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Abstract

This thesis presents the development of the broadband radio-frequency noise

measurement techniques at low temperatures. Especially, these techniques

were used to realize noise thermometry using broadband noise measurement.

The noise thermometer can be usable in the temperature range from 0.1 K

to 300 K. A metallic tunnel junction which generates temperature-dependent

thermal noise and voltage-dependent shot noise is used as a noise source. From

thermal noise we can get information about the temperature of the electrons

in the tunnel junction and the background noise level can be calculated using

shot noise. Very small noise signal from the tunnel junction is amplified by

a cryogenic low noise amplifier and then detected by Schottky diode detector

which converts broadband noise power into the DC voltage.

For a radio-frequency measurement at low temperatures we developed an

experimental setup in cryogenic refrigeration systems like He4 probe, He3 cryo-

stat, and dilution refrigerator. The system consists of two measurement chains.

One of them, DC measurement chain, is used to apply currents and read the

voltage across the tunnel junction. The other, RF measurement chain, is used

to transmit RF signal from the tunnel junction to the diode detector. Because

the thermal conductivity of most metals decreases with decreasing tempera-

ture, careful tuning of the RF and DC components is performed for sufficient

cooling of the electron temperature.

By developing the filtering processes for preventing the external RF noise

from reaching the tunnel junction, the precision of the noise thermometer was

increased. And with an imperfect tunnel junction we got the result that an

inelastic tunneling process can make the electron temperature look higher.

This result was analyzed by using numerical simulation.

Finally, an experimental plan for the electron-phonon scattering rate using



this measurement technique will be introduced.

Keywords: Noise thermometry, Radio-frequency measurement, Shot noise,

Tunnel junction, Diode detector

Student Number : 2007-30111
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1 Introduction

1.1 Temperature and thermometry

Temperature is one of the most important physical quantities especially in

the low temperature physics. Thermodynamically the definition of the abso-

lute temperature T is based on the second law of thermodynamics, which is

formulated by Kelvin as follows: [1]

It is impossible to devise an engine which, working in a cycle, shall

produce no effect other than the extraction of heat from a reservoir

and the performance of an equal amount of mechanical work.

This statement leads us to the fact that the heat always flows from higher to

lower temperatures unless any external work is taken to reverse it. The second

law can also be characterized by using the entropy S. For a reversible process,

the relationship between the entropy of an isolated system to the heat and the

equilibrium temperature is expressed as

dS =
dQ

T
, (1.1)

where dQ is the infinitesimal amount of heat added to the system [1, 2, 3].

For reversible Carnot’s heat engine the change of the entropy is zero and

Q1/T1 − Q2/T2 = 0 can be given according to the above equation, where

the subscripts 1 and 2 mean hot and cold parts, respectively. Therefore T1 =

T2 (Q1/Q2) is satisfied and independent of the working substance. This relation

can be used to define the ratio of two different temperatures. From this result,

we expect that thermodynamic temperatures can be obtained by multiplying

one fixed point of temperature by a particular value. The fixed temperature

point with no uncertainty is at the triple point of water 273.16 K in Figure 1.1,

1



Chapter 1. Introduction 2

Figure 1.1: The Phase diagram of water. The temperature of the triple point

at which three phases of water coexist is 273.16 K.

at which the three phases of water coexist in thermodynamic equilibrium. 1 K

is defined as 1 K = Ttriple(H2O)/273.16 and the relation between the Celsius

and the absolute temperature scale is 0 ◦C = 273.15 K [3, 4].

In order to read the temperature of a substance, it is required to use a

thermometer that is based on the basic thermodynamic law, the zeroth law

of thermodynamics, which is the thermal equilibrium principle among bodies

and stated as [5]

If two systems are in thermal equilibrium with a third system, then

they must be in thermal equilibrium with each other.

This property allows us to decide a temperature of a substance which is in

thermal contact with our thermometer by reading the temperature value of

the thermometer.

There are two classes of thermometers, primary and secondary thermome-

ters. The primary thermometer determines the temperature using a well-

known thermodynamic physical law. So we don’t need to calibrate the primary

thermometer before use. Our shot noise thermometer which I will describe in

this thesis is a primary thermometer. In contrast, the secondary thermometer

2



3 1.1. Temperature and thermometry

Figure 1.2: The International Temperature Scale of 1990 (ITS-90). From 0.65 K

to infinity, different thermometers are used to define the temperatures. Among

these thermometers, platinum resistance thermometer is only a secondary ther-

mometer.

which is very familiar to us determines the temperature by comparing val-

ues of a thermometer with the primary thermometer. This is not based on

the thermodynamic principle. So the quality of the calibration determines the

uncertainty of the thermometer [1, 3].

In 1989’s meeting, ITS-90 (The International Temperature Scale of 1990)

was adopted by the International Committee of Weights and Measures [4].

This temperature scale defines some fixed points from 0.65 mK to the high-

est temperature measurable using Planck radiation law. The fixed points are

the phase transition temperatures of pure substances. The temperatures be-

tween the fixed points are obtained by interpolation using different primary

thermometers.

From 0.65 K to 5.0 K, helium vapor-pressure thermometers are used. Tem-

perature is defined in terms of the vapor pressure of 3He and 4He in these ther-

mometers. From 3.0 K to 24.5 K, gas thermometer used in this temperature

range is a constant-volume type thermometer using 3He and 4He gas. From 13

K to 1234 K, the temperature is determined by comparing the resistance of a

platinum resistance thermometer, which is in fact a secondary thermometer,

3



Chapter 1. Introduction 4

to the resistance R (273.16 K) at the triple point of water. Above 1236 K, the

temperatures can be determined by using the Planck radiation law.

1.2 Cryogenic thermometry

From ITS-90, there are no primary thermometers available below 1 K. To

measure the temperature below 1 K, a few types of thermometers will be

presented in this section. They are (1) thermometer using metal - insulator

- superconductor tunnel junction [6, 7, 8], (2) Coulomb blockade thermome-

ter [6, 9, 10], (3) Johnson noise thermometer [11, 12, 13], and (4) shot noise

thermometer [14, 15, 16]. All of these thermometers are reading the tempera-

ture of electrons on the electrodes of the sample. This temperature is extracted

from the well-known physical law and they don’t need any pre-calibration like

a resistor thermometer. They are all primary thermometers.

Main idea in the thermometry using normal metal - insulator - supercon-

ductor (NIS) tunnel junction is to detect the high energy excitations of the

Fermi distribution in metal side which tunnels to the unoccupied states above

superconducting gap in superconductor side [17, 18, 19]. The density of states

in the superconducting side is

NS(E) = N(0) |E|√
E2−∆2

|E| > ∆,

NS(E) = 0 |E| < ∆.

(1.2)

There is no density of states within the superconducting gap ∆. The cur-

rent can be expressed by taking the difference between the tunneling rates of

(from left to right) and (from right to left).

I = Il − Ir =
4πe

}
|T |2

∫ +∞

−∞
Nl(E − eV )Nr(E) [f(E − eV, T )− f(E, T )] dE,

(1.3)

where |T | is the tunneling matrix element and assumed to be a constant.Nl and

Nr indicate the density of states of left-side and right-side metal, respectively.

The function f is a Fermi-Dirac distribution. By applying Equation 1.2 into

4



5 1.2. Cryogenic thermometry

Figure 1.3: Normal metal - insulator - superconductor tunnel junction. When

the junction is biased, only the high energy excitation is tunneling to the

unoccupied state above the superconducting gap. The current - voltage char-

acteristics of this system are directly related to this thermal broadening of the

Fermi distribution. [7]

Equation 1.3 we can calculate tunneling current in NIS tunnel junction.

I NIS =
4πe

}
|T |2

∫ +∞

−∞
N N(0)NS(E) [f(E − eV, T )− f(E, T )] dE

=
1

eRN

∫ +∞

−∞

|E|√
E2 −∆2

[f(E − eV, T )− f(E, T )] dE. (1.4)

RN is well-known ohmic resistance defined as }
[
4πe2|T |2N2(0)

]−1
and ∆

can be obtained from the current - voltage characteristics themselves. The

subscripts N and S indicate normal-metal and superconductor, respectively.

Here the density of states of normal metal is a slowly varying function so that

its value can be taken at the Fermi level like NN(E − eV ) ∼= NN(E) = NN(0).

By fitting measured current - voltage curve into this equation, we can get the

electron temperature T . The drawback of this thermometer is that the junction

is very sensitive to the external magnetic field because the superconducting

gap changes sensitively to the applied magnetic field. As the temperature is

going down, the impedance of the junction goes too high to be used. Moreover,

the usable operating temperature range is limited by the superconducting

transition temperature.

Coulomb blockade thermometer (CBT) uses single electron tunneling phe-

nomena in N tunnel junctions connected by metallic islands. The current -

5



Chapter 1. Introduction 6

Figure 1.4: (a) Diagram of coulomb blockade thermometer. An island is be-

tween the tunnel junctions with the same resistance. (b) Conductance curves

which can determines the electron temperature. [10]

voltage characteristics show nonlinear properties in CBT [10]. The conduc-

tance curve of CBT has the form as

G

GT
= 1−

(
EC
kBT

)
g

(
eV

NkBT

)
. (1.5)

GT is the asymptotic conductance at high bias voltage and EC is the

charging energy of the junction. N indicates the number of tunnel junctions.

The function g is given by g(x) =
[
x sinh (x)− 4 sinh2 (x/2)

]
/
[
8 sinh4 (x/2)

]
.

The electron temperature will be obtained by measuring the full width at half

maximum of conductance curve near zero bias voltage. This voltage value gives

the electron temperature directly.

VFWHM = 5.439NkBT/e. (1.6)

Difficulties of this thermometer come from the operating condition of

SET [20], in which the thermal energy should be larger than the charging

energy of a tunnel junction.

kBT ≥ EC = e2/2C, (1.7)

where C is the capacitance of a tunnel junction. And because every tunnel

junction should have the same resistance, the drift of tunnel junctions can

induce errors in a measurement result.

6



7 1.2. Cryogenic thermometry

Figure 1.5: The measurement scheme of Johnson noise thermometer. The noise

signal is very small and a well-calibrated amplifier is needed to amplify this

signal. [11]

Johnson noise thermometer (NT) reads the thermal noise directly. Voltage

spectral density of thermal noise due to the fluctuation of electrons in a resistor

at a finite temperature gives a temperature of electrons inside the resistor.

Because of very small signal of voltage spectral density, we should amplify the

original signal by using a well-calibrated amplifier. A fractional uncertainty of

this thermometer is [11]
σT

T
=
T + TN

T
√
Bτ

. (1.8)

B is bandwidth of the measurement and TN is the noise temperature.

These are fixed parameters in the measurement system. Thus to reduce the

uncertainty of the measurement, we should increase the measurement time τ .

Using a recent SQUID (Superconducting Quantum Interference Device) am-

plifier which has the noise temperature of the order of 30 µK can improve the

precision of this thermometer [13]. The necessity of very careful pre-calibration

of the amplifier and very long measurement time are the weaknesses of this

thermometer.

Shot noise thermometer (SNT) is exactly the same as the Johnson noise

thermometer because SNT utilizes the thermal noise from a resistor to read the

electron temperature. Main difference from the Johnson noise thermometer is

that SNT uses the shot noise curve for calculating the gain of the system. So the

exact name of this thermometer is Johnson noise thermometer using shot noise

curve. In SNT, we don’t need to pre-calibrate the amplifiers. In addition, we

have very fast measurement time resulting from the high-frequency broadband

7



Chapter 1. Introduction 8

Figure 1.6: Thermodynamic ranges of four different primary thermometers,

Shot Noise Thermometer, Johnson Noise Thermometer, Coulomb Blockade

Thermometry, and thermometer using a Normal metal - Insulator - Supercon-

ductor tunnel junction. Even though they are reading the electron tempera-

ture, the available ranges of each thermometer are different. [6]

measurement.

I described these four cryogenic primary thermometers briefly. In Figure

1.6, the thermodynamic temperature ranges of these thermometers are intro-

duced. Because the noise thermometry using metal doesn’t use superconduc-

tivity or coulomb blockade phenomena, it has the widest temperature range

among these four thermometers. In the next section, a noise thermometer

using a metallic tunnel junction will be introduced broadly.

1.3 Noise thermometry using a tunnel junction

Thermometry using a tunnel junction (already labeled as Shot Noise Ther-

mometry in the previous section) is basically based on the thermal noise like

Johnson noise thermometry. But this thermometer uses noise wings called as

shot noise on both sides and these are used to find the background noise power

level. The difference between this background noise level and the noise at the

finite temperature corresponds to the thermal noise, directly related to the

electrons’ thermal profile. So in this thermometry, we don’t need to carefully

8



9 1.3. Noise thermometry using a tunnel junction

calibrate the amplifier because background noise level can be calculated from

the data itself even if the gain of the amplifier is not calibrated.

The current spectral density of the noise SI from a tunnel junction is

expressed as

SI(V ) =
2eV

R
coth

(
eV

2kBT

)
= 2eI coth

(
eV

2kBT

)
, (1.9)

where V , R and I are bias voltage, junction resistance, and current, repectively.

