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Abstract

The thesis has two parts. The first part is the Hall measurement of thermoelectric materials
which are promising energy sources in the future. By characterizing the Hall resistance
at different environments, their charge carrier density and mobility can be calculated,
which is important to explain their unique electrical and thermal properties at different
temperatures. However, due to the geometry of the samples, the strong thermoelectric
properties of the materials, and some electrical noise sources of the experimental setup,
the measurement uncertainty is questionable.

In this thesis, a DC Hall measurement setup and an AC Hall measurement setup are
built which are designed for the electrical conductivity measurement and the Hall resistance
measurement of bulky bar samples made of thermoelectric materials. The measurement
uncertainty caused by different noise sources are characterized and then compared with the
theoretical predictions. The conclusion is that both setups have their unique advantages
and limitations. It is found that the AC method has higher measurement speed than the
DC method. The usage of a low-noise transformer in the AC Hall measurement and the
PI temperature control system can reduce the measurement uncertainty.

The second part of the thesis is about the subgap leakage measurement of Nb/AlO,/Nb
Josephson junctions which are important in the applications of quantum computing. The
subgap leakage current at low temperature is caused by the intrinsic defects of the junctions,
which limits their behaviour. Therefore, the superconducting properties of the junctions
at low temperatures need to be characterized by the subgap leakage measurement.

In this thesis, the junctions are mounted in a dry adiabatic demagnetization refrigera-
tor(ADR) and cooled down to as low as 130 mK. A voltage-bias circuit and a current-bias
circuit for the measurement are designed and used. A NDbTi superconducting magnet is
made to provide magnetic fields to suppress the supercurrent of the junctions. The I-V
curves of some junctions are measured which show the information of their subgap regions,
the temperature dependence of their subgap leakage currents and their response to the
magnetic field. The conclusion is that the subgap leakage measurement can be done with
this low-temperature measurement setup. Details of the design are described in this thesis.
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Chapter 1

Hall measurement Introduction

1.1 Hall measurement

The Hall measurement provides the characterization of the charge carrier density of metal
or semiconductor materials. For the rectangular bar sample shown in Fig: 1.1, when the
current is applied along the z direction, and the magnetic field is along the z direction,
an electrical potential is generated along the y direction because of the equilibrium of the
electric force and the Lorentz force:

qF = Bqu (1.1)
The Hall resistance Ry is
Vat
Ry = 57 (1.2)

where Vy is the Hall voltage, ¢ is the thickness of the sample, [ is the excitation current
and B is the applied magnetic field.

The charge carrier density n is
1

B RH6
where e = 1.6x1071.J/C. If the electrical conductivity, o, of the sample is also known,
then the charge carrier mobility, u, is

(1.3)

n =

2
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Figure 1.1: The Hall effect illustration. When current I, is along x-axis and magnetic field
B is along z-axis, the Hall voltage is along y-axis.

1.2 Thermoelectric materials

1.2.1 Introduction of thermoelectric materials

Thermoelectric materials can transfer heat to electrical energy and vice versa. They have
some applications such as Peltier coolers and thermocouples. Certain physical properties
are usually measured in order to compare the thermoelectric properties among materials.

The Seebeck coefficient is -
8m°kp T 2
— *T(—)3 1.5
@ 3eh? m (?m)3 (1.5)

where m* is the effective mass of the carrier and n is the charge carrier density.

The quality of thermoelectric materials is characterized by measuring the figure-of-
merit:

2T = — (1.6)

where p is the electrical resistivity and s is the total thermal conductivity.

k is decided by the charge carrier term, k., and the lattice term, xr:

K = Ke + KL (1.7)



and:
ke = LoT (1.8)

where L is the Lorenz factor, and o is the electrical conductivity. Some thermoelectric ma-
terials with high thermoelectric efficiency have low thermal conductivity and high electrical
conductivity.[12] One of the ideas to lower thermal conductivity but not change electrical
conductivity is to design materials with low rr,.

Some materials are doped with external elements in order to improve their thermo-
electric properties. One example is to substitute Ag atoms by Cu in AgsSegsTeqs(AST)
to form Cu,Ags_,SegsTeq s structure.[26] The maximum power factor, PF', and figure of
merit, ZT, were achieved when x=0.1 as compared to when x=0.01, which confirmed the
positive effect of doping.

Good thermoelectric materials are usually heavily doped semiconductors and have a
high 2T coefficient. Their charge carrier densities are in the range of 10¥em =3 to 102'em =3
and often show weak temperature dependence near room temperature. Changing the con-
centration of the doped elements in the materials can change the thermoelectric properties
such as «, p and 27" [12]

1.2.2 Information from Hall measurement

The Hall measurement measures charge carrier density, n, and mobility, u, which are useful
when studying the thermoelectric materials. As Eq.1.5, a is related to n, so the change of «
as well as 2T may be determined by the change in n(7T") when studying single compositions.
p is related to scattering time, 7, and effective mass, m*, of the charge carrier: [10]

}
= 1.9
pmel (19)

which is related to the mechanisms of electron conduction. Since the thermoelectric prop-
erties of the materials are often changed along with the concentration of doped elements
in the compounds, it is interesting to know how the changes in x related to the values of
n and p.

Fig: 1.2 shows the carrier concentration of doped M gy (5S%0.4—25M0.65b, versus tem-
perature measured from the Hall measurement.[6] The sum of the proportions of Si and
Sb elements equals 0.4; the larger = value represents more doping of Sb. Around room
temperature, 7" = 300 K, the carrier concentration increases from 10 ¢m=3 when z = 0
to the level of 10?* ¢m ™ when z = 0.072. The substitution of Si by Sb increases the car-
rier concentration. Changing the z value also changes the temperature dependence of the

4



carrier concentration. When x < 0.036, the samples are slightly doped and clearly show
strong temperature dependence; when x > 0.036, the samples are heavily doped and show
weak temperature dependence. This transition may correspond to the Mott transition of
doped semiconductors.[10]

10% | ®™ x=0000 @ x=0.036
| & x=0.012 e x=0.048
¢ x=0.024 » x=0.072

e 107 e T Gl R S — *

[ 1 1 'y ® | | |

£ ¢ L% o o a0 g0 0

&) : h : [N N : LN : °

N— L b | L | | |

5 R PR PEEEEE

S o100 L L N S CIE N

© ; ; DN

= N a ‘ D K

G a Ny A 4 4 a4 aa £ ; A

2 o * & AR IDERIE I | a "

3 10"° : " ;
e e _

10" A N S S S B
300 350 400 450 500 550 600 650 700

Temperature (K)

Figure 1.2: Carrier concentration of doped thermoelectric material M g, ;55%0.4—2570.65b,
at high temperature[6]. Varying x changes the composition and temperature dependence
of the charge carrier concentration of the compound.



1.2.3 Information of Samples

The thermoelectric samples involved in this thesis were provided by professor Holger
Kleinke’s group at the University of Waterloo. The samples were doped semiconductors
synthesized by high-temperature melting and then hot-press sintering. The n, o and p of
the samples needed to be characterized by Hall measurement. Some of the samples were
M g,Si0.35n0.67Big.o3/SiC composites, BazCuyg_Seri—yTe,, and BaCug_,Se1—,Teqry.[28][21]][22]

1.3 Review of Hall measurement setups

1.3.1 Literature review

The traditional Hall measurement uses rectangular bar samples, shown in Fig: 1.3, whose
working principle is based on the definition of Ry in Eq.1.2.[37] This method can measure
the 0 and Ry without rewiring the sample. With proper electronics and sufficient integra-
tion time, the accuracy of the method is ultimately limited by the geometrical parameters:
the width and the thickness of the sample, and the distance, d, between the electronic con-
tact points. The excitation current, I, and magnetic field, B,, are typically DC. Since the
voltage offsets such as the thermal EMF and misalignment voltage are significant during
the measurement, these offsets need to be determined and analyzed by measuring the Hall
voltage multiple times with different polarity of I, and B,.[5]

Recently, many Hall measurement setups have been designed to measure the Hall co-
efficient and electrical conductivity of samples with unique chemical compositions. Most
of them are based on the Van der Pauw (VDP) method. The temperature range of the
measurements varies depending on the materials.

Borup et al. developed three similar VDP Hall measurement setups in Caltech, JPL and
Aarhus University.[9] The sample holder contained four rods which could be pressed on the
sample to form electrical connections. The temperature was controlled by the PID method.
The temperature range could be from room temperature to 1000 °C'. Electromagnets were
used which provided magnetic field up to 2.0 7. Some of the samples were n-type M g,57%,
indium doped PbTe;_,Se, alloys and CuyPSes,S;.[1][39]

Adnane et al. developed a VDP Hall measurement setup with a permanent magnet
instead of an electromagnet. The magnetic field was up to 0.4 T. The measurement
temperature can be up to 700 °C. The samples were doped silicon.[!]



D

Figure 1.3: The sample with rectangular bar geometry in traditional Hall measurement.
[37] Lead A and F are for the current; lead C and D are for the Hall voltage measurement;
lead B and E are for the electrical conductivity measurement.

Gunes et al. designed a Halbach array to provide an AC magnetic field in the Hall
measurement.[15] VDP technique was used. This setup had a high measurement speed
because of the rotating magnetic field up to 1.0 7', which took about 5 seconds to obtain
a Hall coefficient data point. However, the noise level of thermal EMF was not under
discussion in the article. 20 % Sr-doped BiCuSeO was tested at different temperatures.
Its charge carrier density increased along with temperature, with about 5 % error bar.

There may be some limitations when the Hall resistance of thermoelectric materials was
measured by these setups. First, based on the literature review, the voltage offsets caused
by the thermoelectric effect and the electrical conductivity of the samples were noted but
not fully considered. The common technique was to proceed with the measurement over a
large temperature range between each data point. The accuracy of Hall measurement at
a certain temperature was rarely discussed in these reports. Second, some VDP method
setups were not suitable for bulky samples with a relatively large thickness. The reason
is that the setups make electrical contact by pressing four probes to the top surface of
the sample. When applied with the excitation current, more electrons pass the top region
of the sample than the lower region; in other words, the equipotential field lines are not
parallel in the region between the current leads. In addition, With thicker samples, the
Hall voltages that are produced are very small.



1.3.2 Thanh Lé’s Hall measurement setup

A DC Hall measurement setup was built up by Thanh Lé in our group in order to test
thermoelectric samples from professor Kleinke’s group.[25] This setup applied a DC current
to the sample and measured the Hall voltage by an Agilent 34420a nano-voltmeter. It could
provide a DC magnetic field up to 0.5 T. There was no temperature control in this setup.
The Hall measurement was at room temperature. The samples were connected to copped
leads by silver paint. The lithographically patterned palladium gold pads were deposited at
the contact positions of the samples, which could improve the electrical conductance at the
contacts and prevent the samples from reacting with the silver paint. Some thermoelectric
samples were characterized by this setup. Their Hall resistance uncertainties were too high
to be helpful to study the thermoelectric properties of the samples. Therefore, this setup
needed some improvements for convenience and accuracy. The sources of errors had to be

identified.

1.4 Challenges

A new setup should be designed for the Hall measurement of thermoelectric materials. The
challenges are from the geometry and special thermoelectric properties of the samples, the
low-level V31 signal, the noise sources, and the measurement setup.

From Eq.1.2, for the same I and B, it is preferred to have samples with small thickness
to enlarge the Vj signal. However, some samples prepared by sintering are likely to break
when the thickness is smaller than 1mm. Thus the Hall measurement setup should be able
to measure bulky samples.

For the measurement connection, there are usually six electrical leads connecting to
the sample. The two leads that are placed furthest along the length are the current leads,
while the other four leads are used to measure the voltage signal. The uncertainties of the
sample geometry parameters are usually high, which causes the high uncertainty of the
electrical conductivity measurement and the Hall measurement.

The electrical and mechanical properties of thermoelectric materials limit the level of
Hall voltage signal. From Eq. 1.2, the level of Vj signal is related to ¢, I and B. Raising
I will eventually cause Joule heating problems. The B is limited by the maximum power
of the magnet. For example, assume there is a sample with charge concentration = 10
em ™3 and thickness t = 1 mm. By using 10 mA excitation current and 0.5 7" magnetic
field, the Hall voltage Vi = 3 x 10~7 V, or 300 nV. The low voltage signal requires proper
considerations about the sources of errors; otherwise, the signal may be buried in the noise.



When measuring the Hall voltage, the voltage signal, V,, contains not only the Hall
voltage, Vi, but also the misalignment voltage, Vi1, and the thermal EMF, V. Vy is
from the ohmic resistance of the sample between two misaligned sense leads. V7 is from
the temperature gradient within the circuits. V, can be written as: V, = Vg + Vi + V.
Theoretically, V\y and V1 can be canceled by multiple steps of voltage signal measurement
with the different directions of the excitation current or the magnetic field. However,
it cannot completely eliminate the voltage offset caused by temperature drift. It has
been reported that Vi and Vj; could be highly temperature-sensitive which makes the Hall
measurement challenging when the drifting offset is much larger than Vj.[9] A temperature
control system may reduce the drifting by stabilizing the sample temperature. If not
working properly, the temperature control can introduce a different noise source.

