. The Joule heat diffuses and escapes to
the substrate after Igate is turned off, and the nTron cools and
returns to the superconductive state.

The nTrons driven by the SFQ circuits was reported
in [19]. It is estimated that the Joule heat generated in the
choke is lower than 10−19 J. The heat is conducted through
the substrate because superconductors are impenetrable to
heat. The temperature of the sapphire hemisphere can be
raised using the energy over a radius of just a few nm even if
the heat spreads isotropically. Therefore, it is insufficient for
forming large resistive area in the channel part. From the as-
pect of superconductivity, pseudo-two-dimensional behav-
ior enlarges the fluctuation of the phase in the superconduct-
ing macroscopic wave function, which promotes the cre-
ation and the unbinding of vortex-antivortex pair (VAP) as
described by Yamashita [21] inside the films, at Tc, this ef-
fect contributes to increase sensitivity to the gate currents
during their operation. Therefore, we investigated the char-
acteristics of ultra-thin films of the NbTiN in this study.

2.2 Characteristics of NbTiN Thin Films

To build a highly integrated Josephson–CMOS hybrid sys-
tem, nTrons should be fabricated on the insulating layer
(SiO2) in the SFQ circuits. Therefore, in this study, we fab-
ricated nTrons using NbTiN thin films, the superconducting
properties of which do not strongly depend on the substrate.

Typical SFQ circuits are fabricated using the Nb pro-
cess [22] and operate in liquid helium. Therefore, the Tc

of the NbTiN nTrons should be higher than and close to
the temperature of liquid helium (4.2K) for nTrons switch-
ing to the normal state with the energy of an SFQ (IcΦ0 =

4.0 × 10−19 J). The resistivity should be sufficiently high to
obtain high impedance and a high output voltage.

To meet these requirements, we evaluated the thickness
dependencies of Tc and the resistivity for designing NbTiN
nTrons. Figure 2 shows the measurement results. Tc de-
creased with thinner films, and we obtained the minimum
Tc of 4.9K in the helium gas atmosphere when the thick-
ness was 3.6 nm. In terms of resistivity obtained at 20K,
it increased with the thinner films including the dispersion
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of the measured data. We observed a maximum resistivity
of 3.61 μΩm with 5.4-nm-thick thin film, where the Tc was
5.3K. The obtained resistivity was higher compared to that
reported in other researches [18], [23], [24]. Although this
could be caused by influence of the grain boundary and the
crystallinity, it is still under investigation. With the 1.8 nm-
thick NbTiN thin film, we obtained a very high resistiv-
ity of 16.2 μΩm and a small residual resistance ratio RRR
(R300K/R20K) of 0.54. These values are markedly different
from those of the thicker films. Therefore, there could be
the dead layer of around 2 nm.

In this study, we selected a 5.4-nm-thick NbTiN thin
film for the operation simulation of the nTron in Sect. 3 due
to the high resistivity. For a Jc of 5 × 106 A/cm2, film thick-
ness of 5.4 nm, and choke width of 50 nm, the critical cur-
rent of the choke, Ichoke

c , is about 14 μA. Then, the supercon-
ductive state of the choke can be broken down by the input
current of several tens μA obtained from the SFQ circuits.

The normal resistance of the nTron Rn and the sup-
plied bias current Ib are calculated to 13 kΩ and 97 μA
(Ib = 0.9 Ic), respectively, under the condition that the chan-
nel width, the length of the resistive area, and Jc in the chan-
nel were 100 nm, 2 μm, and 2 × 107 A/cm2, respectively.

Fig. 2 The thickness dependencies of the niobium titanium nitride
(NbTiN) thin films: (a) Tc and (b) the resistivity obtained at 20K and RRR.

3. HSPICE Simulation of the nTron and a CMOS
Memory Cell

3.1 Electric Circuit Model of an nTron

To build a hybrid memory system, the HSPICE simulation
must include Josephson, thermally assisted, and CMOS de-
vices. Therefore, we proposed an electrical model of the
nTrons considering the effect of thermal diffusion. Fig-
ure 3 (a) shows a schematic of the proposed model.