T is the temperature of electrons in the tunnel junction. In real measurement,

the measured quantity is the power and this spectral density should be inte-

grated together with the gain and the noise temperature of the system over

the frequency. So temperature- and voltage-dependent noise power P (V, T ) is

[14, 15]

P (V, T ) =

∫
dωg(ω)

[
tn(ω) +

eV

2kB
coth

(
eV

2kBT

)]
= G

[
TN +

eV

2kB
coth

(
eV

2kBT

)]
, (1.10)

where g(ω) is the frequency-dependent gain and tn(ω) is the frequency-dependent

noise temperature. In the last equation, G is the gain and Tn is the noise tem-

perature of the measurement system, and T is the fitting parameter related

to the electron temperature. In Figure 1.7 this equation is plotted for several

temperatures. A tunnel junction used in the experiment is made of aluminum

and aluminum oxide. The oxide layer is sandwiched between two aluminum

electrodes. Using double angle evaporation technique [21], oxidation of bot-

tom aluminum is performed before the second deposition. In Figure 1.8 the

structure of the tunnel junction is sketched and the wire bonding is indicated.

The current electrodes are shared with wires connecting the RF measurement

chain.

To detect the noise from a tunnel junction we need to read the noise

power generated from the junction. Figure 1.9 show a very simple diagram

for broadband radio-frequency measurement setup. Using DC cables, we can

measure current - voltage characteristics of the tunnel junction and the cur-

rent spectral density generated by electrons from the junction is amplified by

9



Chapter 1. Introduction 10

Figure 1.7: Noise power as the function of bias voltage. At the temperature

is increasing, the zero bias power level which is directly related to the elec-

tron temperature is also increasing. In the zero-temperature limit the noise

curve becomes straight only due to the shot noise. The background noise level

indicates the noise temperature of the system.

Figure 1.8: Sketch of our tunnel junction structure. Very thin electrodes are for

voltage connection and wide electrodes are used to connect wires for current

and RF noise connections.

low-temperature and room-temperature amplifiers. Bandpass filter defines our

measurable frequency range. In the end of the RF chain, the diode detector is

used to convert the input power into the output voltage, followed by digital

10



11 1.3. Noise thermometry using a tunnel junction

Figure 1.9: Measurement setup for the noise from a tunnel junction. DC and

RF chain are constructed separately and RF chain is designed for broadband

radio-frequency measurement.

voltmeter which is used to read this output voltage. Radio-frequency noise

measurement was performed by using this measurement setup and a tunnel

junction. In this thesis, I will describe the detailed process of measurement

setup and present the measurement results.

The second chapter will introduce the electrical noises, thermal noise which

is originally from the thermal fluctuation of the electron and shot noise which

is generated due to the graininess of the electrons. And noise from a tunnel

junction will be introduced and calculated. Fabrication process of a tunnel

junction will be also presented.

In the third chapter, the setup for measuring a broadband radio-frequency

noise will be described in detail. The setup consists of DC and RF chain. This

setup was installed in He4 probe, He3 cryostat, and dilution refrigerator. These

three cryogenic refrigeration systems have thermally different structures. As we

go down to the lower temperature, careful anchoring and filtering are needed.

The fourth chapter will present the measurement results from this measure-

ment setup. The general properties of a tunnel junction at low temperatures

will be shown. The electron temperature can be obtained by fitting the noise

curve into the equation for noise in a tunnel junction. These electron tem-

11
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peratures will be compared with the temperatures read from the commercial

calibrated thermometer.

In the fifth chapter some technical problems which can make lower the pre-

cision and accuracy of the noise thermometer will be analyzed and the solution

will be presented. Thermal anchoring for thermalization of low temperature

components will be described. This is very important at low temperatures be-

cause insufficient thermal anchoring can cause warmer electron temperatures.

As a second problem, RF filtering will be considered. This work reduces the

background noise of the system and makes higher the precision of the ther-

mometer. Finally, the nonlinearity of a diode detector will be analyzed. Our

diode detector for converting the input power into the output voltage has very

small linear conversion range in power axis. So Using the exact linear range is

very important for the accuracy of the thermometer.

In the sixed chapter, I will summarize all the work done here and present

the future plan for measurement using this technique.

Finally, the last chapter will present some designs and drawings for impor-

tant low temperature components.

12



2 Tunnel junction: Theory of noise

and Sample fabrication

2.1 Intoroduction

Thermal noise and shot noise are well-known electrical noise. Thermal noise,

also called as Johnson noise, is caused by the thermal fluctuation of electric

charges on an electrode. So thermal noise shows a sole dependence on the

thermal broadening of electrons’ Fermi distribution, related to the electron

temperature. And the shot noise is from the graininess property of electric

charges. This noise is measured with a current and thus shows a dependence

on the current. In a tunnel junction, these two different types of noise are

observed altogether. A detailed description about these two different noises

will be presented in the next section.

To measure these types of noise from a tunnel junction, we fabricated the

metallic tunnel junction, in which two metallic electrodes are separated by a

very thin insulating layer. We used so called Dolan bridge technique, in which a

shadow cast by a suspended bridge is used to make metal gap. The fabrication

process will be described in sequence.

2.2 Thermal and shot noise

As a fundamental electrical noise, thermal and shot noise will be described in

this section. Thermal noise is also known as Johnson noise following the name

of who did the first observations in 1928 [22, 23]. Shot noise is first expected

and observed by Schottky in 1918 [24, 25]. There are many ways to describe

the thermal and shot noise. Basically, an electron is a fermion, which obeys

13



Chapter 2. Tunnel junction: Theory of noise and Sample fabrication 14

the Fermi-Dirac statistics, and thus the electrical noise should be dealt as a

quantum mechanical problem.

According to the Einstein’s Brownian movement equation [5, 25, 26], the

mean square value for any observable parameter ϑ and the mobility M are

related as 〈
δϑ2

t

〉
≡
〈

[ϑ(t)− ϑ(0)]2
〉

= 2MkBTt, (2.1)

where T is the temperature of the electrons and t is the time interval for

the event. kB is the Boltzmann constant. Using this equation, the possible

fluctuation of electric charge q in a material of the conductance G is expressed

as

〈
δq2
t

〉
= 2GkBTt = 4GkBTB,

SI(thermal) =
4kBT

R
B, (2.2)

where the observable parameter ϑ is replaced with electric charge q and the

mobility M with the conductance G. Here, t can be expressed as t = 2/B,

where B is the frequency bandwidth, from the Nyquist-Shannon sampling

theorem [27]. R is the resistance and has a relationship with the conductance

as R = 1/G. This is the current spectral density of thermal noise. In Figure

2.1(a) the conceptual picture for thermal noise in a resistor is shown. This

noise is only dependent on the temperature and the resistance of the resistor.

Shot noise is usually measured from electron emission when the voltage is

biased in a vacuum tube as in Figure 2.1(b). Because of the graininess of the

electrons, there exists fluctuation of the electron numbers when the emission

from the cathode to the anode occurs. We first calculate the mean square value

of the electron numbers.

〈n〉 = N,

〈
n2
〉

=

∞∑
n=0

n2P (n) =

∞∑
n=0

n2N
ne−N

n!
= N2 +N.

14



15 2.2. Thermal and shot noise

Figure 2.1: (a) The Brownian motion of the electrons at a finite tempera-

ture generates the thermal noise. This gives also voltage fluctuation when we

measure the voltage across the conductor. (b) When the voltage is biased in

a vacuum tube, the electrons are emitted from the cathode to provide the

current. These electrons make the shot noise due to the fluctuation of their

numbers.

The average number of electron can be expressed as N and the average

of square of electron number is calculated by using Poisson distribution P (n),

which corresponds to the statistical property of shot noise. The last term

is obtained from direct calculation. As a result, the variance of number of

electrons is expressed as

〈
δn2
〉
≡
〈

(n− 〈n〉)2
〉

=
〈
n2
〉
− 〈n〉2 = N2 +N −N2 = N. (2.3)

For the electric charge, this equation becomes

〈
δq2
〉
≡ e2

〈
δn2
〉

= e2
〈

(n− 〈n〉)2
〉

= e2N = eQ = eIt

SI(shot) = 2eIB. (2.4)

Nyquist-Shannon sampling theorem is also used here. This is the current

spectral density for the shot noise. In contrast to the thermal noise, this shot

noise has no temperature dependence, but it is directly proportional to the

current or voltage through the vacuum tube.

15



Chapter 2. Tunnel junction: Theory of noise and Sample fabrication 16

2.3 Electrical noise in a metallic tunnel junction

Before deriving the noise from a tunnel junction by using quantum-mechanical

law, I want to show a unified form of thermal and shot noise from a tunnel

junction introduced by L. Callegaro [28]. Thermal noise and shot noise are

derived from completely different physical situations. Considering an ideal

tunnel junction, we can derive the both expressions for the thermal noise in

the limit of finite-temperature zero-voltage and the shot noise in the limit of

zero-temperature finite-voltage.

As a model, two electrodes are separated by very thin vacuum. Let the

left and right side electrodes denoted as A and B as depicted in Figure 2.2.

There is a finite tunneling probability per unit time from A to B, and from

B to A, as PAB and PBA, respectively. And we consider three events on the

junction, (a) current from A to B, Ī = +q/τ with a probability of PABτ , (b)

current from B to A, Ī = −q/τ with a probability of PBAτ , and (c) no current

across the junction Ī = 0 with the probability of 1 − (PAB + PBA)τ . τ is the

measurement time. Now the average current across the junction is

〈I〉 =
(
− q
τ

)
PBAτ + (0) [1− (PAB + PBA) τ ] +

(
+
q

τ

)
PABτ

= q (PAB − PBA) . (2.5)

And the mean square value of the current is〈
I2
〉

=
(
− q
τ

)2
PBAτ + (0)2 [1− (PAB + PBA) τ ] +

(
+
q

τ

)2
PABτ

=
q2

τ
(PAB + PBA) . (2.6)

Only the information about the probability of tunneling determines these

two values. The occupation number on each side nA and nB, will satisfy the

Boltzmann distribution,
nA

nB
= e−qV /kBT , (2.7)

where q is the electric charge and V is the voltage difference between the

both sides. So the energy difference between the both sides is EA −EB = qV .

16



17 2.3. Electrical noise in a metallic tunnel junction

Figure 2.2: Schematic diagram of the model for deriving the noise from a

tunnel junction. Two electrodes A and B are separated by a thin vacuum gap.

Electrons in each side have the probability of tunneling to the other side. The

energy difference between two electrodes can be expressed as a voltage drop

across the vacuum gap.

T is the temperature of the electrons. In a steady state, the change of the

occupation number per unit time will be balanced. This condition leads

PBAnA = PABnB. (2.8)

Now we can consider noise properties. From the above equations, the re-

lationship between the probabilities becomes

PAB

PBA
= e−qV /kBT . (2.9)

And then Equation 2.5 becomes

〈I〉 =
V

R
= q (PAB − PBA) = qPAB

(
1− e−qV /kBT

)
. (2.10)

Now using Equation 2.9 and Equation 2.10, the mean square value of the

current related to the noise calculated in Equation 2.6 can be expressed in

terms of voltage and temperature.〈
I2
〉

=
q2

τ
(PAB + PBA) =

q2

τ
PAB

(
1 + e−qV /kBT

)
= 2q

V

R

(
1 + e−qV /kBT

)(
1− e−qV /kBT

)B.
(2.11)

17



Chapter 2. Tunnel junction: Theory of noise and Sample fabrication 18

Figure 2.3: Fermi distribution in two electrodes. When the voltage V is biased

across the junction, the net tunneling electrons are net zero and the shot noise

will be generated. (Inset) Sketch of metallic tunnel junction structure. Two

metal electrodes are separated by a thin insulating layer.

B is the bandwidth which is related to the measurement time τ by Nyquist-

Shannon sampling theorem B = 1/2τ as before. From this equation, we can

extract both thermal and shot noise. For T = 0 it gives〈
I2
〉
T=0

= 2q
V

R
B = 2q 〈I〉B. (2.12)

This is the same expression for the shot noise and the same as Equation

2.4. In contrast, in the limit of V → 0, the noise will be expressed as

lim
V→0

〈
I2
〉

=
4kBT

R
B. (2.13)

This result is the same as Equation 2.2, the thermal noise from a resistor

at a finite temperature. When the tunneling rates between two electrodes

are expressed as the function of voltage and temperature, we could calculate

the electrical noise from the tunnel junction in a unified expression by just

considering the tunneling rates.

Derivation of noise power from a tunnel junction can be calculated using

a pair of ideal Fermi reservoirs shown in Figure 2.3. As already introduced

18



19 2.3. Electrical noise in a metallic tunnel junction

in Equation 1.3 of Chapter 1, the current flowing across the tunnel junction

will be calculated using a transfer Hamiltonian formalism [17]. The number of

electrons tunneling from left to right will be proportional to

Nl (E − eV ) f (E − eV ) , (2.14)

where N1 is the density of states of left-side metal and f is the Fermi distribu-

tion. This value is the number of occupied states on the left. These tunneling

electrons should move to the unoccupied states on the right, which expressed

as

Nr (E) [1− f (E)] . (2.15)

So the current flowing from left to right in an energy interval dE becomes

Il→r ∼ Pl→r (E)Nl (E − eV )Nr (E) f(E − eV ) [1− f (E)] dE, (2.16)

where Pl→r(E) is the probability of transition from left to right. The current

from right to left also will be expressed similarly.

Ir→l ∼ Pr→l (E)Nr (E)Nl (E − eV ) f(E) [1− f (E − eV )] dE. (2.17)

Because the electrons have the same chances to tunnel from left to right

and from right left, we can assume that Pl→r(E) = Pr→l(E) = P (E). By

taking the difference between Il→r(E) and Ir→l(E), the net current can be

obtained.

I ∼
∫
P (E)Nl (E − eV )Nr (E) [f (E − eV )− f (E)] dE. (2.18)

The density of states of both sides is a slowly varying function so that

its value can be taken at the Fermi level like N (E − eV ) ∼= N (E) = N (0).