As the experiment measuring low-level voltage signals, there are some general things
to be considered such as the proper circuit design, proper shielding and well-defined
connections.[19] The noise caused by random errors needs to be evaluated and controlled
to a reasonable level.

1.5 Motivations

The motivation of developing the Hall measurement technique is to accurately measure
the charge carrier density, n, and charge carrier mobility, u, of the thermoelectric samples
with different chemical compositions and preparation proceeds. The goals are: build up a
reliable Hall measurement system for bulky thermometric samples, study the noise sources
in the Hall measurement, and minimize the measurement uncertainty.

Lé’s DC Hall measurement setup was improved. A new sample holder and a PID
temperature control system were added to this setup. An AC Hall measurement setup
was designed and built. The DC Hall measurement setup provided a DC current to the
sample and used a nano-voltmeter to measure the Hall voltage. The AC Hall measurement
setup applied AC current to the sample and measured the Hall voltage signals by a lock-in
amplifier.

The first part of the thesis is to present the details of the two setups, including a
sample holder using mechanical contact to the sample and a PID temperature control
system. The second part is to discuss the possible noise source and voltage offset of
the Hall measurement based on the setup. Noise-frequency spectrum figures will also be
presented in this part. The third part is to discuss the measurement results from the DC
and AC Hall measurement of a thermoelectric sample around room temperature.



Chapter 2

Hall measurement Setup

2.1 Sample holder

The sample holder and its sample holder box are shown in Fig: 2.1 and Fig: 2.2. The
sample holder is a machined rectangular aluminum block, placed in the center of Fig: 2.2.
It has 2.5 inches in length and 1.6 inches in width. It is mounted tightly to the aluminum
box by two screws. There are two traces, perpendicular to each other, on the top side of
the sample holder. Four white plastic blocks with six pogo pins are in the traces. Two
of the blocks can move back and forth so that samples with different lengths are easy to
fit. The third block can be rotated in a small angle range. The fifth plastic block glued
at the center of the sample holder is the spacer for the sample. The six gold pogo pins
are used to make mechanical and electrical contact with the sample.[30][1 |] They are also
connected to the black pin connector by copper wires. A K-type thermocouple is taped
to the aluminum box by copper tape with electrically insulating epoxy, which is designed
to measure the temperature of the box. A Peltier cooler is glued by thermally conductive
epoxy to the top of the box. The box is surrounded by one-inch-thick polystyrene foam,
which is a thermal insulator.

Fig: 2.1 is the illustration of the sample holder. Six pogo pins, ordered from McMaster-
Carr Supply Company,[l1] are labeled A-F. Leads A and B are for current, using waffle
pogo pin tips with 0.75” head diameter for maximum contact surface area. Leads C and
E are the sense leads which are to measure Hall voltage. Leads C and D are for electrical
conductivity measurement. Lead F is usually for supporting the sample. The connection
to lead D can be switched to lead F by using the electronic switch. Leads C to F use 30°
spear tips for good oxidized sample layer penetration. The traces and plastic pin holders

10



are accurately machined to minimize the misalignment between lead C and lead E. The
typical dimension of the sample is 7.6 mm x 2.5 mm x 1.3 mm.

Heat sink

ﬁ Aluminum heat sink spacer

Peltier cooler
/
. Thermocouple

— Aluminum spacer
[ 7/
/ N - Plastic pogo pin holder
|A |/ //ZZ— Pogo pins (A-F)
E © I © “le—]
E us D

— Sample

l © // Screws
S— |
@ ?4 77777 — Switch

™~ Aluminum box

41— Polystyrene foam

Figure 2.1: Hall measurement sample holder box illustration. The aluminum sample holder
and the six pogo pins are mounted at the center of the box.
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There are some reasons for choosing pogo pins instead of using lithographically pat-
terned pads and chemical joints such as silver epoxy. The first reason is the time for sample
preparation. It takes hours to wait for the electrically conductive epoxy to be fully dry.
Once the epoxy is dry, it is impossible to trim the alignment between the sense leads.
Secondly, the chemicals may react with the sample and change its composition. The third
reason is that the Hall measurement requires a small contact area of voltage leads to the
sample; however, it is hard to control the painting area of the epoxy. The contact pads
can be relatively large with inconsistent contact resistance, which makes the true distance
between contact points hard to determine. Compared with the chemical joints, the pogo
pins have some advantages. It usually takes 10 minutes to mount or dismount the sample,
which is convenient. The tips of the pogo pins can be chosen from various shapes and sizes.
The misalignment voltage can be reduced by slightly pushing the sense pins with tweezers
when the pins are touching the sample. The contact points are relatively small, allow-
ing an accurate measurement of the distance of the sense probes for four-wire resistance
measurement.

On the other hand, the contact resistance at the sample-pin joints may be a problem.
It is usually 5 Q ~ 15 € but can be over 100 €2, depending on the electrical conductivity
of the samples. This may be because of the metal-semiconductor joint since the samples
are semiconductors, and the pogo pins are gold-coated copper. It could also be due to the
oxidization of the sample surface. High contact resistance may cause high noise and Joule
heating problems.

Figure 2.2: Picture of the Hall measurement sample holder box and the sample holder.
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2.2 Temperature control

The thermocouple and the Peltier cooler are used to control the box temperature by the
PID control method. This method calculates the temperature difference and then outputs
a voltage to the cooler. “P” is “proportion”, “I” is “integral” and “D” is “derivative”.
“P” is the most basic parameter in temperature control. It can hold the temperature near
the set point on its own. “I” can minimize the difference between the real temperature
and the set point. “D” is good for speeding up the transitions from one temperature to
another but can introduce an enhancement of noise; for this system, “D” is not used, so the
temperature control system is represented as “PI control”. The PI control VI in LabVIEW
is based on:

u=Kye+ Kl/edt (2.1)

where u is the output signal, e is the error between the input value and the goal value, K,
and K are the proportion and integral gains.[13]

The PI temperature control system is shown in Fig: 2.3. The temperature is mea-
sured by the thermocouple and amplified by the LT1025 thermocouple cold junction com-
pensator. The output voltage from the thermometer is read by an Agilent 34401a volt-
meter.The voltage to temperature relation is 10 mV/°C. A LabVIEW program operates
the PI control system.

The Hall measurement requires a magnet to provide magnetic fields. It generates a
significant amount of heat when running and raises the temperature of the sample holder.
The Hall measurement might be affected by the drifting temperature. Therefore, the PI
temperature control was set up to reduce the measurement uncertainty caused by the
temperature change. At the same time, it is necessary to discuss that the noise might be
introduced by using the PI control system.
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Figure 2.3: Illustration of the PI temperature control system run by a LabVIEW program.
The Peltier cooler. A temperature can be set from 15 °C' to 30 °C with an uncertainty of

=+ 0.05 °C.

14



2.3 DC Hall measurement setup

The DC Hall measurement setup is shown in Fig: 2.4. [25] The setup can be introduced
based on the part inside or outside the copper shield room. The sample holder box and
the magnet are inside the shield room, the electronic leads of which are connected to the
outside through the connectors on the wall of the shield. The copper shield is designed to
shield the high-frequency signals such as radio waves from the internet and radio broad-
casting systems. The shield is good for low-temperature measurement but not for the Hall
measurement at room temperature. The heat generated from the magnet is difficult to re-
move from the shield room when the door of the shield room is closed. Outside the shield
room, a stable-current-source circuit provides the excitation current to the sample with the
range of 1 mA to 150 mA. An Agilent 34420a nano-voltmeter reads the DC voltage signal
from the sample. A Kepco BOP power generator provides current to the magnet. The +5
V DC voltage to the DC Dual cold junction compensator is provided by an NI-PCI 6251
DAQ interface, which also measures the temperature from thermocouples.

15



Shielded room

Dual cold junction
compensator ,—#@ NI-PCI 6251
[ ] DAQ interface 101’1’1V/°C

Varian V-4000 ] A O Temp. Meas.

Magnet
(0 to 0.5T) _ KType
- ~ Thermocouple
r ( 320K)

Agilent 34420A (CH1)
Nano Voltmeter 50-150nV
Sample — Py Hall voltage meas.

Excitation current source 1 to 150mA

Kepco BOP 20-20M
Current source Max 17V, 20A
(Magnet)

2O

Figure 2.4: DC Hall measurement setup illustration.[25]
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The DC Hall measurement is controlled by a LabVIEW program. It needs to run a
five-step cycle to obtain an Ry data point, and each step uses different excitation current
or magnetic field. Step one is to turn the current from initial value I = 0 to +1, and the
magnetic field changes to +B from B = 0. Step two is to change the current to —I, which
has the opposite direction of the current in step one but the same magnitude; the magnetic
field is +B. The current and the magnetic field are (—1, +B) in step three and (—1, —B)
in step four. In step five, the current and the magnetic field are back to zero. Fig: 2.5 is
an example of DC Hall measurement voltage data.

10.0" e e eeeeE e

ViawluV1]
=)
=)

-5.0{ * +L+B

14B
>  +I-B
-5\ . 1B
1=0, B=0 eve——
—10.0-
0 1 2 3 4 5

Time[min]

Figure 2.5: Example of voltage data from a measurement cycle in DC Hall measure-
ment. The five voltage steps correspond to the cycle: (+B,+I) — (+B,—1) — (—B,+1)
—(—=B,—1I) —(0,0). It takes about five minutes per cycle

If the voltages from the first four steps are set to be Vi, V5, V3, and Vj, then:

Vi—Va—Vi+V

Hall voltage, Vi = 1 (2.2)
Vi+Vo+ V34V,
Thermal EMF, Vi — 2 21 s (2.3)
V1=V —
Misalignment voltage, Vi = ! 2t Vs = Vi (2.4)

4
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2.4 AC Hall measurement setup

The AC measurement applies an AC excitation current to the sample and measures an
AC voltage signal from the sample. The setup is shown in Fig: 2.7. It uses the same
sample holder, temperature control system and the magnet as the DC measurement setup.
Instead of using a DC excitation current, an SR 830 lock-in amplifier provides the AC
current with a certain frequency, fi, to the thermoelectric sample. The R; resistor behaves
as the current-limiting resistor when the sample has high electrical conductivity. A second
lock-in amplifier, using the output voltage from the first one as the reference, measures the
voltage across the resistor Ry for calculating the excitation current. The voltage signal, at
f = fi1, from the sample is measured by the first lock-in amplifier. The magnetic field is
provided by the same magnet as in the DC measurement setup.

A PAR 190 low-noise transformer can be used to increase the voltage signal from
the sample. The transformer has a x100 gain option and a x1000 gain option. The
functionality of the transformer is also decided by its loading resistance and its input
voltage frequency, which follows the frequency response curves in Fig: 2.6.[3] The frequency
of the AC voltage is chosen to be 15.125 Hz for the best frequency response. The input
impedance of the transformer is about 600 €2 at this frequency. When using the x100 gain,
its loading impedance needs to be much smaller than 50 €2 to prevent losing the gain.

The SR 830 lock-in amplifier measures the magnitude of the voltage at its input with
the same frequency as its output voltage: [10]

V = Ve Visin(w,t + Ogig)sin(wrt + Grer)
= 1/2‘/;igVLCOS([wr - WL]t + Gsig - Gref) - I/Q%igVLCOS([u}r + wL]t + Hsig - 9ref) (25)

where V4, is the input signal voltage, V4, is the lock-in reference voltage, w, is the input
signal frequency, and wy, is the lock-in reference frequency. After a low pass filter, the
voltage signal with w, = wy, remains. The noise signal, far from the Hall voltage signal
frequency such as the Vrp, is filtered by the lock-in amplifier.

The SR830 lock-in amplifier can use the offset function to measure the small voltage
change with high resolution. If the input voltage signal is V;, a constant offset voltage Vgt
can be set so that the measured voltage by the lock-in amplifier V; is

V;) = ‘/1 - V;)ffset (26)

When V, is much smaller than V;, the sensitivity of measuring V, can be better than that
of measuring V;, which improves the detection of small voltage change.
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Figure 2.6: The typical frequency response curves of PAR 190 transformer.[3] P;S; cor-

responds to the x1000 gain, and P5S3 corresponds to the x100 gain. R; is the loading
impedance of the transformer.
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Figure 2.7: AC Hall measurement setup illustration: (a) without transformer, (b) with
transformer
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Fig: 2.8 shows an example of an AC Hall measurement with the transformer. The
lock-in amplifier can be used to delete an offset voltage during the voltage measurement
so that high-resolution mode can be applied.

