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Synopsis

High-T. superconductive quasi-particle injection devices aiming at the use for
the interface between superconductor and semiconductor logic circuits were fab-
ricated. YBCO was used as the material for the superconductive bridge and Au
as the injector.

The fundamental characteristics of the device prototype were measured.
When the device was operated in non-latching mode, the response time was
10~100 ps, but in latching mode, the response time was reduced to about 100 ns.

We tried to explain the electric characteristics of this device by thermal anal-
ysis. By the simulation, the behavior of the device was successfully explained.
It was also proved that the response time can be shortened to the order of ~ns
under an appropriate operation condition.

The results obtained from the measurement were not sufficient for the prac-
tical use as the interface devices, but the simulation results showed that a device
with high performance can be realized with scaling and more accurate fabrication
process.




Chapter 1

Introduction

1.1 Background

It is believed among the superconductor researchers that the superconductor
computer system will be realized in the near future. It has a great advantage
over the conventional semiconductor computers: the calculation speed is 2 orders
of magnitude faster and the power consumption is 4 to 5 orders of magnitude
smaller. A

At the same time, superconductor has a well-known disadvantage. It is dif-
ficult, or almost impossible, to make a small superconductor computer system
because a refrigerator is necessary to cool down the superconductor circuits.

Therefore, the superconductor computers and the semiconductor computers
will exist together; the former for high-speed calculation, and the latter for mobile
use, etc.

Taking this fact into consideration, we must think about the way of data trans-
mission between these two different types of computers. In the complementary
metal oxide semiconductor (CMOS) circuits, ‘0’ and ‘1’ signals are represented
by the difference of the voltage, e.g. 0 V and 3.3 V. On the other hand, in
the case of single flux quantum (SFQ) logic circuits, which is the most popular
logic structure of superconductor computer, the signal ‘1’ is represented by the
existence of a single magnetic flux, and ‘0’ by absence. A magnetic flux can be
transformed to voltage by using a superconducting quantum interference device
(SQUID), but the voltage generated from one flux is only a few mV or less. The
aim of my research is to make an interface between SFQ and CMOS that can
amplify the small voltage generated by a SQUID to a voltage large enough to
operate CMOS circuits.

So far, a few articles about the interface systems are reported [1-3]. The
system proposed in these articles can be divided into 2 components: one consists
of many Josephson junctions or SQUIDs that are connected in series so that a
few tens mV of voltage is generated, and the other one is a CMOS differential




amplifier that can amplify the voltage to CMOS level. Though this kind of
system is reliable and high-speed (the slew rate is above 10 GHz), the circuits
are complicated and thus the size of the whole system is rather large.

In order to overcome this drawback, we propose a new interface system that is
very small and simple; it consists only of a high-T, superconductive microbridge
and a metal electrode. The microbridge can be switched to resistive state by
applying small voltage to the metal electrode. Generally speaking, the switching
speed of this kind of device is not thought to be so fast because the change
of the state is accompanied with a process of heating and cooling, which takes
relatively long time [6]. In the case of low-T, superconductive devices, however,
the switching speed is estimated to be less than 1 ns [7]; about the switching
speed of state-of-the-art CMOS circuits. Therefore I expect the value above can
be also achieved with high-T, superconductive devices.

1.2 Contents

In chapter 2, the structure and the fabrication method of the devices are ex-
plained. The basic device structure is roughly the same as that of quasi-particle
injection device. In order to inject large current, the contact resistance between
the injector and the bridge must be small. For this purpose, we tried in-situ Au
deposition and annealing process.

In chapter 3, the measurement results of the fundamental device characteris-
tics are shown. The resistance-temperature characteristics of the YBayCusOy_,
film, the current-voltage characteristics of the superconductive microbridge, crit-
ical current-injection current characteristics, etc. were measured.

In chapter 4, the results of thermal analysis of this device are shown. We
assumed that the electrical characteristics of the device were determined by the
device temperature. Based on this hypothesis, the heat generation and the heat
conduction were calculated and then the device characteristics were simulated.

In chapter 5, the switching characteristics are discussed. There are two types
of operation modes: latching mode and non-latching mode. The measurement
results and the simulation results of the switching characteristics in each mode
were compared to show the plausibility of the simulation. Lastly, the scaling
effect on the switching characteristics is also mentioned.

Chapter 6 is the conclusion of this thesis.
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Chapter 2

Device Structure and
Fabrication Process

2.1 Structure of the Device

2.1.1 Quasi-Particle Injection Device

First, we introduce quasi-particle injection devices because the structure of the
device proposed in this research is similar to that of quasi-particle injection device.

The structure of the quasi-particle injection device is shown in Fig. 2.1. It
consists of a superconductive bridge and a metal gate across the bridge. By the
current injection from the gate electrode into the bridge, the critical current I,
of the bridge is reduced because the quasi-particles (= electrons that are not in
the form of Cooper pair) injected from the gate will break the Cooper pairs that
are flowing in the bridge. Consequently, the superconductivity of the bridge is
weakened or broken.

Usualy, the current gain of this device, defined as

Al

is more than unity. In the case of the device fabricated with high-T, supercon-
ductor, current gain of larger than 5 is reported [4, 5].

So far, quasi-particle injection devices have been investigated by many re-
searchers [4-6], but the main purpose of these researches is to study the physics
of quasi-particle injection, such as the origin of current gain, the influence of the
tunnel barrier thickness on the device characteristics, the process of Cooper-pair
breaking, etc. However, this device is suitable for applications on electronics
because quasi-particle injection device has a remarkable advantage over other su-
perconductive devices; different from Josephson junctions, which have only two
terminals, quasi-particle injection devices have three terminals. This is a great
merit because three terminal devices are good at separation of input and output

, (2.1)

(current gain) =

6
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Figure 2.1: Quasi-particle injection device.

signals and appropriate for switching devices. This fact can be easily understood
by the analogy with the semiconductor devices; the transistors are ideal devices
for switching, but the diodes are not.