Finally, the exact value of current is calculated as [29]

I =
4πe

}

∫
|T (E)|2Nl (0)Nr (0) [f (E − eV )− f (E)] dE, (2.19)

where T (E) is the tunneling matrix element. Assuming our energy barrier

of the insulating layer is very high, the tunneling amplitude and the density

19



Chapter 2. Tunnel junction: Theory of noise and Sample fabrication 20

of states can be independent of energy. And the two terms can be extracted

from the integral and the current can be obtained by only integrating the

difference of the occupation probabilities, that is the difference of the Fermi

distributions. This gives the current as I = V/R, where R is the resistance

through the tunnel barrier which is expressed as R = }
[
4πe2|T |2N2(0)

]−1
.

This result relates the slope of the current - voltage characteristics to the

density of states and this relationship is used to probe for the density of states

of materials. To calculate the current spectral density of a tunnel junction,

the fluctuations of the current are calculated. On the contrary to the case

of calculation of the current, the expression for the current spectral density

becomes the sum of the tunneling rates from left to right and right to left in

a tunnel junction [30, 31].

SI(V ) =
2

R

∫
{fr (E − eV ) [1− fl (E)] + fl (E) [1− fr (E − eV )]} dE

= 2eIcoth

(
eV

2kBT

)
. (2.20)

SI(V ) is called a current spectral density, which has the unit of square of

current per hertz. A detailed calculation is given in Ref. [15]. This expression

is dependent on both the temperature and the voltage. So this becomes the

thermal noise at the zero voltage and the shot noise as the temperature goes

to zero.

2.4 Sample fabrication

Our tunnel junction consists of two aluminum electrodes separated by an alu-

minum oxide insulating layer. Aluminum is the material that is easy to evapo-

rate and oxidize its surface. So using that material many tunneling structures

are fabricated, like NININ single electron tunneling structure and NIS tunnel-

ing structure [7, 32, 33]. The main work of the fabrication of a normal metal -

insulator - normal metal (NIN) tunnel junction is to make a suspended resist

bridge. For this, we used a double-angle evaporation technique also known as

Dolan bridge technique following the name who first used this method [21].

20



21 2.4. Sample fabrication

Figure 2.4: Fabrication process for an aluminum tunnel junction using a

double-angle evaporation technique. (a) By using double-layer of photoresist, a

suspended bridge of photoresist is formed. (b) The first aluminum is deposited

at the angle of - 60◦. (b) Oxigen gas is used to oxidize the surface of the first

aluminum. (d) The second aluminum is deposited at the angle of + 60◦. (e)

By lift-off process the metal on the photoresist is removed and the final tunnel

junction is formed.

Then the metal electrodes are formed by using an e-beam evaporator. As a

first deposition, the aluminum is evaporated at one angle. And then oxidation

is performed. Finally, the second aluminum is evaporated at the other angle. In

the end, the aluminum on the resist will be lifted off using photoresist remover.

21
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Figure 2.5: A design of photomask for the fabrication of a suspended bridge. (a)

Two rectangles for current electrodes in the vertical axis and two rectangles

for voltage electrodes in the horizontal axis are drawn. The rectangles are

connected to the bridge pattern by trianglular patterns. (b) Magnified drawing

of the bridge pattern. The triangles connected to the rectangles for voltage

electrodes are not connected to the bridge directly, but rather by thin lines.

The length of the bridge is 10 µm and the widths are from 1 µm to 2 µm.

(The colour is reversed for the convenience of view. In fact, the shaded areas

are transparent and the white areas are covered with chrome film in the real

photomask.)

To make a suspended bridge of photoresist, a photolithography technique

is used. As a first step, an oxidized silicon wafer is cleaned using acetone and

ethanol and then baked on a hot plate to dehydrate the surface. As a second

step, a bilayer of resist is spun on the substrate. On the bottom LOR 10B

resist from MicroChem is used to make undercut [34]. After the spin coating

of LOR 10B it is baked on a hot plate. As the top resist, Microposit S1805

from Shipley [35] is coated and baked again on a hot plate. The thickness of

LOR 10B resist in our coating condition is about 1 µm. The photolithogra-

phy is performed by using a mask aligner MA6 from SUSS MicroTek. Our

photomask design is described in Figure 2.5. Two electrodes for the current

22



23 2.4. Sample fabrication

Figure 2.6: The width of the overlapped area formed by deposited metals

can be easily calculated in this picture. When the angles at which the metal is

deposited are θ1 and θ2 from the vertical line, the width of the overlapped area

w = tan |θ1|+ tan |θ2| − d can be obtained by using the dimensions indicated.

flowing and two electrodes for voltage reading are drawn. The electrodes are

connected to the bridge pattern for a tunnel junction by triangle patterns.

The triangles connected to the voltage electrodes are not directly connected

to the bridge, rather thin lines are connecting them. Because the current is

not flowing through the voltage lines, it is better for them to be as thin as

possible. The bridge widths are from 1 µm to 2 µm. Using a hard contact

mode in the aligner we tested patterning with several exposure times for the

optimum lithography condition. After patterning process using a photomask

and a mask aligner, the photoresist is developed in AZ400K developer. Be-

cause the photoresist S1805 is a positive-type, the photoresist in the shaded

areas in Figure 2.5 will be removed and the bridge of photoresist is formed.

The next step is to deposit aluminum on the bridge pattern at two differect

angles in the e-beam evaporator. The width of the overlapped area formed by

deposited metals is calculated by a simple math [36]. Because the thickness of

the undercut, which is also the height of the bridge from the wafer surface, is

about 1 µm, the distance by which the metal penetrates under the bridge with

an angle θ is tan θ µm. When the width of the bridge is d and the two angles

at which the metal is deposited are θ1 and θ2, the width of the overlapped

23
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Figure 2.7: Photographs of a tunnel junction in the process of fabrication. (a)

After developing the photoresist. The suspended bridge is formed. (b) After

the double-angle evaporation process. (c) After lift-off process. The overlapped

area in the middle indicates a tunnel junction.

area w becomes w = tan |θ1|+ tan |θ2| − d . We selected the angles as d = θ1=

- 60◦ and θ2= + 60◦. For the maximum bridge width of 2.0 µm, the width of

the overlapped area is w = tan 60◦+ tan 60◦−2.0 = 1.46 µm. This calculation

is expressed in Figure 2.6.

The Oxidation process is performed between the two evaporation processes.

After the first deposition, the oxigen gas is filling the chamber with the speed

of 200 sccm from low 10−6 Torr to 10 Torr. At the oxigen pressure of 10 Torr,

we wait 2 minutes and then pump the chamber up to low 10−6 again.

The last process is lift-off of the photoresist. The lift-off process will remove

the metal on the photoresist. For a lift-off we use PG remover from MicroChem

in immersion mode [37]. To reduce the redeposition of the removed photoresist

in a bath, we use a two-bath immersion system. The first bath will remove the

bulk of the photoresist and the second bath will clean the remaining scraps.

The temperature of the PG remover is maintained at 60 ◦C during lift-off

process. To wash out the remaining PG remover and rinse the wafer, isopropyl

alcohol is used followed by DI water. After drying the wafer with N2 gas blow,

the final tunnel junction will be formed in the overlap area. Photographs of

the tunnel junction in the process of fabrication are presented in Figure 2.7.

Our tunnel junction has the resistance-area product of about 0.5 ∼ 4.0

Ω · cm2 at room temperature. A detailed conditions for the fabrication of the

tunnel junction is described in Figure 2.8.
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25 2.4. Sample fabrication

Figure 2.8: Conditions for fabricating an aluminum tunnel junction using a

photolithography process. For an exposure process, a mask aligner MA6 from

SUSS MicroTek is used.
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26



3 Setup of measurement system

3.1 Introduction

We can measure thermal, electrical or mechanical properties of some material

at room temperature or at low temperatures. Measurement at low tempera-

tures is harder to do than at room temperature because all the mechanical

and electrical properties of the material is changing as we go down to low

temperature [38, 39]. In addition, electrically we should measure DC signal

and radio frequency signal together. This RF measurement is also harder to

do than DC measurement because RF measurement has more parameters like

frequency and phase to be considered and is very sensitive to the external RF

background noise. And as we increase the frequency, the responses of the RF

components are not the same as them at the low frequency range [40]. We need

to understand RF properties of our RF components at our interested frequency

range and at low temperatures. When these two different fields in which the

measurement is difficult compared to the room temperature DC measurement

meet together, it, so called as low temperature RF measurement, makes so

many issues that should be solved by ‘experiments’.

The work to do in our measurement is to measure the high frequency elec-

trical noise from a tunnel junction at low temperatures. Mainly we developed

the measurement system in He3 cryostat. The setup is divided into two main

stream, DC and RF measurement setup. The sample holder which will load

the tunnel junction is also important. The description for holder design will

be presented. At the last section setup in He4 probe and dilution refrigerator

will also be presented.
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Chapter 3. Setup of measurement system 28

3.2 Setup in RF measurement chain

When the current is flowing through a tunnel junction, it generates radio-

frequency noise which is independent of frequency referred to as the white

noise [40, 41]. To measure this noise signal, we need to use some RF compo-

nents like coaxial cable, amplifier, circulator and so on. Because the tunnel

junction is put on a low temperature part, most of our RF components are in-

stalled in a low temperature part [15, 42, 43, 44, 45]. When an RF component

is cooled down, its function is not the same as that at room temperature [38].

Every material changes its mechanical and electrical properties as they are

cooled down to low temperature. To be sure that our RF components are

working well at low temperatures, we did a low temperature test, which mea-

sures the properties of every component in liquid nitrogen one by one.

As a main RF component, a cryogenic amplifier is used to amplify our small

signal from a tunnel junction. The original noise power in our bandwidth is

about -100 dBm (10−13 W). This is too small to be measured directly. So

we used a cryogenic amplifier of 40 dB amplification at 4.2 K, which sends

an amplified signal to the second amplifier. This cryogenic amplifier uses DC

power of 8 V and 56 mA for operation at 4.2 K. After the cryogenic amplifier,

RF chain goes out to the room temperature. A bandpass filter is followed by

two-stage room temperature amplifiers which amplify the signal again. These

amplifiers are connected by a 3 dB attenuator which is used to block the

backward noise from the second-stage amplifier. They are anchored on a big

aluminum block which is used to disperse the heat from the amplifiers. The

room temperature amplifiers use DC power of 12 V and 760 mA for operation

and are cooled by air. So we need to wait its temperature to be stabilized

before measurement.

Every RF component has its own limit of the available frequency range.

Our cryogenic amplifier has the frequency range from 0 Hz to 2 GHz. And

another main cryogenic component, a circulator, has the frequency range from

600 MHz to 1.2 GHz. So we decided to use the frequency range from 710 MHz
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29 3.2. Setup in RF measurement chain

Figure 3.1: Cryogenic amplifier and its RF properties. The input and output

port are using SMA jack connectors. DC power of 8 V is need to operate the

amplifier. From S-parameter measurement for transmission, the amplification

at room temperature is about 38 dB in our measurement band. Operation

at 6 V is also possible with a smaller power and lower amplification. This

measurement is performed at room temperature.

Figure 3.2: (a) Two-stage room temperature amplifiers connected by 3 dB

attenuator is anchored on a big aluminum block for air cooling. (b) Bandpass

fiters consist of low-pass and high-pass filters and the frequency range of our

bandwidth is from 710 MHz to 1.2 GHz at 3 dB attenuation. (c) S-parameter

of the system in which the amplifiers and the bandpass filter combine shows

about 60 dB amplification in our measurement band.

to 1.2 GHz at 3 dB attenuation. Bandpass filter before the room temperature

amplifiers will be used to define this frequency range.
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Figure 3.3: (a) Geometry of ferrite circulator [40]. Three ports are connected

electrically through the metallic disk and two ferrite disks (not shown here)

make a magnetic field perpendicular to the metallic disk. Our circulator has

the frequency range from 600 MHz to 1.2 GHz. (b) We compared the forward

and backward transmission properties at both room and low temperatures.

As the temperature is lowered, forward transmission property changes sig-

nificantly and the attenuation is increased. Backward transmission property

doesn’t change much with the temperature.

Before the cryogenic amplifier, a ferrite circulator is used to block the

backward noise from the amplifier. The circulator is a 3-port device, in which

the signal passed only from one port to the other like an one-way valve. The

scattering matrix which gives power flow is [40]

[S] =


0 0 1

1 0 0

0 1 0

 . (3.1)

The power flow occurs from 1 to 2, 2 to 3, and 3 to 1. One of 3 ports is

connected to a 50 Ω termination. This has a good anchoring effect because

three ports of the circulator are thermally connected and the signal line can

be cooled down via 50 Ω resistance from the thermal bath. The backward
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noise from the amplifier goes into the termination and is vanished as heat.

The circulator is a passive device which is incapable of controlling current and

the gain is less than unity. So this component has an attenuation. Because

the circulator is connected just in front of the amplifier, we should prevent the

circulator from heating due to the amplifier. For this, we reinforced the thermal

anchoring by connecting the body of the circulator on 4 K stage via thick

copper wires. Before use, we cooled down this circulator in liquid nitrogen and

measured the transmission properties for forward and backward signal with the

third port connected by 50 Ω termination. The forward transmission property

changes very much and especially the attenuation is increased. So using two or

three attenuators at low temperature part will give higher attenuation to the

RF measurement chain. The backward transmission property shows a similar

characteristics at both room and low temperatures.