In an AC Hall measurement cycle, there are three steps where the magnetic fields are
+B, —B and 0 while the current is not changed. The voltages recorded in the first two
steps are V7 and V5. The Hall voltage with current I and magnetic field B is

Vi = (Vi — 14)/2 (2.7)

When not using the transformer, the sample voltage signal, V,, is directly sent to the
lock-in amplifier, the voltage value that is recorded is (V, — Vifset)-

If using the transformer, the voltage signal sent to the lock-in amplifier has been in-
creased by a factor of 100. For the comparison between the measurements with and with-
out the transformer, the voltage data in Fig: 2.8 is shown after considering the gain of the
transformer.
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Figure 2.8: Example of the voltage signal read from the AC Hall measurement. The voltage
steps in the graph from left to right correspond to +B — —B — 0. Every three steps is a
measurement cycle which takes about 1 minute.
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2.5 Measurement steps and measurement speed

The steps of the Hall measurement are shown in Fig: 2.9. Assume a sample is ready to be
tested. It takes about 15 to 30 minutes in total to mount the sample on the sample holder,
adjust the pogo pins and reduce the contact resistance. If the temperature needs to be set,
the temperature control needs to run 20 minutes before the temperature is steady.

The DC and AC Hall measurement setups share the same loops inside the shield room,
but they use different current supplies and voltmeters. For that reason, only one of the
setups can be run at the same time. It has been seen that the AC Hall measurement, for
the same sensitivity, is about four times faster than the DC Hall measurement. If taking
100 data points of Ry, the AC Hall measurement requires 1.7 hours, while the DC Hall
measurement requires 8.3 hours. Therefore, the AC Hall measurement is recommended for
a faster test.

) Wait until
QA
W atus® temperature

ey
Mount the Adjust the pogo ‘e‘;f is stabilized
sample on the pins to lower ¢ (20 mins)

sample holder contact resistance _ Set B and I,
(5 ~ 10 mins) (10 ~ 20 mins) Without temperature control .| Start Hall

______________________________________________________________________ »| measurement

. 1 min/cycle AC Hall
repare (+B>-B-0T), measurement
pythonscript | | Finish Hall 1.7 hours per 100 cycles \

and calculate measurement
Ry (10 mins) 5 mins/cycle
OB 1y s (5B, 1} — Aan

{-B, +1} = {-B, -1} > {0, 0} ), measurement
8.3 hours per 100 cycles

Figure 2.9: Experiment steps of the Hall measurements and the measurement speed of each
step. If taking the same amount of Ry data points, the AC Hall measurement is about
four times faster than the DC Hall measurement with the same sensitivity.
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Chapter 3

Measurement errors and the noise

When measuring the electrical signals, there are some sources of errors in the measurement,
such as ground loops, drifting temperatures, and the drifting magnetic field. Therefore, it
is essential to understand the composition of the signals, the instrument precision, and the
noise.

The first part of the chapter is the general knowledge of electrical signals and measure-
ment errors, and how they are involved in the Hall measurement. The second part is to
compare the noise spectrum of different setups and to characterize their noise level.

3.1 Possible sources of errors in the Hall measure-
ment

The measurement errors can be divided into two categories: systematic errors and random
errors.|[32]

The common types of electronic noise: Johnson noise, shot noise and 1/f noise.[l8,
ch.8] There is usually more than one noise source in the measurement. If the noise follows
the Gaussian distribution, the rough calculation of total noise caused by two independent

noise sources is[33, p.19]
Vo=V +V (3.1)

Where V} is the root mean square (RMS) of the total noise, V; and V5 are the RMS of two
noise signals. Note that the noise is more complicated than an RMS value; therefore, the
source generating the source must be considered when doing the calculation.

24



Systematic errors Random errors

Environment disturbance: Electronic noise:

e High frequency wireless signal pickup e thermal noise

e Temperature drift e 1/f noise

Problems of the circuit and connections: Scale and sensitivity:
e Voltage loading error e Voltmeters

e Common mode rejection ratio problem e Current supply

e Misalignment voltage Vi
e Thermal EMF Vt

Act of measurement:

e Sample self-heating

e GPIB low frequency noise
e Magnetic EMF

Sample geometry and distance between probes

Table 3.1: Possible sources of errors in the Hall measurement

Thermal noise: also called Johnson noise which is caused by the unbiased movement
of the electrons in the materials, which follows

V = A TRAT (3.2)

where R is the resistance and Af is the frequency bandwidth.

Thermal noise is a fundamental noise in the sample, the leads, the amplifiers and
transformers, and the voltmeters. It is the theoretical limit of the noise level. The thermal
noise behaves as Gaussian noise; therefore, by increasing the reading time constant, the
thermal noise of the detected signal can be reduced.

Misalignment voltage: misalignment voltage, Vj1, depends on the sample resistance
between the two Hall voltage leads and the excitation current, shown in Fig: 3.1. Further-
more, it is directly related to p by the Ohm’s law:

l
Vit = IRy = Ip(T) 5 (3.3)

where [ is the misalignment distance between two sense probes, and A is the cross-sectional
area of the sample. The change of Vj; may estimate the temperature drift of the sample is
a noise source.
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Figure 3.1: Illustration of misalignment voltage Vj; caused by imperfect alignment of two
Hall voltage leads.

Thermal EMF: thermal EMF is the small voltage caused by temperature difference.
One source of such noise is the thermoelectric samples themselves with an internal tem-
perature gradient. In the sample in which a DC current flows, there is a voltage caused by
the Peltier effect parallel with the current direction; furthermore, if the sample is near a
magnetic field, voltage caused by the Ettingshausen effect will be generated perpendicular
to the current direction.[37] The thermal EMF may also exist at the joints of two different
materials like a thermocouple. In Fig: 3.2, there are two voltage leads connecting the sam-
ple and the DC voltmeter. The temperature of the leads near the sample are 77 and T}
while the temperature of those near the voltmeter are 75 and 7. The sample in this thesis
is usually a semiconductor, and the leads are metal. The thermal EMF that is measured
by the voltmeter is

Vi =51(To = Th) + So(T) — Th) + So(T] — T3) (3.4)

where S,, S; and S are the Seebeck coefficient of the sample and the two leads. Assume
T =T+ 6T, Ty — Ty = AT, and Ty = T3 are the room temperature, then Eq.3.4 turns
into:

Vi = S,6T + (Sy — S3) AT (3.5)

which shows that the circuit behaves as a thermocouple. Ideally, if carefully choosing the
materials of the connection leads and the soldering joints, S; can be approximately equal
to Sg.

Usually, the thermal EMF is detected as DC voltage, so its noise should be considered
in the DC Hall measurement. When using the AC current, the direction of the current
changes at a relatively high frequency compared with the steps used in the DC method.
The thermal EMF related to the Peltier effect can be minimized. On the other hand, as
the Hall voltage signal is an AC voltage with a certain frequency, the lock-in amplifier can
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Figure 3.2: Temperature difference through the circuit may generate thermal EMF, Vi, by
Seebeck effect. The sources of Vr are the thermoelectric sample and the electrical joints
through the circuit.
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measure the signal with narrow bandwidth at the frequency. This ignores or filters the
effect of the DC thermal EMF.

Temperature drift: the heat sources that can change the sample temperature are
the sample itself and the magnet. Usually, the thermoelectric sample is a semiconductor
that has low electrical conductivity; furthermore, the contact resistance between the gold
pogo pins and the sample is larger than 1 2. Therefore, the excitation current should be
carefully selected to avoid the self-heating problem of the sample. The electromagnet is
the other heat source when a large current is applied to it to provide a large magnetic field.
The magnet does not have a cooling system. If it runs with B=0.5 T, the temperature
inside the sample holder box can be raised by 2 °C' per hour, or 0.03 °C' per minute. If not
replacing it with a water-cooling magnet, another solution would be to use a Peltier cooler
combined with the PID temperature control system to stabilize the sample temperature.

Common mode rejection ratio (CMRR): to measure a differential voltage, There
is an input A and an input B, and the measured signal is the voltage difference between
A and B. [18] The gain of the two inputs G4 and G are ideally the same, and Vieasure =
G(Va — Vp); however, there is slight difference between G4 and Gp which causes the
measurement result to be V,,cosure = GaVa — GpVp.

Interference: The interference refers to the noise caused by sources outside the mea-
surement circuit.[11] The common external noise sources are the high-frequency wireless
network signals, the power line pickup, and the mechanical vibrations.

Induced EMF: In the Hall measurement, one specific external noise is the induced
EMEF'. In this case, the loops on the aluminium sample holder have large open areas. When
changing the magnetic field during the Hall measurement, the magnetic flux through the
loops generated significant voltage. Therefore, the voltmeters should not start to read the
voltage until the magnetic field is steady.

3.2 Noise level

3.2.1 Introduction to the noise spectrum

As discussed in the previous section, some noise sources should be considered during the
Hall measurement. A simple way to distinguish the noise sources is to measure the noise
spectrum by a dynamic signal analyzer, which can present the noise per vHz in a certain
frequency range. Fig: 3.3 is the illustration of some typical noise shown in a noise spectrum.
The 1/f noise is proportional to the reciprocal value of the signal frequency, which is
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significant at low frequencies. The white noise is shown as a horizontal line across all
frequency regions. There are some peaks at certain frequencies on the spectrum, such as
the power line pickup noise at 60 Hz.

The noise spectrum presents the frequency range and the amplitude of the noise. They
can also help to choose the frequency regions for the AC Hall measurement, where the
noise is relatively low. The noise caused by the temperature drift, such as the thermal
EMF, is considered at an extra-low frequency range, which is smaller than 0.01 Hz and
may not be seen in the spectrum.
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Figure 3.3: Typical voltage spectrum showing the noise at certain frequencies|19].
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3.2.2 Spectrum analyzer

There are some noise sources in the Hall measurement which are expected to be presented
in the noise spectrum: the thermal noise corresponding to the resistance the connection
circuits, the ground loop, the GPIB communication, the switching of the magnetic field,
and the PI temperature control.

The noise spectrum is characterized by the HP 3562a dynamic signal analyzer. The
voltage from certain leads of the Hall measurement sample is increased by the PAR 113
preamplifier and then sent to the spectrum analyzer. Figure: 3.4 shows the illustration of
the circuit. Remind that the extra noise from the PAR 113 preamplifier is mixed into the
signal from the sample, so the noise figure (NF) of the PAR 113 should be considered.[20)]
The loading resistance at the input of the PAR 113 is 10 €2, most of which is the contact
resistance between the sample and the pogo pins.

PAR 113 preamplifier, Gain=100
_________ A B Out
l'SampIe on the ® ® ®

|sample holder

HP 3562a Spectrum analyzer

]

[Hz]

(v/VzZ]

Figure 3.4: The circuit illustration of measuring noise spectrum from a sample. The signal
is amplified by the PAR 113 preamplifier with G=100 and DC coupling, and then sent to
a HP 3562a spectrum analyzer.
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3.2.3 Spectrum of Hall voltage leads

The noise spectrum graphs in this subsection show the noise level in both the DC and the
AC Hall measurement setup. The goal is to characterize the thermal noise, the 1/f noise,
the thermal EMF drift at extra low frequency, and the unknown noise sources.

Fig: 3.5 shows the background noise spectrum of the Ks sample mounted on the sample
holder (the orange line). “Background noise spectrum” means no instrument of the Hall
measurement setup is turned on. The y-axis is the noise level in the unit of V/ v/Hz which
directly analyzes the output signal of the PAR 113 preamplifier with gain G = 100. The x-
axis is the frequency which is chosen to be up to 50 Hz. Since the measurement frequency
in AC Hall measurement is 15.125 Hz, a vertical dash line is labeled in the graph to point
out its position on the x-axis.

There are two blue lines in the Fig: 3.5. The solid blue line is the noise spectrum from
a 10 Q regular resistor being amplified by the PAR 113 with G=100. The blue line is the
theoretical noise spectrum at the PAR 113 output with G=100 and 102 loading resistance,
which is calculated based on the noise figure information from the PAR 113 manual. The
three lines have the same 1/f noise trend, which indicates that the 1/f noise of the orange
line is caused by the PAR 113. The Ks sample shows the same noise level as a 10 €2 resistor
which matches the contact resistance.

