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Chapter 1

Foreword

Mesoscopic systems have served as an important experimental platform for
studying the quantum and correlated nature of electronic systems. Various
quantum effects have been investigated by measuring their transport prop-
erties. In particular, since Klaus von Klitzing observed the quantum Hall
effect (QHE) [1], many researchers have focused on the effect to investigate
numerous physical characteristics, such as edge states and topological insu-
lators. The quantum Hall effect breakdown (QHEBD), which occurs when a
high electric field or bias current is applied to the sample, is a significant ef-
fect to understand the non-equilibrium state of the effect. More experimental
results are necessary for complete understanding.

Conductance, G, is often evaluated by measuring dc current that corre-
sponds to the time average of electron number passing through a device.
Besides, the current noise, which corresponds to the fluctuation of the cur-
rent, is useful for gaining more in-depth insight into quantum transport [2-
4]. For example, the noise measurements have successfully revealed the frac-
tional charge of tunneling quasiparticles in fractional quantum Hall systems
[5-8] and correlated electron transport through Kondo impurities [9-12]. The
measurement method is suggested to probe novel mesoscopic phenomena,
such as anyonic correlations in fractional quantum Hall systems [13, 14] and
violation of Bell inequalities in an electronic interferometer [15].

In this Thesis, we studied the current noise from two perspectives: mea-
surement technique and physics. First, we developed a noise measurement
system for future physical experimental measurements. We succeeded in in-
creasing the gain of the signal from the sample and reducing the external
noise. Also, the quantum Hall effect breakdown in a monolayer graphene
Hall bar was studied. It is a more potential material than the GaAs/AlGaAs
heterostructure because graphene can adjust the carrier type and carrier den-
sity. Further, we observed the increases in the temperature of the electrons
by analyzing the current noise, which supports one of the theoretical QHEBD
models.

This thesis consists of seven chapters. In Chapter 2, we introduce several
backgrounds about our research: mesoscopic physics, Landauer-Biittiker for-
mula. We elucidate the theoretical background of the current noise in Chap-
ter 3 and expound on the method of how to measure the current noise in
Chapter 4. While Chapter 5 shows our achievement of developing a noise
measurement system, Chapter 6 shows the study of a non-equilibrium trans-
port in quantum Hall effect on the graphene Hall bar. The sample comprises
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a hBN/monolayer graphene/hBN. In Chapter 7, we summarize the Thesis.



Chapter 2

Mesoscopic Transport

A mesoscopic system is a conductor whose size is shorter than the mean free
path or the coherence length of the electrons. In this regime, we study quan-
tum mechanics by manipulating electronic circuits. Here, we briefly intro-
duce Landauer formula, two-dimensional electron gas, and the phenomena
in the mesoscopic world.

2.1 Landauer Formula

We briefly introduce the Landauer formula according to Ref. [16].
We consider two-terminal measurement for convenience, as shown in Fig.
2.1. We assume that +k states exist in a single transverse mode according to

Lead L Lead R

P-l:

M2

» Kk > k

FIGURE 2.1: Schematic diagram for understanding the Landauer formula.
A conductor has a transmission probability of 7 and M transverse modes
[16].

arbitrary function ¢(E(+k)). The current per unit length in a conductor is
expressed as
I = env, (2.1)

where ¢ is the elementary charge, n is the carrier density, and v is the drift
velocity. Since the charge density in a conductor of length £ for a single +k
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state equal to g(E(+k))/ L, Eq. (2.1) is expressed as
e
L= & Yog(E(+). 22)
k

By replacing the sum with the integral, the current is given by

I — % : (E(+K))dE. 2.3)

When the M transverse modes exist in the mesoscopic conductor, the current
is given by
2e [®
Ly = — Q(E(+k))M(E)dE. (2.4)

—00

When the transverse modes are independent of the energy for y; < E < o,
the current is expressed as

I = %M (M1 — p2) - (2.5)

Assuming the mesoscopic conductor has the transmission probability 7,
then the transmitted current is expressed as

2
Iy = 5 MT (i — p2). 26)

The conductance is given by

P
(m1—m2)/lel h

Equation (2.7) is called the Landauer Formula.

G= MT. 2.7)

2.2 Two-Dimensional Electron Gas System

The two-dimensional electron gas (2DEG) is a useful stage for a mesoscopic
system, such as the quantum point contact and the quantum Hall effect. The
2DEG appears when the electron is confined in z-direction for some rea-
son. We deal with two types of 2DEG: a semiconductor heterostructure and
graphene.

2.2.1 Semiconductor Heterostructure

One of the most used semiconductor heterostructures with a 2DEG system is
GaAs/AlGaAs. It was invented by Takashi Mimura and Satoshi Hiyamizu,
who researched GaAs high-electron-mobility transistors in Fujitsu Laborato-
ries in 1979 [17, 18]. Figure 2.2 shows the heterostructure of the GaAs/AlGaAs.
When the AlGaAs and GaAs are attached, the narrow band gaps of GaAs are
bent downward, while the wide band gaps of the AlGaAs are bent upward
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due to the wide mismatch of the Fermi energy. The conduction band of the
GaAs state obtains a small potential. The electronic wave functions in the
potential are confined in the z-direction. Therefore, at the interface between
them, a thin two-dimensional conducting layer is formed [16]. Researchers
can fabricate high-quality structures with molecular-beam epitaxy.

The Hamiltonian of a free particle is given by

?2
=L 2.
H o (2.8)
where m is the mass of a particle. In 2DEG, since the particle is confined, the
Hamiltonian Eq. (2.8) is expressed as

2
H = % + 2’0—:;. 2.9)
Thus, the eigenenergy of the Hamiltonian is expressed as
12
E=o (ki + k§> . (2.10)

The typical properties of 2DEG is well known. The mobility is about 106 cm? / Vs,
the carrier density ranges from 2 x 10'* cm~2 to 2 x 10'2 cm 2, the mean free
path is about 30 ym, and the Fermi wave length is about 40 nm [16].

a) A AlGaAs GaAs b) A AlGaAs GaAs
/‘ZDEG

FIGURE 2.2: Schematic diagram of conduction and valence band of the Al-
GaAs and GaAs. a) Energy bands when AlGaAs and GaAs are far enough
apart. b) Energy bands when AlGaAs and GaAs are attached. A thin two-
dimensional conducting layer is formed at GaAs conduction band [16].

2.2.2 Graphene

We briefly introduce graphene according to Refs. [19-24]. A monolayer
graphene is a single layer comprising carbon atoms in a honeycomb lattice.
Figure 2.3 a) shows the schematic of graphene. The electrons in 2s, 2py, 2py,
and 2p, orbitals significantly act for graphene structure. The 2s, 2p,, and
2p, comprising a sp? hybridization form a o band, the 2p; orbital forms a
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half-filled 7w band. The ¢ band leads to a planar structure to bond the car-
bon atoms, while the perpendicular 7t band leads to the conduction of the
electrons, hopping to the nearest neighbor.

We will detail the band structure of the graphene because it is particular.
The lattice vectors [see Fig. 2.3 a)] can be written as

@ = (\@a,o), o = (@3;) 2.11)

where a ~ 1.42 A is the lattice distance. The reciprocal-lattice vectors are

given by
— 27 21 — 47

as shown in Fig. 2.3 b). Of particular importance for the physics of graphene
are the two points, K and K/, at the corner of the graphene Brillouin zone.
These are named Dirac points for reasons that will become clear later. Their
positions in the vector space are given by

%
s (4_”,0) K= (_4_”,0) 2.13)
3\/§a 3\/§a
at the corner of the Brillouin zone, as shown in Fig. 2.3 b). We will explain

the band structure using the tight-binding model. A trial wave function, ¥,
is expressed as

¥ =gty CPlg), (W) =¥ (7). (2.14)

where k is the wave vector, ¢A(B) is the wave function on the A(B) atom, and
CA(B) is the eigenfunctions for the coefficients. According to Bloch's theorem,

the ’wA(B)> is expressed as
‘¢A(B)> _ \/Lﬁ Y exp <ik§>;§(3)) ‘¢A(B)> ) (2.15)
j

where N is the number of elementary cells, Rj is the Bravais lattice site,
A(B)‘ 7>> _

and ¢ is the wave function of p, orbital of carbon atoms, <4>]-

¢ (7 - ?f(B)) The Schrédinger equation, H [¥*¥) = E [¥) is expressed

< tffgk) té(ok) ) ( g; ) =E ( Sf/l(k) Sfl(k) ) ( g: ) (2.16)
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® A sublattice
O B sublattice

