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Multilayered Heater Nanocryotron: A Superconducting-Nanowire-Based
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We demonstrate a multilayer nanoscale cryogenic heater-based switch (M-hTron) that uses a normal-
metal heater overlapping a thin-film superconductor separated by a thin insulating layer. The M-hTron
eliminates leakage current found in three-terminal superconducting switches and applies heat locally to
the superconductor, reducing the energy required to switch the device. Modeling using the energy-balance
equations and the acoustic mismatch model demonstrates reasonable agreement with experiment. The M-
hTron is a promising device for digital superconducting electronics that require high fan-out and offers the
possibility of enhancing readout for superconducting-nanowire single-photon detectors.
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I. INTRODUCTION

High-speed low-power nanoscale superconducting
switches are essential for realizing superconducting
electronic circuits. In recent years, there have been
many attempts to develop electrothermal superconducting
switches based on the destruction of superconductivity in
a current-carrying nanowire, which leads to an impedance
change to drive a load. One of these approaches uses a
superconducting three-terminal device called a nanocry-
otron (nTron) [1-4]. In an nTron, a narrow nanowire,
known as the gate, is connected to a wider superconducting
nanowire, termed the channel, through a small constric-
tion. Upon applying a current that exceeds its switching
current to the gate, the constriction switches from the
superconducting state to the resistive state. The normal
domain quickly expands, suppressing superconductivity
across the entire cross section of the channel and diverts
the current in the channel to the load.

These devices have been successful in demonstrat-
ing fast nanoscale superconducting switches and have
the advantage of a simple planar structure which is
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monolithically fabricated using a single thin layer of a
superconducting film. However, they face significant chal-
lenges related to sneak current and low fan-out. In elec-
trical circuits, sneak current is defined as any undesired
leakage current that flows through unselected gates. Sneak
currents have adverse impacts on power consumption and
the reliability of electronic circuits.

Recently, a device based on nanowires has been devel-
oped that has no path for leakage current and uses thermal
coupling to achieve switching behavior in the supercon-
ducting channel. This device, called the planar heater-
nanocryotron (P-hTron) [5], is a thermal cryotron and is
composed of a superconducting-nanowire channel that is
galvanically isolated from an adjacent gate nanowire that
serves as a heater. When the gate is biased with a cur-
rent higher than its switching current, it becomes resistive
and generates Joule heat, which raises the temperature of
the channel and eventually makes it resistive. Because the
heater is electrically isolated from the channel, the leakage-
current problem of the nTron is eliminated. Similar to
nTrons, the zero-resistance state and the high-resistance
state can be considered the “1” and “0,” respectively,
for digital logic. In another thermal-coupling approach,
a large-area normal-metal heater overlaps a meandered
thin-film superconductor while being separated by a thin
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dielectric [6]. While this approach enables interfacing with
high impedance loads, the device requires heating sev-
eral square microns of superconductor and has only been
demonstrated at approximately 1 K operating tempera-
tures, limiting the switching speed of the device.

In this work, we study another type of hTron switch
where the heater is placed on top of the superconducting
channel and is electrically isolated from the channel by
depositing a thin layer of an oxide film between the heater
and the channel. We call this type of switch a multilayer
hTron (M-hTron). The heater in an M-hTron is made of
a normal metal that allows suppression of the critical cur-
rent in the channel in a controllable manner. In M-hTron
devices, the heater crosses over the superconducting chan-
nel; as a result, the heating in the channel is more uniform
and local when compared to the P-hTron, where the heat-
ing gradually decreases across the width of the channel.
This feature has the potential to increase the thermal cou-
pling efficiency of M-hTrons and allows them to have
a higher fan-out than P-hTrons. In this paper, we only
present work on M-hTrons and, for simplicity, we refer to
them as hTrons.

II. DEVICE FABRICATION

In the following section, we discuss the fabrication pro-
cess of hTron devices. A multistep electron-beam lithogra-
phy (EBL) process is used in combination with dry etching
and lift-off processes to fabricate the hTron devices, as out-
lined in Fig. 1. In the first step, a 20-nm-thick NbN super-
conducting film is deposited by a reactive dc-magnetron
sputter process on a sapphire (Al,O3) substrate. Then, 50-
nm-thick Au marks are defined by a lift-off process on the
NbN film using EBL at 100 kV. In the next EBL step,
the superconducting channel is patterned on positive-tone
electron-beam resist (ZEP 520A). The exposed resist is
first developed in hexyl acetate at 0°C, is then dipped in
IPA, and is blow-dried with N,. The NbN layer not cov-
ered by the resist layer is then etched in CF4 plasma at
50 W. To prevent the resist mask layer from overheating
and hardening during the etching process, we perform the
etching process in three steps, allowing the resist layer to
be cool down for 2 min after 3 min of CF, etching. The
resist layer is then ashed in oxygen plasma (100 W for
25 s) and removed by submerging the sample in Microposit
Remover 1165 (N-Methyl-2-pyrrolidone) heated at 60°C.
In the last EBL step, the heater element is defined on the
top of the superconducting-nanowire channels using a lift-
off process. In this step, we first deposit a 25-nm-thick layer
of SiO; using an e-beam evaporation technique. Here, the
Si0, film is used as an insulating layer to make sure that
there is no electrical contact between the heater and the
superconducting channel. Following the evaporation of the
Si0, layer, a 30-nm-thick layer of Ti is evaporated. The
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FIG. 1. A cross-section view of the fabrication process. After