In Fig: 3.6, there are some harmonic peaks with nfy, = 0.236nHz when running the
power supply of the magnet and the PI control at the same time. While the magnet power
supply is on but the PI control is not running, the harmonic peaks are insignificant. At
the frequencies below 1 Hz, the noise of the harmonic peaks is about four times as large as
the thermal noise of a 10 resistor at room temperature, which is about 1.6 nV/ VHz: it is
much smaller than the DC voltage reading noise of the Agilent 34420a nano-voltmeter. At
f = 15.125 Hz, the frequency of the AC Hall measurement, the noise level is almost the
same as the thermal noise. Therefore, the harmonic peaks might cause large uncertainty
in the DC Hall measurement but not in the AC Hall measurement.
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Figure 3.5: The background spectrum of the Ks sample mounted on the sample holder
compared to that of a 10 € resistor. The signal from the sample is amplified by the PAR
113 preamplifier with G = 100. The 1/f noise is caused by the PAR 113.
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Figure 3.6: The spectrum of the Ks sample if the magnet power supply is on or not, and if
the PI control is running or not. The harmonic peaks are significant when magnet power
supply and PI control are running at the same time.
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To make sure if the harmonic peaks are caused by the thermoelectric properties of the
sample, a graphite sample was used in the tests in Fig: 3.7. Considering the computer
and the magnet power supply are dirty power sources, optical fibers were used to isolate
them from the rest of the instruments. Because the harmonic peaks appear when there is
communication through GPIB, more tests were done focusing on the GPIB connections.
The first test was to disconnect the GPIB cable to the magnet power supply and run the
PI control program. The magnet power supply was on during the test. As the orange
line in Fig: 3.7, there were no harmonic peaks seen. The second test was to connect the
GPIB cable to the magnet power supply and then repeated the first test. There were some
significant harmonic peaks seen, shown as the green line. Comparing the first and the
second test, there might be noise sent to the magnet power supply through the GPIB cable
which caused the peaks. The third test was to unplug the BNC-2110 accessory and repeat
the second test, shown in the red line. The harmonic peaks dropped to a small level. Based
on the tests shown in Fig: 3.7, the source of the harmonic peak was the NI-PCI 6251 DAQ
interface (NI 6251) and NI BNC-2110 accessory (BNC-2110).

The possible reason for the problem was the computer noise passing through the GPIB
cable. The BNC-2110 was the +5V voltage source to the dual cold junction compensator
directly from the computer, so they shared the same ground. The computer is considered
as the high noise source whose ground should be separated from those of noise-sensitive
instruments.[27] When the GPIB communication was running, the noise was sent through
the GPIB cables, which caused noise starting at 0.237 Hz.
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-------- PAR113 theoretical output from 10 Q resistor

—— No GPIB to magnet power supply, PI control off

103 4 —— GPIB to magnet power supply, PI control on

‘ —— GPIB to magnet power supply and unplug NI board, PI control on
-=-- line at f=15.125 Hz

1075 .

i

10—6 4

10-! 100 10!
Frequency[Hz]

Figure 3.7: The spectrum of graphite sample when observing GPIB low frequency noise.
The harmonic peaks (green line) proves the sample is not the noise source. Unplugged the
BNC-2110/NI-PCI 6251 DAQ lowered the noise.
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Agilent E3610A was then used as a +5 V' DC voltage source instead of BNC-2110.
Fig: 3.8 shows the spectrum of the Ks sample after fixing the GPIB problem. When
running the PI control with the magnet power supply turned on(green line), there were no
significant harmonic peaks detected. To characterize the noise down to 0.01 H z, the figure
combines the scan in 0.01~1 Hz and 1~50 Hz. The three lines from the experiment have
the same trend as the blue line from the PAR 113 manual, which is the 1/f noise caused by
the PAR 113. In conclusion, the temperature control does not introduce visible external
noise to the Hall measurement.

-1 PAR113 theoretical output from 10 Q resistor
10 5 Room temperature, PI control off, magnet power off
—— Room temperature, PI control min power, magnet power on
] —— T=20 °C by PI control, magnet power on
o R e T i e L R N i line at f=15.125 Hz
10 3
5
-3
=10
= ]
~
2.
)
oo
]
= 4
© 10 7
>
-5
10 3
—6
10 7
I_3 I_2 I_1 T 0 T 1
10 10 10 10 10
Frequency[Hz]

Figure 3.8: The spectrum of Ks sample after fixing the GPIB problem. The scan frequency
combines 0.01~1 Hz and 1~50 Hz. The three lines overlap each others, which shows the
temperature drift around the sample does not cause extra 1/f noise.
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Fig: 3.9 and Fig: 3.10 show that the change of magnetic field during the Hall measure-
ment can cause large noise starting at f = 20 Hz. It is the magnetic EMF from changing
the magnetic field.

—— PARI113 theoretical output from 10 Q resistor
—— DC Hall measurement, B=0 T

B —— DC Hall measurement, B=+0.5T

I line at f=15.125 Hz

Voltage[V/\/ (Hz)]

10 10° 10
Frequency[Hz]

Figure 3.9: The spectrum of Ks sample when running the DC Hall measurement program.
Switching magnetic field caused significant magnetic EMF noise peaks at f = 20 Hz and
40 Hz.
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—— PARI113 theoretical output from 10 Q resistor
—— AC Hall measurement, B=0 T

10 7 ACHal measurement, B=+0.5 T

b line at £=15.125 Hz

Voltage [VA(Hz))

10

10 10° 10
Frequency|[Hz]

Figure 3.10: The spectrum of Ks sample when running the AC Hall measurement. Switch-
ing magnetic field causes significant noise with f = 20 Hz.
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3.2.4 Conclusions from the spectrum

Significant low-frequency noise was generated by running the PI temperature control and
the magnet power supply simultaneously. The solution was to remove NI-PCI 6251 DAQ
interface (NI 6251) and NI BNC-2110 accessory (BNC-2110) from the measurement setup.

The results from the spectrum showed that after fixing the GPIB problem, the noise
level from the sample was similar to the thermal noise of a 10 € resistor in the frequency
range 0.01~50 Hz. The 1/f noise presented in the spectrum was caused by the PAR 113
preamplifier.

At f = 15.125H z, the frequency in the AC Hall measurement, the noise from the sample
is 0.4 nV/\/E The magnetic EMF is a significant noise source starting at f = 20 Hz
when changing the DC magnetic field. The solution is to delay the voltage reading in the
Hall measurement until the magnetic field is steady.

The noise spectrum does not show temperature dependence. Therefore, the tempera-
ture control does not introduce noise to the Hall measurement.
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Chapter 4

Hall measurement results and
discussion

This chapter discusses the Hall measurement results. The experiment results of a thermo-
electric sample, sample Ks, by both the DC and the AC Hall measurements are shown for
comparing different methods. The sources of errors are also characterized and analyzed in
this chapter.

4.1 Temperature dependence of the electrical resis-
tivity

This section is to study the temperature dependence of the electrical resistivity of the
sample Ks. The temperature change of the sample can be estimated by measuring the
sample’s real-time resistance.

The sample was mounted on the sample holder and connected to the AC Hall mea-
surement setup without the transformer. The current leads were the lead A and lead B
shown in the Fig: 2.1, and the voltage leads were lead C' and lead D. I = 3.0 mA and
B =0T. The voltage Vg between lead C and lead D was measured by the SR 830 lock-in
amplifier. The temperature range was 17 °C to 21 °C controlled by the PI temperature
control system.

From the measurement, the sample resistance R[()] at temperature T'[°C]| followed:

y
R= TR —1.28 x 1077 + 1.95 x 1072 (4.1)
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The electrical resistivity p of the sample at 20 °C is py = 3.51 x 1072 Q - ¢m; therefore,
at room temperature, p follows:

p(T) = po +2.04 x 107°(T — 20 °C)

In room temperature range, p increases 0.58% if temperature increases 1 °C.

Another test was to measure the electrical resistivity of sample Ks at T=20.5 °C' with
different excitation current. The goal of the test is to find the best excitation current with
small self-heating of the sample. The temperature dependence of p was used to monitor
the self-heating of the sample. The result in Fig: 4.1 showed that the sample might be
significantly overheated when I > 15 mA. Therefore, the excitation current was chosen to
be 12 mA for most of the tests.
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Figure 4.1: The electrical resistivity of sample Ks at T=20.5 °C' with different excitation
currents. p changes quickly when I > 15 mA, so I = 12 mA was chosen as the best
excitation current.
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4.2 DC Hall measurement

4.2.1 Noise from thermal EMF

The assumption is that the thermal EMF, Vr, is from both the sample and the electronic
leads to the sample. Fig: 4.2 is the temperature dependence measurement of thermal EMF
using sample Ks. Neither the excitation current nor a magnetic field was applied, so the
DC voltage Vi.w measured by the Agilent 34420a nano-voltmeter was the sum of total
thermal EMF Vr and the intrinsic voltage offset of the nano-voltmeter. Since there was
no heat from the magnet, AT = T oom — Tsample, and room temperature 7yoom= 20.85 °C.

Shown in Fig: 4.2, in the first 20 minutes, the PI control was not running. The sample
holder box was slowly cooled down from 20.85 °C' to 20.75 °C. Then, the PI temperature
control changed the sample holder temperature to 20.0 °C', 19.0 °C' and 18.0 °C'. The
voltage from the Hall voltage leads was continuously recorded, shown as the purple points.
The voltage points show 0.05 uV peak-to-peak noise, or 0.02 V' RMS noise, which is
due to the input noise of the voltmeter. The RMS noise could be lowered by averaging
multiple data points. The solid purple line is the average result of 50 adjacent voltage data
points. When the sample holder temperature decreased by 1 °C' per stage, the thermal
EMF increased as AVyp = (0.48uV/°C)AT.

Even if the temperature was well stabilized by the PI temperature control, the thermal
EMF was still seen to be drifting. Fig: 4.3 is the zoom-in version of Fig: 4.2 during the time
region 30~46 minute. T, = (20.00+0.01)°C and V(50 points average) = (0.47+0.01) pV.
If choosing the voltage points with 1-minute interval and calculating the result of 1/4(V; —
Vo — V3 + V), there will be £2 nV uncertainty which is usually considered as the noise of
Via. Knowing that B = 0 T during the measurement, the £2 nV was a “fake” Vj signal;
however, this signal is usually mistakenly counted in a real DC Hall measurement.
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Figure 4.2: Thermal EMF measurement of sample Ks at different temperatures. AT =
Troom — Tsample and Troom = 20.85 °C. In the lower part, Viaw=Vr+Vogset Which is shown as
purple points. The purple line is the smoothed line calculated from the average of every
adjacent 50 data points.
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Figure 4.3: Thermal EMF measurement of sample Ks at 20.0 °C', with I = 0 and B = 0.
The figure is the zoom-in version of 30 ~ 46 min of Fig: 4.2. Ideally, the V} should be zero
because of no excitation current or magnetic field being applied; however, the calculated
Vi are in = 2 nV due to the drifting Vr.
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Described by 3.5, a 50%Pb — 50%Sn soldering alloy sample and a graphite sam-
ple were tested within the same method. The goal was to measure the thermal EMF
from the leads. The two samples had the same geometry as sample Ks. They have
high thermal conductivity, high electrical conductivity, and weak thermoelectric behav-
iors. The voltage signal measured by the Agilent 34420a nano-voltmeter at different tem-
peratures is shown in Fig: 4.4 to compare to the result when using sample Ks. From
the figure, AV = 0.2uV/°CAT when using the soldering sample and the graphite sam-
ple; AV = 0.48uV/°C AT when using the thermoelectric sample Ks. Furthermore, when
AT = 0oC, the voltage of the voltmeter is not always zero. It shows that there was
0.28uV/°CAT thermal EMF caused by sample Ks, 0.2uV/°C AT thermal EMF caused by
the leads through the circuit, and £0.05 pV offset from the voltmeter.
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Figure 4.4: Vi of three samples, measured by Agilent 34420a voltmeter. AT = Tioom —
Tsample- Thermoelectric sample Ks has higher V than non-thermoelectric solder sample
and graphite sample. The Vi when using non-thermoelectric samples may be caused by
the thermocouple effect of the contacts within the leads.
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4.2.2 DC Hall measurement - before fixing the GPIB problem

Fig: 4.5 shows the measured voltage signal of sample Ks in a DC Hall measurement before
fixing the GPIB problem. The excitation current I = 12 mA and the magnetic field
B =0.57T. The sample holder temperature T drifted in the first 20 measurement cycles,
or 104 minutes, without temperature control; then, the PI temperature control started to

stabilize the T to 26.0 °C.

] I L eded 'lﬂ ;l
107 ey, >rbbP »’“{*“‘x“! e
XXXXR 2 PPpy L LU

S P o et T R

KHRRR Rt 0 230 % RN

— "o"l".'.'..
E‘ YY) 'l,,,“”',‘
= 0 te, ¢ { { (§ f ]
S ferteeeppeqpett! 34 litR
o I-+B
> 4I.B
<« 1B
. « 1=0, B=0
cossostitiute™
[ )
000009885 qeee”
pocese, 000° Jaaqeie”
L1011 49444 0900000060000 8 ¢ (141
PP PP ha
0 50 100 150 200 250
Time[min]

Figure 4.5: Voltage signal measured in DC Hall measurement. The PI temperature control
did not work in the first 100 minutes, and then started to control T to 26.0 °C.
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The calculation result is shown in Fig: 4.6. Ry = (8.07+0.03) x 10~8V.m /AT without
temperature control, and Ry = (8.10 4 0.08) x 1078V.m /AT with temperature control.
Vi = (—381 £ 12) nV without temperature control, and Vg = (—382 + 39) nV with
temperature control.