The transition between superconduction and normal
conduction can be represented by using a lead wire with a
switch (S1) and Rn, where they are connected in parallel.
The generation of the hotspot at the choke takes a few pi-
coseconds so that the nTron can transit to the normal state
rapidly, while the thermal diffusion to the substrate after the
transition to the normal state will take several nanoseconds.
As the resistive area of the nTron changes with time, the
model must incorporate the thermal diffusion effect. There-
fore, we proposed an electrical circuit model by adding an-
other inductance Lk′ connected in parallel to Rn with switch

Fig. 3 Electrical model of an nTron. Ib = 97 μA, Lk = 5 nH, Lk′ = 1 μH,
Rn = 13 kΩ, RL = 1, 5, 10 kΩ, CL = 0.43 fF. (a) Schematic of the electrical
model. (b) An example of the simulation results.
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S2, as shown in Fig. 3 (a), since it is difficult to represent the
change of resistance with time in HSPICE simulators.

In the initial (superconducting) state, switch S1 is
closed, S2 is open, and the supplied bias current Ib flows
through the inductance of channel Lk and the lead wire.
When switch S1 opens, S2 closes a few picoseconds later,
where the delay corresponds to the pulse width of the SFQ.
Then, the output voltage simulating the output signal from
the nTron is obtained at load resistance RL. In this case,
the output voltage rises quickly based on the time constant
Lk/(Rn + RL), when the nTron returns to the normal state.
To cause the nTron to turn to the superconducting state, a
large voltage is immediately generated in Lk′ by closing S2.
The voltage generated in Lk′ corresponds to the difference
in temperature between the nTron and the substrate accord-
ing based on the analogy of the electrical and thermal cir-
cuits. The gradual current flowing to Lk′ corresponds to the
thermal diffusion to the substrate and the output voltage ob-
served at RL falls slowly with the value of Lk′ . This model
is not designed to perform in latching mode [19] yet, where
the resistive domain is sustained, because the input of SFQ
pulses rapidly return to zero and nTron can be cooled down.

In the measurement described in Sect. 4, we supply the
bias current to nTron using voltage supply through a load
resistance RL. In this work, we simulated the output volt-
age from the nTron with changing the value of RL in order
to obtain sufficient output voltage for driving nMOS transis-
tors. We connected the load capacitance CL of the gate in
the CMOS memory cell in parallel to the nTron as shown
in Fig. 3 (a). The parameters of the nTrons are based on the
experimentally extracted characteristics of the NbTiN thin
film. Figure 3 (b) shows an example of the simulation re-
sults using HSPICE under the conditions. We changed the
value of RL up to 10 kΩ, where the value of 10 kΩ is com-
parable to the value of Rn, because the nTrons can enter the
latching mode when the RL is higher. As shown in Fig. 3 (b),
we obtained an output voltage exceeding 0.5 V with RL of
10 kΩ. As we could not experimentally confirmed the dy-
namic characteristic of nTrons yet, the value of Lk′ was set to
1 μH in order to achieve the reported operation speed around
several gigahertz. From this simulation result, we decided to
adopt RL of 10 kΩ for our measurement described in Sect. 4.
We should examine the validity of the value of Lk′ by eval-
uation of dynamic characteristic of the nTron. Additionally,
we need to study on the appropriate Ic and output voltage
of the nTrons because the effect depending on the relation-
ship of Igate

c and Ichannel
c is not taken into consideration in this

model yet.

3.2 Simulation of the Readout from a Memory Cell

We connected the proposed model with a CMOS eight-
transistor, static random access memory (SRAM) cell and
tested the readout operation of the memory cell in the
HSPICE simulation of our Josephson-CMOS hybrid mem-
ory system [17]. We used the same circuit parameters as
used in Sect. 3.1 for the nTron model. Therefore, the normal

Fig. 4 Readout of the data written in complementary metal oxide semi-
conductor (CMOS) memory (HSPICE). (a) Schematic of the nTron and
8T-SRAM cell. (b) An example of the simulation results.

resistance of the nTron was set to 13 kΩ. The parameters
of the CMOS memory cell were the same as those oper-
ated successfully in Yokohama National University, which
are based on the Rohm 0.18 μm CMOS process.