deposition of the NbN film, (a) Au marks are defined on a 20-nm-
thick NbN film using a lift-off process. (b) The superconducting
channel is then patterned on the NbN film using EBL and an RIE
process with CF4 gas. (c¢) A heater made of a 30-nm-thick Ti
layer is defined on the top of superconducting channel. A 25-nm-
thick layer of SiO; film is employed as a dielectric layer, isolating
the heater and the channel. (d) A false-color SEM image of the
final hTron device with the NbN channel shown in blue and the
Ti heater shown in red.

lift-off is then performed in Microposit Remover 1165 at
60°C.

The high-yield fabrication and reproducible results are
closely associated with the quality of the interfaces as
well as the oxide layer. For this reason, we fine tune
every step of the nanofabrication processes to get high-
quality interfaces between different layers and also make
sure that we have a pinhole-free dielectric between the
heater and superconducting channel. Figure 1(d) shows a
colorized scanning-electron-microscope (SEM) image of a
fabricated hTron device.

III. THEORY AND SIMULATION

To characterize the heat transfer in hTron devices,
we formulate and solve heat-transfer equations in var-
ious device geometries. Several fundamental energy-
relaxation processes governed by electron-electron (e-e),
electron-phonon (e-ph), phonon-electron (ph-¢), and
phonon-phonon (ph-ph) interactions contribute to the heat
transport in nanoscale devices at cryogenic temperatures.
While, in general, these interactions can lead to complex
dynamics, to simplify our approach, we neglect the details
of nonequilibrium electron and phonon distributions in
favor of the quasiequilibrium two-temperature model.

Heat transfer within the Ti heater is modeled using
aT,

t

Ce(Te) 5
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which form the basic two-temperature equations for the
bulk of a normal metal. In Egs. (1) and (2), T, is the elec-
tron temperature, Ty, is the phonon temperature, C, is the
electron heat capacity, X, describes the electron-phonon
coupling strength, «,. is the electron thermal conductiv-
ity, j = o £ is the current density, o is the conductivity,
E is the electric field, Cy, is the phonon heat capacity,
and kpp is the phonon thermal conductivity. Note that the
temperature dependencies of the heat capacities and ther-
mal conductivities are included in this formulation. The
Si0, spacer layer is treated in a similar way to Eq. (2) but
with electron-phonon interactions neglected and the heat
capacity defined according the Debye model. The descrip-
tion of the superconductor system follows the approach
of Vodolazov [7] using Egs. (30)~«32) therein, under the
simplifying assumption that the magnitude of the super-
conducting order parameter is equal to its equilibrium
value for the current value of the electron temperature
A(f) = Agcs[Te(t)]. Furthermore, we use the phenomeno-
logical approach of Ref. [8] to describe the current dis-
tribution in the superconductor and Joule heating. While
this neglects the details of vortex formation and motion,
which could be captured by a time-dependent Ginzburg-
Landau (TDGL) approach, the computational complexity
of solving the TDGL equations makes them impractical for
calculations of large three-dimensional (3D) geometries
over many nanosecond time scales. The phenomenological
approach has been demonstrated to capture the main elec-
trothermal physics of superconducting nanowires [9—11],
which is the regime of interest in the current study.

A constricted region is included in the model by defin-
ing a length of 40 nm where the switching current is
given by a fit to the experimentally measured switching
current. Elsewhere in the NbN channel, the switching cur-
rent is given by the theoretical depairing current, which is
approximated using the Bardeen temperature dependence
and the zero-temperature value calculated from the Usadel
equations [12].

Heat fluxes at the interfaces between materials are deter-
mined using the acoustic mismatch model (AMM), fol-
lowing the approach of Kaplan [13], leading to boundary
conditions of the form

ki (TYVLT) = —% (11 —13), 3)
where T and T, are the local phonon temperatures of the
two materials at the interface, «1(77) is the local phonon
thermal conductivity at the interface, V, indicates the
outward gradient in the direction normal to the interface
and Gy, describes the boundary conductance. Interfaces
with the vacuum are assumed to be perfectly insulating
and the substrate is assumed to remain fixed at the bath
temperature (7). A block diagram of this thermal sys-
tem is shown in Fig. 2. Additional details and simulation
parameters can be found in Appendix A.
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FIG. 2. The block diagram of the electrothermal model. The
electron and phonon systems of the Ti heater and NbN chan-
nel are coupled by electron-phonon interactions. Each of these
electron systems can be heated through Joule dissipation. The
phonon systems of the heater, insulator, and channel are coupled
by boundary resistances. The insulator and channel are also cou-
pled by boundary resistances to the substrate, which remains at a
fixed temperature.

In the model, two current sources determine the bias
conditions of the hTron, as shown schematically in
Fig. 3(a). A time-dependent current source [/ (#)] governs
the current flow in the heater. The superconducting chan-
nel is electrically connected in series with an inductor (L)
and the combined inductor and channel are connected in
parallel with a load resistor (R;). This circuit is driven by
the bias-current source (Icy,).