Fig: 4.6(e) shows that sample holder temperature T was controlled after 100 minutes;
however, Vy; drifts with the same speed, which means that the sample temperature was
not effectively controlled. It might be the reason why the measurement uncertainty of Ry
with temperature control is higher than that without temperature control.

Here is the calculation of uncertainty caused by the reading noise of the nano-voltmeter.
The Agilent 34420a nano-voltmeter had NPLC set to 10, and its digital and analog filters
were turned off. It caused 11 nV RMS noise for each voltage reading. Therefore, the total
noise is 1.7 nV for an average of 40 reading points. Vj is at least ten times larger than
the reading noise from the voltmeter, whether there was temperature control or not. In
conclusion, the nano-voltmeter was not the main noise source of the large measurement
uncertainty.
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Figure 4.6: Calculation result of the Hall measurement in Fig: 4.5 before fixing the GPIB
problem. (a)-(d) are the Hall voltage Vj, misalignment voltage Vi and thermal EMF Vi
of the DC Hall measurement. (e) is the temperature in the sample holder box which rises
in the first 100 minutes; the PI temperature control starts to work at ¢ = 100 min which
stabilizes T to be 26 °C. (f) shows the Ry during the measurement. (b) and (f) shows
that in this situation, using PI temperature control causes higher measurement uncertainty
than not using it. 48



4.2.3 DC Hall measurement - after fixing the GPIB problem

A DC Hall measurement of sample Ks was repeated after fixing the GPIB problem, with
excitation [/|=12 mA and |B|=0.5 T. The raw voltage is shown in Fig: 4.7. In the first
150 minutes, the measurement was under the PI temperature control at (19.81+0.01) °C.
At time t=150 minute, the PI temperature control was stopped, and the sample holder
temperature drifted to room temperature. The calculation results of Vg, Vi, Vr, and
Ry are shown in Fig: 4.8. In Fig: 4.8(b), Vi = (—398.4£4.2) nV with temperature and
Vit = (—396.3+£4.3) nV without temperature control. The temperature control is not seen
to not significantly improve the uncertainty of the Vij. Fig: 4.8(c) shows that V}; stayed
at -13.7 uV when PI temperature control was on, and drifted from -14.0 pV to -14.3 puV
when temperature changed from 26.0 °C' to 30.0 °C. In Fig: 4.8(e), the temperature was
(19.8140.007) °C' in the first 26 cycles and drifted quickly from 19.8 °C' to 26 °C' from
the 26th to the 30th cycle; after that, the temperature drifts up linearly along with time
as (+0.17£0.036) °C' per cycle. With the temperature being controlled in the range of
(19.8140.01) °C, the noise caused by Vj; should be £0.8 nV.

The drift of Vy and Vi may cause the dominant noise sources. When the temperature
control was on, Vyy = (—13666+4.3) nV and Vr rose along with time with the average rate
+71£30.5 nV in 5 minutes. When the temperature control was off, V}; changed smoothly
at the rate of —846.8 nV in 5 minutes while Vi changed at the rate of +52+46 nV in 5
minutes. When without temperature control, both the drift and the uncertainty of Vj; were
smaller than those of Vir. From Fig: 4.3, the stabilized Vi in £0.054V can still cause + 3nV
uncertainty in the calculation of V. The drifting V1 may have caused a similar or higher
level of uncertainty in the DC Hall measurement. Furthermore, Vi in Fig: 4.8 kept drifting
whether temperature control was working or not. It may be because the working magnet
created a large amount of heat, which raised the temperature inside the copper shield
room. The temperature gradient within the Hall measurement circuit may have changed
as well, which caused the drifting Vir. Even if there might be a perfect temperature control
of the sample holder box, the Vi caused by the thermocouple effect elsewhere would not
be reduced. A water-cooling magnet or a permanent magnet may reduce the temperature
drift and then reduce the noise caused by V. Applying temperature control on every part
of the circuit may be another solution but not cost-efficient.

From the experiment, Ry = (8.434+0.0092) 10~ V.m /AT with the temperature control
on and Ry = (8.39+0.0094) 1078 V.m /AT with the temperature control off. The standard
error(n=100) of Ry is 0.11 % for both conditions. If there was a bettee temperature
control system in which the temperature for the whole setup was kept constant during the
measurement, then the thermal EMF noise would be canceled out by math; the dominant
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noise sources would be the noise of excitation current and the input noise of the nano-
voltmeter, which are £1.7 nV in total. The theoretical standard error of Ry would be 0.04
% in this ideal situation.
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Figure 4.7: Raw voltage data of DC Hall measurement after fixing the GPIB problem.
The temperature was controlled to 19.8 °C' before time t=150 min, and the temperature
control was off after t=150 min. The V,,,, spike at 150 min was due to suddenly turning
off the temperature control

20



® Vi
0 1 0.0 1
3 - Vi | & -01]
(&) —5 )
: natal Y
3 —— Vr = :
> >

|
—
S
|
<
o

: M‘L—m

—15+ ; e —044 ; ;
0 20 40 0 20 40
# of measurement # of measurement
(© @
—13.00 Y Vi vy
—13.25 2
E > 1]
< —13.50 1 =
¥ ¥ o
= —13.75 4 =
- 'L\ -
—14.00 1
—91
—14.25 1 ; ; ; ; ;
0 20 40 0 20 40
# of measurement # of measurement

(¢) (f)

30 8.6
'6 —
] 551
o 28 < 85
= E)
g% = 84
£ 24 L
é S 8.3 1
g 221 E 8.2 —— With temperature control
20 1 Ts —}— Without temperature control
0 100 200 300 0 20 40
Time[min)] # of measurement

Figure 4.8: Voltages in the DC measurement, with and without temperature control after
fixing the GPIB problem. (a)-(d) are the Vi, Viy and Vr of the DC Hall measurement. The
spike was caused by turning down the PI temperature control. (e) the temperature was at
20 °C in the first 150 minutes with the temperature on and rose to 30 °C' the temperature
control off. (f) shows Ry = (8.43 £ 0.0092) x10~® V.m/AT with the temperature control
on and Ry = (8.39 £ 0.0094) x10~® V.m/AT without the temperature control. The
temperature control did not improve the measurement uncertainty because of the drifting

Vr
ol



4.3 AC Hall measurement

The AC Hall measurement has two benefits compared with the DC Hall measurement. One
is that it can take advantage of using the lock-in amplifier. The noise from the drifting
Vr at low frequency can thus be significantly reduced or ignored. The other benefit is its
capacity to use a low noise transformer, which increases the signal-to-noise ratio.

The SR 830 lock-in amplifier has 24 nV/ v/ Hz input noise, measured by its own noise
reading function at f = 15.125 Hz. The total input noise is 24 nV/v/Hz where the input
noise of the lock-in amplifier is dominant. Usually, its effective noise bandwidth EN BW =
0.26 Hz, which brings the noise to 1.9 nV after averaging 40 points.

4.3.1 AC measurement with the transformer

To increase the signal-to-noise ratio, a PAR 190 transformer was used to amplify the sample
signal. The noise at the input of the transformer is dominated by the thermal noise from
the sample-pin contact resistance, which is 0.4 nV /v Hz.

Here is the calculation of the theoretical electronic noise limit. When using the trans-
former with a gain G = 100, the RMS noise at the transformer output is 70 nV/vHz at
f = 15.125 Hz. Therefore, the total input noise of the lock-in amplifier is 74 nV/v/Hz,
which is reduced to 38 nV with ENBW = 0.26 Hz. The excitation current causes 30
nV noise which is usually considered as the misalignment voltage. After taking the trans-
former gain into account, the noise, referred to the input of the transformer, is 0.06 nV
after averaging 32 points, or 0.08 nV after averaging 20 points.

Fig: 4.9 shows the voltage during the AC Hall measurement with the transformer, and
T, =23 °C. From the Fig: 4.9a, the Hall voltage Vi = (385.8 4+ 0.7) nV. The voltage
uncertainty from the experiment is about eight times of that found by the theoretical
calculation. The Fig: 4.9b zooms in the Fig: 4.9a around Ttme = 36 min. There are some
glitches at the level of 10 nV which indicates another noise source exists. The glitches
only exist when B is not zero. Therefore, its source might be the changing magnetic flux
picked up by the measurement circuit. Considering the time constant and the EN BW of
the lock-in amplifier are 0.3 s and 0.26 Hz, a sudden magnetic EMF point causes about
10 consecutive data points to leave the average voltage level. The ten maximum points
and ten minimum points in each cycle steps are removed to clean the error caused by
the glitches. Fig: 4.9¢ shows the voltage signal after cleaning the glitches, and the Hall
voltage V= (385.8 + 0.3) nV. Compared the uncertainty of Vj in Fig: 4.9a with that in
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Figure 4.9: The raw voltage data of the AC Hall measurement with the transformer. (a)
cleaning the glitches by programming. Vigeer = +7.697 puV
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Fig: 4.10 are the I, V., V_, Vg, T, and Ry of the measurement in Fig: 4.9c. Vy =
38.48 1V at the beginning of the first measurement cycle, and the misalignment resistance
Ry = 3.205 mS). Fig: 4.10(a) shows that the excitation current changed between 12.007
mA and 12.013 mA during the 100 measurement cycles. The 0.005 mA difference can
change Vi by 3 nV if R, does not change. Fig: 4.10(b) and Fig: 4.10(d) show that the Vi
increased by 18 nV in the first 75 cycles which indicates that not only the current but also
the sample resistivity changed during the measurement cycles, which caused the drift of Vjy.
In Fig: 4.10(e), Ts increased from 23.06 °C' to 23.16 °C in the first 75 cycles and then drifted
to 23.17 °C' after the 100th cycle. The p — T relation of the sample corresponds to the
increase of Vi by 136.2 nV/°C'. The change of T, between each two adjacent measurement
cycle was 0.001£ 0.012 °C. It corresponds to (0.14 £ 0.9) nV of Vi uncertainty. The
voltage noise caused by this temperature drift may explain the uncertainty of Vi, which is
V= (385.8 + 0.3) nV in Fig: 4.10(c). As a result, the average and standard error of Ry
shown in Fig: 4.10(f) is Ry = (7.996 4= 0.001) 10~8V.m /AT.
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Figure 4.10: Voltage measured in the AC Hall measurement of sample Ks with the trans-
former, T=23 °C under the PI temperature control. There were 100 measurement cycles; it
took 70 seconds to run each cycle. (a) is the current, (b) and (d) are the voltage V, — Vogiset
when the magnetic fields were +B and -B; (c) is the calculated Hall voltage Vig; (e) is Ty;
(f) is Ry = (7.996 + 0.001) 10~8V.m/AT.
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n and p of the sample are measured at different temperatures, shown in Fig: 4.11. In the
8 °C' room temperature range, the n does not show temperature dependence and, p shows
linear dependence with T;. It indicates that the sample is a heavily doped semiconductor.
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Figure 4.11: Temperature dependence of Ry, n, o, and p in the room temperature range.
Ry and n are temperature independent; ¢ and p change linearly along with temperature.
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Fig: 4.12 shows the voltage signal without temperature control. The glitches caused by
the magnetic EMF were cleaned up by programming. The misalignment voltage drifted
quickly along with the temperature, which was (0.005 £+ 0.011) °C. From the 100 mea-
surement cycles, the Hall voltage Vi = (398.4 4+ 0.7) nV. The noise level was still low
compared with the measurement with temperature control. However, the heat generated
by the magnet did not dramatically change the temperature until the 40th cycle. More
details are shown in Fig: 4.13. In Fig: 4.13(e), Ty drifted from 20.03 °C to 20.06 °C in
the first 40 cycles (1 minute per cycle); it drifted from 20.06 °C to 20.5 °C in the rest
60 cycles. The reason T changed relatively slowly in the first 40 cycles than later can be
explained: the sample holder box needs time to be heated up by the magnet. If the Hall
measurement was continued after the 100th cycle without PI temperature control, the Tj
would increase as the rate of 1 °C per hour. In Fig: 4.13(c) Vg = (398.5 £ 0.5) nV in
the first 40 cycles, and Vi = (398.4 £ 0.8) nV in the rest 60 cycles. It shows that the
measurement uncertainty of Vy increases when T; drifts faster.

In the AC Hall measurement with the transformer, the most significant noise source was
Vu related to the temperature drift. By using the PI temperature control, the noise level
was lowered by 60%. If there was a temperature control, and the electrical conductivity
of the sample stayed constant during the measurement, the dominant noise would be the
voltage noise produced by the noise in the excitation current and the sample-lead contact
resistance. Stabilizing V) is also important when measuring the Hall voltage by the lock-
in amplifier. A proper dynamic range of the lock-in amplifier is required. For example,
if it was known that Vg was around 400 nV, a proper reading range would be £500 nV .
Large Vjy drift may cause the “overload” reading of the lock-in amplifier; this drift can
be reduced by the PI temperature control. It is good to point out that the PI control
function slightly lowers the speed of the LabVIEW program. If the goal is to qualitatively
measure the Ry at room temperature, the measurement without the PI control may still
satisfy the requirement. However, since n and p of thermoelectric samples at different
temperatures, up to 7' = 1000 K, are important information, good temperature control
is required. In conclusion, the PI temperature control benefits the AC Hall measurement
with the transformer.
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Figure 4.12: The voltage data of the AC Hall measurement with the transformer but
without temperature control. The voltage shown in the figure is after taking the trans-

former x100 gain into account.