FIGURE 2.3: Schematic diagram of graphene. a) Honeycomb lattice of
graphene. Reprinted figure with permission from [23] Copyright 2021 by
the American Physical Society. b) Reciprocal lattice of the triangular lat-
tice. Reprinted figure with permission from [23] Copyright 2021 by the
American Physical Society. c) Energy dispersion in graphene. Right panel:
zoom-in of the energy bands in the vicinity of the Dirac cone. Reprinted
figure with permission from [19] Copyright 2021 by the American Physical
Society.

where ¢ is the on-site energy,
- =
f(k) = Z exp(i k - Jj ),

j=1,2,3

o=5(V31), &=2(-V31), &=(0-a),
<¢A(B)‘ Y ‘¢A(B)> —¢ <¢A(B) (PA(B)> =,

t is the hopping amplitude between the nearest neighbors (j, A) and (i, B)
[see (01,02, 03) in Fig. 2.3 a)], and s is the overlap correction. The energy E is
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given by
_ eo £ t[f(k)]
L£s|f(k)|

Here, + is for the conduction band, 7t*, — is for the valence band, 7t band. Ac-
cording to the numerical calculation [20] or the spectroscopic measurements
[21], the hopping amplitude for the next nearest neighbor is neglected and
s < 1. For convenience, we assume that s < 1 and ¢y = 0. The energy, E, is
expressed as

(2.17)

E = £t|f(k)|
= j:tJ 3+ 2cos (\/gkxa) +4cos (ﬁkxa> cos <3k_ya) (2.18)

2 2

The energy dispersion is shown in Fig. 2.3 c).
In the vicinity of the Fermi energy, E = 0, K and K’ vectors in Eq. (2.13)

%
exist. k is expressed as k = X + 7 f(k), near the K and K’ points, is

expressed as

fy = ¥ &R

. —-
el?~ 5] X

= \\7P
(7))
) : (2.19)
4 p!
j=12,3 p
After some algebra, the Hamiltonian in Eq. (2.16) is expressed as

H = Chop (g0 + Eqy0Y), (2.20)

where v is the Fermi velocity,

19E | 3at

(%3]

and used the Pauli matrices

axz(g(l)), ay:(?z)i). (2.22)

The valley degeneracy is expressed as ¢, where { = + denotes the K point
and ¢ = — denotes the K’ point. The distribution in the vicinity of the K and
K’ vectors is expressed as

E. (7) ~+ogh|q |+ 0O [(q/K)z} : (2.23)

The conical shape of the band structure makes massless Dirac Fermion,
and since the energy dispersion seems to be the massless particle in the Ein-

stein's energy-momentum relation, E = +,/m2c* + 7'2c2, where c is the
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light velocity with m — 0. The massless Dirac Fermion is predicted theo-
retically [25, 26] and observed experimentally [27-30]. Since the K and K’
points are equivalent in the reciprocal space, graphene has a two-fold valley
degeneracy. Because of the four-fold degeneracy, including the spin degen-
eracy, graphene has the half-integer quantum Hall effect. The details will be
explained in Section 2.4.

2.3 Quantum Point Contact

Quantum point contact (QPC) has the simplest structure and is used for a
test because its main properties are quantized conductance and can partition
currents. In this Thesis, we fabricated the QPC on the GaAs/AlGaAs 2DEG
as a test sample for the renovated noise measurement setup.

QPC is composed of fine metallic gate leads deposited on the 2DEG sur-
face, as shown in Figure 2.4. Applying negative voltages to the gate leads can

FIGURE 2.4: False-color SEM image of the QPC fabricated by me. The
width of the gap between gate leads is 75 nm. It is fabricated by accumu-
lating a thickness of 5 nm of Ti and 50 nm of Au.

increase the Schottky barrier in the 2DEG region. The high barriers create a
region where carriers do not exist, the depletion layer. The carrier density
can be controlled by applying an appropriate voltage. Broadening the size of
the depletion region is also possible with the strong negative voltage of leads.
As shown in Fig. 2.4, the narrow conductor can be created, where the yellow
regions are the gate with gold metal, and the black region is GaAs, which
has the 2DEG beneath it. This structure is called a QPC. The conductance of
QPC versus gate voltage is shown in Fig. 2.5. At a large negative voltage, the
conductance becomes zero. The region is called pinch-off. The conductance
for the finite voltage has a step-like shape, with each height being 2¢?/h. The
quantized conductance is obtained from the discrete energy level between
the QPC region.

The potential energy of QPC has a saddle-point because of the low energy
in leads and high potential barrier in the depletion layer [see Fig. 2.5 b)].
Biittiker argued this model [32]. The saddle-point model potential in the xy-
plane is given by

2.2

1 1
Vix,y) = Vo — Emwixz + S MWy,
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Conductance (2¢°/h) &

-09 -0.8 -0.7 -0.6
Vsg (V)

FIGURE 2.5: a) Conductance of the QPC. The QPC depletes the ballistic
channel as the negative voltage is applied to the gate. The step-like shape
of conductance is one of the main properties of QPC (results of Ch. 5).
b) QPC forms the saddle-point potential comprising discrete energy lev-
els only in one direction. Reprinted by permission from Springer Nature:
Springer Nature NATURE PHYSICS [31], 2021. .

Here, Vj is the electronic potential at the saddle, and wy and wy, are the angu-
lar frequency along the x-axis and y-axis. Consequently, the area can be de-
scribed by a harmonic oscillator. The energy-dependent transmission proba-
bility of electrons from the n-th incident channel to the m-th outgoing channel
is expressed as [33, 34]

Sn s—hwy (Tl—l—%)—Vg
7:1’111 = 7 En = 2 ,
1+ eén hewy

where J,,,, is the Kronecker delta. Electrons can only transport when the inci-
dent and outgoing channels match each other. The transmission probabilities
forn =0,1,2,- - canbe plotted, as shown in Figure 2.6. Consequently, as the

QPC gate is closed, the conductance decreases step by step with a quantized
2

value, G = M 2%7‘, due to the Landauer formula in Eq. (2.7).

2.4 Quantum Hall Effect

The quantum Hall effect is one of the most significant effects in the two-
dimensional system. We introduce the quantum Hall effect briefly according
to Refs. [16, 35].

The classical Hall effect was discovered in 1879 by Edwin Herbert Hall
[36]. He found that the transverse resistance in a thin metal in the strong
magnetic field can be calculated as

Ry = —, (2.24)
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40

30 Wy 9

G/(e2/h)
n
(o]

1.0

00
o 2 a 6 8 10 12
(E-Vo) /by

FIGURE 2.6: Transmission and conductance of QPC channel. Reprinted
figure with permission from [32] Copyright 2021 by the American Physical
Society.

where e is the carrier charge, 7. is the carrier density, and B is a planer mag-
netic field.

In the 2DEG, the quantum Hall effect was discovered in 1980 by Klaus
von Klitzing [1]. The quantum Hall effect is independent of the geometry of

samples, and the quantized Hall resistance is precise for integer numbers 7,
nh

2¢2°
Considering the conductance in a 2DEG, the Hamiltonian of an electron
in the x-y two-dimensional plane in the magnetic field is expressed as

H = {W} : (2.25)

By assuming the magnetic field is parallel with the z-direction, we introduce
a vector potential of a magnetic field:

A = (0,Bx,0).

Equation (2.25) is given by

2
p_gc i (py + EBX)
2m 2m

] Y(x,y) = E¥(x,y).

After some algebra, the solution is given by

1 .
IIIn,k(x/]/) = ﬁelkxun(q +qx) = [n,k)

E(nk) = (n+ %) hw, n=20,1,2,---
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where L is the sample length,

un(q) = % Ha(g),

qg=yvmw:/h and gy = yxvmw:/h,

hk e|B
VK= g and aJCEl

and H,(q) is the Hermite polynomial. These levels are called Landau levels.