The nonlinear set of coupled partial differential equa-
tions is solved in a 3D geometry using the finite-element
method. The geometry of the simulated system matches
the experimentally fabricated devices. In the simulation
domain, the insulator and heater cross perpendicular to
the superconducting channel, as shown in Fig. 1(d), and
maintain the topography of the step edge at the channel as
shown in Fig. 1(c). Maintenance of this step edge neces-
sitates the use of a 3D finite-element solver. In the 3D
geometry, interfaces of the channel, dielectric, or heater
that are not in contact with each other or the substrate are
assumed to be perfectly insulating.

During operation, as current passes through the heater,
Joule heating first heats the electron system of the Ti.
This heat couples to the phonon system and couples to
the phonons of the dielectric spacer. Eventually, this heat
is coupled to the phonon system of the superconductor
and, through electron-phonon interactions, to the electron
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FIG. 3. (a) The schematic circuit for simulating hTron performance. The heater current source /5 dissipates energy in the hTron
resistor, increasing the temperature of the superconducting channel. When this heat drives the hTron channel to the normal state, the
appearance of a finite resistance diverts current to the load, modeled as a 50<2 resistor. The time-dependent (b) temperature response
and (c) electrical response of the hTron. Once the heater current activates, the temperature of the system increases. Thermal boundary
resistances and heat capacities lead to a lag between when the NbN temperature increases compared to the heater. Once the NbN
electron temperature exceeds the current-dependent critical temperature, the channel switches to the normal state and the Joule heat
from the NbN rapidly increases the temperature of the device. The heater width is 500 nm, the channel width is 600 nm, the heater

current is a 1-ns-long 40 pA pulse, the channel bias current is 100 ©A, and the substrate temperature is 3 K.

system, which suppresses superconductivity. When the
temperature of the superconductor surpasses the current-
dependent critical temperature of the superconductor, the
superconductor switches to the normal state and Joule
heating expands the normal domain along the length of
the channel. Figure 3(b) shows an example simulation of
the time evolution of the temperature of the system for
a 1-ns current pulse in the heater. The delay caused by
heat passing through the multiple thermal boundary resis-
tances and due to the heat capacities of these layers causes
a lag between the onset of current in the heater and the
formation of resistance in the superconducting channel, as
seen in Fig. 3(c). The reset properties of the superconduct-
ing channel are determined by the series inductance and
load seen by the device and the duration of the current
pulse through the heater. For short pulsed heat sources,

self-resetting can be achieved through proper selection of
the L/R; time constant or biasing of the device below the
retrapping current.

IV. EXPERIMENT

A schematic representation of the experimental setup for
characterizing the hTron devices is shown in Fig. 4(a). The
unfamiliar schematic symbol represents the hTron device.
The bias current through the superconducting channel is
provided by an arbitrary waveform generator (Keysight
33622A) and a room-temperature resistor, Rpi,s, connected
in series with the channel of the hTron. The current flow
in the channel is determined by measuring the voltage
drop across the known Ry,;,s using an oscilloscope (LeCroy
WaveRunner 620zi) and applying Ohm’s law. The gate
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E 5 0.5 ‘;.;n E 0
= =
Current 5 50 3 = =
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FIG. 4. (a) The schematic circuit diagram of the measurement setup for characterizing hTron devices. The device is held at the base

temperature in a cryostat. The arbitrary-waveform generator (Keysight 33622A) in series with a bias resistor, Rpi,s, and a low-pass
filter are used to bias the superconducting channel. The current signal from a low-noise current source (Yokogawa GS200) is sent to
the heater. (b) Example data traces from the acquisition procedure. The blue line is the applied bias current to the superconducting
channel and is calculated by measuring the potential difference across the bias resistor, Ryi,s. The red line shows the voltage across the
channel. The output voltage appears on the oscilloscope (LeCroy 610ZI) once the bias current exceeds the switching-current value of
the channel. The time difference between the sync signal of the AWG (yellow) and the switching time (red) can be translated to the
switching current through knowledge of the ramping slope of the input current. The heater is biased at a fixed current value during this
measurement. (c) The /-V characteristics of a hTron for different values of the heater current. The channel-switching current decreases
as the heater current increases.
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of the hTron is biased by a low-noise dc current source
(Yokogawa GS200) in series with a low-pass filter (BLP-
1.9+, dc, —1.9 MHz). Figure 4(b) shows the time trace of
the current and voltage signals of the hTron recorded with
the oscilloscope when there is no current applied to the gate
port. All characterizations are conducted in a well-shielded
closed-loop cryostat with a base temperature of 3 K. The
current-voltage (/-V) characteristics of the hTron device
as a function of the gate current, /,, are shown in Fig. 4(c).
This device is made of a 20-nm-thick NbN film and has a
channel width of 600 nm. The switching current, /., of this
hTron when there is no current applied to the gate is about
120 nA.