Vitser = +10.84 uV.

The voltage drifted about 4200 nV in 120 minutes.
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Figure 4.13: Details of the AC Hall measurement without temperature control. (a) is the
excitation current. (b) and (d) are the voltage data when magnetic fields were +B and
—B. (c) is the calculated Hall voltage. (e) is the temperature, Ty, during the test; it kept
below 20.5 °C' in the first 40 measurement cycles and rose quickly to 20.5 °C due to the
heat from the magnet. (f) Ry = (8.254+0.001)x 1073V.m /AT in the first 40 measurement
cycles, and Ry = (8.25 4+ 0.002)x107®V.m /AT in the rest 60 measurement cycles. The

temperature drift increased the uncertainty of Ry.
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4.3.2 AC Hall measurement without the transformer

The Hall measurement can still take the benefits of the AC current and the lock-in amplifier
without using the transformer. Furthermore, 10 M) input impedance is much better than
that of the transformer. However, there is 88 dB CMRR between the input A and the
input B, which causes voltage offset.

Fig: 4.14 is the voltage of the AC Hall measurement without the transformer. The
magnetic EMF glitches were cleaned by programming. Vge;=-7.658 puV with I = 12 mA
and T was controlled to 23 °C'. The measurement results are: Vi = (413.946.6) nV
and Ry = (8.591 £ 0.014) x1078V.m/AT. The input noise of the lock-in amplifier caused
+5.7 nV RMS noise after averaging 40 points, which was close to the uncertainty of V.
From the Fig: 4.15, the common mode voltage drift also caused noise which was counted
as Vy.

In Fig: 4.15(b) and Fig: 4.15(d), the voltage drift followed 0.01 V/A which was much
higher than the misalignment resistance. The sample was under temperature control, and
its electrical resistivity was stabilized. The excitation current in Fig: 4.15(a) showed the
same drift trend. Therefore, one explanation is that the drifting voltage was caused by
the common mode voltage of the lock-in amplifier. The voltage at the sense leads, Vy, is
not zero because of the sample-lead contact resistance. Then the CMRR offset voltage,
Veurg, can be written as:

VCMRR =4 x 10_5 IRconta,ct (42)

and: v
I or 4.3
Rload + 2Rcontact ( )

where Vp, is the output voltage from the lock-in amplifier which is relatively constant;
Rjpqq is the total current limiting resistance which was 260 € in this measurement, Reoniact
is the contact resistance at one joint between the sample and the current lead. At the
beginning this measurement, R.oui0et = 11 Q, so V4 =0.132 V when I = 12 mA. With
CMRR=88 dB, the offset voltage Voyrrr = 5.26 uV. The 0.01 mA or 0.083 % current
change in Fig: 4.15(a) corresponds to 0.12 Q Reoniaee change, which is reasonable for a
mechanical joint connection by the pogo pins.

In conclusion, in the AC Hall measurement without the transformer, the dominant
noise sources are the CMRR offset voltage of the SR830 lock-in amplifier and Vy.
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Figure 4.14: Voltage in the AC Hall measurement without the transformer. 7' = 23.0°C’
by the PI temperature control. Viget = —7.858 pV. In this figure, the voltage noise is
more significant than that in Fig: 4.9.
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4.4 Discussions

4.4.1 Comparison of the three Hall measurement methods

In this thesis, three methods are introduced: the DC Hall measurement, the AC Hall
measurement with the transformer, and the AC Hall measurement without the transformer.

From the experimental results, the most accurate way to measure the Ry of sample
Ks is to use the AC Hall measurement with the transformer. The intrinsic noise of the
voltmeter is one of the main noise sources. The transformer amplifies the signal from the
sample by a factor of 100 while the noise from the voltmeter is kept at the same level.
Therefore, the signal-to-noise ratio in the AC Hall measurement with the transformer is
higher than that without the transformer.

The limitation of using the transformer is that is has a relatively low input impedance.
It has a maximum input impedance of about 600 2 at a frequency of 15 Hz, which
means that the loading resistance at its input should not be over 50 €2.[3] Therefore, the
transformer method is not ideal for samples with high electrical resistivity.

Compared to the method with the transformer, the AC Hall measurement without the
transformer has a high input impedance, but it is limited by its poor signal-to-noise ratio
and lower CMRR.

By measuring the temperature dependence of the sample electrical resistivity, it is clear
that V) drifted along with temperature during the Hall measurement and caused significant
noise. One way to slow the drift is to use the PI temperature control properly.

In the DC Hall measurement, the temperature control was disturbed by the noise
through the GPIB cables. After fixing the GPIB problem, the comparison between the
measurement with or without the PI control shows that the thermal EMF was one of the
dominant sources of voltage noise. Vj; can be stabilized by the temperature control; it
drifted without temperature control but its noise contribution was overwhelmed by the
noise from Vi which was more significant. Note that the heat from the electromagnet
changed the thermal EMF though the electrical leads connecting to the sample and the
nano-voltmeter. The PI temperature control can only stabilize the sample temperature 7§
but not the temperature in the shielded room. The drift in Vi was not seen to be reduced
with temperature control, so it must be caused by the various contacts in the leads running
to the voltmeter. The uncertainty of Vg with temperature control was the same as that
without temperature control.

In the AC Hall measurement, the noise due to V1 becomes insignificant, and Vj; becomes
a significant noise source. The PI temperature control can stabilize the sample temperature
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and its electrical conductivity against the heat from the electromagnet. Compared with
the measurement without the PI temperature control, the measurement with temperature
control has slower V) drift and lower uncertainty of V. The low noise measurement
provides the chance to study the temperature dependence of the charge carrier density n
and the mobility pu.

4.4.2 Normalized Hall resistance Ry

Ry was normalized to be ARy/Ry to compared the measurement uncertainties of the
different methods, where ARy is the standard error of 100 measurement data points. The
result is shown in the Figure: 4.16. The dash lines in the figure are the theoretical limit
from the electronics.

The AC Hall measurement with the transformer has the lowest experimental measure-
ment uncertainty; it also has the lowest thermal noise because of the large signal-to-noise
ratio. The temperature control was found to improve the measurement uncertainty by

30%.

The DC Hall measurement has eight times higher uncertainty than the AC Hall mea-
surement with the transformer. Its experimentally determined noise was much higher than
the theoretical limit, which may have been caused by the drifting thermal EMF. The un-
certainties of the measurement with and without temperature control are almost the same,
which indicates that the thermal EMF outside the sample holder box may be the dominant
noise source.

The AC measurement without temperature control had the highest measurement un-
certainty even with temperature control. Firstly, it had the highest noise, most of which
came from the input noise of the lock-in amplifier. Secondly, there was a noticeable com-
mon mode voltage offset when using the method, which also increases the uncertainty while
measuring the Hall voltage.
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4.4.3 Measurement speed

The DC Hall measurement had low measurement speed compared with the AC Hall mea-
surement, shown in Fig: 2.9. The DC Hall measurement needed at least five steps in each
measurement cycle, changing I or B, in order to collect enough voltage data to cancel out
Vr and Vyy. The AC Hall measurement, because of the AC current, only needed three
steps, where only B was changed. If measuring 100 data points of Ry for low measurement
uncertainty, the DC Hall measurement needed about seven more hours than the AC Hall
measurement.

Another concern with the setups is that the heat dissipation of the electromagnet in the
Hall measurement setup was significant. After continuously providing a 0.5 7" magnetic
field for four hours, the magnet and surroundings would need about one day to cool back
to room temperature. Therefore, more Ry data points can be taken in a single day with
higher measurement speed.

In conclusion, considering the measurement speed, the AC Hall measurement with the
transformer is recommended.

4.5 Summary

The DC Hall measurement is a simple method to measure the Hall resistance and the charge
carrier density. It requires a low noise DC voltmeter to read small Hall voltage signals. The
most important noise source is the drifting thermal EMF caused by the temperature drift.
Furthermore, the directions of both the current and the magnetic field need be switched
in the measurement, which causes low measurement speed. The standard derivation of the
best measurement method can be 1.0%, which is good enough to qualitatively characterize
the charge carrier densities of various samples.

The AC Hall measurement with the transformer has the highest signal to noise ratio.
It can also eliminate the thermal EMF problem and common mode problem. The mea-
surement uncertainty is sensitive to the misalignment voltage and the electrical resistivity
of the sample, which requires good temperature control. The 600 €2 input impedance of
the transformer limits the measurement to low electrical resistivity samples with low lead
resistance and low contact resistance.

The AC Hall measurement without the transformer is capable of measuring samples
with high p because of the high input impedance of the lock-in amplifier. The offset voltage
caused by the common mode is the most important noise source in the measurement.
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The PI temperature control can stabilize the sample holder box temperature and the
samples’ electrical conductivity, especially when the magnet heats up. Comparing the
results with temperature control and without temperature control, the temperature control
slightly improved the measurement uncertainty.

4.6 Conclusions

The three methods: the DC Hall measurement, the AC Hall measurement with the trans-
former, and the AC Hall measurement without the transformer are good to measure the
Hall resistance of bulky thermoelectric samples at room temperature. If not considering
the systematic error caused by the accuracy of the sample geometry, the uncertainties of
the three methods were below 1%.

The DC Hall measurement is based on the working principle of Hall effects and has a
simpler setup structure; however, it is slower than the AC Hall measurement. The thermal
EMF is its main noise source.

The AC Hall measurement with the transformer is the best way to measure thermoelec-
tric samples with low electrical resistivity. The benefits of using this method rather than
the DC method are the lower measurement uncertainty and higher measurement speed.
The thermal EMF problem, which bothered the DC method, was not seen in the AC Hall
measurement.

The AC Hall measurement without the transformer is the most inaccurate method of
the three methods because of the common mode voltage offset and the low signal-to noise
ratio.

The PI temperature control may improve the measurement accuracy by stabilizing
sample temperature and misalignment voltage V. It only slightly improved the AC Hall
measurement but not in the DC Hall measurement because of the drifting thermal EMF.

4.7 Future work

The Hall measurement techniques discussed in this thesis are good but not perfect. Fu-
ture work can be focused on improving the measurement accuracy and applying a larger
temperature range during the measurement. Some improvements may be reached in the
short term, while some are time-consuming. The first thing that can be completed in a
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relatively short time is to develop a better temperature control system, such as adding
a cooling system on the electromagnet and adjusting the effective temperature range of
the PI temperature control. Second, the connection leads can to be altered to reduce the
number of joints within dissimilar materials, which can lower the thermocouple effect in
the DC Hall measurement.

More effort can be placed to develop the setup which will be capable of doing the Hall
measurement at high temperatures. Problems will arise at high temperatures, such as the
polystyrene sample holder blocks may melt.; the samples, which are often toxic, may have
significant vapour pressure and become too hazardous to measure in this open configu-
ration. These challenges is more likely to require redesigning a new measurement setup
rather than simply tweaking the existing one. However, as many other high-temperature
Hall measurement setups have already been designed, the work is feasible.
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Part 11

Subgap Leakage measurement of
Josephson Junctions
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Chapter 5

Introduction

5.1 Introduction of Josephson junctions and subgap
leakage measurement

Josephson junctions are nonlinear electronic elements and operated at low temperature.
One type of Josephson junctions is superconductor-insulator-superconductor(SIS), using
niobium for its superconducting layers and oxidized aluminum for its insulator layer. Nio-
bium is used for its relatively high superconducting transition temperature (7. = 9.3 K,
and aluminium oxide is used for its ease of deposition. It has promising potential for
various of applications, such as quantum computing and photon detectors.|[16][29]

The subgap leakage measurement is a method that characterizes the quasiparticle con-
ductance in Josephson junctions at low temperature.[31] When there is a small voltage
bias across the junction, Cooper pairs break and turn into quasiparticles which penetrate
through the insulator barrier.

A small current can be measured when applying non-zero bias voltage V' < 2A to
the junction, where A is the superconducting gap of the electrode. The current-voltage
data points can be plotted in the same graph, which is the I-V curve of the junction.
The lowest current value in the curve is usually seen as the smallest subgap current I,
and the resistance corresponding to I, is the subgap resistance Rs. The BCS theory
predicts that the R, is highly related to the temperature. When the junction approaches
zero-temperature, the number of the quasiparticles generated by thermal excitation drops
dramatically, and Iy, should be around zero, where R, is infinite large. An approximate
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formula of I, is[17]

2G,, __a_ 2A eV
kT AVK 1
‘ €V + D)Kol ) (5.1

I, = _
8 e eV 4+ 2A

where A is the superconducting gap of electrodes, and T is the temperature with 7" << %.
However, Iy, is often detected at low temperature, which is not expected. The experiment
of determining the I, is called subgap leakage measurement.