2.1.2 Proposed Device

The schematic picture of the proposed switching device is shown in Fig. 2.2.
Basically, this device has the same structure as the quasi-particle injection device.
The only difference is that the gate electrode is located close to the source, not in
the middle of the bridge, so that the voltage gain Vgs/Vgs be as large as possible.

‘The operation procedure of this device is as follows. Bias current Iy is pre-
viously applied to the drain electrode. When a small voltage is applied to the
gate, quasi-particles are injected to the YBayCuzO7_, (YBCO) bridge. Then the
bridge area becomes resistive and high voltage appears at the drain electrode.

There are two reasons why we chose high-T, superconductor as the material
for this device. One is that the interface devices should be operated in high tem-
perature; interface devices are directly connected to the semiconductor circuits
which is used in room temperature. The other is that high-T, superconductor
has high resistivity compared with low-T; superconductor and it helps us make
smaller devices; the voltage appears at the drain electrode is determined by the
product of the bias current and the resistance of the bridge.

2.2 Fabrication Process

Device fabrication process is shown in Fig. 2.3. The materials and the process
conditions are listed in Tab. 2.1.
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Figure 2.2: Schematic of the interface device.

Deposit YBCO on SrTiO3 (STO) substrate by pulsed laser deposition
(PLD) method and anneal in 1 atm Oy at 450 °C. The thickness of the
YBCO film is about 100 nm.

Deposit Au by PLD method (in-situ) and anneal in 1 atm O, at 500 °C.
The thickness of the Au film is a few nm.

Deposit Au by sputtering. The thickness is about 50 nm.
Lithography for YBCO bridge patterning.

Remove Au and YBCO by Ar ion milling.

Remove photo resist by acetone, oxygen ashing, and Ar ion milling.
Deposit Au by PLD method and anneal in 1 atm O, at 500 °C.
Deposit Au by sputtering. The thickness is about 100 nm.
Lithography for Au gate electrode patterning.

Make Au thinner by Ar ion milling.

Remove Au by wet etching using KI-+I, solution.

Remove photo resist by acetone.
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YBCO is the most popular high-T, superconductor. The critical temperature
of YBCO film was about 80 K.

The Au film deposited in the process (2) and (3) prevents the surface of YBCO
from being polluted or damaged by dust, air, photo resist, etc. For this purpose,
in-situ Au deposition is ideal, but the rate of in-situ Au deposition (PLD method)
is as low as 107* nm/shot; about 1/100 of that of YBCO. Therefore we deposited
Au by sputtering in addition to the in-situ Au.

According to a previous report, contact resistivity between YBCO and Au
can be reduced to 107'° Qcm? or less by annealing in 1 atm O, at 650 °C [8]. In
order to reduce the contact resistance at the gate-bridge contact area, we tried
to anneal my samples in the condition described above, but the Au film was
damaged when the annealing was done at the temperature higher than 500 °C.
Thus, we annealed the samples at 500 °C, and the contact resistivity remained
as high as 1.5x 1077 Qcm?.

Au film deposited by PLD method has particles on its surface (Fig. 2.4).
They are called droplets and their origin is drops of Au liquefied by the laser.
The Diameter varies from 1 um to 5 um. The density is about 100 droplets /mm?
and it is not an obstacle to device fabrication so far, but when we integrate the
devices in the future, we must reduce the density of droplets.

Sometimes it happened that the gate Au wire was snapped just at the side
of the bridge after Au wet etching by KI-+I, solution (Fig. 2.5); the solution had
somehow flowed in under the photo resist. However, the difference in level at the
point is about 100 nm (the thickness of YBCO and previously-deposited-Au),
which value is thin enough for photo resist to be spread uniformly.

The cause of this snap was the abnormal growth of sputtered Au at the edges.
As you see in Fig. 2.5, the growth rate of Au at the edge area is much higher than
that at the flat area. Therefore the photo resist can not cover Au completely and
KI+I, solution flows into the gap, and finally the Au wire is snapped (Fig. 2.6).

This problem was overcome by two modifications in process:

e Reflow of the photo resist
e Shortening of sputtering time

By high temperature postbake, photo resist becomes soft and plastic. This
method is called ‘reflow’. We tried reflow method because it was expected that
the resist would transform and cover the uneven Au surface. Reflow was done at
150 °C for 3 min.

Along with the increase in sputtering time, the abnormal growth of Au be-
comes more and more obvious (Fig. 2.7). On the other hand, the Au wire resis-
tance becomes large if the sputtering time is too short. After all, the sputtering
time was decided to be 10 minutes considering both conditions.
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Figure 2.3: Device fabrication process.

10




Table 2.1: Materials

and process conditions

Materials

substrate SrTi03
superconductor YBayCuz Oy,
electrodes Au
YBCO PLD

pulsed laser energy

140 mJ/shot

pulse frequency 2 shots/s
atmosphere 05, 200 mTorr
substrate temperature 730 °C
deposition time 10 min

Au PLD

pulsed laser energy

200 mJ/shot

pulse frequency

10 shots/s

atmosphere

vacuum (~10~° Torr)

substrate temperature 200 °C
deposition time 10 min
Au sputtering

atmosphere Ar
acceleration voltage 1.4 kV
current 8 mA
deposition rate 10 nm/min
Lithography

photo resist AZ5214E
prebake 90 °C, 90 sec
developer AZ300MF
rinse water

ion milling

atmosphere

Ar, 6x10~* Torr

acceleration voltage 2 kV
.| current 40 mA
etching time 20 min
Ashing
atmosphere Oy, 50 mTorr
acceleration voltage 60 V
current 1.5 A
ashing time 2 hours
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Figure 2.4: Au droplet produced by Au PLD.