Figure 5(a) shows the switching current and retrapping
current (/,) of the channel as a function of the gate current
for the same hTron device with a channel width of 600 nm.
It can be seen that for /. > I,, the retrapping behavior
and the retrapping current are not substantially modulated
by the applied gate current. However, once the switching
current is reduced to the retrapping current due to increas-
ing gate current, the /-V curve for the channel does not
have a hysteretic behavior during the transition from the
superconducting state to the normal state and therefore the
switching and retrapping currents are suppressed together
as the gate current increases. In Fig. 5(b), we present the
measured /. and 7, as a function of the device temperature
for the same hTron with zero gate current.

We compare these results to the predictions of the elec-
trothermal model of the hTron under steady-state opera-
tion in Fig. 5(a), finding reasonable agreement between
the model and experiment. To define the switching cur-
rent of the constricted region of the superconducting
channel, we fit the experimentally measured temperature-
dependent switching current using the function /. =

—
[\]
(V)]

50

Device current (nA)

N
(9,

A 1ARARIRARRPRARAI LA

(e}
(e}

20
Heater current (©A)

40 60

FIG. 5.

126.6[1 — (T/T.)*]*" 1A, shown in Fig. 5(b). All other
material and interface properties are estimated from liter-
ature values or measured experimentally and these details
can be found in Appendix A. In this steady-state measure-
ment, the relationship between the heater current and the
switching current originates from an increase in the chan-
nel temperature due to a balance between the Joule heating
of the heater and the thermal boundary resistance between
the channel and the substrate. When diffusion is neglected,
this takes the analytical form described in Appendix B by
Eq. (B6).

We further investigate the influence of the superconduct-
ing channel width and gate width on the performance of
hTron devices. In the first experiment, we fabricate several
hTron devices with channel widths varying from 600 nm to
9600 nm, with the heater width fixed at 500 nm. Figure 6(a)
shows the normalized switching current as a function of the
heater current for hTron devices with widths of 600 nm,
3200 nm, and 9600 nm. At low heater currents, the switch-
ing current of the hTrons with wide channels shows a
plateau, which means that the heater current does not mod-
ulate the switching current of the channel. This plateau can
be explained if the location within the channel that causes
switching, either due to a constriction or from current
crowding at the bends of the wire, is not located directly
underneath the heater. In this case, with small increases in
temperature from the heater, the switching current is still
limited by the constriction outside the heater region and
the device switching current will not be modulated. Only
when the temperature of the channel underneath the heater
increases to the point where this section of the channel
becomes the weakest current carrying region will further
increases in the heater current reduce the channel switching
current. This experiment demonstrates that the amount of

3 4 5 6 7 8
Temperature (K)

The switching current (yellow circles) and the retrapping current (blue triangles) of a hTron with a channel width of 600 nm

and a heater width of 500 nm as a function of (a) the heater current and (b) the temperature. The model predictions of the switching
current (black line) and the retrapping current (blue line) are shown for comparison. The temperature-dependent switching current of

the model is a fit to experiment.
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(a) The normalized switching current of hTrons with channel widths of 600 nm, 3200 nm, and 9600 nm as a function of the

heater current. The width of the heater is kept at 500 nm for these devices. (b) The normalized switching current of hTrons (symbols)
with heater widths of 300 nm, 500 nm, and 1000 nm as a function of the heater current. The channel width is kept at 200 nm for these
devices. Predictions from the electrothermal model (lines) are shown for comparison.

current required to suppress the switching current of each
device is only slightly higher for the 9.6-um-wide chan-
nel when compared to the 600-nm-wide one. From that,
we can infer that the heater generates a very local region
of increased temperature in the superconductor and that
the heating power deposited per unit length is not a strong
function of the channel width.

Additional devices are fabricated that probe the impact
of the heater width on the switching behavior of the hTron
devices. We fabricate a number of hTron devices with
channel widths of 600 nm and heater widths varying from
300 nmto 1 wm. The normalized switching current of these
hTrons as a function of their heater current is shown in
Fig. 6(b). At a specific current, the deposited energy (as
Joule heating) is the highest for the hTron with the narrow-
est heater width. This is expected, since the narrow heater
geometry leads to a higher resistance and a higher current
density within the heater.

V. FUTURE APPLICATIONS

There are several applications where introduction of the
hTron offers the possibility of performance benefits over
traditional techniques involving Josephson junctions and
other types of superconducting switches. The hTron offers
several advantages including high gain, no leakage cur-
rent between the gate and channel, the ability to drive
high-impedance loads, the possibility of large fan-out, and
robustness to magnetic fields [1-5]. These properties make
hTron devices an excellent choice that can provide the
necessary on-chip platform to interface superconducting
circuits involving superconducting single-flux quantum
(SFQ) electronics to room-temperature control systems.

In one application, we use hTrons to build a scalable
superconducting memory cell [14]. The schematic of an
hTron-based memory cell is depicted in Fig. 7 and con-
sists of two hTrons in parallel, making a superconducting
loop. This memory cell stores bits “0” and “1” in the form
of a clockwise or counterclockwise persistent current in
the loop, respectively. Since there is no Ohmic loss in the
superconducting loop, the state of the memory is secured
and requires no refresh operation. For this loop to act as
a memory, two main conditions need to be satisfied. First,
the switching current of one of the hTrons must be smaller
than that of the other one (/.; < I;). Second, the induc-
tance of the part of the loop with a smaller switching
current must be lower than that of the other part (L; < L,).
For details of the memory-cell operation, see Ref. [14].
The memory cell based on the multilayer hTron is more
scalable than that based on the planar hTron [5]. While the
planar cell requires only a single layer for solitary devices,
scaling requires compact via interconnects between thin
superconducting films, while the multilayer approach does
not require any vias. Furthermore, the minimum feature
size of the planar cell is smaller than that of the multilayer
cell, making yield over a large area more difficult.