The conduction in the regime can be explained using the Landauer for-
mula of Eq. (2.7). In the non-equilibrium state, when the longitudinal voltage
drop is V1, = 0 and the Hall voltage eVl = up — g, the net current through
the quantum Hall state is expressed using Eq. (2.5) as

2e
I'=-M (pr — pHRr) - (2.26)

Consequently, the longitudinal and Hall resistance are expressed as

VL VH h
Ry =—=0, Ry=— =75 2.27
P 17T T 2eM 227)
When the Fermi energy exists between two Landau levels, the Hall resis-
tance has plateau, while the longitudinal resistance is zero. When the Zee-

man splitting exists, the Hall resistance is

ho 258128 kQ)

RH:Z__
en n

(2.28)
Hall conductance can be calculated by considering the density of states
[1, 35, 37]. The flux density in a high magnetic field is given by

B

=57 (2.29)

np
We assume that the Zeeman splitting exists. In this case, the localized num-
ber of states, nyp, within each Landau level equals np [see Fig. 2.7 a)]. The
filling factor is defined as
Me

V=t (2.30)

Using the formula of classical Hall effect given in Eq. (2.24),

h
H = e (2.31)
The integer part of [v] equals the Landau level, n. Here, [---] is the floor
function for positive value and the ceiling function for another case.
In the quantum Hall effect regime, the carriers transport through the edge
state. The edge state has the same chemical potential as the potential of a con-
tact. Since the edge state is nondissipative, the abrupt change of the chemical
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potential appears between the contact and the edge state, as shown in Fig.
2.7 b). The spot is called hotspot [38].

a) b) M.

E

Ny

n-1 Ny

DOS MR

FIGURE 2.7: a) Density of states in a high magnetic field. The n-th Lan-
dau levels are completely filled. b) Schematic diagram of edge state and
existence of the hotspot (yellow star) in the quantum Hall effect regime.

24.1 Graphene

We introduce the quantum Hall effect in monolayer graphene according to
Refs. [23, 35, 37]. The Landau level of graphene differs from the levels of
conventional 2DEG. The cyclotron energy in graphene is much higher [19,
39—41] than the energy in conventional 2DEG. We explain the quantum Hall
effect with four-fold degeneracy. At a high magnetic field, the Hamiltonian
Eq. (2.20) at the K point, { = +, is expressed as

_ 0 px +1i(py +eBx)

After some algebra, the eigenenergy is given by

E = sign(n)vgy/2eBh |n]. (2.33)

Here, n is the Landau level index n = 0,%+1,+2,---. The positive Lan-
dau level indexes denotes electron-like Landau levels (n-type regime), and
the negative Landau level indexes denotes hole-like Landau levels (p-type
regime).

The conductance can also be explained using the density of states [35].
The Landau level increases with the step in units of four, 47, due to the four-
fold degeneracy. The half-integer quantum Hall effect appears when n = 0,
where one has perfect electron-hole symmetry. Thus, the electron density 7,

is given by [37]
4eB ( 1)
=—(n+z). (2.34)

2eB
7’13 = n—

h

2¢eB
n_

K h

n 2¢B
K h
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The filling factor is given by
Ne
v=—==24 (n+—>. (2.35)
As a consequence, the conductance is expressed as

2 1\ €2

2.5 Quantum Hall Effect Breakdown

The dissipationless quantum Hall effect state is observed to be broken when
the current, I,4, exceeds a critical value, I, called the quantum Hall effect
breakdown (QHEBD), as shown in Fig. 2.8. Many researchers have reported
the effect [42—46]. The quantum Hall effect is a significant phenomenon in the
International System of Units [47, 48]; the high bias voltage or bias current
is necessary to measure a high resolution of the resistance standard. It is
important to investigate the non-equilibrium state of the quantum Hall effect
regime to understand the quantum Hall regime to realize the high-resolution
standard resistance.

I L | v T T [
AR, /R
O H H —10.4
-k 0.3
e 2
= ] ©
- >
=2 -0.2
-
o € e
~ r £ 1
GCI -
e —0.1
<
~
-4 —0.0
1 . I . ] ; 1
300 350 400 450
ISD (¢77.9)

FIGURE 2.8: Hall resistance reduction due to quantum Hall effect break-
down. Reprinted figure with permission from [43] Copyright 2021 by the
American Physical Society.

Researchers have suggested models that explain the processes of QHEBD.
The two types of theories are famous: the bootstrap electron heating (BSEH)
and the quasi-elastic inter-Landau level scattering (QUILLS). Many experi-
enced researchers have tried to explain the process based on these theories.

The QUILLS model focuses on exciting electrons between inter-Landau
levels [49-51], as shown in Fig. 2.9 a). The model is like the Zener effect in a
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p-n diode, which explains that the excitation carriers exceed the band gap in
high bias voltages. The model is proposed to explain the experimental data
measured by Bliek et al. [52]. At v = 2, the critical electric field is given by
[51]

wxeE.l, ~ hw,, (2.37)

where [, = v/hi/eB and « is a numerical factor ~ 3. This condition can be
rewritten as

E.— B \heB. (2.38)
oam

The characteristic of the model is also that E. or I is proportional to B3/2
because w, = eB/m. Many experimental [46, 50, 52-58] and theoretical [49,
51] studies also support the model.

b)

i Collision

FIGURE 2.9: Schematic representation of a) QUILLS and b) BSEH mod-
els. a) Excitation of electrons is caused by several reasons, such as ther-
mal fluctuation or high bias voltages. b) Small number of non-equilibrium
electrons create electron-hole pairs by collisions. Reprinted figure with
permission from [43] Copyright 2021 by the American Physical Society.

The BSEH model was proposed by Susumu Komiyama and Yasushi Kawaguchi

[59], as shown in Fig.2.9 b). This model is like the avalanche breakdown in
an insulating or p-n diode, which occurs when the accelerated carriers by
electric fields collide with bound electrons and then create free electron-hole
pairs. The model is a macroscopic model that considers the energy gain and
loss of electrons. In the model, the system is thermally fluctuating in the
QHEBD regime because the electrons scatter with the lattice. The critical
electric field, E, is given by [59]

, (2.39)
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where 7, « B~! is a characteristic electron-phonon energy relaxation time.
The characteristic of the model is that E. or I is also proportional to B3/2. The
current is more than an order of magnitude smaller than that given by Eq.
(2.38). Many experimental [45, 60-69] and theoretical [59] studies support
the model.

However, it is also known that the signature of the QHEBD differs de-
pending on the geometrical structure of the samples or the contact lead [70].
In this study, we measure the current noise at the QHEBD regime to under-
stand the transport of electrons, and discuss on the process of the manifesta-
tion of the QHEBD later in Chapter 6.



17

Chapter 3

Current Noise in Mesoscopic
Systems

We now introduce the current noise in mesoscopic systems mainly according
to Ref. [3, 71].

3.1 Definition of Noise

Current fluctuation, called current noise, has significant information, on elec-
tron transport in mesoscopic samples. Numerous researchers have mea-
sured the current noise to investigate physics such as the quantum Hall ef-
fect breakdown [72-74], spin transport [75, 76], non-equilibrium statistical
physics [77], Hanbury-Brown Twiss effect [78, 79], and quantum optics [80,
81].

When a resistor is connected to a voltage source that applies a bias voltage
V, an ammeter shows the electric current I that flows through the resistor, as
shown in Fig. 3.1. The current [ means a time-averaged value (I(t)), deter-
mined by Ohm's law, I = V/R. One can also measure a finite fluctuation
AI(t) = I(t) — (I(t)) # 0 on the current, which is the current noise. The
current noise power spectral density, which is the Fourier transform of AI(t),

Al(w) = ffgz dtAI(t) exp(iwt) for measured time —7/2 < t < 7/2, is ex-

pressed as

S@) = lim 2 |Al(w)?

T—0 T

1 2 T/zd T/zd’AI AI(H w(t—1)). 3.1
= lim — t/ t t t))exp (iw(t—t)). (3.
lim = [ ar [ ar(A1681E)) exp ( ). G
Here, w = 27tf is an angular frequency. The physical unit of S is easily seen
from the definition. The unit of the current, [A] = [C/s], corresponds to the
number of electrons passing through the system for a finite time, while the

unit of the current noise, |A%2/Hz| = |C2/ s] , corresponds to the variance

of the number of electrons passing through the system for the corresponding
time.

Generally, the noise has different information at different frequency regime:
low frequency (hf < kgT,) and high frequency regimes (hf > kgT,), where
h is the Plank constant, f is the frequency, kg is the Boltzmann constant, and
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A Current I
I Current
Noise

. Voltmeter <AIZ>
r@_ Resistance — (Digitizer) m% —
I Current

0

Time t

FIGURE 3.1: Schematic of the noise measurement system. A current I is
measured by the voltmeter (digitizer). The current, (I), has intrinsic noise,

(A1)?%).

T, is the temperature of the electron. This thesis focuses on the current noise
for the low-frequency regime and shows what information we can obtain.

3.1.1 1/f Noise

We introduce the 1/ f noise according to Ref. [82].

The 1/ f noise is the power spectral density appearing in the low-frequency
regime. The 1/ f noise was named because the spectral density depends in-
versely on the frequency.