5.2 Subgap leakage current

Subgap leakage current is caused by Andreev reflections, multiparticle tunneling, material
defects, and pinholes.[13] A recent observation by using TEM and ATM clearly showed
surface roughness between layers, diffusive spots, and pinholes.[17] The subgap leakage
current decreased after the layer surface structure was improved. However, by comparing
the subgap resistance of different junctions, another paper proved that pinholes may not be
a dominant source of the subgap leakage in SIS tunnel junctions with high resistance.[!3]
Although the junction layers could be directly observed, there might be defects that are
caused by some ultra-fine particles, which is hard to observe.[17] For example, some par-
ticles may be located between the layers of the junction and cause the rough surface. The
critical current, I., and subgap leakage current could be affected by those particles, which
could be clearly detected in the subgap leakage measurement. Therefore, the I-V character-
istics of the junctions at different positions under the same wafer can provide information
to improve the fabrication processes.

In quantum computing, Josephson junctions are the essential element of qubits which
have well-determined |0) and |1) states. They are required to have long coherence time,
Ti, in order to function the qubits.[7] However, subgap leakage can limit 77. A study
showed that the quasiparticles which tunnel through the junctions could cause decoherence
by several mechanisms.[21] For example, it may generate noises with certain frequencies,
which causes the transition between states. It is also the source of energy dissipation. The
electrical circuit connections to the qubits may also be the reason of decoherence, which
may cause I, to be temperature-independent at low temperature.[31][30] The quantum
quality factor, @, is also related to the subgap leakage, which requires the junctions to
have more than 1 GS) resistance when Q>10°.[34]
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5.3 I-V curves of Josephson junctions

The research in this thesis used Josephson junctions from D-wave Inc. The junctions were
unshunted Nb/AlOxz/Nb tunnel junctions. The Iy, values of the junctions were measured
by characterizing their I-V curves. There are two types of methods: current bias and
voltage bias.

The current bias method has a DC current applied to the junction while voltage is
measured. The voltage bias method has a DC bias voltage applied and the current through
the junction is measured. The two methods show very different I-V curves for the same
junction.

5.3.1 Current bias

The promising applications of Josephson junctions come from their non-linear current-
voltage relationship below the critical temperature of the junctions. Fig: 5.1 shows the
theoretical I-V curves of Josephson junctions at low temperature with current bias.[1/]

When increasing the bias current from zero, the junction stays superconducting with
zero voltage. When the current exceeds I., the junction turns non-superconducting and
the voltage quickly approaches the gap voltage V, = 2A/e; if the current increases further,
the junction turns to the normal region and behaves like a normal resistor with its normal
resistance, R,,. Then decreasing the bias current from I > I, the junction voltage stays at
Ve = 2A/e until I reaches a return current, /,. A similar characteristic occurs for negative
applied currents. The direction of the voltage change during the scan is indicated by the
arrows in Fig: 5.1.

The region where 0 < V' < 2A/e is considered to be the subgap region. With this
method, the subgao leakage current cannot be clearly identified.
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Figure 5.1: Hysteresis I-V curve of unshunted Josephson junctions.[14] The errors indicate
how junction voltage V' change along with bias current I.
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5.3.2 Voltage bias

Unlike current bias, the voltage bias method measures the junction current while applying
DC voltage to the junction. The I-V curve of an unshunted Josephson junction from the
voltage bias method is usually non-hysteretic, which shows more details of the subgap
region than the current bias method.

For a Nb/AlOx/Nb junction, although there are different methods and standards, one
general characterization of the subgap leakage is to measure the current I, with bias
voltage Viextbias=0.5 mV:

_ Viextbias

o =
g ]Sg

(5.2)

For a junction to be suitable for quantum computing applications, R, is expected to be
larger than 1 G€). Previous research has focused on the subgap leakage characterization of
Josephson junctions.[31][11] As shown in Fig: 5.2, there are some peaks and valleys below
1.0 mV, which poses an unsolved puzzle. One possible reason may be the existence of a
resonance frequency, even through the bias is a DC voltage.|[!?]
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Figure 5.2: subgap leakage curve of a Nb Josephson junction at T" = 0.8 K. Its critical
current /. is changed by applied magnetic field. [31]

The I. and R, of the junctions are different because of the difference in sizes, materials,
and layered structure. A method to compare different junctions is to plot R,I — V curves
or eR,I/A — eV /A curves. Based on the equation derived by Ambegaokar and Baratoff,
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the junctions with same superconducting electrodes have the same I.Rn:[2]

A
IR — "Ztanh .
Ry tan (QkBT) (5.3)

Figure: 5.3 and Figure: 5.4 show the comparison using normalized I-V curves of differ-
ent Nb Josephson junctions.[23] The calculation from Ohm'’s law is shown as the straight
line (c¢) in both figures. Figure 5.3 shows that junction (a) and junction (b) have different
J. and I-V characterization in the subgap region where 0 < V < 2.5 mV. The signif-
icant current change near V' = 2,7 mV corresponds to the superconducting gap of Nb.
When V' > 3.0 mV, curve (a) and curve (b) turn to straight lines, which shows that both
junctions behave as normal ohmic resistors. Figure: 5.4 shows the comparison between an
ideal Josephson junction, shown as curve (a), and a junction with pinholes, shown as (b).
Because the pinholes short the two electrodes, the junction with pinholes does not show
the Josephson effect in the curve (b). In conclusion, the normalized I-V curves can clearly
compare the quality of different junctions.
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Figure 5.3: Typical 4.2 K I-V curves for (a) low critical current density J., (b) high J.
junctions and (c¢) Ohm’s law prediction.[23]
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Figure 5.4: Theoretical I-V characteristics used to describe the junctions: (a)an ideal
tunnel junction; (b)a junction with pinholes; (¢) Ohm’s law.[23]
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5.3.3 Magnetic suppression

As shown in Fig: 5.2, the supercurrent can be suppressed by the outer magnetic field.
For a junction with rectangle geometry, the magnetic field should be perpendicular to
the direction of the supercurrent. If the thickness of the insulation layer is d, the field
penetration depth is A, then the magnetic flux ® is

® = (d+2\)LB (5.4)

where L is the width of the junction, and B is the applied magnetic field.

The maximum supercurrent under @, I,,,(®), follows the eq. 5.5 and shown in Fig: 5.5:[11]
I (H)/ T (0) = [sin(r®/®y) / (®/®y) (5.5)

where ¢y = 2.07 mT e uym?. By changing the magnetic flux to certain values, the super-
current can be suppressed to be nearly zero, which helps to observe Ig,.

Furthermore, the supercurrent-flux curve is highly related to the current density dis-
tribution of the junctions.[5] It provides the feedback information of pinholes or imperfect
edges of the Josephson junctions.
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Figure 5.5: Maximum supercurrent of Josephson junctions suppressed by magnetic flux.[/4]
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5.4 Temperature dependence

Described as Eq. 5.1, the smallest subgap leakage current I,,;, of the junction LL8 shows
strong temperature dependence at low temperature, shown in Fig: 5.6.[31] Two different
magnetic field values are applied which causes the two I.. The relationship between In 1,,,;,
and T~ is linear above T' = 1 K as the prediction of the BCS theory; when below T =
1 K, Inin — T~ curve becomes flat and I,,;, approaches a constant when 7' decreases.
What causes the flat curves is of the utmost interest. This could be due to mechanical
defects, pinholes, or external noise. By characterizing this residual leakage current, process
conditions can be altered to make better junctions or better circuit configurations with
lower leakage.

o |=FpA o [=1nA
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TD_1 1 I L 2 o
602 05 08 11 14 1.7
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Figure 5.6: Subgap leakage current temperature dependence in the experiment. [31] The

curves are linear above T' = 1 K which follows the BCS theory prediction; they are flattened
when T'< 1 K.

5.5 Motivation and challenges

The research about the subgap leakage measurement in this thesis is part of the collabo-
ration among Jan Kycia’s group at the University of Waterloo, JPL and D-wave Inc.. The
goal is to test the quality of Josephson junctions manufactured by different techniques.
For this thesis, the motivation is to put together a exerimental system that can accurately
characterize the I-V curves and subgap leakage current of different Josephson junctions at
low temperature. Therefore, this part is to introduce the technique of characterizing the
Josephson junctions at low temperature. The sample preparation steps will be introduced
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first and then the measurement setup, which includes an adiabatic demagnetization re-
frigerator (ADR) and a superconducting magnet. After that, the experiment results from
different sample junctions will be described.

There are some challenges related to the subgap leakage measurement. Some of these
are associated with the low-level subgap leakage current which can be as low as 1 pA.
The interesting signal from the sample may be buried in the electrical noise through the
circuit; therefore, the noise sources of the measurement should be analyzed and reduced. A
sensitive and low noise current amplifier is necessary as well. Furthermore, some challenges
are related to the environment temperature of the sample. The lowest temperatures the
ADR can reach is 130 mK, which is sufficient to enter the interesting flat region of the
subgap leakage measurement. It was found that the system has a poorly defined region
in the temperature range, 1.2 ~ 1.4 K. This has been attributed to the superconducting
transition of aluminium support parts near the sample. Last but not least, the samples
are fragile to high currents and static. It was challenging to protect the sample from being
overloaded during the sample preparation period and the measurement period.
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Chapter 6

Subgap leakage measurement setup

6.1 Sample preparation

The samples are chips containing multiple Josephson junctions, manufactured and sent to
our group from D-wave Inc. The junction chip is glued to a copper chip holder by GE
varnish and electrically connected by wire bonds. The chip holder is mounted to a copper
sample holder with copper shield, shown in Fig: 6.1.

Each junction has four wire bonding electrodes. The current bias method needs to wire
all four electrodes of the junction; the voltage bias method only needs two. The sample
holder is capable of wiring two to four junctions at the same time.

The sample holder is mounted to the base temperature stage of an adiabatic demag-
netization refrigerator (ADR) for low-temperature measurements. The model name of the
ADR is High Precision Devices SHASTA 106 adiabatic demagnetization refrigerator. It
is designed to lower the temperature of small samples from several Kelvins to down to 50
mK by reducing the spin entropy of paramagnetic salt crystals inside the ADR.[37]
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Copper chip holder Copper shield

Chip with multiple junctions

Pin connector to wire bonds
converter (up to 8 leads)

Four-pin connector

Figure 6.1: The copper sample holder, without(left) and with(right) the copper shield, for
the subgap leakage measurement.
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Fig: 6.2 shows the experimental steps of the subgap leakage measurement. It takes
about one week from the sample preparation step to the time when the first junction is

fully tested.

Sample preparation: 2~4 junctions| Mount the sample on
* Glue chip on sample | 4re wired the fridge. (30 mins)
holder (10 minutes); ‘| Cool down fridge

wait 1 day | from room
» Wire bonding temperature to 2.7 K
(4 hours to 1 week) (24 hours)

Switch to
another

junction

. 10N
Choose 01 unctio

Pre-test: measure 1-V
curve of the junction up

Measure maximum
supercurrent — magnetic
field B relationship,

to normal mode at
T =27K,B =0T
(20 mins ~ 1 hour)

A

find the best B value.
(1 hour)

"
4

4
/7

Cool down to base temperature
(6 hours); measure I-V curve at
different temperature with

Measure |-V
curves at different

same B value (2 to 8 hours
depending on the cooling

capacity of ADR)

May cool down multiple times

magnetic field
(4 hours)

Figure 6.2: Experimental steps of subgap leakage measurement.
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6.2 Current bias circuit

The current bias circuit is shown in Fig: 6.3. An SR 830 lock-in amplifier was used to
provide the DC voltage source. By using the four-wire measurement, the junction voltage
was qmplified by a PAR 113 preamplifier with 10 M input impedance and then be read
by an Agilent 34401a multimeter. This setup was designed to characterize the I-V curves of
the junctions whose subgap resistances are much smaller than the resistance of the current
limiting resistor.

The sample holder cell was on the base temperature stage, which could be cooled down
to 50 mK in principle. In practice, the base temperature was 130 mK due to the heat load
on the cold stage. The sample holde. The sample holder was also at the center of a small
made-in-house NbTi superconducting magnet which connected to the 2.7 K stage. A heat
switch connects the two stages. A Lakeshore germanium resistance thermometer(GRT)
was on the base temperature stage and measures its temperature.
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Figure 6.3: Current bias circuit of the subgap leakage measurement
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Safety box: Josephson junctions can be destroyed by unexpected electronic spikes;
therefore, a safety box with double pole double throw switches was installed to protect the
junctions. During the experiment, the switches were opened, and the leads to the junction
were floating; when not measuring the junction, the switches were closd, shortening the
junction to the ground.