The hTron also shows promise as a preamplifier
for superconducting nanowire single-photon detector
(SNSPD) readout. When operated in this configuration, the
heater element of the hTron would act as the load of an
SNSPD circuit while the channel of the hTron carries cur-
rent that is diverted into a traditional rf amplifier as shown
in Fig. 8(a). The hTron could be capable of increasing the
amount of current diverted into the amplifier, which can
increase the signal-to-noise ratio of the electrical pulse and
reduce the noise contribution to timing jitter.
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FIG. 7. (a) The schematic circuit presentation of a memory cell

using two hTrons in parallel. The cell has a narrow constriction
on one side and a wider constriction on the other. The heater is
used as the cell-select port by lowering the switching current of
both hTrons. This memory cell requires only one port to perform
read-write operations and stores information in the form of the
persistent loop current. (b) A false-color SEM image of a mem-
ory cell using hTrons, where blue indicates the superconductor
while red indicates the heater.

The use of the hTron for this application is simulated
using the same material parameters as used throughout this
work for a channel width of 1 um. As shown in Fig. 8(b),
when a 300-nm-wide heater is used, a current amplification
factor of 7 can be achieved for a current pulse resembling
the output of an SNSPD with a bias current of 25 p©A
and a kinetic inductance of approximately 660 nH. Opti-
mization of the material properties and device geometry
can improve this value and reduce the amount of bias cur-
rent and SNSPD inductance required to switch the hTron
channel. In practice, the amplification factor that can be
attained is limited by the reset dynamics of the SNSPD.
Due to the finite resistance of the normal domain gener-
ated during photon detection (typically a few kilo-ohms),

the heater resistance must be a small fraction of the normal
domain resistance in order to ensure shunting of current
from the nanowire during photon detection. Furthermore,
the heater resistance contributes to determining the electri-
cal reset of the SNSPD (treset = Lx/Rp), and too large a
resistance may induce latching [10]. Here, Ly is the kinetic
inductance of the SNSPD and Ry is the heater resistance,
which acts as the load impedance of the device. When
operating an hTron as an SNSPD preamplifier, one must
also consider the implications of signal-propagation delay
and thermal-coupling jitter on the timing performance of
the hTron. Experimental characterization of these effects is
needed to fully evaluate the benefits of using an hTron for
SNSPD signal amplification.

It is well known that shunted superconducting
nanowires can be operated in an electrothermal relaxation-
oscillation regime [10,15—17], where the feedback from
the circuit causes the nanowire to regularly switch from the
superconducting to the normal state. It is only recently that
experimental work has demonstrated that these devices
exhibit frequency lock-in to a driving microwave signal
[18]. The local heating generated by the hTron means that
the relaxation oscillation can be locally tuned and this
enables the operation of many such devices on a single
chip. To demonstrate this principle, we simulate the elec-
trothermal response of a hTron with a 102 shunt resistor
for different values of the heater current. As seen in Fig. 9,
the response frequency can be tuned dramatically, demon-
strating the promise of the hTron as a tunable relaxation
oscillator.

VI. DISCUSSION

The combination of theoretical and experimental inves-
tigation provides considerable insight into the operation of
hTron devices. When considering the results of the model,

200 g T T v 2500
(a) (b)
2000
~150 =
L Amp 3 <
A 3 1500 g
]() > e ( Io, 500|% 5100 5
«( z I'_E_I'xﬁ Dl £ 1000 2
n |~ 8 2
50 500 A
v
v v v 0 0
0 2 4 6 8 10
Time (ns)
FIG. 8. (a) The schematic circuit for using the hTron as a preamplifier for SNSPD readout. The heater resistor of the hTron acts

as the load resistor of the SNSPD. When the hTron switches, the channel current is diverted into an rf amplifier. (b) The simulated
hTron response when operated as an SNSPD preamplifier. The channel width is 1000 nm, the heater width is 300 nm, and the channel
bias current is 180 wA. The total resistance of the heater, including contacts, is 2202 and the series inductance of the hTron channel
is 1 uH. The red curve indicates the heater current and represents an SNSPD-like pulse, the blue curve shows the current through
the hTron channel, and the green curve shows the current diverted to the 502 load of the hTron channel. The black curve shows the
channel resistance. The simulated device achieves a current gain of 7.
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FIG. 9. The simulated hTron response when operated as a tun-
able oscillator. The channel width is 600 nm, the heater width is
300 nm, and the channel bias current is 90 wA. The total resis-
tance of the heater, including contacts, is 2202 and the series
inductance of the hTron channel is 500 nH. The load resis-
tor is 10€2. The blue, green, and red curves show the current
through the load resistor for heater currents of 20 ©A, 25 ©A,
and 30 pA, respectively. As the heater current increases, the
oscillation frequency increases.