The power spectral density, S(f), is expressed as S(f) ~ 1/f7, where f
is the frequency and 7y ~ 1 is an experimental parameter. The noise was first
discovered in vacuum tubes [83] and observed in electronic systems [84, 85].
In electronic systems, one of the main properties of noise is usually found at
f < 100 kHz. It is well-known that the 1/ f noise measurement is related to
the properties of individual devices [86].

There are mainly two types of origins for the 1/ f noise [87]; the fluctua-
tion of the carrier density, n., and the fluctuation of the mobility, u, because
the deviation of the current, I « en,u, can be expressed as 61 o e (dn.) 4 +
en, (0pt), where e is the charge of an electron.

The carrier-density-fluctuation mechanism is generated from carrier cap-
ture and emission back of defects of a sample [88]. Because each defects has
different capture times, the 1/ f properties appear. The mobility-fluctuation
mechanism is generated from the varying scattering cross-section of the de-
fects, such as multi-potential and carrier capture and release, etc. [89, 90].
The 1/ f noise from any mechanisms can be expressed using the Hooge pa-
rameter, agy, [91] ;

S XH

2 nf 3.2)
where 5! ~ (61)? is the power spectral density of the fluctuations due to the
current. The 1/ f noise was measured to estimate the purities of the sample,
such as the puddle of the graphene [92, 93] or breakdown mechanism of the
insulator [94].
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3.1.2 Thermal Noise

Thermal fluctuations of the carriers exist at finite temperature. The fluctua-
tion causes the noise.

When the sample is in an equilibrium state, such as zero bias, the aver-
age current, (I(t)), is also zero, while the current noise, ((AI)?), is not zero,
originating from the thermal excitation of the carriers. The noise is referred
to as the thermal noise or Johnson-Nyquist noise [95, 96]. The noise power
spectral density, S/, is given by

ST = 4kpT,G, (3.3)

where G = I/V is the conductance of the sample. Since this noise is inde-
pendent of frequency, it is a white noise. The noise is often used to measure
the temperature of the carriers or to calibrate the noise measurement system.
Details will be discussed in Chapter 4.

3.1.3 Shot Noise

Shot noise is a consequence of charge discreteness. The shot noise appears
when the sample is in the non-equilibrium state.

Here, we consider one particle incident to a barrier that has the transmis-
sion probability 7 and the reflection probability R(= 1 — T) to describe the
shot noise [3]. The incident occupation number is n;, the transmitted occu-
pation number is n7, and the reflected occupation number is nz. When a
sufficiently large number of processes occurs, we can calculate the average
and the variations of these occupation numbers. Let the incident occupation
number, 1, be 1; (n;) = 1. Thus, (n7) = T and (ng) = R. The deviation

from the average occupation number is expressed as <(n]- — <nj>)2>, where
njis the incident, transmitted, and reflected occupation numbers. The mean-

squared fluctuations of the incident numbers will vanish !; (1; — (m))? =
0. The correlation of the transmitted and reflected state will also vanish;
(nnr) = 0. Hence, the correlation of the mean-squared fluctuations of the

!Note that n> = 7 in a Fermi system.
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transmitted and reflected state is given by 2
((mi = (m)?) = ((An7)?) +2(Angang) + ((ng)’),  (3.4)

where Anr gy = nyg) — <”T(R)>- Because (AnyAng) = —TR 3, the
mean-squared of the transmitted and reflected states and their correlation
is given by

<(An7)2> - <(AnR)2> = — (AnrAng) = TR. (3.5)

Based on those relations, the total transmitted current is expressed as
T/2
/ dtI(t) =eng
—T1/2

and on the average current is given by

e(nr) T

T T

(I(£)) =

Because the power spectral density [Eq. (3.1)] of the shot noise is indepen-
dent of the frequency, we consider the zero frequency limit for convenience.
The power spectral density is expressed as

T/2 T/2
. %/_T/Z dt/_T/z dt’ (AI(t)AI(t)) = 25 ((anr)?)
2The step-by-step solution is
0:<(”i_<ni>)2> = <
= < )+
((nr 2> ) (1% — (1))

<< <>>>

= <(An7) > +2(AngAng) + <(AnR)2> .

3The step-by-step solution is

(AntAng) = (nyng — (n7)ng — (ng)ny + (n7) (nr))
= 0—(n7) (nr) — (ng) (n7) + (n7) (nr)

=~ (n7) (ng)
= —-TR.
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In the Poissonian process, 7 is very small, <(An7)2> ~ T [Eq. (3.5)]. Thus,
the shot noise power spectral density is

;22T 26

Sp=——=—(n7) =2e(I(t)).

If the electrons do not transport in the Poissonian process, the shot noise can
be expressed as
S! = 2eF (I(t)),

where Fano factor F = S!/S). The details will be explained in Chapter 3.2.

3.2 Current Noise Based on Landauer Picture

Here, we derive the general formula for the shot noise and the averaged cur-
rent based on the Landauer picture according to Ref. [3].

3.2.1 Scattering Theory

Let the ideal infinite one-dimensional reservoirs (the leads) be connected to
the mesoscopic sample (Fig. 3.2). The Hamiltonian of the left or right lead is

H =Y (e — 1) cick (3.6)
k

where e, = h*k2/2m is the energy of electrons, i is the chemical potential, cof
is the creation operator, and cj is the annihilation operator, respectively. In
the vicinity of the Fermi energy, the linear approximation of Eq. (3.6) is given
by e, — p = hvg (k — kg), where vp = hikp/m is the Fermi velocity, and kg is
the Fermi wavenumber.

Lead L Lead R

x=0

FIGURE 3.2: Schematic of a two-terminal conductor. The sample has one
transverse channel. 4 is the operator for the incident state upon the sam-
ple, and b is the operator for the outgoing state.
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We consider the left lead, L. We introduce creation aL ; and annihilation
ay i operators in the left lead incident to the sample. In ‘the same way, the
creation b{ . and annihilation by ; operators describe electrons in the outgoing
states. In this case, the Hamiltonian is expressed as

Zth (k — k) af rapx + Z —ho) (k + kg) bf by .
Enough far from the sample, the current in the left lead is expressed as

e [ .+ it (x) .
() = g (#1025 - i),

2im

~>

where $f(x) = ¥, <\/Z> exp (ikx) ci is the field operator, ci is ap j at k ~
+kg, ¢ is by at k ~ —kg, and L is the lead length. The current can then be
expressed as

k+ K (K —k)x
Z ckck/e .
-z o 2m

We consider the vicinity of k ~ £kg and at x = 0, corresponding to the junc-
tion position between the lead and the sample. Thus, the current is expressed

as
A A 601:
I=1x=0="3FY (aL AL — b{,kble> (3.7)
k k'

We consider the left, L, and right, R, leads. The index of the lead & means
L and R. The operators 4, y and b, i are related via the scattering matrix S,

()-+(2)
bRk ag k
Here S has the block structure
5 _ StL(k) SWR(k)\ _ (r ¥
T \SRM (k) SRR(k)) T\t 1)’
Here, r and r’ describe electron reflection back to the left and right reser-
voirs, respectively, but t and t’ are responsible for the electron transmission

through the sample. Because the creation and annihilation operators obey
anticommutation relations

[“a,k/ ﬂl’,k’} - [ba,k/ bl/,k’} = Ou/ Ok ks

the scattering matrix S is unitary.
We can express the current from the left lead in Eq. (3.7) in terms of scat-
tering matrix S,

TL = eva Z Z ZaZ,kADﬁﬁ (k, k/) aﬁ,k/, (38)
a=L,R B=L,R kK’
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where .
AL (K K) = dLadip — (™ () S ().

3.2.2 Average Current

The creation and annihilation operators at equilibrium state are expressed as
..l.
<aa/kaﬁ//k/ > = 5,xlﬁ5k,k/f,x (k),

where f, (k) is the Fermi-Dirac distribution function,

1
exp [(ex — pa) /kpTe] + 1

ftx(k) =

The average of the current shown in Eq. (3.8) is

<TL>_evF22A (k, k) fu (K Zh/ dsZA (¢,€) fa (€).