All the RF components are connected by coaxial cable [45]. The outer

shield and the signal center pin are made of stainless still. The center pin is

coated with silver for better transmission properties. The insulator between

the outer shield and the center pin is PTFE, also well known as Teflon by

DuPont. The outer diameter is 0.085 inch and the impedance is matched in 50

Ω. Coaxial cable made of copper is very easy to bend and deal with. But the

thermal conductivity of the Cu coaxial cable is so good that the warmer part

and colder part are connected thermally very well. So if we use Cu coaxial

cable to connect 1 K pot part with He3 pot part, the heat load on the He3

pot from the warmer part can be a severe problem in the operation of He3

cryostat. Thermal conductivity of stainless steel is much smaller, about 20

times, than that of copper at room temperature. The Teflon could expand

when we repeat a thermal cycle which is the process of cooling and warming

a component many times. In this case the center pin can be mechanically

disconnected by being pushed by the expanded Teflon even if we combine the

outer connectors. When bending, we should keep the minimum diameter larger

than 30 mm to prevent it from breaking the center pin. At room temperature,

the air can cool the RF components by a convection process and there are no
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Figure 3.4: (a) Assembling process of coaxial cable. (1) The center pin of the

085 coaxial cable is connected to the pin of the SMA connector. (2) SMA plug

for 085 coaxial cable. (3) The insulating PTFE, Teflon. (4), (5) Photographs

of finally assembled SMA connector. (b) Transmission properties of 120 mm

stainless steel coaxial cable. Different from other RF components, this shows

decreasing attenuation with a temperature.

thermal stages. So the stainless steel coaxial cable can be replaced by flexible

coaxial cable. To make it easy to connect the coaxial cable with a component,

we need to assemble a plug or jack with the coaxial cable. We used lead to

solder coaxial cable and the plug or jack together. This soldering also should

pass the thermal cycle test.

Stainless steel coaxial cable has very small thermal conductivity, but it

still has thermal conduction. So the connection using stainless steel coaxial

cable between base temperature part and next warm stage is not enough for

thermal breaking. Heat from warmer part can be transferred down to the base

temperature part. To solve this problem, we also anchor the coaxial cable at

every thermal stage. The outer shield of coaxial cable can be easily connected

to a thermal stage. But we don’t have any way to anchor the center pin

of coaxial cable directly, that is, we cannot connect the center pin with the

thermal stage without disturbing the RF properties of coaxial cable. As a good

solution for this problem, we can break the thermal connection of the center
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Figure 3.5: Transmission properties of (a) a DC block and (b) a 2 dB atten-

uator at room and low temperatures. Electrically, the cutoff frequency of the

DC block is increased and the attenuation of the 2 dB attenuator is reduced.

Thermally, the DC block becomes stronger in thermal anchoring and the at-

tenuator becomes poorer. (Inset) The structure of a Pi-type attenuator of 2

dB. The boxes and the numbers indicate resistors and the resistances in Ω,

respectively.

pin with a capacitor. DC block can be used in coaxial cable between 1 K pot

and He3 pot for this and very efficient to block heat from warmer part through

the center pin. DC block has a capacitor in the center pin for signal. DC signal

cannot pass through the DC block but RF signal can do well.

At the base temperature, we again want to cool down the center pin di-

rectly. Without changing the impedance of the RF chain, the center pin can

be connected to the bath temperature by an attenuator. Generally, there are

two types of attenuators, T and Pi type [41]. We used a Pi-type attenuator

of 2 dB which consists of 11.6 Ω resistor in the center pin and two resistors

of 436.2 Ω from the ground. Then the center pin can be thermally anchored

via about 218.1 Ω resistance. This attenuator is connected to the holder body

directly. We are not sure that this attenuator has the same attenuation value

at low temperatures. The test results of 2 dB attenuator and the DC block at

low temperatures are spresented in Figure 3.5.

After the room temperature amplifiers, the RF chain is connected to the
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step attenuator which will attenuate the input signal. Finally, this RF chain

is connected to the square-law diode detector [40]. This component converts

the input power into the output voltage. By reading the output voltage of

the diode detector with a digital voltmeter, we can measure the relative input

power. The characteristics of diode detector and the relationship between the

step attenuator and the diode detector will be discussed in a later chapter in

detail.

After assembling all of the low temperature RF components in He3 cryo-

stat, the transmission properties are measured. The total gain of the system

is about 100 dB, so we couldn’t measure the S-parameter of whole RF mea-

surement chain. (The minimum output power of our spectrum analyzer is -55

dBm. So the returning power after the RF measurement chain will be about

45 dBm which exceeds the maximum input power of the spectrum analyzer.)

In Figure 3.6, the transmission properties of the full low temperature RF mea-

surement chain is plotted. The flatness of the gain in our system shows that

the deviation is less than 1 dB.

3.3 Setup in DC measurement chain

The most basic component in DC chain is the wire for flowing current and

reading voltage. The thermal conductivity of the components in DC chain is

also very important as in the RF chain. So the wire should have a poor thermal

conductivity and for this we used an electrically high resistive and mechanically

very thin wire. This is because the thermal conductivity is proportional to the

electrical conductivity in most conductors and a small cross section will also

decrease the conductivity of the wire [46]. We used AWG 38 Manganin wire.

AWG stands for American Wire Gauge [47] and AWG 38 wire has a diameter

of 0.102 mm. Manganin is an alloy of copper, manganese and nickel. A current

flowing in a wire produces a magnetic flux and the voltage is induced in a

closed loop. By reducing the area, we can reduce this effect. For this noise

reduction a twisted-pair wire is used. The surface of this wire is coated with
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Figure 3.6: Transmission properties of the full low temperature RF measure-

ment chain. The total gain of the system is about 100 dB. Because of this high

amplification, we measured the transmission properties of only low temper-

ature chain at room temperature. In our measurement band frequency from

710 MHz to 1200 MHz, the S-parameter is nearly flat. This measurement is

performed at room temperature.

Formvar resin. We should handle this wire very carefully because its very thin

insulating layer could be peeled off and the electrical short can occur. When

taking off the insulating layer, we used a blade.

We also use the wires made of copper as the DC power cable for the

cryogenic amplifier. Our amplifier needs the DC power of 8 V and 65 mA at 4

K. If we use manganin wires for DC power, the voltage drop will occur and the

DC power will be different from what we have applied. Because this copper

wire has very large thermal conductivity, we should use very thin Cu wires

and anchor these wires thermally on 4 K stage.

To make it easy to connect the wires each other, we used 0.1 inch Ampmodu

receptacles and plugs. These rectangular-shaped connectors are very easy to

deal with. The built-in Ampmodu connectors in our He3 cryostat are installed

on 1 K pot stage. The built-in manganin wires are anchored on 4 K stage very
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Figure 3.7: (a) A spool made of copper for the anchoring of DC wires. (b) The

process of winding Manganin wires around the anchroing spool. (c) The final

stage of anchoring process. The Wound wires around the spool are fixed with

Stycast.

weakly.

In Hust’s paper of Ref. [48], he calculated the length of wire that should

be anchored to a heat sink for a perfect cooling down to the base temperature.

For copper and constantan wires, the wire length of 1 m is enough for cooling

the wire when the wire are connected to the heat sink through contact agent

like Stycast.. The most efficient way to anchor the wire to a heat sink like a

copper block is to wind the wire on a cylindrical copper spool. This is one

of the best design for reducing the size of the anchoring block. In Hust’s

paper, contact agent for connecting the wire with the copper block thermally

is needed. We use Stycast to fix the wire on the copper spool. Stycast is a

thermally conductive epoxy and is good for low temperature setup because

the coefficient of thermal expansion is low. The temperature of the wire after

thermal anchoring is phonon temperature. It is proved in our experiment that

the temperature of electrons is still not cooled down to the base temperature

even when the wire iiself is already at the base temperature. This phenomena

will be discussed later.

By adding RC filters in DC chain, even the insufficient thermal anchoring

of wires can be reinforced [49, 50]. This circuit has total 2 kΩ resistors and
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Figure 3.8: Circuit diagram for (a) a two-stage RC filter and (b) a balanced

circuit. (c), (d) Photographs of assembled circuit board. These boards are

anchored on 1 K pot.

Figure 3.9: A balanced circuit is used to remove the unwanted noise from the

input. The two noise current IN produced by the noise voltages VN are canceled

out in the resistors of the same impedance from the ground.

24.6 nF capacitors. We used two-stage RC filters, one of them consists of 820

Ω and 20 nF and the other of 1.2 kΩ and 4.7 nF. The cutoff frequencies are 9.7
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Figure 3.10: (a) Room temperature filtering box for DC measurement chain.

The filters are tightly shielded with a metal plate and either terminal is sepa-

rated by a metal partition. (b) Equivalent circuit of a Pi-type filter. (c) Trans-

mission properties of the Pi-type filter assembled in a metal box. The attenu-

ation in the high frequency range is high and good for the DC measurement.

kHz and 28.2 kHz, respectively. This circuit is anchored on 1 K pot. Because

of the resistors, using this on He3 pot will gives heat load to He3 pot. For

balancing the current flowing into the junction, we used a balanced circuit

as drawn in Figure 3.8(b), which is used to pickup the noise in the current

path [15, 51]. A balanced circuit consists of resistors of the same impedance

from the ground. By using this circuit we can cancel out the common-mode

signal in the resistors. The common-mode means that the two-voltages have

the same phase, frequency and amplitude. Two common-mode noise voltages

VN will produce the currents IN. In this case, the total bias voltage VLacross

the two same resistors is

VL = INR− INR+ IS (R+R) = 2ISR, (3.2)

where VL is the bias drop across the load(two same resistors) and IS is the

current produced by the source voltage VS. This action is called as a common-

mode rejection [50].

At room temperature, all the DC lines are connected via BNC cables from
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Pomona Electronics. Before the DC lines are going into the chamber, they all

should be filtered to remove the unwanted noise from measurement instru-

ments. Pi-type filters are used with a metal box for shielding [41, 51]. From

S-parameter measurement result, the attenuation is less than -80 dB in the

low frequency range and -60 dB in our measurement band frequency.

3.4 Sample holder design

Sample holder is located on the base temperature stage and its components like

surface mount chip and PCB circuit is also kept at the base temperature. Our

holder has a rectangular cap which is kept in contact with the He3 pot. The

bottom holder is in the shape of square and has two holes for RF connection

and two rectangular holes for DC Ampmodu connectors. Both cap and holder

are made of copper electroplated with gold for a good thermal conduction.

Circuit on PCB board is designed carefully for RF transmission. For this,

we used microstrip line, which is one of the planar-type transmission lines [40,

45]. The width of the strip line can be calculated using formulas for effective

dielectric constant and characteristic impedance. Our pcb board is made of

FR4, which is composed of fiberglass cloth with an epoxy resin, and has a

dielectric constant of 4.6 at 3 GHz in room temperature. All of the printed

terminals and lines on the PCB board consist of copper which is electroplated

with gold. In this case, the width of printed strip line becomes W = 1.1 ∼ 1.2

mm. The thickness of the PCB board is t = 0.6 mm and the characteristic

impedance of the RF chain is Z0 = 50 Ω. On the way of RF signal we connect

capacitance of 33 pF, so that capacitive reactance which makes hard for low-

frequency signal to pass through is working. The back side of the PCB board

is coated with thin gold film to be used as a ground plane. For connection with

coaxial cable, we also used SMA connectors on the sample holder. Because the

holder doesn’t have any center pins like coaxial cable, SMA connectors in the

type of straight panel receptacle jacks are assembled on the holder.

For DC lines, the width of the signal lines is not much important. We
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Figure 3.11: Photographs of bottom copper holder and completed holder. For

RF connection, the straight panel receptacle jacks are used. Surface-mount

type inductors and capacitors are soldered on the lines of DC and RF signal,

respectively. Four bronze M3 screws are tightened to hold the PCB board and

connect the circular ground planes on the top of the PCB board with the

copper holder.

used 120 nH chip inductors on the DC lines. On the contrary to the case of

the capacitors, the inductive reactance due to these inductors makes hard for

high-frequency signal to pass through the inductors. For connecting wires to

our tunnel junction, we need two current terminals and two voltage terminals

as already mentioned before. The current terminals are also connected to the

RF striplines because they are sharing the current electrodes in the tunnel

jucntion. A total of 24 lines, 20 lines for voltage reading and 4 lines for current

flowing, are connected to the Ampmodu jacks.

Circular ground planes on the top of the PCB board should be thermally

anchored on the sample holder. For this, four bronze M3 screws are tightened

to connect this top ground planes with the sample holder made of copper. All

of the components are soldered using lead. A design for the circuit board on
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Figure 3.12: Transmission properties of RF chain in the sample holder. In

the photograph the holder cap is kept in contact with the He3 pot and the

bottom holder is closed for RF shielding and thermal contact with the He3 pot.

From S-parameter graph transmission through the gold wires connecting the

two microstrip lines are very good. This measurement is performed at room

temperature.

the sample holder is described in detail in Figure 7.6 of Chapter 7.

After the assembly process is finished, we did a RF transmission test.

Two microstrip lines in either side were connected via several thin gold wires.

And then the holder is covered and closed with the cap which is already

kept in contact with the He3 pot. We measured S-parameter using two SMA

jack connectors. Figure 3.12 shows the transmission properties when the two

microstip lines are connected and disconnected via the gold wires. From this

plot, we can see that the RF signal is well confined inside holder and microwave

shielding is good.

In FIgure 3.13 and Figure 3.14, the block diagram and the photographs

of the full measurement setup in He3 cryostat are decribed, respectively. The

specific list of components used in the measurement setup is summarized in

Figure 3.19 and Figure 3.20.
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3.5 Setup in He4 probe and dilution refregerator

My experimental experiences of the low temperature RF measurement tech-

nique that have accrued from He3 cryostat were applied to different types of

refrigeration systems, He4 probe and dilution refrigerator [3]. At the first time

of measurement setup, we have tried the measurement with homemade He4

probe. There are no different thermal stages in He4 probe, so that thermal

anchoring for blocking heat from a warmer part was not a serious problem.