Figure 2.5: Snapped Au wire.
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Figure 2.6: The process of Au wire snapping.

2.3 Micrographs

Photographs of the device is shown in Fig. 2.8 and 2.9. Fig. 2.8 is an optical
microscope image of the device. The bridge can be seen at the center and the
gate line is crossing over the bridge near the source. Fig. 2.9 is a scanning electron
microscope (SEM) image of the contact area. Though being wet etched, the edge
of the Au wire is quite smooth.

The dimensions of the devices are as follows.

e The length and the width of the bridge: (100 pm, 5 um), (60 um, 6 um),
(60 pm, 4 pm), (40 pm, 4 pm), (20 pm, 4 pm)

e The width of the Au gate electrode: 10 pm, 5 um

13
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Figure 2.7: Sputtering time dependence of Au growth at the edges. (a) 10 min.
(b) 20 min. (c) 40 min.
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Figure 2.9: SEM image of the gate-bridge
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Chapter 3

Fundamental Device
Characteristics

3.1 Measurement System

The measurement system of the device characteristics are shown in Fig. 3.1.
We have measured five parameters: drain current Iy, injection current (= gate
current) fiy;, drain-source voltage Vg, gate-source voltage Vi, and the thermal
bath temperature 7.

As for the power supply, we selected one among three, i.e. current source, AC
voltage source (function generator), and DC voltage source, depending on the
measurement object.

3.2 R-T Characteristics

First, the resistance-temperature characteristics of the bridge were measured.
The measurement circuit is shown in Fig. 3.2-(a). The resistance R was mea-
sured with the four-probe method. Small current Iy was applied to the drain
electrode and Vys was measured at various temperature. Iy is the smaller the
better because the intrinsic critical temperature T, is determined by the T, when
I4=0; T, decreases with the increase in I4.

The results are shown in Fig. 3.2-(b). The resistance falls to zero at 70~80 K.

3.3 I4—Vgs Characteristics with No Injection

The electrical characteristics of the YBCO bridge were measured. The gate elec-
trode was kept open-circuited. The circuit for measurement is shown in Fig. 3.3-
(a). 40 Hz triangular wave was applied to the drain electrode.

16
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Figure 3.1: Measurement system.

Typical Ig-Vys characteristics are shown in Fig. 3.3-(b). When I exceeds the
critical current I, the bridge becomes resistive and large voltage appears at the
drain electrode. As you see, Iy is almost constant when Vy>0. Hereafter, we call
this value I, , the abbreviation of Inormal stare- In chapter 4, we try to elucidate
this peculiar characteristics.

I4-Vgs characteristics dependence on the thermal bath temperature is shown
in Fig. 3.4. The data of the device with the bridge length of 60 um are shown
in Fig. 3.4-(a) and 20 um in Fig. 3.4-(b). As the temperature increases, both I,
and [, decrease.

The shape of I4~Vgs curve is roughly the same regardless of the bridge length,
but a small difference appeared at higher temperatures. At 60 K, for example, I,
of 20 um bridge device slightly increased along with Vs, but that of 60 um bridge
device remained constant. The reason of this characteristics is also explained in
chapter 4.

We also measured the time required to change the bridge from the supercon-
ductive state to the resistive state, and the reverse. For the measurement, we
used the same circuit as the one shown in Fig. 3.3-(a), but in this time the input
signal was rectangular wave, not triangular.

The results are shown in Fig. 3.5 and 3.6. The data in Fig. 3.5 were measured
at 10 K and Fig. 3.6 at 60 K. Here, it must be noted that the values of I; on these
graphs were measured through a differential amplifier whose highest transmittable
frequency (-3dB) is 1 MHz. Therefore the real I curves are steeper than those
shown in these graphs.

As can be seen in these graphs, vibrations were observed when I; and Vi

17
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Figure 3.2: (a) Circuit for measurement. (b) R-T' characteristics.
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Figure 3.3: (a) Circuit for measurement. (b) Iy-Vjs characteristics. The bridge
length was 60 pum and the bridge width was 4 um.

19




#

- @so

- @40K

K

@60K

Co@sok

Figure 3.4: Temperature dependence. Bridge width = 4 pum. (a) Bridge length
= 60pm. (b) Bridge length = 20um.

20




swing. They are more obvious at low temperature because 1. is larger at low
temperature and Iy must exceed that large I,. This fast swing of Iy causes the
vibrations.

According to Fig. 3.6, the slew rate is more than 20 V/us at both the up edge
and the down edge.

3.4 [I.—T Characteristics

We measured I;-Vg, characteristics at various temperatures and plotted the 7,
dependence on temperature (Fig. 3.7).

The value of I, is almost constant when T'<20 K, but it begins to decrease
linearly above 20 K, and finally it becomes zero at 70~80 K.

3.5 I;—Vys Characteristics with Injection

We measured I~V characteristics when gate current [ip; was injected. The
circuit for measurement is shown in Fig. 3.8-(a). A current source was added to
the circuit in Fig. 3.3-(a).

The results are shown in Fig. 3.8-(b). I, decrcases along with the increase in
Iy

3.6 I.—I,; Characteristics

From the results of section 3.5, the I, dependence on Iin; was acquired (Fig. 3.9).
The curve in the first quadrant tells that the current gain |AIL/AlLp| is no more
than unity when I;,;=0~10 mA, and is 1.5~2 even at its maximum (Linj~15 mA);
this value is much smaller than the one referred to in section 2.1.1.