(L71Y) can be changed to [ [ dk/(27)] in wide lead, k is changed to ¢ due
to ey = hog (k — kg), AFL = t|* = T, and ARR = |t'|* = —7, this formula
is expressed as follows:

(h) =5 [ deT ([ (e) — f (o).
In the zero-temperature and the equilibrium state, [f1, (¢) — fr (€)] is one for
0 <& < eV, and otherwise zero. Thus, the current is expressed as
. 2
(I,) = 2TV

and the conductance G is given by

G=-“L=C"T. (3.9)

Equation (3.9) is referred to as the Landauer formula.
Using f1.(e) — fr(e) = f (e —eV) — f(e) ~ (—df/de) eV, the conductance

is expressed as
G df(e)
ﬁ/ds (©) <_T> ' (310

3.2.3 General Expression for Noise
The time evolution expression of the current is expressed as

A i A 1Ht
h

Ip(t) = Le
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We define the correlatlon function, C (t,t'), using the fluctuation of the cur-
rent AfL( ) = IL <IL >

C (1) = <AfL(t)AfL(t’)> = (L(ORL()) — (L) (BL()).
Using Eq. (3.1), the power spectral density S(w) is expressed as

2 rT/2 T/2 . ,
Sw)=lim = [ dr [ drc (b ) et
—7/2 —7/2

T—0 T

This equation can be expressed using At =t —t/

T/2 .
S(w) = hm / (At) @At

T— T —T/Z
— 2/ At) iwAt

where we assume the At is sufficiently large due to the lack of correlation
between the two current at different times. Thus, the white noise, S(w = 0)
is expressed as

5(0) = 2/_0:0 dt ((f (1) I (0)) — (B (1)) (L (0))) . (3.11)

We obtain the expression for the power spectral density using the time evo-
lution of the current, Eq. (3.8),

_ « €UF 2 ap N A B
s = 2 at(F) kk};}ﬁﬁ;ﬁ/% (k, k') AP (k" 1)

X [<a;,kaﬁ’k/azllk//aﬁ/’k///> —_— <allkaﬁ’k/> <al/,k//aﬁ/,k///>:|

X exp <l(8k;l—8k/)t) . (3.12)

Here, for Fermi gas at equilibrium, the expectation value is

<allkaﬁ,k/al,,kuaﬁ/,kw> — <al,kaﬁ,k/> <al,/kuaﬁ/,km>

— <a1,ka/3’,k”’ > <”/3,k’ al,,k,, >

= 5a,ﬁ’5k,k”’5ﬁ,tx’5k’,k”ftx (k) [1 — fﬁ (k)} , (313)

using Wick’s theorem. By Riemann integral in wavenumber k and integrat-
ing with respect to ¢, the white noise power spectral is

S(0) = ;—; /deZﬁAi’ﬁ (¢,€) Af’“ (e€) fu(e) [1— fp(e)]- (3.14)
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For |eV| < kgT, regime,

fle)[1=f(e)] = kpTe(—9f/0e),
ZAi’ﬁ (¢,€) Af’“ (e,e) = 2T (). (3.15)
«,B

Using Eq. (3.10), equation (3.14) is expressed as
5(0) = 4kgT,G. (3.16)

The formula is the Johnson-Nyquist noise [Eq. (3.3)].

For kgT, < |eV| regime can be expressed as fi. (¢) = @ (—e+¢eV) and
fr (¢) = © (—¢). Here, ©(x) is the Heaviside step function. At zero tempera-
ture, the power spectral density in a two-terminal measurement is expressed
as

2
S(0) = %A%R(s,s)AEL(s,s) leV]. (3.17)

We assume that the energy dependence of 7 is very small compared to the
energy scale of the temperature and bias voltage. Since AIRARL = It (1 -
It[*) = T(1—T), the power spectral density is expressed as

2
5(0) = %T(l T [eV] = 2e(I) (1—T). (3.18)
At finite temperature, the formula is expressed as
B eV 2kgT,
S =4kgT.G+2e(I)(1-T) [Coth (ZkBTe v )] . (3.19)

The factor 1 — 7 is the Fano factor in one-dimensional channel. In the multi-
channel, Eq. (3.19) is given by

S = 4kgT,G +2e(I) F [coth (2kBTe> v } , (3.20)
where F is the Fano factor
Zn 7;1(1 - 771)
F = . 3.21
YT (3.21)

Equation (3.20) is the general formation of white noise. In the equilibrium
state, kpT, < |eV/|, the expression is expressed as Eq. (3.16), while the ex-
pression is expressed as Eq. (3.20) in the non-equilibrium state.

For example, we introduce the current noise in the quantum point contact
(QPC). As explained in Section 2.3, the QPC has channels. Since each chan-
nel has each transmission probability 7, we can calculate the Fano factor by
varying the gate voltage (Fig. 3.3). Because the current noise of QPC can be
explained easily, thus it is often used as the test sample. The details will be
explained in Chapter 5.
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FIGURE 3.3: Conductance and current noise of QPC. a) Conductance as a
function of gate voltage. b) Fano factor as a function of conductance. The
black line is the theoretical value Reprinted figure with permission from
[97] Copyright 2021 by the American Physical Society.
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Chapter 4

Current Noise Measurement

In this Chapter, we introduce several noise measurement techniques [98].
How to measure the current noise is technically more complicated than how
to measure the conductance. Here, we show three types of examples of
the noise measurement technique development citing several references [99-
102].

4.1 Background

Usually, the current noise for the mesoscopic sample is measured below 1
K to reduce thermal excitation and maintain coherent transport. The noise
generated from the sample is remarkably small to measure using the general
ammeter. Amplifiers are important to amplify the noise up to the measur-
able quantity. We measure the voltage noise since voltage amplifiers are less
difficult to handle than the current amplifiers to directly measure the current
noise. The fluctuating current noise from the mesoscopic sample, Alj,(f), is
converted to the voltage signal by

AVin(t) = ZALn(t),

where Z is the total impedance of the circuit before the input port of the am-
plifier, and AVi, = Vin(t) — (Vin). Here, (- - - ) is a time-averaged value. The
voltmeter records the amplified voltage noise as the voltage spectral density,
SV(w) = (AV2), via the fast Fourier transformation (FFT).

When extra electronic circuits, such as amplifiers, exist, we cannot avoid
extrinsic noise, 6v, generated from them. If we build the measurement sys-
tem, as shown in Fig. 4.1 a), the amplified voltage signal is expressed with
extrinsic noise as !

AVineas = An (Avout + 5772) = A [Al(AVin + (501) + 57)2] ,

where A is the gain of an amplifier. While the extrinsic noise of “Amplifier
27,60y, is only amplified A, times, vy is amplified A, A; times by “Amplifier
17 and “Amplifier 2”. The extrinsic noise of the signal is mainly affected in
the first-stage amplifier of the system. Figure 4.1 b) shows the typical power
spectrum density of voltage noise AVpeas in a solid red line. As shown in

1We assume that we measure the signal for infinite time.
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Fig. 4.1 b), the noise spectral density can be divided into two regions. The
1/ f noise region is dominant at low frequency (typically below 100 kHz).
The noise is originated from the amplifier, or the mesoscopic sample itself. A
higher frequency region is called the white noise; a frequency-independent
noise is dominant.

The extrinsic noise is added to the intrinsic noise from the sample, as
shown in Fig. 4.1 b) (solid black line). Below, we show how the noise mea-
surement setup changes the noise spectral density. We explain several mea-
surement systems considering only the amplifier in the first stage and extrin-
sic noise from that for convenience.

a)
A{\Qn(t) 8Vl(l‘:) 8V2(t)
~ Voltmeter
. (Digitizer)
Amplifierl |/ ot o
out(£)]  Amplifier2 AV (D)
b)
— _A\/In(t)
E —— AV, (t) with dv(t)
=
g
>
(7))

10 10k 10M
Frequency (Hz)

FIGURE 4.1: a) Amplifiers amplify not only AVi,(¢) but also év; or v,.
A1 A, times amplified dv; is much higher than A, times amplified Jvs.
The noise floor of the system is mainly affected by dv;. b) Typical voltage
spectral density amplified by a noiseless amplifier (red solid line) and that
by a real amplifier (black solid line). This graph is shown in a log-log plot.

4.2 Straightforward Method

The straightforward method to measure noise is the simplest way that we can
think of, although it has defects. We describe this approach and the resulting
typical noise spectral density in Fig. 4.2. A typical power spectrum density is
shown in the right panel of Fig. 4.2. For the high-frequency region, the effect
of the RC low-pass filter comprising Ry, and capacitor (Ceoax) of the coaxial
cables appears as

1

4

AVin (1) ’
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where w is the angular frequency. The low-pass filter decreases the white
noise regime below several 10 kHz when the sample is in the quantum Hall
regime. This method not only avoid extrinsic noise but also decrease mea-
surable bandwidth. Although this system may be proper for measuring the
noise for the low-frequency region, it is often difficult to obtain the white
noise regime.