it is important to emphasize that the only free parame-
ters used in the fitting procedure are used to define the
temperature-dependent switching current, which is directly
extracted from experiment. The heater-current dependence
of the switching and retrapping current is primarily influ-
enced by the thermal boundary conductance of the inter-
faces, which is extracted from literature values of material
properties and the AMM, which is not used as a fitting
parameter. Given the uncertainty in properties such as
the interface boundary resistance and the diffusion coef-
ficient, the fitting between experiment and model shown
in Fig. 5(a) is surprising. A better fit to the experimental
switching current as a function of the heater current can
be achieved by making a correction to the interface resis-
tance between the NbN and the sapphire but our goal is
to demonstrate the qualitative accuracy of the model and
its usefulness as a design tool, not to attempt to extract an
estimate of the boundary resistance.

Proper design requires a thorough understanding of the
effects of heater and channel width on device performance.
When considering the channel width, it can be recognized
from Fig. 6(a) that as the channel width increases, a plateau
region forms in the switching current at low heater cur-
rents. This means that for low heater currents, the increase
in temperature caused by the heater does not impact the
switching current of the channel, in contrast to the expecta-
tions based on the model. One possible explanation is that
the superconductivity of the channel is suppressed some-
where outside of the region directly beneath the heater,
so that local heating of the channel in this area does not
initially affect the switching current. Eventually, sufficient

heat is dissipated by the heater to increase the local tem-
perature of the channel, so that switching is caused in the
region directly beneath the heater and the switching current
decreases with an increased heater current, as expected.
With proper design and improvements in fabrication, this
plateau is expected to be eliminated.

Similar arguments can be used to understand the impact
of the heater width on the device performance shown
in Fig. 6(b). For a given heater current, as the heater
width is reduced, the current density increases, leading
to more dissipation per unit area. Therefore, a smaller
heater current is required to achieve the same amount of
Joule heating per unit area. If plotted as the heater cur-
rent density rather than heater current, the curves from
the three devices do not directly overlap as might be
expected but they are reasonably close given fabrication
nonuniformity. The model predictions for the switching
currents of these devices underestimate the heater cur-
rent required to suppress superconductivity in the channel.
There are several explanations for this discrepancy. Apart
from the previously stated concerns of uncertainties in
the boundary-resistance parameters for the interfaces, the
temperature-dependent switching current is not calibrated
and is assumed to have the same temperature dependence
as the device shown in Fig. 5. Furthermore, the sheet resis-
tance of the Ti heater is not measured for this fabrication
run. A slightly thicker Ti heater due to deposition uncer-
tainty would lead to lower current densities for a given
bias current and shift the model predictions to higher heater
currents, leading to better agreement with experiment.

The design and fabrication of the hTron is not restricted
to the Ti and NbN material systems for the heater and
channel, respectively. Depending on the application, there
can be advantages to using a lower-7, superconductor. For
a given size of channel, a lower-7, material will require
less energy to break superconductivity, increasing the sen-
sitivity of the hTron. This can be particularly important
for applications where only a small amount of heater cur-
rent is available to drive the channel normal, such as
SNSPD readout. The heater material must be chosen to
achieve an appropriate load for the circuit that drives the
hTron. To match to a 50-Q2 transmission line, a lower-
resistivity material such as Au-Pd might be needed in order
to maintain a narrow heater geometry across the chan-
nel. Attention must also be paid to the acoustic properties
of these materials. In order to maximize the heat trans-
fer from the heater to the channel and thus to maximize
device sensitivity, an ideal heater material would be acous-
tically matched to the dielectric and the dielectric would
be matched to the channel. The channel would be poorly
matched to the substrate in order to trap the energy cou-
pled from the heater. When thermal coupling from the
heater is poor, additional energy is lost through diffusion
in the heater leads, which reduces the device efficiency.
The channel geometry must also be optimized to match the
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requirements of the load it is intended to drive. For a given
material, by using a thinner channel, the sheet resistance
increases, which increases the impedance of the channel in
the normal state, but this also decreases the critical current
of the device. Similarly, a narrower channel has a higher
normal resistance and requires less energy to switch but it
also has smaller critical current.

Optimization of these devices requires balancing all of
these device properties while considering the constraints
on the maximum acceptable heater resistance and the
load that the hTron must drive. While certain approxi-
mations can simplify this analysis (see Appendix B), the
optimization problem is generally nontrivial. While the
time-dependent validity of the model is not verified exper-
imentally, the steady-state performance is sufficient to
estimate the approximate amount of heat needed to switch
the superconducting channel. Overall, the model described
here can be used to judge the feasibility of hTrons for par-
ticular applications and optimize device performance once
the material and interface properties are sufficiently well
characterized.

As a final consideration, the cryogenic environment
can play an important role in hTron performance. All of
the measurements performed in this work are made with
the device exposed to vacuum. If used in a wet system,
the interface between the heater and liquid helium acts as
an additional dissipation channel and lowers the efficiency
of the heater by allowing thermal energy to couple to the
helium rather than the channel. Similarly, if a passivation
layer is used to protect the top surface of the entire device,
heat can diffuse in all directions through the passivation
layer rather than being directed preferentially to the chan-
nel. For optimal performance, the heater material should
be chosen such that passivation is not necessary to prevent
degradation over time.