Most of the advancement of our measurement setup is achieved in He3 cryo-

stat. There are so many issues to consider in He3 cryostat, such as RF filtering

and thermal anchoring. This advanced technique in He3 cryostat is adopted

to dilution refrigerator. The dilution refrigerator has one more stage than He3

cryostat, 50 mK stage. So more careful thermal anchoring is demanded.

In He4 probe, all of the parts inside the chamber are at the same tem-

perature. So only the thermal break between room and low temperature is

needed and important. Inside the chamber, we don’t need the stainless steel

coaxial cable and manganin wires anymore. By using copper coaxial cable in

RF chain, we have the advantage of lower attenuation. In RF chain, only low

temperature amplifier and circulators are needed. No attenuators and no DC

blocks are installed. The most important point is the 4 K plate where the

tube from room temperature meets the chamber which will dipped into the

cryogen. Inside this stainless steel tube, the stainless steel coaxial cable and

manganin wires are connecting the room temperature part with 4 K part. The

coaxial cable and DC wires from room temperature are anchored on 4 K stage

before they are going down to the base temperature stage.

This He4 probe has only one base temperature stage connected with the

4 K stage by four thin stainless steel poles inside the chamber. A heater of

50 Ω is in contact with the base temperature stage. For a thermal stability

when we give some power to the heater so that the temperature of the base

temperature stage is increasing, this stage is enclosed with a massive copper

cap. This copper cap also has the function of RF shielding. The outer can is
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also made of copper except the joining part which is made of stainless steel.

Between the joining parts, an indium wire is used for sealing and M3 stainless

steel screw is used to tighten the parts. In the time of the He4 probe’s setup, we

used two circulators, one on 4 K stage and the other on the base temperature

stage. The room temperature parts in He4 probe are very similar to them of

He3 cryostat. We used the same frequency band for measurement.

The dilution refrigerator we used is a cryogen-free type from Leiden. This

has four temperature stages in the low temperature part, 4 K plate, Still of

600 mK, 50 mK stage, and the mixing chamber stage of 25 mK. The base

temperature of this dilution refrigerator is lower by one order of magnitude

than that of He3 cryostat. More careful thermal anchoring is needed to go

down below 100 mK. All the DC wires are manganin AWG 38 and anchored

very heavily (over 1 m) at every stage. The RC filter circuit which is the same

as one of He3 cryostat is anchored on 50 mK stage. The balanced circuit is

anchored on the mixing chamber stage. In this setup, two DC blocks are used,

one is between the amplifier and the circulator on 4 K plate, the other is be-

tween Still and 50 mK stage. The DC block before the amplifier is used to

break the thermal connection through the center pin with the circulator. Be-

cause the temperature difference between Still and 50 mK is about one order

of magnitude, using DC block between these stages is very effective for ther-

mal breaking. 1 dB attenuator is used at 50 mK stage and 2 dB attenuator is

used before the sample holder like in He3 cryostat. All of the coaxial cable are

made of stainless steel and are connected via bulkhead SMA jack connectors

anchored on each stage when they pass through the stage. At the base tem-

perature stage (mixing chamber), a circulator is used again. This is the main

difference from the setup in the He3 cryostat. Even though the circulator has

a strong attenuation of about 15 dB in our measurement band frequency at

low temperature, we expect that this circulator could anchor the center pin

more heavily than an attenuator. In this system, our sample holder is out of

the center of the superconducting magnet and thus we add the permanent

magnet on the sample holder, which has been already tested in He3 cryostat.
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Figure 3.13: Block diagram of the full measurement setup in He3 cryostat.

Components in contact with a colored line indicate that they are thermally

anchored on that temperature stage.
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Figure 3.14: Photographs of the assembled RF measurement setup in He3

cryostat. (a) Cryogenic amplifier and circulator is strongly anchored on the 4

K plate. (b) RC filter and balanced circuit is anchored on 1 K pot. (c) DC

block breaks the thermal connection through the signal center pin of coaxial

cable between 1K pot and He3 pot. DC wires of about 2 m are anchored on

the cylindrical copper spools fixed by Stycast (black substances on the back

of the image) (d) Sample holder is tightly shielded and 2 dB attenuator is

anchored on that holder.
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Figure 3.15: Block diagram of the full measurement setup in He4 probe. Com-

ponents in contact with a coloured line indicate that they are thermally an-

chored on that temperature stage.
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Figure 3.16: Photographs of the measurement setup in He4 probe. (a) Whole

measurement setup and some components are introduced. (b) (left) Inner cop-

per cap for RF shielding and thermal stability. This is combined with the base

temperature plate. (right) Outer vacuum can for sealing and RF shielding.

Flange for joining to 4K stage is made of stainless steel. (c) A tube connecting

the chamber with the room temperature parts is made of stainless steel and

the diameter is 30 mm.
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Figure 3.17: Block diagram of the full measurement setup in cryogen-free di-

lution refrigerator. Components in contact with a coloured line indicate that

they are thermally anchored on that temperature stage.
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Figure 3.18: Photographs of the measurement setup in cryogen-free dilution

refrigerator. (a) Whole measurement setup and thermal stages are introduced.

(b) Cryogenic amplifier and DC block on 4 K plate. (c) Circulator on 4 K

plate. (d) Circulator on the mixing chamber. (e) DC wire anchoring spools.

(f) Sample holder cap is holding permanent magnets. (g) SST coaxial cable

are connected via bulkhead SMA jack connectors on each thermal stage.
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Figure 3.19: List of components used in the measurement setup.
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Figure 3.20: List of components used in the measurement setup.
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4 Measurement results

4.1 Introduction

Now we have completed a system to be used to measure the radio-frequency

noise from a metallic tunnel junction. We will present the measurement re-

sults and analyze the results based on the theory of noise in a tunnel junction.

By fitting the experimental curve into the equation for noise from a tunnel

junction, we will get four physical parameters about the noise. Using these pa-

rameters, we can get information about the measurement system. One of them

is the electron temperature in the electrodes of a tunnel junction and this will

be compared with the bath temperature reading from a commercial calibrated

thermometer (Lakeshore Cernox) on the sample holder. Another important

parameter is the noise temperature, which estimates the background noise

level. Because every component is characterized by their equivalent noise tem-

perature, the effect of this noise temperature on the measurement results will

be discussed. In the last section, as a source which can affect the measurement

results, we will consider the inelastic tunneling process. This process will make

the fitted electron temperature look higher than the original one. A detailed

analysis will be presented.

4.2 Measurement results

To measure the noise power from a tunnel junction, we need to load the tunnel

junction on the sample holder and connect some wires on the electrodes of the

tunnel junction. For good thermal contact and mechanical adhesion, we used

Varnish from GE to attach the tunnel junction on the sample holder [46]. The

aluminum wires are connected to the tunnel junction by using Wedge Bonder
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Figure 4.1: Reflection properties in the tunnel junctions of 64.1 Ω and 1 Ω.

For 64.1 Ω junction S-parameter is less than 15 dB in our measurement band

frequency. If the junction becomes electrically short (1 Ω), most of the signals

are reflected.

from Kulicke & Soffa. We have two ways to test the tunnel junction at room

temperature. One is to measure the resistance using four-point measurement

technique [52] and the other is to measure the refection coefficient using the

spectrum analyzer [53]. The four-point measurement technique is a well-known

method to measure the resistance of the device. By using this technique, we can

ignore the contact resistance between the connecting wire and electrode. From

this measurement we get the resistance of our tunnel junction as 64.1 Ω at room

temperature. This is the resistance of zero frequency, that is, a DC resistance.

This value doesn’t guarantee that the impedance in our measurement band is

also 64.1 Ω. Because in our measurement band is at high frequency, we need

to measure the reflection coefficient in our measurement band. To do this, we

connect the coaxial cable from the network analyzer to the SMA connector of

the holder which already has a tunnel junction. In Figure 4.1 S-parameter for
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Figure 4.2: Current-voltage

characteristics of our tun-

nel junction at liquid nitro-

gen temperature. Near zero

bias voltage the conductance

is the minimum and as the

bias voltage is increasing the

conductance is also increas-

ing. The conductance curve

is not perfectly symmetric

with respect to the origin.

the reflection coefficient is less than -15 dB in our measurement band and as the

frequency is increasing, the coefficient is changing. Our RF chain is impedance-

matched with 50 Ω. If the sample has the impedance of 50 Ω exactly, all input

signal into the tunnel junction will be totally absorbed and no signal will be

reflected. In this case, the reflection coefficient is very low. As the impedance

of the tunnel junction goes far from 50 Ω, the reflection coefficient will be

increasing. For the case of a junction of 1 Ω DC resistance, in which the short

occurs, the reflection coefficient is near 1 dB in our measurement band.

As a next step, we measured current – voltage characteristics of the tunnel

junction at 77 K in Figure 4.2. The curve looks straight at a glance, but the

conductance calculated by numerical differentiation doesn’t look constant. By

Simmons’ analysis [54, 55], as the bias voltage is increasing, the hot excitations

in the Fermi distribution get easy to go over the finite energy barrier caused by

insulating layer between two metal electrodes. As a result, at high bias voltage,

the conductance is increased. From this curve, I didn’t succeed in fitting and

calculating some parameters like energy barrier height and insulating layer

thickness based on Simmons’ calculation. But from the repeated measurements
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Figure 4.3: Current - voltage characteristics and noise power as the function of

bias voltage of our tunnel junction in a superconducting state at 300 mK. This

junction has the maximum zero bias current of 1.8 µA and the superconducting

gap of 400 µV. Just above the gap, the peaks in noise power are detected at

± 420 µV and ± 460 µV.

and experiences, we can be sure that this type of conductance curve means a

tunnel junction with a good insulating layer [56]. In contrast, upward convex

conductance curve shows properties of a metal. When we measure the noise

from this type of junction, we didn’t see the shot noise, which means that

tunneling barrier is bad or dead.

Because our tunnel junction electrodes are made of aluminum, below about

1.2 K, it becomes a superconducting tunnel junction. We cannot apply the

noise theory of a metallic tunnel junction to this superconducting tunnel junc-

tion [18, 57, 58, 59]. With measuring current-voltage characteristics, the noise

power is measured at the same time. The superconducting gap 2 ∆ is about

400 µV and the maximum zero bias current is about 1.8 µA. We didn’t detect

any subgap resistances below the superconducting gap. Noise power far above

the superconducting gap looks shot noise. But just above the gap, we detect

small peaks in noise power at about ± 420 µV and ± 460 µV. More study is

need to reveal the reason for the occurrence of these peaks.

Below about 1.2 K, to kill the superconductivity of these aluminum elec-
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Figure 4.4: Effects of a mag-

netic field on the noise ther-

mometry. As the magnetic

field in increasing, the tem-

perature read from the cal-

ibrated sensor Cernox from

Lakeshore is also increasing.

But the noise thermometer

doesn’t show any trends that

the temperature is increas-

ing or decreasing.

trodes in our tunnel junction, we applied a magnetic field of 0.05 Tesla in the

direction perpendicular to the plane of the junction. In this field the I−V curve

becomes straight, which means that the tunnel junction is metallic. Because

we are using a magnetic field, we need to examine the effect of the magnetic

field on the noise measurement results. For a test measurement using magnetic

field, we measured noise power curve in a magnetic field from – 0.25 T to +

0.25 T with a interval of 0.005 T at liquid helium temperature. In Figure 4.4

the temperatures from our noise thermometry are compared with the temper-

ature from a calibrated Cernox. As the magnetic field is increased, TCal. sensor

is also increased a little. But TNoise therm. doesn’t show any increment or decre-

ment of the value in our measurement resolution. At the present stage, the

temperature from the noise thermometry is provisionally not affected by an

external static magnetic field.

Now we are ready for measuring the noise power from a tunnel junction

and using this signal as a thermometer. We are reading a total of 4 val-

ues simultaneously, bias voltage(Agilent 34410A Digital multimeter), diode

output voltage(Agilent 3458A Digital multimeter), voltage drop across the
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Figure 4.5: Noise power as the function of bias voltage at 4.2 K and 77 K.

Circles are the measurement data and the solid lines are the fitting curves

using the Equation 4.1. The standard deviation from the averaged TNoise therm.

value is about 0.23 % for 4.2 K and 0.13 % for 77 K, respectively.

100 Ω resistor(Agilent 34410A Digital multimeter) and temperature of the

sampler holder(Lakeshore 340 Temperature controller). All of the voltmeters

are reading the values at the time when the trigger signal from our voltage

source(Yokogawa 7651 Programmable DC source) is given. The order of mea-

suring the signal is as in the following. First we increase the voltage up to

the voltage value which corresponds to 10 kBT with 5 points and decrease the

voltage down to -10 kBT with 40 ∼ 50 points. Then the voltage goes back to

0 V with 5 points again. We don’t use the first and third data set because

they are dummy data for measurement stabilization. All of the instruments

are controlled by a personal computer using Labview 7.1 professional from

National Instruments.

Figure 4.5 shows typical noise power curves at 4.2 K and 77 K. Y-axis

indicates diode detector’s output voltage related to the noise power from a

tunnel junction and x-axis is bias voltage applied between two electrodes of

the tunnel junction. Circle is the real measurement data and the solid line is

the numerical fitting curve by using this fitting equation.