L AVA(D) ifi — — AV, (t) with sv(t
i A‘\/,j”(t) : !_!\!_._ !!Amgr_ Voltmeter E E —Strai(gfztforward ”
: : Coax.! (Digitizer) NZ E
| | dv(t) s F
: | -
7 ___ I =

— 1 1 1 1 1

10 10k 10M

Frequency (Hz)

FIGURE 4.2: Straightforward setup for the voltage noise measurement
(left), and the expected voltage noise power spectral density (right). The
voltage signal v(t) is amplified through the amplifier and recorded at the
voltmeter (digitizer). Right panel: Typical power spectrum density of the
voltage noise using the straightforward method. The graph is shown in a
log-log plot. The black dashed line is a typical voltage spectrum density
amplified by a real amplifier [Fig. 4.1 b)].

4.3 Cross-correlation Method

To reduce the extrinsic noise, which is one of the problems of “the straightfor-
ward method” in Section 4.2, some researchers implement “the cross-correlation
noise measurement” [103, 104]. As shown in Fig. 4.3, the voltage signal,
AVin(t), amplified at two different amplifiers A and Aj is given by AV} . (t) =
AVin(t) + 6v1(t) and AVE (t) = AVin(t) + 605 (t), respectively. Here, AVi, (t)
is transmitted in two paths, Amplifier 1 and Amplifier 2 lines. Both ampli-
fiers have their own extrinsic noise 6v;(t) (i = 1,2). At the digitizer, we com-
pute the cross-correlated spectral density between the two signals AV],(t)
and AVL ().

The spectral density is given as

V() = (AVa(HAVau(®))
= {[AVin(t) + 001 (8)] [AVin () + 602(8)])
= ([8Vi(D)?)

by taking the cross-correlation. Here, the contributions including the extrin-
sic signals, dv1(t) and év;(t), cancel out after long-time averaging since they
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are uncorrelated. Consequently, we can record the noise spectral density of
only the intrinsic noise, as shown in the right panel of Fig. 4.3. The advan-
tage of the method is that we can obtain only intrinsic noise, which would
be impossible to obtain in “the straightforward method” in Section 4.2. This

method is often used in mesoscopic experiments, for example, Refs. [5, 76,
103].

Fmmmm— = | - _Avin(t)
— —AV,(t) with sv(t)
A%(t) Coax. 3vy(t) N ——Cross-correlation

Voltmeter
(Digitizer)

meas

C

P

’-t

>
(V*/Hz)

ITTTTTTTTTTIAA

[d = [ | %]
7207 ™1 nA/
:Coax' SV,(t) N
"""" 10 10k 10M
Frequency (Hz)

FIGURE 4.3: Cross-correlation method measurement system (left) and the
expected voltage noise power spectral density. Right panel: Typical power
spectrum density of the voltage noise using the method. The graph is
shown in a log-log plot. The red (black) dashed line is a typical voltage
spectrum density amplified by noiseless (real) amplifier, as shown in Fig.
4.1 b). The cross-correlation measurement method can reduce extrinsic
noise.

4.4 LC Circuit Method

It is necessary to avoid the RC low-pass filter effect to measure the white
noise, excluding 1/ f noise, which is another problem of “the straightforward
method” (Sec. 4.2). We use the inductor-capacitor (LC) resonant circuit, as
shown in Fig. 4.4 [12, 99, 100, 102, 105]. Near the LC resonance frequency,
the RLC impedance converts the current noise from the Ry, to the voltage
noise,

1 !
|1Z| = [R_ + (iwLin) ' + szcoaX]
m
R2
_ m s (4.1)
1+ R, (wCeon — )
The resonance peak is given by
1

fo B 2714/ LinCeoax .
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To set the resonance peak, we install the amplifier in the refrigerator.

— —AV;,(t) with dv(t)
——LC method with dv(t)

Amplifier

S |--- Straightf d method
— N gntrorward metno
f - [ Voltmeter E AN
e |A (Digtizen)| & F
: ’ 2 £
dv(t) 8
v E

10 10k 10M
Frequency (Hz)

FIGURE 4.4: Measurement setup for the voltage noise with LC tank to shift
the measurement band region. The noise only at a resonance frequency is
extracted. Right panel: Typical power spectrum density of the voltage
noise using this method. The graph is shown in a log-log plot. The black
dashed line is a typical voltage spectrum density amplified by real ampli-
fier as shown in 4.1 b).

The purpose of the LC tank is to shift the measurement region, where the
influence of the 1/ f noise is absent. However, the disadvantage is that we
measure the noise spectral density only at a resonance frequency; thus, we
cannot obtain the full spectra.

Equation (4.1) expresses the power spectrum density as a function of fre-
quency. Because Eq. (4.1) is the square root of the Lorentzian function, we
can fit the measured noise spectral density to the noise spectrum power, as
shown in Fig. 4.5. The noise power corresponds to the peak of the Lorentzian
function (right panel of Fig. 4.4). To extract the height of the peak, we fit the
Lorentzian function,

Py
1+ (f2 = f2° / (fDfaas)™

where Pp is the background noise, and Afsqp is the full width at half maxi-
mum of the peak.

The resonance peak is slightly distorted from the Lorentzian line shapes
expected for an ideal RLC resonance circuit. This distortion is due to the
parasitic resistance 7 in the RLC tank circuit and the parasitic capacitances in
the high electron mobility transistor (HEMT) used in the cryogenic amplifier.
The details of this will be explained in Chapter 5

P(f) = Ps+

(4.2)

4,5 Noise Model

To extract S' from P, which is the same as S", the noise measurement sys-
tem must be calibrated. An effective circuit of Fig. 4.4 is shown in Fig. 4.6.
The intrinsic current noise, Al (f), and the extrinsic current noise, Ji(t), are
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FIGURE 4.5: Power spectral densities P obtained from noise data acquired
from the quantum point contact on GaAs/AlGaAs heterostructure. The
blue line is the fitting function of Eq. (4.2) over the range 1.7 to 1.85 MHz.
The details will be explained in Chapter 5

converted to the voltage noise. The amplified voltage noise, AVyut(f), is ex-
pressed as

The amplified voltage spectral density, S V(w),is

sV = <AV§ut>

= (A2[(BlLn+6i) Z + 60)%)

_ A2 [(<A1§n> + <5i2>) 72+ <‘5Uz>}

= A% |(Sh+Shwr) 22+ Skar| (4.3)

where Z is RLC impedance, as shown in Eq. (4.1), SI is current noise power
spectral density of the mesoscopic sample, Sk, p is input-referred current
noise power spectral density, and S}, p is input-referred voltage noise power
spectral density of the amplifier. Following the calibration, S4,;p and S¥,;p
are extracted from thermal noise measurements. The details will be dis-
cussed in Chapter 5.

dv(t)

AI.n(t)é + j% Si(t)é

2747

AVout(t)

FIGURE 4.6: Circuit model used for LC circuit methods. The AVyy(t) ex-
traction of the noise of the mesoscopic sample S'.
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Chapter 5

Development of Cryogenic
Amplifier

5.1 Purpose of This Experiment

Over the last 30 years, shot noise in the mesoscopic system has provided
important information on the microscopic scattering properties of quantum
transport [2-4]. The electric current corresponds to the average number of
electrons that pass through the system for a finite time. In the electric cur-
rent, the noise or equivalently fluctuation, is the fluctuation of the number
of electrons passing through the system. The noise measurement is unique
because it gives information that is not available by the conventional conduc-
tance measurement.

So far, researchers have reported many noise experiments. For example,
shot noise measurements in quantum point contact (QPC) [75, 103, 106-111],
diffusive wire [112, 113], quantum dot [114-117], tunnel junctions [118], and
magnetic tunnel junctions [119, 120] have been reported. Shot noise has also
been used to probe many-body physics, such as fractional quantum charge
[6-7], Cooper pair [121], spin-dependent transport in a QPC [108-110], quan-
tum wire [122], Kondo effect [9-11, 123], quantum dots in the sequential tun-
neling [116], and cotunneling [115, 117] regimes.

The noise power spectral density quantifies the noise. As discussed in
Chapter 4 most usually, it is obtained via fast Fourier transformation (FFT) of
the time-domain signal of the current either in an autocorrelation [12, 99, 100,
102, 124] or a cross-correlation measurement [12, 99, 100, 124]. In all cases,
many efforts are required to obtain an accurate noise signal, such as using
an inductor-capacitor (LC) resonant circuit [12, 99, 100, 102], reducing the
extrinsic noise from a cryogenic amplifier [102], and widening the frequency
regime for the averaging [124]. The experimental study of anyonic statistics
at the fractional quantum Hall system using the current noise measurement
is recently reported [14]. The deviation of the noise measurement seems to
be about 0.1 x 1072° A2/Hz. We believe that the high accuracy of the system
would lead to measure much deeper mesoscopic physics.