Such low current gain is derived from the absence of the barrier layer between
Au and YBCO films. In the case of the device introduced in bibliography 4],
there is an insulator layer of 3 nm. Therefore relatively high voltage is needed
to inject quasi-particles and only the electrons whose energy is high enough to
tunnel the barrier are injected. Such electrons that have high energy can break
Cooper pairs efficiently and thus the current gain becomes large. However, we
did not deposit insulator layer and tried to make the contact resistance between
Au and YBCO as small as possible because the input voltage of this device, the
voltage generated by a SQUID, is very small (~mV). As a result, the current
gain remained small.

21
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3.7 Ida Vdsa Vgs_t

In order to observe the voltage distribution in the bridge, we made a device whose
gate is in the middle of the bridge.

- We measured Iy, Vgs, and Vs with the circuit shown in Fig. 3.10-(a). The
value of the voltage was expected to be

Vgs = %: (31)
because the gate is just in the middle of the bridge. However, Fig. 3.10-(b) does
not agree with it; while Vs is smaller than 3 V, Vgs remains much lower than
Vas/2, but when Vg exceeds 3V, Vgs begins to rise steeply and finally Vs Teaches
Vis/2 at about Vgs=5 V. This phenomenon means that not whole bridge becomes
resistive at once; resistive area and superconductive area can exist juxtaposed at

the same time. In the case of Fig. 3.10-(b),
e Vy4s<3 V: only the area near the drain is resistive.
e 3 V<V3<5 V: the resistive area expands towards the source across the gate.
o 5 V<Vqys: whole bridge is resistive.

Of course, the opposite case may happen. In that case, Vas=Vgs while Vys is
low. The mechanism of this phenomenon is explained by a simulation in chapter 4.

26
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Chapter 4

Simulation for Device Analysis

4.1 Outline of the Analysis Method

We tried to explain the behavior of this device by means of the thermal analysis
because the characteristics of this device are determined by the temperature
of the bridge. In other words, the operation point (Vas, Iy) can be calculated
from the bridge temperature: when current I; flows through the bridge, the
arca whose temperature is lower than the critical temperature 7,(I4) becomes
superconductive and the area higher than T,(Iy) becomes resistive. The total
resistance of the bridge R is given by the sum of the resistive area, and thus
Vas=I4x R is obtained.

The analysis consists of two stages: heat generation process and heat conduc-
tion process. Detailed procedure is written in the following sections.

4.2 Heat Generation

Heat is generated at the resistive area in the bridge. The amount of the generated
heat P is given by
drain
P = I? - dR, (4.1)
source :

but it is not so easy to calculate the value of R at each point of the bridge. A
few steps of calculation using the characteristics shown in Fig. 4.1 is necessary.

In Fig. 4.1-(a), I.-T, characteristics are shown. This graph is the same one
as I.—T characteristics shown in Fig. 3.7. From this graph, you can get T, if you
input I, and you can get I, if you input 7. Here we use this graph for the former
usage.

Resistivity-temperature characteristics are shown in Fig. 4.1-(b). When /=0,
resistivity p, drastically changes at 7.(0), but along with the increase in I, the
change of p, becomes smooth, as shown with dashed lines.

28
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Figure 4.1: Resistance dependence on current and temperature. (a) I.-T, charac-
teristics. If current I; flows through the bridge, the critical temperature is T.(I).
(b) R-T characteristics. The curve becomes smoother along with the increase in
I

Using these graphs, we can calculate P. The procedure of the calculation is
as follows:

1. Input the current value I into I.-T, graph and obtain T,(I). (Fig. 4.1-(a))
2. p—T curve is determined by T¢(I). (Fig. 4.1-(b))

3. Input the bridge temperature T into p,~T curve and obtain p (I, T).

4. AR is obtained from p.(I,T) / (width x thickness) - Alength.

5. AP is obtained from I? - AR.

4.3 Heat Conduction

4.3.1 Theory

The heat conduction model used for the thermal analysis is shown in Fig. 4.2-(a).
For ease of calculation, we adopted cylindrical coordinate system.

The bridge and the heat conduction layers can be cut into mesh blocks like
Fig. 4.2-(b). By applying heat balance equation

(heat increase) = (inflow of heat flux) (4.2)

29




to the mesh blocks, we can calculate the heat conduction and understand the
thermal behavior of this device.

In a small time fraction At,

(heat increase)

d
= pClp - %At- (mr - Ar - Azx)

aT

ZpCp-E-t—-'W'f"AT'AﬂJ'/Jt, (4.3)

where p is the density, Cj, is the specific heat, T is the temperature of the mesh,
and t is time.

(inflow of heat flux)

=[{mrdz-q —7(r+ Ar) Az - gpyp} + {71 Ar - g — 7r Ar - Qotaz t] At
= {mrAz (¢ — ¢rrar) — TAT Az - Griar + TTAT (@r — Goyae) } At

dq, dqy
= {erx (-E;—A7“> — TArAL - @pypr + 70 Ar (———CEAx) } At
N dgy dqz qr ) . . .

T  d*T 1dT
_n{<m+aﬁ)+;5}wr~Ar-Ax-At, (4.4)

where ¢ is heat flux. In the equation modification, Fourier’s law shown below
was used:

ar

Qx = _K’_d—.’ﬂ_, (45)

where k is the thermal conductivity.
From Eq. (4.3) and (4.4), we obtain

pc.gzm{<ﬂ+ﬂ)+lg}

Podt dr? = dz? r dr
S (£1,2T 2

Tt dr2  dx?2  rdr )’

where k = x/pCj, called ‘thermal diffusivity’.

(4.6)
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Figure 4.2: Heat conduction model used for the thermal analysis of the device.
(a) Schematic picture. (b) A mesh block.
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Figure 4.3: Path of heat conduction. (a) He gas. (b) STO substrate.