VII. CONCLUSION

As cryocooler technology continues to improve and the
use of superconducting detectors and circuits becomes
more prevalent, there is an urgent need for improved super-
conducting electronics and switches to interface between
dissimilar material systems. We successfully fabricate and
test several multilayer thermal superconducting switches
that locally transfer energy from a heater to a super-
conducting channel while maintaining electrical isola-
tion. Crucially, electrical isolation eliminates the undesired
sneak current present in nTrons and enables greater flexi-
bility in the design of the impedance of both the gate and
channel, as needed for high fan-out or interfacing with
semiconductor electronics. This characteristics of hTrons
make them ideal candidates for a number of applications
ranging from amplifiers for SNSPD readout to digital
electronics and memory devices.

The heat transfer in these devices is adequately
described by the combination of the two-temperature and
acoustic mismatch models solved over the 3D geometry of
the device. Such a model can be used as a design tool to tai-
lor hTron performance for specific applications. While an
improved theoretical understanding of the nonequilibrium
superconductivity and the thermal boundary resistances
would aid in the quantitative design of hTrons, the cur-
rent understanding of these devices is sufficient to position
the hTron as an enabling technology for a variety of
superconducting electronics applications.
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APPENDIX A: SIMULATION PARAMETERS

The model described in Sec. Il requires knowledge
or estimates of a variety of physical properties of the
superconductor, heater, and dielectric materials. Given that
many of these parameters are difficult to measure experi-
mentally, we use a combination of literature estimates and
measured quantities in our modeling.

The thickness of the titanium heater is estimated to
be 30 nm based on the deposition time and rate, the
sheet resistance is measured to be 24.82/[], and the elec-
tron thermal conductivity is modeled according to the
Wiedemann-Franz relation. The electron heat capacity is
estimated as C,1;(T.1i) = yriTeri» With yri = 320 J/m’K>?
[19]. The titanium phonon system is treated using the
Debye model with Cyp1i(Tph1i) = aTiT;h,Ti’ in which
ot = 2.47 J/m*K* [19]. The Ti phonon thermal conductiv-
ity is estimated as kpn i = o1iDpn1i 7] ;h’Ti, with the phonon
diffusion coefficient Dy 1i ~ 0.27 cm? /s, which represents
the Casimir limit. The electron-phonon coupling constant
is Xopnmi = 1.3 x 10° W/m’K3 [20].
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The heat capacity of the SiO, spacer is estimated using
the Debye model. The SiO; thermal conductivity is esti-
mated by extracting the bulk-phonon mean free path from
bulk values of the thermal conductivity [21] and the Debye
heat capacity [22], averaging this mean free path with
a wavelength-independent lower bound equal to the film
thickness and then using the kinetic relation to estimate the
reduced thermal conductivity for a thin film [23].

The NDN film is 20 nm thick, based on the deposition
time and rate, and the 7, value is 8.4 K, based on the
temperature-dependent switching current. The sheet resis-
tance for the simulations is estimated to be 470 /0],
based on the average /- characteristics of measured
devices at cryogenic temperatures and the geometry of
the devices. The electron diffusion coefficient of NbN
is approximated as 0.5 cm?/s and the electron-phonon
characteristic coupling time tp is approximated to be
1000 ps (see Ref. [7]). These properties lead to an esti-
mated zero-temperature depairing current of 237.4 pA
[12] for the 600-nm-wide devices and the Bardeen
temperature dependence is used at elevated tempera-
tures to approximate the temperature-dependent depair-
ing current. The switching current is approximated by
1. =126.6 [1 - (T/TC)3]2'1 #A, which comes from fitting
experimental measurements of the switching current for
the 600-nm-wide channel device over the temperature
range of interest (see Fig. 5). This represents the switching
current of the device at the smallest constriction, which is
assumed to be at the center of the nanowire for the 600-nm-
wide channel device. Outside of this constricted area, the
switching current is given by the temperature-dependent
depairing current. These values lead to a constriction fac-
tor of approximately 0.58 &= 0.05 over the range of 0.4 <
T/T. < 0.8, which is consistent with measurements of the
switching current to depairing current ratio in thin NbN
films [24]. It is important to note that the use of a constric-
tion underneath the heater and a depairing current outside
of the heater region is necessary to simultaneously repro-
duce the switching and retrapping characteristics of the
device within the model. If the experimentally measured
switching-current relation is used over the entire nanowire
domain, the simulated retrapping current is significantly
smaller than the experimentally measured results. For
the NbN-phonon system, we use the Debye model and
the average phonon sound velocity vayenon = 4912 m/s,

TABLE L
is the density.

based on measurements of the elastic properties of the
material [25], which lead to Connon(TNbN) = aNbN T ;h NN

with anpy = 1.03 J/m*K*. The phonon thermal conduc-
tivity is treated in the same way as the Ti heater, using the
phonon diffusion coefficient Dy, npn ~ 0.33 cm?/s.

The thermal boundary conductance at each of the inter-
faces is calculated using the AMM following the approach
detailed by Kaplan [13]. The relevant sound velocities
and densities used for these calculations along with the
boundary conductance parameters are listed in Table 1.