It is well known by the central limit theorem that N times more data is
required for /N times more accurate signal. Naturally, measuring the noise
for an extensive time to achieve a high signal-to-noise ratio has a practical
limitation. In this sense, improving the high electron mobility transistors
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(HEMTSs) used in the cryogenic amplifiers themselves would be a good strat-
egy. Researchers usually use commercially available HEMTs, such as AV-
AGO ATF-35143 (Avago Technologies, referred to as “ATF HEMT” below),
shown in Fig. 5.1. They are designed for a GHz frequency regime at room
temperature, which could not be optimized for the use in the MHz frequency
regime at low temperature, where most of the mesoscopic noise measure-
ments are performed. We expect that reducing the noise from the HEMT in
cryogenic amplifiers is the key to a highly accurate noise measurement sys-
tem. By using the improved HEMTSs, the accuracy increase on the already
reported amplifiers. There are several types of research on the fabrication of
the homemade HEMT using GaAs/AlGaAs wafers [125-127].

Here, we describe how to improve the cryogenic amplifier with a home-
made HEMT. This Chapter presents the components of a GaAs/AlGaAs wafer
of homemade HEMTs for a cryogenic amplifier designed for higher transcon-
ductance. We measure the intrinsic properties of the HEMT and the proper-
ties of cryogenic amplifiers, which include the HEMT. We demonstrate the
measurement of current noise in a gate defined GaAs/AlGaAs QPC.

L
0.9 mm I &

2’7"77

FIGURE 5.1: Commercial high-electron-mobility transistor (HEMT) (Av-
ago Technologies ATF-35143).

5.2 Principles of the Development

5.2.1 GaAs/AlGaAs Heterostructure as HEMT

Since 1979, Takashi Mimura and Satoshi Hiyamizu have researched GaAs
HEMT (high-electron-mobility transistor) in Fujitsu Laboratories [17, 18]. They
achieved fabricating GaAs/AlGaAs heterostructure, which has a high-speed
performance superior to that of Si MOSFETs. Stable operation of it is the
top priority for radio telescopes and was a significant HEMT strong point at
that time, compared to the parametric amplifiers being used. In mesoscopic
physics, this GaAs/AlGaAs heterostructure is a fascinating playground for
researchers to see various quantum effects. In this thesis, we follow the birth
background of the GaAs/AlGaAs heterostructure as HEMT. We use this as a
HEMT for the current noise measurement system.
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5.2.2 Voltage Amplifier

There are several types of amplifiers. Many researchers have developed de-
signs of amplifiers to reduce the 1/ f noise [102] or to widen bandwidth [124].
In this work, we only focus on the voltage amplifier, as discussed in Chapter
4.

Here, we explain the characteristics of a common source circuit with fixed
bias “CS1”, as shown in Fig. 5.2 a), with a gate supply voltage V; and a
drain one Vpp. The 330 k() resistor and the 100 nF capacitor connected to the
HEMT gate form an RC filter that attenuates high-frequency extrinsic noise
from the gate supply. For a set of V; and Vpp, the gain

MVout( Ve, Vi
Acsi (V, Vop) = OUt(a‘}g 22) (5.1)
g
is given by!
Rp
Acst = —9m——— = —¢mZouts 5.2
Cs1 g 1+ Rngs ImLout 5.2)
where 5 ( )
Ich Vg/Vds
gm (Vg, V) = ———7, (5.3)
mATE T IV,
and 3l (Vi Vi)
h s Vd
8as (Vg Vas) = — =4 avi = (5.4)
S
This leads to oL (Vv
Acs1 = —Rp en (Ve DD). (5.5)

Here, gm is the transconductance, g4 is the drain conductance, Rp is the load
resistance,

Zow = — b (5.6)

out — 1 ¥ Rngs .

is the output impedance of the amplifier, V3s = Vpp — Rply, is the voltage
between the drain and source of the HEMT, and I, (Vg, Vds) is the current
flowing in the HEMT channel. The other common source circuit with self-
bias “CS2”, is shown in Fig. 5.2 b). It has the advantage that we do not have
to apply V; because the effective V; is applied to the HEMT due to the Rs.

We will use a CS2-type amplifier in a real noise measurement system.

1Because Vys = Vbp — Rp Ly, ‘ZLVd; = —Rp ‘g}g. Note that this %}2 # gm. The Al is given

d, dv,
by Alh = gmAVg — gasAVys, thus d‘;'g‘ = gm — Qds dvt' Therefore,

dVas C dV
A= dVds o —Rng

~ dVy 1+ Rpgas
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FIGURE 5.2: a) Schematic diagram of the common-source circuit with fixed

bias “CS1”. b) Schematic diagram of the common-source circuit with self-
bias “CS2”.

The signal-to-noise ratio in the first amplification step, namely, the cryo-
genic part in Fig. 4.4, governs the resolution of the measurement system as
described in Chap. 4. While the cryogenic amplifier converts S. to S/ =
(AV2) in conjunction with the LC tank circuit, it also generates extrinsic
noise, which interferes with Siln. With this extrinsic noise included, the re-
lation between S! and SY . can be described by Eq. (4.3). When the gate
leakage current of the HEMT is negligible, both Sl ,r and Syjpyr originate
exclusively from the current noise Sih = <AIC2h> in the HEMT channel gener-
ated by the finite source-drain voltage [128].

At cryogenic temperature, S gh is given by [125]

Sen = Sen1/ Fr Sehshot (5.7)

where SI | /f and S, , . are the power spectral densities of the 1/f noise

and the shot noise generated in the HEMT channel, respectively. It is em-
pirically known that S | /¢ Increases in proportion to I3 and decreases in

inverse proportion to the total number of charge carriers [129]. On the other

hand, S!, . is proportional to I, as

Sih—shot = 2elnF, (5.8)

where F is the so-called Fano factor (0 < F < 1).
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The gain, |Acsi| « 01, /9Vy, monotonically increases with P = Vppla,
because

P = Vppln (Vop, Vg)

1
= 13 (Vop, Vg) (RD + —>

8ds
= 13 (Vob, Vg) | Rp + S
c J 3 (Vi Vias)
dVys

g

o 13,(Vop, Vg) (5.9)
Therefore,
oL, (Vpp, V.

Ao enlVoD, Ve) s (5.10)

V . . .
Stipmt decreases in inverse proportion to \/ﬁ, because

I p2 I 2
Sgut — SChRD ~ Sch—shotRD
2 2 = 2
|Adc| |Adc| |Adc|
2el,FR VP
XX =

1
5 .
( Rp 3l (Voo Vg) ) p VP

|4
5 HEMT

(5.11)

W,

5.2.3 Measurement Setup

We install a cryogenic CS amplifier in a standard measurement setup com-
prising an inductor-capacitor (LC) tank circuit [12, 101, 102]. Figure 5.3 a)
shows a block diagram of our setup installed in a dilution refrigerator, and
Fig. 5.3 b) illustrates a circuit model of the cryogenic assembly. A bias volt-
age Vpias is applied to generate a current I, flowing into a mesoscopic device
(resistance Ry,) at mixing-chamber (MC) temperature. The transmitted cur-
rent [, flows down to the cold ground through L;i, = 33 puH placed on the
MC plate. Note that, even if I, is noiseless, the current flowing through the
device may reflect the discrete nature of electron charge, leading to the fluc-
tuation Alj, in Ijy. The inductor forms the LC tank circuit with capacitance
Cin, mainly composed of the parasitic capacitance C.yax1 0f the coaxial cable.
Near the LC resonance frequency, Al;, yields voltage noise AVi, = Z; x Aljy,

where .

Zy= |+ (iwLin +7) "' +iwCip (5.12)

Rm
is the parallel impedance of the mesoscopic device and the tank circuit. Here,
r is the total parasitic resistance of the inductor and the coaxial cable. The
voltage noise is amplified to AV, by the cryogenic amplifier and again
amplified to AVpyeas by a commercial amplifier (NF Corporation SA-220F5,
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FIGURE 5.3: a) Schematic diagram of the noise-measurement setup using
an LC tank circuit. Mesoscopic device and amplifiers are connected via
CuNi coaxial cables, Coax. 1 and Coax. 2 with parasitic capacitances C.oax1
and Cgoax2, respectively. A cryogenic amplifier is placed on 4 K stage of the
dilution refrigerator. b) Electronic circuit model of the cryogenic assembly.