4.3.2 Substance of Heat Conduction
The candidates of the substance that conducts heat are these two:

e Helium (atmosphere)

e STO substrate

First, we assumed that the heat conduction is performed only by He (Fig. 4.3-
(a)), but the simulation results showed that the time required to cool down the
bridge is too long; the heat capacity of gas is too small compared with solid.

Another evidence that the heat conduction through He is not dominant is
that the characteristics measured in vacuum were identical to that measured in
He atmosphere.

Therefore, we concluded that it is STO substrate that conducts heat (Fig. 4.3-

(b)).

4.4 Heat Radiation

Heat radiation is another way of device cooling. The amount of heat radiation is
given by Stephan-Boltzmann’s law
P=c¢-5-T%, (4.7)

where P is radiated power, o is a constant, S is the area, and 7" is the temperature.
In the case of black body radiation, 0=5.67x10"% Wm—2K*.

We tried to apply this effect to the device, but it turned out that heat radiation
is not dominant as a cooling process of this device. Radiated power is much
smaller than generated power (Tab. 4.1).

4.5 Physical Constants

4.5.1 Thermal Conductivity

Thermal conductivity of YBCO has dependence on temperature [9,10]. Roughly,
the behavior is like Fig. 4.4-(a).
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Table 4.1: Example of generated power and radiated power.
(current: 10 mA, bridge width: 5 pm, bridge thickness: 100 nm)

bridge temperature | generated power radiated power
10K 0 W/um? | ~6x10~1® W/um?
100 K ~Ax107° W/pum? | ~6x 1072 W/um?
1000 K ~4x10~* W/pm? | ~6x10"8 W/pm?

As for STO, detailed data of thermal conductivity are not reported so far.
Generally speaking, thermal conductivity of insulators behaves like Fig. 4.4-(b).
kxT? at very low temperatures, and kxT~! at higher temperatures.

4.5.2 Specific Heat

There are some reports about the specific heat of YBCO [11,12]. We trusted and
used these data for simulation.

As for STO, detailed data of specific heat are not reported so far. Therefore
we estimated it using Debye’s model. According to Debye’s model, specific heat
Cp of insulator is given by

dE
C, = (4.8)
where
T \*® [Op/T 343
= — d .
E 3NkBT<®D>/O 2, (4.9)

N is the number of atoms, kg=1.38x10"23 J/K is the Boltzmann constant, Op
is Debye temperature. C,~T/Op graph is shown in Fig. 4.5.

When T>>0p, C, is given by 3Nkg. An STO crystal unit cell con-
sists of 5 atoms (Srx1, Tix1l, Ox3) and the molecular weight of STO is
87.6+47.9+16.0x3=183.5. From these data, we obtain the specific heat of STO
at T>>@DI

3% (5 x Na) x kg + 183.5 g/mol = 6.8 x 10? J/kg - K, (4.10)

where Ny=6.02x10%* mol~! is the Avogadro constant.
However, ©p of STO is not sure; we chose the value so that the simulation
fits the measurement results.
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Figure 4.4: Temperature dependence of the thermal conductivity. (a) YBCO [10].
(b) Insulators.
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Table 4.2: Other physical constants needed for the simulation.

density of YBCO 6.4x10° kg/m>
density of STO 5.120x10° kg/m®
critical current density of YBCO @10 K | 10'0~10™" A/m?
resistivity /7T of YBCO in resistive state ~1078 Qm/K

4.5.3 Other Physical Constants

Other physical constants necessary for the simulation of the thermal activity are
shown in Table 4.2. The density of YBCO and STO are necessary to calculate
the thermal diffusivity. The critical current density J; is needed to calculate the
critical current I.; multiplying J; by the cross sectional area of the bridge, we can
get I.. We also need the resistivity of YBCO to calculate the heat generation, but
here in this table we listed ‘resistivity /7", not resistivity, because the resistivity
of YBCO above T¢(0) is proportional to temperature, as can be understood from
Fig. 4.1-(b). Multiplying ‘resistivity /T” by temperature, we can get the resistivity
at that temperature.
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4l

Figure 4.6: (a) Schematic picture of the device and its peripheral circuits. (b)
Equivalent circuits of the device (no current injection).

4.6 Simulation Procedure

First, we simulate the device characteristics without the quasi-particle injection.
The schematic picture of the device is shown in Fig. 4.6-(a) and its equivalent
circuits are shown in Fig. 4.6-(b).

The procedure of the simulation is as follows. A flow chart of this procedure
is shown in Fig. 4.7.

1.
2.

Reset the time counter; t=0.
Assume that I=0.
Calculate Tt and then R, according to the procedure written in section 4.2.

Compare Viyp/(Ry+R) with I; if I is larger, go to the next step; else add
AT to I and go back to step 3, because it means that ‘R is too small’ = ‘T,
is too high’ = ‘I is to small’.

Calculate heat generation at the bridge.

Calculate heat conduction for all the meshes and determine the tempera-
ture.

Increase the time counter and go back to step 2.
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Figure 4.7: Flow chart of the simulation.
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4.7 Simulation Results: I;—V,;, Characteristics
and the Bridge Temperature

The simulation results of the I4~Vj, characteristics without injection (Fig. 4.6-
(b)) are shown in Fig. 4.8-(a) and 4.9-(a). The thermal bath temperature of
Fig. 4.8-(a) is 20 K and that of Fig. 4.9-(a) is 60 K. The width and the length
of the bridge are 4 ym and 60 um, respectively. These graphs agree to the
measurement results shown in Fig. 3.4-(a) to some extent. The graphs of the
temperature distribution shown in Fig. 4.8-(b) and 4.9-(b) are very interesting.
These graphs mean that the resistive area and the superconductive area exist
together stably at the same time. Along with the increase in Vas, the resistive
area expands, so that the resistance R is proportional to V. This is why Iy is
fixed to I,.