The retrapping current simulations of Fig. 5 are per-
formed with a time-dependent voltage source in series with
the superconducting channel, the series inductor, and a
10 k<2 bias resistor. The supply voltage is slowly reduced,
allowing an established hot spot to shrink to its mini-
mum size before relaxing to the superconducting state. The
retrapping current is evaluated as the minimum current that
sustains a hot spot.

APPENDIX B: SIMPLIFIED MODEL

All of the simulation results shown above use the full 3D
model described in the text. However, the implementation
of such a model is computationally intensive and is often
not necessary to gain useful information for making design
decisions. The computational complexity of the model
can be significantly simplified by reducing the model to
a lower-dimensional form. In the limits of a wide super-
conducting channel, a wide heater, a thin heater, a thin
dielectric spacer, and a thin channel, the system of equa-
tions can be expressed as a zero-dimensional (0D) set of
coupled PDEs. While this neglects the effects of diffusion
and cannot be used to describe the electrothermal evolution
of the superconducting channel, it does provide a simple
means of estimating the thermal dissipation required to
achieve switching of the superconductor. For the heater,
the reduced set of equations can be expressed as

aT.
Ceti(Ten) aet’H = —YephH (TS,H - Tgh,H)
livpn (B1)
(Wi dpy)?

The AMM parameters. For each material, v; is the longitudinal sound velocity, v, is the transverse sound velocity, and o

Material 1 vy (m/s) v, (m/s) o(g/m?) Material 2 vy (m/s) v, (m/s) o(g/m?) G12(W/m?K*)
NbN 7137 4459 8.25 Sapphire 10900 6450 3.98 516.2
NbN 7137 4459 8.25 SiO, 5832 3712 22 738.1
SiO; 5832 3712 22 Sapphire 10900 6450 3.98 452.5
Ti 6100 3120 4.50 SiO, 5832 3712 22 1504
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FIG. 10. A comparison of the transient response of the (a) zero-dimensional (0D) simplified model to the (b) full 3D model. A heater
current of 30 nA turns on at a time of 1 ns. The channel width is 600 nm and the heater width is 500 nm. The temperatures of the
3D model are sampled at the center of the intersection of the heater and nanowire and at a depth of half the film thickness. There is
good quantitative agreement between the simplified and full models. (c) A comparison of the simulated switching current for the full
3D model (circles) and the analytical expression given in Eq. (B6) (red line). The two models agree in this limit of a wide heater and a
wide channel. The deviation in the switching current of the full model at the highest heater current is due to ambiguity in the definition

of switching in this regime.
and

0Tn
;t’H = Ye-phH <T S,H - T 5h,H)

-2 (fy - 1h). ®2)

Cph,H (T ph,H)

where T,y is the heater electron temperature, C,y is
the electron heat capacity, X,y is the heater electron-
phonon coupling strength, [y is the heater current, py is
the heater resistivity, dy is the heater thickness, wy is
the heater width, T}, ;7 is the heater phonon temperature,
Con,r is the phonon heat capacity, Gy_p is the heater-
dielectric boundary conductance, and 7p is the dielectric
temperature. The dielectric equation takes the form

Toho  Gu-p
Con,p(Tpn,p) or - adp (T;‘h,y - T?))

|
Q
X
[
/N
k=)
5
o
|
<1
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52}
N——"
~~
jos,
[OF]
N’

where Cynp is the dielectric heat capacity, dp is the
dielectric thickness, Gp_g is the dielectric-superconductor
boundary conductance, and Ty, 5 is the channel supercon-
ductor phonon temperature. Finally, the reduced equations
for the superconducting channel become

aT,

S
Cos(Tes) 5> = —Zens (Tos — Tins) (B4

and

0Ty
Cph,H(Tph,H) ;t,H = Ee—ph,S <T2,S - TSh,S)

- (ZL;ZSS (Igh,s - 7‘2)) - G:;:b (T;h,S - Téub)a (BS)

where T, is the electron temperature of the channel, C, s
is the electron heat capacity, X..,ns is the electron-phonon
coupling constant, Cp, # is the phonon heat capacity, Gs_sup
is the channel-substrate boundary conductance parame-
ter, dg is the channel thickness, and T, is the substrate
temperature.

The full 3D simulation results are compared with the
results of the simplified formulation of Egs. (B1)~«(B5) in
Fig. 10 for the time-dependent temperature response of the
system to a current pulse in the heater. There is only a small
difference in the transient response of the system, which is
attributed to the thermal conduction across the thicknesses
of the films.

Within the simplified model, calculation of the steady-
state thermal coupling from the heater to the superconduct-
ing channel can be reduced to the analytical expression

4 1\2 1/4
Te,saH):[ Gp oA <i> +T;‘ub} , (B6)

S-sub \ WH

where poy is the heater sheet resistance. The heating-
induced switching current is found by inverting the
temperature-dependent switching-current expression. A
comparison with the full 3D model is shown in Fig. 10(c).
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The reasonable success of the 0D model indicates that it is
a useful tool for designing the thermal-coupling properties
of hTron devices. However, a full model is needed in order
to understand the more complex electrothermal coupling
that occurs in superconducting circuits.
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