P (V, T ) = G

[
TN +

e(V − V0)

2kB
coth

(
e(V − V0)

2kBT

)]
, (4.1)

where G is the gain of the system, TN is the noise temperature of the system,
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59 4.2. Measurement results

V0 of the offset bias voltage, and T is the electron temperature as already

mentioned in the previous chapters. To use the optimum range of the diode

detector, the original noise powers are attenuated by 18 dB at 4.2 K and 30

dB at 77 K, respectively. This process of attenuating the original signal will

be described in Chapter 5.

Noise curves are measured at several bath temperatures to be compared

with each other. We normalized these measured noise curves with gain, noise

temperature, offset voltage and fitting temperature. We used the Boltzmann

constant as 8.6173324×10−5eV/K when normalizing. In x-axis the bias voltage

is also normalized with Boltzmann constant and fitting temperature. After

this normalization process, these normalized noise curves will converge on

one universal curve of (x/2) coth (x/2). Just watching the normalized curves

doesn’t give us any feeling that the deviations from the universal curve exist

because they are too small to be shown. So the numerical differences from the

universal curve at each x point are divided by the noise power of the universal

curve at their x points. This value is expressed in the unit of percentage.

The standard deviation of these deviations are calculated and marked beside

the bottom graph in Figure 4.7. At 300 mK, the deviation is 0.44 %. As the

temperature is going up, this deviation is decreasing. At 222 K, the deviation

looks asymmetric with respect to the zero bias voltage. This is because of the

limited bias voltage range we can apply. If we extend the bias voltage range,

the deviation will look more symmetric.

The noise temperature of the measurement system is very important pa-

rameter in RF engineering [40, 51]. Because this parameter characterized the

noisiness of the measurement system, it is caused by the noisy measurement

network and is very sensitive to the temperature and the attenuation in RF

measurement chain. The unwanted external background noise can also affect

the value of the noise temperature. In our measurement it is strongly related

to the deviation of the noise curve mentioned above especially at low tem-

peratures. If the background noise level is increased, the fluctuation will also

increase proportional to the background noise and be added to our signal. So
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Figure 4.6: Normalized noise power as the function of normalized x. The noise

power is normalized with the fitting parameters and x with the bias voltage

and the temperature. The normalized curve agrees well with the universal

curve. At about 0.3 K, the deviation from the universal curve is about 0.44

%. As the bath temperature is increasing, this value is decreasing.
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Figure 4.7: Noise temperature as the function of the electron temperature.

The cryogenic amplifier is anchored on 4.2 K below 77 K and on 77 K above

77 K. At the base temperature, the noise temperature goes down to 20 K.

we expect that the deviation is proportional to the background noise level at

the same temperature. Most of low temperature amplifiers is getting calm as

the bath temperature is lowered. From Figure 4.7 the noise temperature of the

system at base temperature is about 20 K. And as the temperature is going up,

that is increasing up to about 50 K. Above 77 K the amplifier was anchored

on liquid nitrogen and the noise temperature is increased up to 150 K. The

noise temperature of the amplifier at 4 K is much lower than that at 77 K. In

the later chapter, the influence of the RF filtering on the noise temperature

will be presented.

4.3 Temperature comparison

Because we are measuring the noise power from a tunnel junction in order

to use this as a thermometer, we compared this noise thermometer with the
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Figure 4.8: Temperature comparison between the noise thermometry using

shot noise and the calibrated temperature sensor Cernox from Lakeshore.

TNoise therm. agrees well with the TCal. sensor in the top plot. The differences

between two thermometers are expressed in the form of ratio in the bottom

plot. The error bars mean 2-sigma error. This error is decreasing with increas-

ing temperature.

calibrated thermometer from Lakeshore Cernox. We are expecting that this

technique can be applied as a primary thermometer. If we can be sure that the
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63 4.4. Inelastic tunneling process

temperature of the electrons on the electrode is the same as the target material,

this becomes a thermometer. In this section, I will present the comparison

results between the noise thermometry and the calibrated temperature sensor.

The difference between them will be analyzed.

In Figure 4.8 the top plot shows the temperature comparisons between

the noise thermometry and the calibrated temperature sensor from 300 mK

to room temperature. When we do a measurement for the tempeature com-

parison, we should wait for a long time to measure the noise power at the

intermediate temperatures because the bath temperature is drifting when we

give heat to the sample holder. It looks that they agree with each other very

well in this plot. On the bottom plot the difference between them is calculated.

The differences are less than ± 4 % in a whole temperature range. The error

bars mean the 2-sigma error, within which about 95.45 % of the fitting values

lie and is defined as 2σ = 2σN/
√
N , where N is the number of the sample and

σN is the standard deviation of the distribution of the sample. This error is

less than 3.5 % at 300 mK and decreasing as the temperature is increasing.

Above 77 K, that is less than 0.5 %.

4.4 Inelastic tunneling process

If the insulating layer is perfect, which means there are no defects in that

layer, the tunneling electron will not gain or lose any energy during tunneling

process through the insulating barrier. This is called an elastic tunneling. In

contrast, imperfect barrier can cause energy loss or gain when the electron

tunneling occurs, which is called an inelastic tunneling [60, 61, 62, 63, 64].

Some characteristics are different in these two conflicting tunneling processes.

To see the differences between these processes, conductance and noise curve

will be presented. While we are doing a measurement with a 142 Ω tunnel

junction, the tunnel junction suddenly reduced its resistance to 12 Ω. Then

the noise curve becomes tangled. This second case is an example of inelastic

tunneling process. For convenience, I will denominate the elastic tunneling
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Figure 4.9: Conductance curves as the function of the temperature and the

bias voltage for (a) Good junction and (b) Bad junction. The curves are (a)

downward-convex and (b) upward-convex. The resistance is (a) increasing and

(b) decreasing as the temperature is decreasing.

process as ‘Good’ and the inelastic tunneling process as ‘Bad’. (even they

have relatively better or worse tunneling barriers.)

Conductance is obtained by numerically differentiating the current - volt-

age curve. As mentioned once before, the conductance is downward-convex

for the Good junction. In contrast, the conductance is upward-convex for the

Bad junction [65, 66]. As a possible reason for this, metallic channel in the

insulating barrier can be considered. In Bad junction, the electrons go through

the metallic channel instead of going over the energy barrier. As an evidence,

the resistance is abruptly decreased in Bad junction. Another possible reason

is the occurrence of defects inside the layer. Electrons go over the barrier via

these defects by gaining or losing the energy [67, 68, 69]. The resistance –

temperature curve is also different in two cases. In Good junction, the curve

looks like one of the insulator, which means that the insulating layer plays a

dominant role in tunneling process. So the resistance is increasing with the

decreasing temperature. In contrast, the curve of Bad junction looks like one

of the metal, showing decreasing resistance with temperature.

The noise curves in two cases are compared in Figure 4.10. The curve

in Bad junction is much more fluctuating than the curve in Good junction.
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Figure 4.10: Noise power curves at 4.2 K for (a) Good and (b) Bad junctions.

The data is much more fluctuating in Bad junction. The fitting temperature

of Bad junction is about 3 times higher than that of Good junction.

Figure 4.11: Fitting temperatures in two cases are compared with the temper-

ature read by DT-670 calibrated silicon-diode thermometer. Fitting tempera-

tures of Bad junction are about 3 times higher than them of Good junction in

a whole temperature range.

In Figure 4.11 the fitting temperatures using Equation 4.1 are plotted on a

graph. The fitting temperatures of Bad junction are about 3 times higher than

them of Good junction. This difference is given as the ratio of the temperature

scale. So we can expect that the temperature is deeply related to the inelastic

tunneling process.
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Figure 4.12: (a) Energy diagram of inelastic tunneling process in a metallic

tunnel junction. (b) Unoccupied states of each side are calculated in an elastic

and an inelastic tunneling cases. In an inelastic tunneling case, we assume that

the dispersion range of electron is proportional to the thermal energy.

Now we need to calculate the noise power in inelastic tunneling process [70].

From the previous results that the fitting temperatures of Bad junction were

3 times higher than them of Good junction, we can assume that the electrons

will disperse throughout the energy range corresponding to the thermal energy,

that is temperature, in the inelastic tunneling process. The second assumption

is that the probability of reaching the other electrodes is equally distributed

over the energy range, 2αkBT , where α is a constant of proportionality. With

these assumptions, we replace single unoccupied state in the elastic tunneling

process with the distributed unoccupied state. Then Equation 2.20 becomes

SI(V ) = 2eI coth

(
eV

2kBT

)
→

SI(V ) =
2

R

∫ +∞

−∞
f (E − eV )

[
1

2α

∫ E/kBT+α

E/kBT−α

1

e−y + 1
dy

]

+f (E)

[
1

2α

∫ (E−eV )/kBT+α

(E−eV )/kBT−α

1

e−y + 1
dy

]
dE. (4.2)

This equation cannot be solved analytically. In Figure 4.13 noise powers

obtained by a numerical simulation are presented. The graph shows that the

constant α should be about 9 to obtain 3 times higher fitting temperature,

even though this number of α = 9 is impractically large value.
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67 4.4. Inelastic tunneling process

Figure 4.13: Noise curves are plotted as a constant α is increasing. The original

curve is normalized to the universal curve and the thermal noise level is 1. As

we increase the constant α, the thermal noise level is also increasing. Near α

= 9, the thermal noise level is about 3 times higher than that of the original

curve.
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5 Thermal anchoring, RF filtering

and diode nonlinearity

5.1 Introduction

When we do a measurement in a system using a broadband radio-frequency

measurement technique, some technical problems can make a serious differ-

ence in measurement results. At a (1)low temperature, we measure (2) radio-

frequency noise signal in a (3) broadband of the frequency. These three ex-

perimental conditions cause some difficulties which can be solved by thermal

anchoring and RF filtering, and using the square-law region of the diode de-

tector.

Thermal anchoring of the RF and DC components is very important in low

temperature region. If the thermalization of the electron, which is the process

of cooling the electron temperature, is not enough, the fitting temperature

would be higher than that of the bath temperature even if the tunnel junction

is at base temperature. This can give some error in accuracy.

There are so many radio-frequency noise wandering around our living and

experimental space. If we don’t shield our RF and DC components perfectly,

the unwanted external noise could affect our components including the tunnel

junction and then the noise temperature of the system also will increase over

the original value. I will show the difference of the noise temperature between

strongly-filtered and poorly-filtered systems. The strongly-filtered system is

achieved by RF filtering process. This will give some error in precision.

Finally, the effect of the nonlinearity of a diode detector on the measure-

ment results will be discussed. Because we adopted a broadband measurement

technique, the diode detector which can convert an input power into the out-
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Figure 5.1: A Schematic representation of the coupling between electrons and

phonon. Power P is dissipated in the electron via electron - phonon interaction.

If the interaction is not sufficient, the electron cannot be fully cooled down at

low temperature.

put voltage is used for a fast reading of the noise power. I will describe the

operation principle of the diode detector. It has very small linear response

range (square-law region). This property gives some error in both accuracy

and precision. Without pre-calibration of the diode detector, we can find the

square-law region of the diode detector in our measurement itself. This will be

dealt with in detail in the final section.

5.2 Thermal anchoring

As already mentioned in the introduction, thermal anchoring of DC and RF

components are very important and serious in a low temperature system

setup [38]. At the first time of measurement setup, I didn’t do any thermal

anchoring of cryogenic components so that thermal anchoring was very poor

and wires and coaxial cables were weakly anchored only on 4 K plate. Because

we are reading the electrons’ thermal profile, weak anchoring can cause warm

electron temperature at the base temperature and the temperature calculated

by fitting the curve into the equation is higher than the bath temperature.

There are a few reasons for making the electron temperature look higher [15,

71]. Through the components in DC and RF measurement chains like wires

and coaxial cables, heat from a warmer part can transfer to the sample at low
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Figure 5.2: Electron temperatures are compared with bath temperatures.

Without any thermal anchoring, the electron temperature at the base bath

temperature of 300 mK is about 2 K. By reinforcing the thermal anchoring

of low temperature components we achieved a perfect cooling of the electron

temperature.

temperature by phonons. Strong thermal anchoring of components at each

stage can solve this problem. And high-frequency thermal photon is incoming

to the sample through coaxial cable. By low-pass filtering in RF measure-

ment chain, we can block the high frequency thermal photon. Finally hot

electron from a warmer part can be still hot even in the lowest temperature

part [72, 73, 74, 75, 76, 77]. These electrons are coming in the tunnel junc-

tion through wires by current flowing. We have two ways to cool down these

electrons. One is to lengthen the wire longer and longer and widen the chance

for electrons to interact with phonons [48]. The other is to use highly resistive

resistors on the cold stage.

To test this assumption, I compared the electron temperatures and the

bath temperatures with reinforcing the thermal anchoring. What I did for

anchoring can be categorized according to the cryogenic components. As a

first step, nothing is anchored on the thermal stages. In this case, the fitted

electron temperature at base temperature of 300 mK is about 2 K. As a second

step, the low temperature amplifier, the only active device among our low

temperature components, is heavily anchored on 4 K stage. When operating,
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the temperature of the amplifier goes up to about 10 K. In a third step,

DC manganin wires are lightly anchored on each stage of 1 K pot and He3

pot. In this stage, the fitted electron temperature of the base temperature is

cooled down to 500 mK. In a fourth step, every anchoring process is reinforced

heavily. DC wires are heavily anchored on the copper spools. Coaxial cable is

also anchored on each stage and 2 dB attenuator is added before the sample

holder. But the electron temperature is still hotter than the bath temperature.