Accurately speaking, however, the width of the bridge is not uniform; there
are fluctuations in width due to fabrication process such as lithography and ion
milling. Taking this fact into consideration, we simulated the characteristics of a,
device whose bridge has some narrow points. The results are shown in Fig. 4.10.
The temperature around the narrow points rises first, and then gradually the
heated area expands. This behavior perfectly corresponds to the measurement
results in section 3.7.
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Chapter 5

Switching Characteristics

5.1 Introduction

In this chapter, the switching characteristics are discussed from various points of
view. First, the measurement results and the simulation results of the switching
characteristics are compared and the reliability of the simulator is ensured. Then,
the characteristics dependence on the device size is calculated by simulation and
the scaling effects are evaluated.

There are two kinds of operation modes for this switching device: non-latching
mode and latching mode. “Non-latching” means that I is fixed and the state of
the device can be switched only by Vi, (Fig. 5.1-(a)). On the contrary, “latching”
means that not only Vi,; but also I; must be reset to 0 after the device has become
ON because once Vi,; becomes high and the device is turned ON, it will not be
reset even if Vi,; becomes 0 (Fig. 5.1-(b)).

Whether the operation mode is non-latching or latching depends on the value
of Iy. If Iy is settled to a value lower than I,, the device is operated in non-
latching mode, and if Iy is higher than I, it is operated in latching mode.

5.2 Non-Latching Mode Operation

5.2.1 Measurement Results

We have tested if non-latching operation is possible, because non-latching oper-
ation has an advantage from the viewpoint of making the peripheral circuits as
simple as possible.

We measured the switching speed of this device. For the measurement, we
used the circuits shown in Fig. 5.2. The results are shown in Fig. 5.3 and 5.4.
Fig. 5.3 was measured at 20 K and Fig. 5.4 at 60 K. The bridge dimensions
were 20 pm in length, 4 um in width, and 100 nm in thickness. The rise time
and the fall time can be read from these graphs; they are listed in Table 5.1.
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Figure 5.2: Circuit for response time measurement.

Qualitatively, the rise time is shorter at higher temperature and the fall time is
shorter at lower temperature. This can be explained by the fact that the state
of this device is determined by the temperature of the bridge; when the bridge
is at a high temperature, it becomes resistive and Vs appears, and when at low
temperature, it becomes superconductive and Vg, disappears. Therefore, the rise
time is short and the fall time is long when the thermal bath temperature is high
because the bridge is easily heated but it is difficult to cool it down. Vice versa
in the case of low thermal bath temperature.

The circuit for ON/OFF operation is the same one as that shown in Fig. 5.2
and the results are shown in Fig. 5.5 and 5.6. Fig. 5.5 is the results of the device
with the bridge length of 20 um and Fig. 5.6 is that of 60 um bridge. When
Vinj was applied to the gate electrode, Vys appeared. However, Ves also rose to as
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Figure 5.3: Iiyj, Vas, Vys—t characteristics @20 K. I; was fixed to 9.0 mA. (a) Up
edge. (b) Down edge.
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Figure 5.4: Vs, Vs, Jinj—t characteristics @60 K. Iq was fixed to 6.0 mA. (a) Up
edge. (b) Down edge.
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Table 5.1: Rise time and fall time.

rise time | fall time

20K | ~b0 ps | ~10 us

60 K| ~20 us | ~120 us
. R R W 4ms

bridge length: 20um ; -

VdsZV/dlv
Ve 2vidivo -
SO T * L&
e 10mA/div - L
e, i
ls: 6.0mA = @B60K .

Figure 5.5: Non-latching operation of the device with the bridge length of 20 pm.
I3 was fixed to 6.0 mA. The amplification factor is 3.2/2.0=1.6.

high as 2 V. In order to operate this device with the voltage generated by SFQ
circuits, Vgs must be kept much lower.
The relation between the voltage gain Vgs/ Vs and the position of the injector
z is described by an equation
Vs _ Iy % (l—x)+(Id—|-Iinj) Xz

T/gs- (Ia + Linj) x @ ’ (5.1)

where [ is the length of the bridge and z is the distance from the source to the
injection area (Fig. 5.7).

Now let us apply this equation to the measurement results in Fig. 5.5. Sub-
stitute Vge=3.2 V, Vge=2.0 V, I;=6.0 mA, [;n;=7.0 mA, [=20 ym and we obtain
2=8.7 pm.

Then, using this value, we can estimate the voltage gain of 60 pum-bridge
device. Substitute [4=5.0 mA, I;;;=7.5 mA, =60 um, which are the values of
Fig. 5.6, and we obtain Vis/Vg = 3.4. However, the measurement result was only
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Figure 5.6: Non-latching operation of the device with the bridge length of 60 ym.
Iq was fixed to 5.0 mA. The amplification factor is 4.4/2.0=2.2.

2.2, This fact infers that the whole bridge did not change to resistive state when
Iinj was injected; the area near the drain may have remained superconductive. In
order to investigate this phenomenon, we simulated the thermal behavior of this
device.

5.2.2 Simulation Results

The schematic picture of the device and its equivalent circuits are shown in
Fig. 5.8. The simulation was done based on the circuits in Fig. 5.8-(b). The
difference from Fig. 4.6 is the existence of the gate electrode. Because of this
change, a few new parameters were introduced: Vinj, Rinj, and L(=Iy;). R was
divided into R; and Rs.

As for the current gain, we considered it to be unity, because there was almost
no current gain when Iy is small, as shown in Fig. 3.9.