6.3 Voltage bias circuit

Fig: 6.4 is the voltage bias circuit. The SR 830 lock-in amplifier with a DC voltage divider
was the voltage source. The junction current was measured by an Ithaco model 1211
preamplifier and an Agilent 34401a multimeter. The set up is designed to measure junctions
with high subgap leakage resistance.

Safety box m filter _ADR vacuum shield, room temperature
Bl RSSO
b L L
1073ANV T
10" 11AN i D
Agilent Ithaco model el o
34401a 1211 preamplifier Bl
multimeter LA/
1 1 !
R e Looo.- [ SRR
L 2.7 K level !
voltage |—{2000:1 or 200:1 — - b |
source voltage divider o
SR 830 lock- i ! vt Heat
in amplifier i switch
T e
i A N :
A . W YYD )
_______ 131 Junction L ey~

sample cell with

i1 Base temperature, 130 mK ~ 2.7 K
superconducting magnet

Figure 6.4: Voltage bias circuit of the subgap leakage measurement
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6.3.1 Electrochemical effects

Electrochemical effects are parasitic effects in this case, where the measurement circuit is
shorted by chemicals between two leads.[19] The electrochemical leakage current is typi-
cally on the level of 1078 ~ 10~ A which may cause large noise in the low-level current
measurement. In this measurement setup, the effects were caused by the dirty soldering
flux on the switches of the safety box, shown in Fig: 6.5. This problem was solved by
carefully performing soldering with a small amount of flux.

Figure 6.5: A dirty switch in the safety box covered by soldering flux. The red circle in
the figure shows the dirty lead of the switch and the remaining flux
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Chapter 7

Subgap leakage measurement: results
and discussions

7.1 Current bias versus voltage bias

Junction JJ1-0.4um is a junction with the size of 0.4 ym x 0.4 pym. Fig: 7.1 are the I-V
curves of the junction by using the current bias method, with T = 2.7 K and different
magnetic fields. At B = 0 mT, the critical current I. = 0.115 pA, the return current I, =
5 nA, and % = 2.7 mV. The hysteresis I-V curves are typical for unshunted Josephson
junctions. When increasing the magnetic field B, I. decreases and finally turns to zero
when B = 68 mT} % slightly decreases when increasing B.

Fig: 7.2 shows the I-V curves of the voltage bias method, using the same junction at
T=2.7 K. The curves are not hysteretic as compared with those measured with current
bias. The reason is that the bias current forces the junction to past the subgap region.
When increasing the bias current, the junction is forced to turn to the high voltage region
when its current is over the junction’s critical current; when decreasing the bias current,
the junction directly returns to the zero voltage stage when 1< [I.]. Therefore, if switching
to the current bias method from the voltage bias method in a very short time, the -V
curves in Fig: 7.2 will follow the dash lines instead of the solid lines.

On the other hand, the voltage bias method can probe the subgap region. For example,
the I-V curves of the voltage bias method show four current peaks (at 0 mV, 0.25 mV, 0.6
mV, and 1 mV), which are not observed by the current bias method. The highest peak
corresponds to the largest supercurrent, while the reason causing the peaks are possibly due
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to Andreev reflections. In conclusion, the voltage bias method is better than the current
bias method when studying the subgap leakage current.

0.2
0.1
3
§ 0.0_ e —
=
O
—0.11 — 0mT
—— 17mT
—— 34mT
0. — 51mT |
] —— 68 mT
|

'—2”"—1”"0""1""2'
Vjunction [mV]

Figure 7.1: I-V curves of junction JJ1-0.4um at T = 2.7 K and different magnetic fields,
B, measured by the current bias method. The curves are hysteretic. The critical current
1. decreases when increasing B.

87



T
—— B=0mT
| — B=32mT
0.2 ++=——B=50-mT
| —— B=63 mT
W B=temT [ U e e T
0.1
§ 0.0_
=
@)
—0):1:+
—0.2 1
(g
—2 =1 0 1 2

Vjunction [mV]

Figure 7.2: I-V curves of junction JJ1-0.4um at 7' = 2.7 K and different magnetic field,
measured by the voltage bias method. The solid lines are from the experiment which are
non-hysteresis. The dash lines are from the prediction of using current bias in the same
experiment, which match the I-V curves in Fig: 7.1.
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In Fig: 7.2, the I, and Iy turn from the A level to the nA level when increasing B.
The semi-log graph of I-V curves in Fig: 7.2 is then applied which helps to locate the
smallest current, shown in Fig: 7.3. The smallest current is located at V' = 2.0 mV which
is 2.6 nA and does not change much with changing B. Therefore, the subgap current of
this junction is determined to be Iz = 2.6 nA at T'= 2.7 K.

103 4
102 5
<
=
El
=107 4
= 4
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10 1 — B=32mT
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—— B=63 mT
—— B=76 mT
| | |
-3 -2 -1 0 1 2 3

Vjunction [mV]

Figure 7.3: The log(I)-V curves of junction JJ1-0.4um at T = 2.7 K by using the voltage
bias method, which use the same data of Fig: 7.2. It shows that the subgap current is

the lowest near Vjypnction = 2.0 mV. When increasing the magnetic field, the height of the
peaks decreases.
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Similar to the method in Fig: 5.4, the normalized I-V curves of three junctions are
shown in Fig: 7.4. Junction JJ0-0.7um and junction JJO-1.0um behave as regular Josephson
junctions. Notice that when increasing the bias voltage from 0 mV, their I-V curves behave
as “load lines”. The reason is that the subgap resistance of the junctions is much smaller
than the resistance of the signal wires. Junction JJ0-0.8um does not go into the normal
state when eV > 2A. This indicates that there are some serious defects in the junction.

3.0 ; 7 ; —
—— JJ0-0.7um, R, =20 Q /’
—— JJO0-0.8um ,/
9 —— JJO-1.0um, R, =47 Q /’
ST - Ohm's law P
7
2.0 7
//
//
/,’
< !
Z: 1.5 %
Q ',
/,,
T < |
1.0 \\
4
7/
/// \-‘
/,’
0.5 1 =
4
,/
,/
’/
//
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(E'Vjunction/A

Figure 7.4: Normalized I-V curve of three Nb Josephson junctions on a same chip: junction-
0.7um(blue), junction-0.8um(orange), and junction-1.0um(green). The curves are mea-

sured only when increasing the bias voltage Vjynction. The red dashed line represents Ohm’s
law. T'=2.6 K, B=0mT.
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7.2 Magnetic suppression

The supercurrent can be suppressed by an external magnetic field. By measuring the
maximum supercurrent when changing the magnetic field, the best fit value B,, can be
found. By using Eq. 5.4 and Eq. 5.5, ® = (0.056 um?) e B if the penetration depth is
A = 70 nm. The first smallest I, (®) corresponds to By=74 mT. The Fig: 7.5 is the
experimental data for the maximum supercurrent of junction JJ1-0.4um at T' = 2.7 K.
The supercurrent is close to zero when the magnetic field is 67 mT.
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Figure 7.5: The maximum supercurrent of junction JJ1-0.4um at 2.7 K, changed by the
applied magnetic field B.
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Fig: 7.6 is the relationship between the maximum supercurrent and the magnetic flux
applied to the junction. The experiment curve is from the result in Fig: 7.5; the calculation
curve is based on Eq. 5.5. Both curves are symmetric along with the y-axis. The first
smallest [(®)/1(0) value is at ®/Py=2 in the experiment which should be at &/Py=1
base on the calculation; however, the second smallest point of I(®)/I(0) in experiment
matches the third smallest 7(®)/I(0) point in calculation. Furthermore, the second-highest
I(®)/1(0) is 5% of the highest I(®)/1(0) in the experiment, which does not match the
calculation either. One explanation is the density of the tunneling current through the
junction area was nonuniform.[5] Another more likely explanation is that the magnetic
fields in the experiment were not accurate.
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® Experiment
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O/D0
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Figure 7.6: The relationship between the maximum supercurrent and the magnetic flux of
junction JJ1-0.4um at T'= 2.7K. The calculation is based on Eq. 5.5.

This characterization found the best fit B corresponding to the smallest possible super-
current. By applying this magnetic field to the junction, the maximum subgap resistance
Ry, may be obtained, and the I-V curves at the subgap region can be well characterized
with the minimized supercurrent.
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7.3 Temperature dependence

The Fig: 7.7 shows the I-V curves of junction JJ1-0.4um by the voltage bias method, at
B=66 mT and at different temperature. When the temperature is below 1.0 K, the curves
are at similar positions with weak temperature dependence; when the temperature is higher
than 1.0 K, the subgap region of the curves start to rise. The reason that the measured
leakage current is temperature independent when 7" < 1.0 K is the electrochemical effect
of the soldering flux in the safety box. The external leakage resistance, Ry, in this case
was around 160 M€) which is much smaller than the R, of the junction. The problem was
fixed by cleaning the safety box, which raised the R., to be over 10 Gf).
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Figure 7.7: The I-V curves of junction JJ1-0.4um by voltage bias at B=66 mT and different
temperatures. The current at Vjynetion = 0.5 mV was used to determine the subgap current,
I,. It is seen to stay at the same level, 1 pA, when T' < 1.0 K; it is seen to increase

along with temperature when 7" > 1.0 K. The reason which causes peaks at Vjunction =
£0.25 mV and £0.25 mV is still not fully understood.

94



The I-V curves of another junction, junction JJ2-4um, were measured after fixing the
electrochemical leakage problem. The results are shown in Fig: 7.8. The I, is as low as
0.1 pA when temperature is lower than 800 mK. Because of the capacity of the Ithaco
preamplifier, the current below 0.1 pA cannot be measured.

I, increases from 0.1 pA to 35 nA when raising temperature 7' from 520 mK to 1.75
K. However, the I-V curves show hysteresis in the loops only when T is below 1 K. Using
the curve at 7" = 850 mK (red) as an example: when increasing Vjunction from 0.2 mV to
0.6 mV, I changes slowly from 0.1 pA to 1 pA and dramatically increases to 40 pA at
Viunction = 0.6 mV’; when decreasing Viunction from 0.8 mV, the similar current transition
is at Vjunction = 0.45 mV. It is still unclear what is the cause of the hysteresis.
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Figure 7.8: I-V curves of junction JJ2-4um by voltage bias at B=74 mT and different
temperature. The black arrows are the drift directions of the current along with the bias
voltage method.
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Since the Ry, was increasing when cooling down the sample, the temperature depen-
dence of the normalized maximum subgap resistance R;/R, is shown in Fig: 7.9. When
T > 1.0 K, the curves follow the prediction of the BCS theory; when T" < 1.0 K, the
subgap resistance of all three junctions approach to finite values. The possible reasons for
this is the subgap leakage current of the junctions, or an the external leakage current is
being seen, or the measured current has become smaller than the sensitivity of the current
amplifier.

It should be pointed out that the temperature measurement was inaccurate when
1.1 K < T < 1.4 K due to the superconducting transition of the aluminium frame con-
necting to the base temperature stage.
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Figure 7.9: Temperature dependence curves of normalized subgap resistance of different
junctions. Their trend follows the prediction of the BCS theory when 7' > 1.0 K.
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7.4 Summary

The goal was to test the quality of Josephson junctions from D-wave inc.. With the setup,
the I-V curves and the low-level subgap leakage current of the junctions were characterized
at low temperatures. The Iy could be measured down to 0.1 pA; the lowest available
temperature of the setup was 130 mK.

Both the current bias method and the voltage bias method were used to measure the
I-V curves. Because Ig can be extremely small, the voltage bias method is preferred for
the subgap leakage measurement.

The applied magnetic field B suppressed the supercurrent of the junctions so that large
subgap resistance could be obtained with the best fit B. The supercurrent-B relation and
the I(®)/1(0) — &/, relation were characterized.

The I-V curves of the junctions can directly show the current level; the normalized I-V
curves such as R, —V curves and eR, /A — eV//A are better for the comparison between
samples. Junctions with intrinsic defects such as pinholes showed abnormal I-V curves,
which can be easily distinguished from healthier junctions.

The I-V curves and the lowest Iy, showed their temperature dependence, and their
trends followed the prediction of the BCS theory. However, some details of the I-V curves
have not been fully explained.

7.5 Future work

The future work in the short term is to improve the measurement techniques. For now,
only up to four junctions can be loaded at the same time, and it takes about one week to
finish the characterization of one junction. Therefore, the first priority would be to improve
the sample holder so that more samples could be loaded and tested together. The second
work would be to replace the aluminum parts in the frame at the base temperature stage in
order to fix the inaccurate temperature measurement problem when 1.1 K <7 < 1.4 K.
The base temperature should be better characterized.

In the long term, the working mechanisms of Josephson junctions should be better
understood. For example, the peaks at low bias voltage in Fig: 7.7 and the hysteresis loops
in Fig: 7.8 have not been explained yet. More research work needs to be done on these.
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