Finally, we added RC filter using the resistors of 20 kΩ resistance in every DC

line [49]. Of course, this RC filter is anchored on 1K pot stage heavily. And to

disconnect the center pin thermally between 1 K pot and He3 pot, we used a

DC block between the two stages. The electron temperature is now the same

as the bath temperature. The basic philosophy of thermalization by thermal

anchoring is to make the DC wires and components more resistive in DC

measurement chain and to give a thermal break between warmer and colder

parts in RF measurement chain.

5.3 RF filtering

While we are measuring RF signal, we can watch that the diode output noise

level is fluctuating as we going down to low temperature. This is because

the external background noise is coming into the sample and going out to

the diode detector via amplifiers. As a definite evidence, very large peak is

observed in the noise curve when we turn on or off the cellphone, which is

using the frequency in our band, near the measurement system. As a result,

this external background noise would increase the noise temperature already

mentioned in the previous chapter. At high temperatures, the bias voltage

range is large and thus the size of the noise power is big. This gives us a

hard time to see the fluctuation of the noise level. At low temperatures, the

fluctuation appears to be large because of the small bias voltage range. There

are so many high frequency noise in our environment. So we cannot avoid

unwanted background noise by just shifting our measurement bandwidth. The
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Figure 5.3: Test measurement schematics for the external noise pickup in the

measurement system. Through a small electrical opening in the measurement

system, the amplitude-modulated signal (external noise) generated from the

microwave source reaches the sample. That signal is amplified and detected

by the diode detector through a demodulation process. Finally, we can listen

to the sound corresponding to this external noise from the louder speaker.

only solution is to block all the way through the external noise is coming into

the sample from outside [41, 51]. Filtering work is conducted in DC and RF

measurement chains separately.

At room temperature the DC lines are connected via Pomona electronics’

shielding BNC cables. But all the manganin wires in the low temperature part

have no ground shielding. Even if they are enclosed by shielding can, they

can act as an antenna inside the can. So if we have very small gap on the

measurement system, the wires can pick up the external noise.

All of the coaxial cable in RF measurement chain have the ground shielding

from the sample holder to the diode detector. The only weak points which can

be affected by the external noise are the DC power lines of the amplifiers.

In a typical RF engineering, the noise figure of a cascaded system is mainly

governed by the noise temperature of the first amplifier [40].

We are using a diode detector in the end of RF measurement chain as

depicted in Figure 5.3. Using the demodulation property [40] of the diode

detector which will be described in the next section in detail, we can find RF
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Figure 5.4: The weakest components from the external RF noise in low tem-

perature parts. (a) The power lines for the cryogenic amplifier and (b) DC

Ampmodu connectors on the sample holder are exposed to the air. (c, d) By

covering theses openings tightly with a copper tape, the DC connectors can be

protected from the external noise. (e) To reinforce the shielding in DC wires,

the Manganin wires from He3 pot connectors to the sample holder connectors

are wrapped with the copper tape to be sealed hermetically.

leakage of the system. For this, we generate the amplitude-modulated signal

of 1 kHz modulation frequency with amplitude from -10 to 10 dBm by using

E8257D from Agilent. We made a simple antenna to propagate the generated

noise to the system. Diode output port is connected to the SR560 preamplifier

from SRS in AC coupling. Filtering cutoff frequency is 3 kHz and the gain

is about 2000. The output from SR560 is connected to a stereo jack of an

electrical loudspeaker. Now we don’t listen to any sound or beeps from the

loudspeaker if we hold the antenna in the space. By bringing the antenna near

the suspected point in the He3 cryostat, the loudspeaker makes a beep sound.

We found some weak points by using this method. Because we are listen-

ing to the beep sound, it is hard to digitize this value in the type of absolute

number. We classified these values in three groups according to the relative
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Figure 5.5: The RF shielding of room temperature components. (a) All the DC

connectors (Fischer connectors and Amphenol connectors) are covered with a

copper tape. (b) Unused BNC connectors are closed with BNC caps. (c) Low

pass filters are connected to BNC connectors for the DC power lines of the

cryogenic amplifier. (d) Low pass filter is connected to BNC connector for

the DC power line fo the room temperature amplifiers. Moreover, they are

enclosed with a large copper tape.

magnitude, normal, weak, and the weakest points. As a normal point, coax is

very strong against the external noise. Other metal plates and shielded parts

are also strong. As a weak point, BNC connectors in DC measurement chain

are affected a little by the antenna and have a polarity. Finally the Fischer

connectors and Amphenol’s aerospace high frequency connectors for the com-

mercial thermometers and heaters are the weakest points. In RF measurement

chain, DC power connectors of the cryogenic amplifier held on 4 K plate is

very weak againt the external noise.

Now the work to solve this RF leakage problem is to block and enclose

all the weak points with the metallic material like copper tape (3M 1181

Tape [78]). Usually the one side stickers of the copper tape are insulators,
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but our 3M copper tape uses conductive stickers on the back side. In the low

temperature part, we wrapped the Manganin wires from He3 pot connectors to

the sample holder connectors with the copper tape to be sealed hermetically.

DC power line for the cryogenic amplifier is emerging out through a rectangular

hole on our anchoring copper block. We covered that hole with a copper tape

tightly. These are described in Figure 5.4.

At room temperature all of the unused BNC connectors in DC measure-

ment chain are closed with BNC caps. BNC connectors for DC powers of

the amplifiers are connected through Minicircuit’s low-pass filter. The Fischer

connectors for DC lines and Amphenol connectors for the commercial ther-

mometers, which are the most serious points, are covered with a copper tape

very tightly. These processes are described in Figure 5.5. After this filtering

work, the beep sound from RF leakage test are reduced very much.

To see how well this filtering is working in the real measurement, we com-

pared the numerical data between poorly-filtered and strongly-filtered systems

in Figure 5.6. Two important parameters, deviation from the universal curve

and noise temperature, are deeply related to the precision of the results. Before

that we compare the real noise signal figures at 300 mK from poorly-filtered

and strongly-filtered systems. The measurement system and the sample state

are exactly the same in both cases except the level of filtering. Without the

background noise level, the noise signal from the strongly-filtered system is

about 3 times larger than that of the poorly-filtered system. This is because

noisy network has less gain than noiseless network [40]. Noise figure F , which

is a measure of the degradation in the signal to noise ratio, is defined as

F =
Si/Ni

So/No
= 1 +

(
1

G
− 1

)
T

T0
≥ 1, (5.1)

where S and N are the signal and the unwanted background noise, respec-

tively. The subscripts i and o indicate input and output, respectively. T is the

temperature at which the system network lies and T0 is the base temperature

at which the noise source (in our case the tunnel junction) lies. As the system

network gets noisy, the signal to noise ratio of the output will be increasing.
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Figure 5.6: Comparison of the noise signal from poorly-filtered and strongly-

filtered systems. Similar noise temperatures are subtracted from both cases.

Because the signal from the strongly-filtered system is about 3 times larger

than that of the poorly-filtered system, the noise figure of the strongly-filtered

system is about 3 times lower than that of the poorly-filtered system. The

data is measured at 300 mK bath temperature.

Then the noise figure becomes larger from the second equation and the gain

becomes lower from the third equation.

For a numerical comparison, in Figure 5.7 we plotted normalized noise

powers and its deviations from the universal curve for both poorly-filtered

and strongly-filtered systems. The electron temperatures, one of the fitting

parameter, agree well with the bath temperature in both cases. But noise

power in the poorly-filtered system looks more fluctuating than that of the

strongly-filtered system. By calculating the deviation from the universal curve,

we see that the precision of the strongly-filtered system is about 3 times higher

than that of the poorly-filtered system. This ratio is similar to that of the signal

size comparison.

Finally, I will present the relationship between the noise temperature of

the system and the precision of the noise thermometer which is directly related

to the deviation of noise curve at low temperatures. The noise temperature
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Figure 5.7: Comparison of normalized noise powers and their deviations. At

a glance, the noise signal in the poorly-filtered system is more fluctuating

than that of the strongly-filtered system. Deviation from the strongly-filtered

system shows about 3 times lower value than that of the poorly-filtered system.

TN, which will be described in the next section, is a measure of the back-

ground noise level in the measurement system and expressed in the unit of the

temperature. It has a relationship with the noise figure as

TN = (F − 1)T0, (5.2)

where T0 is the base temperature as above. From this relation, if the system is

noiseless and noise figure is unity, then the noise temperature is zero. Also we

can see that the noise temperature is decreasing as the base temperature of

the noise source is decreasing. The base temperature is fixed by the cryogenic

system, but noiseless network can be achieved by intensive RF filtering. Thus

the noise temperature is also a measure of the filtering level in the measurement

system.

In Figure 5.8 the noise temperatures and deviations from poorly-filtered

and strongly-filtered systems are compared for several low temperatures. The

78



79 5.3. RF filtering

Figure 5.8: Noise temperatures and deviations of poorly-filtered and strongly-

filtered systems at several temperatures. The values from the strongly-filtered

system are lowered by about 3 times than that of the poorly-filtered system

independent of bath temperature.

noise temperatures from the strongly-filtered system are lower by about 3 times

than that of the poorly-filtered system. Deviations show similar trend with the

noise temperatures. At every temperatures in the plot, the deviations of the

strongly-filtered system are also lower by about 3 times than that of the poorly-

filtered system. This tendency of proportionality of the noise temperature and

the deviation is valid only at low temperatures. Because the noise signal is

increasing proportional to the bias voltage which is directly proportional to

the temperature, the background noise level becomes not to be dominant above

the temperatures at which the signal size becomes larger than the background

noise level. So even if the noise temperature is increasing with temperature, the
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deviation actually decreases with increasing temperature at high temperatures.

5.4 Diode nonlinearity

Schottky diode detector is used to convert the input RF power into the output

voltage. Schottky diode is used for high frequency measurement due to its very

low junction capacitance compared to the classical pn junction which is used

for low frequency measurement. The function of the signal detection of the

diode detector is realized by demodulating an amplitude modulated signal as

described in Figure 5.9(a). Let’s study briefly the principle of the operation

of the diode detector. The Schottky diode can be thought to be a nonlinear

resistor which has the current-voltage characteristics expressed as

I(V ) = IS

(
eqV /nkBT − 1

)
, (5.3)

where q is the charge of an electron, kB is the Boltzmann constant, T is

the temperature n is the ideality factor which is related to the structure of

the diode, and IS is the saturation current. To expand the above equation

in a Taylor series, we adopt a small AC signal voltage v in the voltage as

V = V0 + v, where V0 is a DC bias voltage. Then Equation 5.3 becomes

I(V ) = I0 + v

(
dI

dV

)
V0

+
1

2
v2

(
d2I

dV 2

)
V0

+ · · · = I0 + vGd +
v2

2
G′d + · · · , (5.4)

where I0 = I(V0) is the DC bias current, Gd is the dynamic conductance of

the diode calculated from the first derivative, and G′d is the second derivative.

This equation is called as the small-signal approximation.

The principle of signal detection of the Schottky diode can be obtained by

applying an amplitude modulated RF signal which is expressed as

v(t) = v0 (1 +m cosωmt) cosω0t, (5.5)

where ωm is the modulation frequency, ω0 is the carrier frequency and m is the

modulation index which has the range of 0 ≤ m ≤ 1. In general, the carrier
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Figure 5.9: (a) The principle of operation of the diode detector. An amplitude

modulated signal is demodulated through a diode detector and the desired

output frequency which has the square-law behavior is selected by a low-

pass filter. (b) Sqaure-law region of a diode detector. Only a small range of

power-to-voltage conversion curve is the square-law region which a small-signal

approximation can be applied to. (Inset) Current - voltage characteristics of

a Schottky diode. IS is the saturation current. [40]

frequency is much larger than the modulation frequency like ω0 � ωm. With

this voltage, the second and third terms in Equantion 5.4 becomes

vGd+
v2

2
G′d

= v0Gd (1 +m cosωmt) cosω0t+
v2

0

2
G′d(1 +m cosωmt)

2cos 2ω0t

=
mv2

0G
′
d

2
cosωmt+

m2v2
0G
′
d

8
cos 2ωmt+

mv0Gd
2

cos (ω0 − ωm)t+ · · · .

(5.6)

This is a small-signal current i. The lowest frequency in this calculation

is ωm and its amplitude is proportional to the square of the diode voltage.

In other words the amplitude of the current is expressed as mv2
0G
′
d/2 and

thus is proportional to the input power P . By using a low-pass filter, we can

separate the desired frequency term ωm from the so many frequency outputs.
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Figure 5.10: Diode detector is tested using a RF noise source. (a) Generated

Noise power of 15 dBm from an RF noise sourse is coming into the diode

detector via a step attenuator. The step attenuator attenuates the noise power

by up to 81 dB. (b) Output voltage - Input power characteristics. The square-

law region is not distinguished clearly from this curve. (c) Derivative plot of

the V −P curve. The range from -32 dBm to -26 dBm has the value near unity

and this region is very small compared to the full power range.

This is called as a square-law detection and the range in which this operation

is available is called as a square-law region. As we can see in Figure 5.9(b), the

small-signal approximation cannot be applied at the high power region which

is called as saturation region and i−P characteristics changes from square-law

to linear behavior. The signal of the input power will be lost when it is smaller

than the noise floor of the device. vout in the graph means the voltage drop

across a resistor in series with the Schottky diode when the small current i is

flowing.