Examples of the simulation results of non-latching mode operation are shown
in Fig. 5.9 and 5.10. The former is Vas, Vis, Linj~t characteristics and the latter
is the temperature distribution of the bridge. The length, width, and thickness
of the bridge are 60 ym, 4 pm, and 100 nm, respectively. The characteristics
shown in Fig. 5.9 agrees with Fig. 5.3 very well, which proves that the simulation
method is reliable.

The temperature distribution shown in Fig. 5.10 brings us important informa-
tion. When the device is operated in non-latching mode, whole bridge does not
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Figure 5.8: (a) Schematic picture of the device and its peripheral circuits. (b)
Equivalent circuits of the device.

become resistive. The temperature rises only at the area near the gate electrode
and the rest of the bridge remains superconductive; high temperature area hardly
spreads towards the drain. The hypothesis described in section 5.2.1 was correct.

Anyway, the response time was too long and the voltage gain was too low for
practical use when the device was operated in non-latching mode, and the reason
of this drawback is that Iy is too small to produce enough heat. In order to make
whole bridge resistive and obtain high voltage gain, Iq must be larger than I,
the device being operated in latching mode.
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Figure 5.9: Vi, Vis, Iinj—t characteristics in non-latching operation.
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Figure 5.10: Device temperature in non-latching operation. More than half of
the bridge remains superconductive.

5.3 Latching Mode Operation

5.3.1 Measurement Results

Such being the case, we operated the device with latching mode. The measure-
ment circuit is shown in Fig. 5.11. Different from the circuit in Fig. 5.2, I; was
provided by Vg, and Ry, not by a current source, to prevent the device from
being overheated. If a current source was used, once the device was turned on,
the device temperature would rise higher and higher, and finally the device may
break down. If a voltage source was used, I; decreases as the device temperature
rises and the resistance increases; the voltage applied between the drain and the:
source never exceeds Vyp.

The results are shown in Fig. 5.12. The bridge dimensions were 60 pm in
length, 6 um in width, and 100 nm in thickness. Veup=6.0 V in (a) and Vjy,
=5.0 Vin (b), and Ry, was 100 €. Therefore the initial value of I, is 60 mA in (a)
and 50 mA in (b). At the up edge, vibrations were observed. They are probably
caused by the parasitic capacitance and inductance. The real waveform of Iiy; is
steeper than that shown in Fig. 5.12 because the high frequency characteristics
of the differential amplifier is not so good, as written in section 3.3.

The up edge of Vg, showed saturation because I; decreased with the increase
in V4, but the response time was about 1 /100~1/1000 of that of non-latching
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Figure 5.11: Measurement circuit for latching mode operation. Iy was provided
by voltage source, not by current source, lest the device should be overheated.

operation.

5.3.2 Simulation Results

The simulation results of the circuits in Fig. 5.11 are shown in Fig. 5.13. The
values of the parameters were determined so that the results would fit with the
measurement results in Fig. 5.12-(a). From the results, it can be said that the
features such as the saturation in Vj,, the gradual decrease in Vi, after a peak,
and the gradual increase in Ii,; after the decrease to under zero, are in good
agreement with the measurement results, though the vibrations do not appear in
the simulation because the parasitic effects are not considered.

We concluded from the results above that the simulation is quite reliable.
Based on this, we decided to simulate latching mode operation of the circuits
shown in Fig. 5.2 and discuss the switching characteristics.

Fig. 5.14-(a) is the Vi, Vis, Jinj—t characteristics and Fig. 5.14-(b) is the tem-
perature distribution. The bridge dimensions are 4 pm in width and 100 nm
in thickness; the same as the fabricated devices. The bias current Iy was set to
0.981;. From Fig. 5.14-(a), turn on slew rate is estimated to be about 0.6 V/ns. It
turned out that the slew rate increases exponentially against Iy. The detailed re-
sults are shown later. From Fig. 5.14-(b), it is obvious that whole bridge changed
to resistive state, different from the case in non-latching mode operation.

The results of a small-sized device are shown in Fig. 5.15. The bridge dimen-
sions are 1 yum in width and 10 nm in thickness. Iy was set to 0.971,. The values
of Vi, ILinj, and the bridge temperature were drastically reduced by the scaling.
They are by far lower than those in Fig. 5.14.

o1




Vas (V)

—

-

—>

finj (mA) Vs (V)

“

Vewp=5V, RL=100Q . @20K

o

Figure 5.12: Latching mode turn on characteristics @20 K. (a) Initial bias current
= 60 mA = 0.911; (Viup =6 V, R, = 100 Q). (b) Initial bias current = 50 mA =
0.761; (Vaup =5V, R, = 100 Q).
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Figure 5.13: Simulation results of latching mode turn on characteristics @20 K.

Slew Rate

We investigated the turn on slew rate dependence on the thermal bath tempera-
ture and the bridge dimensions. The dependence on the thermal bath tempera-
ture is shown in Fig. 5.16. Over 20 K, the slew rate decreases as the temperature
increases. At a high temperature, I, is small and thus Iy must be also small.
The amount of heat generation is determined by I3>R and this value is related to
the heat conduction speed. Therefore, the slew rate is large at low temperatures.
Below 20 K, however, the slew rate is almost the same. Actually, the slew rate at
5 K is even smaller than that at 20 K. This fact seems to conflict with the expla-
nation above, but it is easily understood by the I.-T characteristics in Fig. 3.7;
I; is roughly the same below 20 K. Under such a condition, the slew rate is large
at higher temperature because the heat required to change the state to resistive
is small; at 5 K, the temperature must rise by (T,(lq)-5) K to become resistive,
but at 20 K, only (Tc(la)-20) K is required. ‘

The dependence on the bridge width is shown in Fig. 5.17. The top speeds are
almost the same regardless of the bridge width, but the speed when Iy is smaller
varies widely: in the case of 4 um width bridge, slew rate falls slowly with the
decrease in Iy, but in the case of 0.1 um width bridge, it falls very steeply.