Figure 4 (a) shows a schematic in which both circuits
are connected. In the operation of the SRAM cell, the val-
ues “1” or “0” are written in the memory cell by feeding
HIGHs into write bit line (WBL) or write bit line bar (WBL)
when HIGHs are fed into write word line (WWL), and the
written data are read out by feeding HIGHs into read word
line (RWL). Here, the written data can be read out when
the nTron turns to the normal state and an output voltage
exceeding 0.4 V is obtained. This is because the path to
the RWL is connected directly to the output of the nTron.
The voltage heights for HIGHs and supply voltage VDD, are
set to 1.8 V. From the simulation results, the output volt-
age of 0.5 V from the nTron model was input to RWL, and
an output voltage of 20 mV at the load resistance was ob-
tained by applying the voltage to RWL with the inputs to
WWL and WBL, as shown in Fig. 4 (b). This result showed
that the nTron could drive the nMOS transistor and the writ-
ten data are read out correctly. We also observed an un-
expected noise signal when the signals were input to WWL.
The through-current with the input to WWL is also observed
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in the simulation of the CMOS memory cell itself. There-
fore, this is not caused by the nTron model and the connec-
tion of the nTron and the CMOS memory cell.

4. Readout Test from the CMOS Memory Cell

We fabricated an NbTiN nTron and tested the readout from
the CMOS memory cell using the nTron, as we confirmed
that the nTron could drive the MOS transistor in the HSPICE
simulation.

4.1 Fabrication of NbTiN nTrons

In this paper, we argues that thinner film is better for ob-
taining large output voltage. However, the thicker films can
be suitable for obtaining large current for rapidly charging
capacitance in the CMOS transistors, and be one choice de-
pending on application field. On the other hand, we are still
optimizing the exposure of the electron beam to form nar-
row patterns for ultra-thin film. So far, we have success-
fully fabricated only 50-nm thick NbTiN nTrons. Although
we evaluated only preliminary characteristics of the nTrons
in previous study [17], we evaluated the I–V characteristics
and output voltages of the nTrons in detail, and tested the
readout from a CMOS memory cell for driving MOS tran-
sistors.

We deposited a 50-nm-thick NbTiN film on a thermally
oxidized silicon substrate by DC magnetron sputtering, and
patterned it using electron-beam lithography (EBL) and re-
active ion etching (RIE). The electron beam was acceler-
ated with a voltage of 50 kV, and the dose time and beam
currents were set to 0.25 μs/cm2 and 5.0 × 10−11 A, respec-
tively. Figure 5 shows optical and scanning electron micro-
scope (SEM) images of the fabricated nTrons. The widths
of the choke and channel of the nTron were 0.22 μm and
0.28 μm, respectively. These were wider than the designed
values (0.1 μm and 0.2 μm), and this was due to scattering
of the electron beam when the nTron pattern was formed.

Fig. 5 Optical and scanning electron microscope (inset) images of the
fabricated NbTiN nTrons.

4.2 Static Characteristics of the Fabricated NbTiN nTrons

First, we measured the resistance–temperature characteris-
tics of the NbTiN nTron in a helium atmosphere. From the
results, we evaluated the critical temperature, T D-S

c , of the
nTron between the drain and source and found that T D-S

c
was 12.7K. We did not observe a normal transition due to
the thermal effect because of the large Ic at the tempera-
ture of liquid helium (4.2K). Next, we measured the I–V
characteristics of the nTron between the drain and source at
11K, where the drain current was supplied through a load
resistance of 10 kΩ. Figure 6 shows the obtained I–V char-
acteristics with changing values of Igate. We successfully
observed output voltages of up to several hundred millivolts
when the nTron was in the normal state. Load lines were
drawn, as shown in Fig. 6. We confirmed that the Ic between
the drain and source (ID-S