To test the diode response to the input power, we set up the test measure-

ment setup as in Figure 5.10(a). As a noise source, E8257D RF source from

Agilent is used to generate the power of 15 dBm at 0.9 GHz. Step attenuator

attenuates the power from the noise source by up to 81 dB, so the input power
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83 5.4. Diode nonlinearity

Figure 5.11: Measurement results for the noise temperature and the tempera-

ture of noise thermometry as the function of the attenuation. This measure-

ment was performed at liquid nitrogen temperature. (a) With increasing at-

tenuation, the noise temperature is decreasing until the square-law region and

then increases again. The temperature of the noise thermometry is increasing

with attenuation. (b) The graph in the red box in graph (a) is magnified. Near

an attenuation of 32 dB, the noise temperature is the minimum and the tem-

perature of the noise thermometry agrees the best with the bath temperature

of the liquid nitrogen. After the square-law region, the temperature of the

noise thermometry also decrease again even though the degree of decrement

is weak.

range into the diode detector is from -66 dBm to 15 dBm. Figure 5.10(b) and

Figure 5.10(c) are V −P curve and its derivative, repectively. Linear response

of the diode detector is not recognized well in V − P curve but its derivatives

in the range from -32 dBm to -26 dBm are near unity and this means that the

order of proportionality n, which has a relationship with the output voltage

as V ∼ Pn, is unity. By only using this power range we can measure correct

relative noise power.

In measurement data depicted in Figure 5.11(a), the noise temperature is
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decreasing as the attenuation is increasing. After square-law region of about 32

dB attenuation it increases again. But the temperature obtained by the noise

thermometer is increasing with an ateenuation. At the minimum noise temper-

ature region the temperature from the noise thermometer becomes maximum

and similar to the bath temperature of liquid nitrogen. From this result, we

can see that the minimum noise temperature indicates the square-law region

in which the temperature from the noise thermometer agrees the best with

the bath temperature.

To understand what happens when the nonlinearity of the diode detector

is applied to the original noise signal and to explain the reason that the min-

imum noise temperature indicates the square-law region, we will do a short

calculation. We made a fictitious noise curve of the hyperbolic cotangent func-

tion type. Let’s assume the noise signal as S0 and the background noise level

as Nb0. The original system gain is G0 and G1 is the gain after the noise power

is converted into the output voltage. If the diode detector converts the noise

power by perfect linear conversion, the noise signal and the background noise

will be the same as them before conversion as plotted in Figure 5.12(b). In this

case, G0 = G1. The second case is when the input noise power is outside the

square-law region. In the region outside the square-law region, the derivatives

of the diode response are less than unity so that the converted noise curve

will bend upward like in Figure 5.12(a). Because the gain G1 will become less

than G0, the noise signal S1 will decrease and the background noise Nb1 will

become large than the original value Nb0. The third case in Figure 5.12(c),

when the gain G1 becomes larger than G0, is not our case because the slope of

diode response curve doesn’t exceed the unity in the test measurement results

in Figure 5.10(c).

When the gain is smaller than the original one, the converted noise signal

S1 can be expressed as S0 (G1/G0) and is smaller than S0. And (S0 − S1)/2 is

added to background noise level Nb0. As a result, the converted background

noise level Nb1 can be calculated as

Nb1 = Nb0 + (S0−S1)/2. (5.7)

84



85 5.4. Diode nonlinearity

Figure 5.12: A fictitious noise curve is plotted when the gain is smaller and

larger than the original gain. (a) If the converted gain by the diode detector

is less than the original one, the noise temperature becomes larger than the

origianl noise temperature. (b) When the converted gain is the same as the

original one, other parameters will also be the same as the origianl parameters.

(c) Larger converted gain will make the noise temperature smaller than the

original one, but this is not our case.

And the noise temperature TN1 is obtained by dividing this background

noise level by the gain G1.

TN1 =
Nb1

G1
=
Nb0+ (S0−S1)/2

G1
=
Nb0

G1
+
S0

2

(
1

G1
− 1

G0

)
≥ Nb0

G0
= TN0.

(5.8)

In the larger gain case in Figure 5.12(c) a similar calculation is available.

TN1 =
Nb1

G1
=
Nb0− (S1−S0)/2

G1
=
Nb0

G1
+
S0

2

(
1

G1
− 1

G0

)
≤ Nb0

G0
= TN0.

(5.9)

Two expressions, Equation 5.8 and Equation 5.9, are exactly the same

except the direction of a sign of inequality. This equation is plotted in Figure
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Figure 5.13: By calculating the relation between the converted noise temper-

ature TN1 and the normalized gain G0/G1, an unified equation is obtained.

When the normalized gain is unity, the noise temperature has the value of the

original one. The noise temperatue is always larger than the original one when

the normalized gain is larger than unity. The minimum value of the available

normalized gain is G0/G1 = (1 + 2Nb0/S0)−1.

5.13. From this result, we can see that the noise temperature looks higher

than its original value when the system gain is lower than the original one.

When G0/G1 is unity, the noise temperature is the same as the original one.

When gain G1 is larger than G0, the noise temperature is always smaller than

the original one. Below G0/G1 = (1 + 2Nb0/S0)−1 at which the TN1 is zero,

the values for the noise temperature don’t exist. Finally we proved that the

noise temperature has the minimum value when the input noise power has the

values in the square-law region. And in this region the temperature of noise

thermometer agrees the best with the bath temperature read by the calibrated

thermometer. By using this analysis, the optimum operational range of the

diode detector in the broadband RF measurement can be found.
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6 Summary and Future works

6.1 Summary of works in this thesis

We developed a broadband radio-frequency measurement system at low tem-

peratures. Using a metallic tunnel junction as a noise source, we measured

the electrical noise from the junction. This noise shows two different features,

temperature-dependent voltage-independent thermal noise near zero bias volt-

age and voltage-dependent temperature-independent shot noise at high bias

voltage much larger than thermal energy. The thermal noise gives us the in-

formation about the electron temperature. By using this property we have

realized noise thermometry which reads the temperature of electrons. Because

the system gain can be calculated from the measured shot noise, the noise

thermometry using a tunnel junction doesn’t need prior calibration of gain.

For the operation of the thermometer at low temperatures, we installed the

cryogenic components in the cryogenic refrigeration system. Every cryogenic

component is tested at room and low temperatures to find out if they are also

working well at low temperatures.

As a possible source of errors, a few characteristics are tested. 1) From an

imperfect tunnel junction, we observed an inelastic tunneling process which

affects the temperature of the electrons. We have proved that this inelastic

tunneling process can make the ‘measured’ electron temperature look higher

by broadening the bottom part of the noise power curve. 2) Thermal anchor-

ing of cryogenic components was very serious problem. As the anchoring of

the components was advanced, the electron temperature was approaching the

bath temperature of the holder with which the tunnel junction is in contact. 3)

Shielding the measurement system from the external RF noise increased the

precision of the thermometer. This also lowered the noise temperature of the
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system. 4) Finally, we found that a nonlinearity of the diode detector affects

the measurement results. We have realized that the noise temperature is the

minimum in the square-law region of the diode detector in which the input

power is linearly proportional to the output voltage. In this region, the tem-

perature of the noise thermometry agrees the best with the bath temperature.

6.2 Future work: Filtering connector in a sample

holder

In the previous results about the external noise filtering in section 5.3, we found

that the connectors in DC measurement chain connected with the sample

holder are the weakest points from the external noise because they don’t have

hermetic ground shielding. To improve the noise filtering ability in this system,

we are designing the DC connectors which have hermetic shielding and heavy

RC filters in itself. From Figure 6.1 the only open area which RF signal can

penetrate through is DC connector on the sample holder. It is very hard to

shield the DC pins hermetically when we use Ampmodu connector. The pins

are fixed with plastic body and thus the external RF noise can penetrate

into the sample. The heart of this design for a filtering connector is to fill in

this plastic area of Ampmodu connector with a metallic material to block the

external noise from coming into the sample holder. To do this, we extend DC

connector parts like in Figure 6.2(b) and add the RC filters which are already

used in 1 K pot stage as described in Figure 3.8(a). The space between the

circuit board and the outer metal body will be filled with the mixture of

metal powder and Stycast. As a result, the noise through the DC wire will be

attenuated by RC filter and the noise through the space around the DC pins

will be attenuated and blocked by metal power.

This connector is used in the base temperature part and thus the heat

generated from the resistors of the RC filters can be a problem as heating

sources. We use resistors of a total of 2 kΩ in one DC connector. For ther-

mometry we use the current less than about 20 µA which is flowing through
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89 6.3. Future work: Electron-phonon scattering rate measurement

Figure 6.1: Designing plan for the RF filtering connector in a sample holder. (a)

Perspective view of the sample holder combined with the filtering connector.

(b) The structure of the filtering connector. An outer body is made of metal

and the Ampmodu connectors connected with RC filters are fixed with the

body using the mixture of metal powder and Stycast.

the 50 Ω tunnel junction for the bias voltage corresponding to 30 kBT at 300

mK. So the maximum heating power which can be generated from the resistors

of one RC filter is about 0.8 µW which is calculated by (20 µA)2 × 2 kΩ. From

our previous experiments, the intentional heating power of 0.1 W on a sample

holder didn’t increase the temperature of the holder. So even though we use

the whole 24 DC lines in the same time, it will not affect the temperature of

the holder.

6.3 Future work: Electron-phonon scattering rate

measurement

As already discussed in Section 5.2, thermal anchoring is very important for

this noise thermometry to be used as a thermometer. We have put many efforts

to cool down the temperature of electrons at the base temperature stage. By
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using this difficulty of thermal anchoring inversely, we can directly measure

the interaction between the electron and the phonon. This electron-phonon

interaction is related to the energy flow from the electron to the phonon and

can be characterized by electron-phonon scattering rate 1/τe-ph [72, 79, 80, 81].

In general, the total power P transferred from hot electron to the phonon is

P = ΣΩ
(
Tne − Tnph

)
, (6.1)

where Σ is the material parameter which is related to the electron-phonon

coupling and Ω is the volume of the material. Te and Tph indicate the electron

temperature and the phonon temperature, respectively. The exponent n is

determined by the disorder of the test material. Using this result, we can

calculate the electron-phonon scattering rate like

1

τe-ph
= αTme , (6.2)

where α is a constant and the exponent m has a relationship with n as n =

m+2. This scattering rate is studied in ordered and disordered metal at various

temperatures and shows interesting features especially in the sub-Kelvin range

because of the decoupling of electrons from the lattice temperature [72, 74,

82, 83]. There are several ways to measure electron-phonon scattering rate

[75, 84, 85] and we will adopt a method that reads the hot and cold electron

temperatures using the noise thermometers.

To do this type of experiment, we need to develop a thermometer for

reading heated electron temperature. In Figure 6.2, a heater is connected to

the 1 K pot stage by poorly conducting material like G10 or FR-4 and is

located near the sample holder attached to the He3 pot. Tunnel junctions for

the noise thermometry are loaded on the heater (TJ1) and the sample holder

(TJ2). Test sample, which has the meandering structure of a metal thin film,

is also loaded near the tunnel junction (TJ2) on the sample holder. All DC

wires are thermally anchored at He3 pot stage and connected to the heater and

the sample holder. One of the current electrodes from the noise thermometer

on the heater is connected to the test sample by very conducting wire like
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91 6.3. Future work: Electron-phonon scattering rate measurement

Figure 6.2: A sketchy measurement plan for the electron-phonon scattering

rate.Tunnel junction (TJ1) for the noise thermometry is loaded on the heater

and heated electron temperature is read. The heated electrons are cooled down

in the test sample via the electron-phonon scattering. Then the cooled electron

temperature is read by the second thermometer (TJ2) loaded near the test

sample. The heater is connected to 1 K pot stage by very poorly conducting

material like G10.

copper or gold and this wire should be as short as possible. Without giving

heat to the heater, the heating power Pheating will be zero and the temperature

of the heated electron TH
e will be the same as the temperature of the cooled

electron TC
e . If we give some non-zero power Pheating to the heater, TH

e will

increase and hot electrons will be injected into the test sample. This makes

TC
e higher than its original value. The temperature of the thermal phonon of
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the test material Tph will be read by the calibrated sensor, Cernox. Finally,

equation 6.1 can be calculated by replacing P as Pheating and Te as TC
e . This is a

sketchy measurement plan and more detailed aspects of the measurement, like

(1) dimensions of each part, (2) the type of wires connecting TJ1 and the test

sample, and (3) the relationship between heating power and the temperature

of the heated electron, will be investigated and tuned up during measurement.
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7 Appendix on designs

In this chapter, I will present the drawings of some low-temperature compo-

nents. Even though designing of every component will be different according to

individual conditions in different systems, these drawings for my experimental

setup can be a source of inspiration for designing some other components. As

thermal anchoring components, thermal clamps for a cryogenic amplifier (es-

pecially, APTC3-00100200-0900-D4 from Amplitech), anchoring spools for DC

wires, and thermal clamps for 085 coaxial cable will be introduced. Thermal

clamps for the cryogenic amplifier cover the amplifier and then connected 4 K

stage. Thermal clamps for the coaxial cable has a hole in one side and a tap

in the other side. By sandwiching a coaxial cable between two of the clamps

and tightening the clamps with screws, the coaxial cable can be thermally

anchored. A body for sample holder has very complicated dimensions and de-

tailed drawing will be presented. Finally, circuit board designs for the sample

holder, a balanced circuit, and an RC filter will be presented. The DC lines in

these circuits are considered not to be serious. So the widths of microstrip lines

and only a few important dimensions on those circuit drawings are indicated.
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Figure 7.1: Thermal clamp (bottom) for cryogenic amplifier.
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Figure 7.2: Thermal clamp (cap) for cryogenic amplifier.
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Figure 7.3: Anchoring spool for DC wires.
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Figure 7.4: Thermal clamp for 085 coaxial cable.
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Figure 7.5: Sample holder body.
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Figure 7.6: Circuits for sample holder.
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Figure 7.7: Circuits for balanced circuit and RC filter.
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