The same inclination was observed for the dependence on the bridge thickness,
which is shown in Fig. 5.18. Therefore, in order to obtain the top speed, the bias
current I3 must be set to just under the critical current I, especially when the
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temperature distribution. -
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Figure 5.16: Slew rate dependence on the thermal bath temperature.

device size is small.

ON/OFF Operation

As described above, the turn on slew rate becomes large along with the increase
in Ig. However, as for the reset time, it becomes longer if Iy is large; the reset
time is determined by the time required to cool the device down to below T¢.(Iy).

Simulation results of device cooling time is shown in Fig. 5.19. (a) is the
results of the device with the bridge dimensions of 4 ym in width and 100 nm in
thickness. The thermal bath temperature is 20 K. Here we show some numerical
examples. If Iy is set to 0.71;, Tc(ly) is about 40 K and the reset time is about
100 ns. If I4 is set to 0.91;, T¢(I4) is about 25 K and the reset time is 1~2 us.
These results are discouraging; the operation frequency would be limited by this
reset time.

One of the solutions for this problem is scaling of the device. The temperature
of small-sized device is much lower, which is clear from the comparison between
Fig. 5.14-(b) and Fig. 5.15-(b), and moreover the cooling process itself is also fast
because the heat capacity is proportional to the device volume. Fig. 5.19-(b) is
the results of a small device. The bridge dimensions are 1 ym in width and 10 nm
in thickness. The cooling time is drastically shortened compared with (a).

The simulation results of ON/OFF operation are shown in Fig. 5.20. (a) is the
results of a device with the dimensions of 4 ym in width and 100 nm in thickness.
the operation frequency is 5 MHz. (b) is the results of a smaller device. The
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dimensions are 1 um in width and 10 nm in thickness. The operation frequency
is 55 MHz; about 10 times as fast as the results in (a).

We can expect further improvement by scaling down the device more and
more. Another way to make faster switching device is to increase J;, that is, to
improve the crystallinity of YBCO, because the larger Iy is, the higher the slew
rate becomes, as is understood from Fig. 5.16-5.18.
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Chapter 6

Conclusion

We have fabricated high T, superconductive quasi-particle injection devices aim-
ing at the use for the interface between SFQ and CMOS circuits.

We used YBCO as the material for the superconductive bridge and Au as the
injector. The critical temperature T, of the YBCO film was over 80 K. In order
to inject large current into the bridge with very low voltage, we tried to make the
contact resistance between Au and YBCO as low as possible. For this purpose,
we did not deposit any insulator layer between the bridge and the injector; Au
was deposited directly on the YBCO film in-situ with PLD method. And then
annealing in 1 atm O, atmosphere at 500 °C was performed. Consequently, the
contact resistivity of 10~7 Qcm? was achieved.

The length, width, and thickness of the YBCO bridge were 20~100 pum,
4~6 pm, and 100 nm, respectively. The width of the Au gate electrode was
5~10 pm and thus the contact area was 20~60 pm?, the contact resistance being
about 1 €.

We measured the fundamental characteristics of this switching device: R-T
characteristics, Iq—Vgs characteristics, etc. I;—Vys characteristics of the bridge
were quite peculiar. Iy is almost fixed to a constant value I, regardless of Vi
when the bridge is in resistive state.

We tried to explain this behavior by thermal analysis based on the heat gener-
ation and the heat conduction. By this simulation, the temperature distribution
within the bridge was acquired and the characteristics of the device were success-
fully explained. It turned out that the whole bridge does not turn to resistive
state at once. The superconductive area and the resistive area can exist together
within the bridge and the length of the resistive area depends on Vg, so that the
resistance R is proportional to Vgs. This is why Iy is fixed to I,,.

Next, the switching characteristics of this device were investigated. There are
two kinds of operation modes: non-latching mode and latching mode. If the bias
current [y is smaller than I, the device is operated in non-latching mode and if
Iq is larger than I, it is operated in latching mode. If you want to operate the
device in latching mode, not only Viy; but also Iy must be reset to 0 after the
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device has become resistive. Therefore, in order to make the peripheral circuits
as simple as possible, non-latching operation is recommended.

However, when the device was operated with non-latching mode, the voltage
amplification factor defined as Vys/Vis was only 2~3 and the turn on voltage Vs
was 1~2 V, which is too high for actual use. The time required for switching
was 10~100 pus; the operation at a few kHz is the limit. The reason of this poor
performance was clarified by simulation. According to the simulation results,
when the device is operated in non-latching mode, whole bridge is not in resistive
state even if Viy; is applied; the area near the drain remains superconductive.

Therefore we tried latching mode operation. In order to prevent the device
from being overheated, we used a voltage source as a power supply instead of a
current source. Because of this, the up edge of Vs showed saturation, but the
response time was about 1/100~1/1000 of that of non-latching operation. The
simulation results showed that when the device is operated in latching mode, the
turn-on slew rate increases exponentially against Iy and it almost reaches 1 V /ns
at 20 K. However, the time required to cool down the bridge to a temperature
such that I.(T) > I4 becomes longer along with the increase in I;. An effective
way to shorten the cooling time is to downsize the device. If the bridge width
and thickness are reduced to 1 pm and 10 nm respectively, operation at more
than 50 MHz is possible.

The results obtained from the measurements were not sufficient for the prac-
tical use as the interface devices, but the simulation results showed that a device
with high performance can be fabricated by scaling down the device dimensions.
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