c ) without Igate was 160 μA and ID-S
c

decreased with the input Igate over the critical current of Igate

(90 μA). The shift in the I–V curves were not simply caused
by input of Igate. It is thought that this was caused by the
thermal effect of the nTron. An output of approximately
200 mV is expected when we supply Idrain = 150 μA and
Igate = 100 μA. Although we obtained a high output voltage
of sub-V, it was insufficient for driving an nMOS transistor
for the readout in the SRAM cell when we used only the
expected thermal effect of the nTron. However, the nMOS
transistor could be driven by inputting a greater input current
to the drain. In this case, the nTron did not operate in the ex-
pected mode. The nTron operated using not only primary
thermal effect by supplying Igate but also the heat caused
by channel because the Idrain was supplied over Ichannel

c in
this mode. Therefore, smaller nTrons are required to obtain
higher sensitivity for Igate and larger resistivity for driving
nMOS transistors in expected thermal effect mode.

Fig. 6 Current–voltage (I–V) characteristics of the drain and source in
the fabricated nTron measured with a load resistance of 10 kΩ.
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Fig. 7 An nTron chip and CMOS chip.

Fig. 8 An example of the test results for readout from CMOS memory
using the fabricated nTron.

4.3 Readout Test Using the Fabricated NbTiN nTrons

We tested the data readout from the SRAM cell using the
fabricated nTron in the same way as described in Sect. 3.2.
The nTron and the SRAM cell on the separate chip were
connected electrically by using Al bonding wires, as shown
in Fig. 7. The signals to WWL, WBL, and WBL were input
by a pulse pattern generator operating at room temperature,
where the voltage heights were 1.8 V, and the supply voltage
VDD was set to 1.8 V.

In this measurement, we supplied Idrain = 200 μA to
obtain a sufficient output voltage from the nTrons and eval-
uated the output voltage from the CMOS memory cell on
changing Igate. Figure 8 shows an example of the read-
out test results. We observed a voltage exceeding 200 mV,
which includes the offset voltage of 50 mV, between the
drain and source of the nTron (VDS) triggered by an input
of Igate = 90 μA. This result agrees with the obtained IDS–
VDS characteristic of the nTron as shown by a cross mark
on the load line in Fig. 6. This means that the nTron adopted
the normal state on input Igate. We also observed that the val-
ues “1” and “0” were correctly read out when a current of
Igate was supplied to the nTron. This showed the potential of
NbTiN-based thermally assisted superconductor transistors
for Josephson-CMOS hybrid memories.

5. Conclusion

To build a Josephson–CMOS hybrid memory system, we

investigated the characteristics of the NbTiN thin film de-
posited on thermally oxidized silicon, and obtained good
characteristics for the nTron, with a low critical temperature
of 5.3K and a high resistivity of 3.61 μΩm with 5.4-nm-
thick NbTiN thin films. The 5.4-nm-thick NbTiN nTrons
can achieve the high output resistance of 13 kΩ.

We also proposed an electrical circuit model of the
thermally assisted transistors and confirmed that the nTron
could drive MOS transistors in an HSPICE simulation. We
fabricated NbTiN nTrons and successfully read out the data
written in a CMOS memory cell driven by the NbTiN
nTrons.

From these results, we confirmed the basic operation of
NbTiN nTron for driving CMOS memory cells in both the
simulation and experimental studied. It will be expected to
build highly integrated Josephson–CMOS hybrid memory
systems by using NbTiN nTrons because the Nb-based SFQ
circuits, the NbTiN nTrons, and MOS transistors can be in-
tegrated on the same substrate. In this work, the fabricated
nTrons were larger than expected and did not operate in ex-
pected mode. Therefore, we need to optimize the exposure
of the electron beam to form narrow patterns.
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