46 dB) at room temperature. The measurement is completed by recording
AVieas using a digitizer (National Instruments PXI-5922) that provides a
high-speed voltmeter. We analyze the time-domain data using FFT technique
to evaluate S| = (AI2) from the FFT spectrum S}, s = (AVZeas)-

In this Chapter, we focus on Johnson and shot noise in the low-frequency
white-noise region (f < kgT,/h and eV}i,5/h, where e is the elementary
charge, h is the Planck constant, kg is the Boltzmann constant, and T, is elec-
tron temperature). However, at very low frequencies (typically below 100
kHz), these noises are buried in the 1/ f noise generated in the mesoscopic
sample or the cryogenic HEMT amplifier or both. To avoid the 1/ f noise,

we designed the LC resonance frequency f, = (2711/LinCin) ! to be near 1.8
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MHz, where the 1/ f noise is expected to be small, by choosing L;, = 33 uH
and Cip ~ Ceoax1 =~ 240 pE.

5.3 Results and Discussions

5.3.1 HEMT

In principle, S}jpyr can be suppressed by increasing gm = Al /AV, while
keeping S!, low. For this purpose, we fabricate HEMTs using a GaAs/AlGaAs
heterostructure and gate patterns that are designed to be suitable for high
gm. Transport properties of the homemade HEMTs are measured at tem-
peratures below 4.2 K, where these HEMTs show no significant temperature
dependence. We note that the major features of the transport properties are
unchanged after several cooldowns.

Design

Figure 5.4 shows a schematic of the HEMT fabricated from a GaAs/ Al 33Gag 67As
heterostructure grown by molecular beam epitaxy on a semi-insulating GaAs
substrate. The heterostructure is modulation-doped with silicon at two

Gate metal
Ti/Au: 40 nm

Source Drain

(GaASIOIn ]
15 R
Si-8
10 Am Sios
A|0.33@a0_6.7AS m m
e ————— 2DEG

/s 500 M

————

SHAGaASISUbstrate

FIGURE 5.4: Schematic of the HEMT structure fabricated in 2DEG in
GaAs/AlGaAs heterostructure.

planes (doping level of 6 x 10'> cm~2 for each). The two-dimensional elec-
tron gas (2DEG) located 55 nm below the surface has electron density n, =
4.0 x 10" em~2 and mobility # = 3.2 x 10° cm?V~!s~! at 4.2 K. The shal-
low depth and the high electron density of the 2DEG are advantageous for
increasing gm.
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Our HEMT was patterned using photolithography for fabricating mesa
structures, ohmic contacts of Au-Ge-Ni alloys, and a gate electrode of 10-nm-
thick titanium and 30-nm-thick gold.

For a given GaAs/AlGaAs heterostructure, the HEMT characteristics are
determined by the geometry of the gated region: the gate length L and the
channel width W. For examining g, and the noise characteristics depending
on L and W, we fabricated five sorts of HEMTs having different sets (W; L)
on the same wafer. Four of them have (W; L) = (1 mm; 2, 4, 16, or 64 um),
and the other has (3 mm; 4 ym) [see Fig. 5.5 for an example].

Gate length ate

A
\/

1000 pm

FIGURE 5.5: False-color optical micrograph of a (W; L) = (1 mm; 16um)
HEMT. The meander structure of source and drain electrodes is for sup-
pressing the ohmic contact resistances.

Characteristic of High Electron Mobility Transistors

Figure 5.6 a) presents Vg-I, traces of four HEMTs with different L and ATF
HEMT measured at V3, = 0.27 V below 1 K. For a shorter L, a more nega-
tive V; is necessary to pinch off the channel. Concomitantly, the slope of the
traces becomes steeper for a shorter L, resulting in a higher ¢n. The gm of
ATF HEMT is much smaller than the ¢, of homemade HEMT. Figure 5.6 b)
displays the V; dependence of g of HEMTs obtained by numerically differ-
entiating I, with respect to V. While the 4-ym HEMT shows a single gentle
peak of height g, ~ 80 mS, the 2-ym one shows a double peak reflecting the
irregular structure in the pinch-off trace [indicated by the vertical arrow in
Fig. 5.6 a)]. The peak height of g, is about 25 mS. The double-peak structure
is sensitive to a slight change in Vj,, causing instability of the HEMT. Simi-
lar irregular features are observed in several 2-ym HEMTs, while the details
differ from HEMT to HEMT. We consider that the irregularities originated
from unintentional tunneling through impurities or defects in the gated re-
gion. Note that a higher V45 sometimes induces similar irregularities even
in the HEMTs with longer L. However, the typical V44 value, where such ir-
regularity appears in a longer L HEMT, is much higher than that of a 2-ym
HEMT. Thus, we conclude that a 4-ym HEMT is best suited for the present
study because of its high stability and high ¢m.
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FIGURE 5.6: a) Vg dependence of I, of four HEMTs with different L, and
ATF HEMT at Vg3 = 0.27 V. b) V; dependence of gn, of five HEMTs with
L =2,4,16, and 64 ym of homemade HEMTs and ATF HEMT.

Figure 5.7 a) presents the pinch-off characteristics of the (3 mm; 4 ym) and
(1 mm; 4 um) HEMTs measured at Vg, = 0.5 V at 4.2 K 2. Since the pinch-off
characteristics of ATF HEMT at V33 = 0.5V are unstable, it is not shown.
While the pinch-off voltages are similar, the 3-mm HEMT shows more than
twice as steep I, as the 1-mm one at —0.25V < Vg < —0.18 V. In the gn-V;
plot shown in Fig. 5.7 b), gm of the 3-mm HEMT at V; = —0.19 V reaches
~260 mS, which is about 2.5 times as large as that of the 1-mm one.

Figures 5.8 shows the Vg5 dependence of Iy, of the (3 mm; 4 ym) and (1
mm; 4 ym) HEMTs measured at several Vg values between —0.20 and —0.26

2The saturation of Iy, near 20 mA for W = 3 mm HEMT is due to parasitic resistance
of about 25 ), which is the sum of the ohmic contact resistance and the wiring resistance.
We do not observe such saturation for the W = 1 mm HEMT over the measured Vy range
because of its smaller contact resistance and the resultant smaller total parasitic resistance
(about 20 Q).
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FIGURE 5.7: a) V dependence of [ of two HEMTs with W = 3 mm and
W =1mm at V4s = 0.5V. b) gm corresponding to the case shown in a).
Since the characteristics of ATF HEMT is unstable, it is not shown.
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V. The drain conductance at a given set of (Vg, Vys) can be evaluated by dif-
ferentiating I, with respect to Vy,; for example, at (Vg, Vgs) = (—0.25V, 0.5
V), we find g4s ~ 0.52 mS for the W = 3 mm HEMT and 0.24 mS for the
W = 1 mm one.

a) 12
(W,L)=(3mm, 4um)
<
£
0 1 L L
b) 12
(W,L)=(1mm, 4um)
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—_~ 8 B
<
E 6
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0 t t |
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FIGURE 5.8: a) Vgs-Io, traces of (W; L) = (3 mm; 4 ym) HEMT measured at
several Vg values from —0.20 V (red) to —0.26 V (purple) in 0.01 V steps.
b) Vgs-Ia traces of (W; L) = (1 mm; 4 ym) HEMT in the same range of V.

5.3.2 Voltage Amplifier
Design

To reduce the extrinsic noise, several RC filters are embedded in “CS1”. Fig-
ure 5.9 shows an equivalent circuit and values for passive components to
reduce the extrinsic noise and to stabilize the temperature of the amplifier.
R placed in the mixing chamber (M/C) is used to investigate the property
as the amplifier. To test the amplifier with ATF-35143, we use the 1 k() resis-
tor as Rm. For the amplifier with the homemade HEMT, the QPC device is
used as Ry,.

C; is used to block the dc current to the sample. The low-pass filters are
designed with Ry (= 470 kQ)) and C, (= 110 nF), whose cut-off frequency f.
is set to ~3 Hz, R, = 100 k() is set to reduce extrinsic noise. The components
of Rp (= 500 Q) and C3 (= 110 nF), which have f. ~ 3 kHz, are inserted
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FIGURE 5.9: Circuit diagram of “CS1” with several RC filters.

to suppress the extrinsic noise from the outside. R3 (=10 Q) is embedded to
protect the HEMT from accidental high voltage damage. R4 (= 10 kQ}) is em-
bedded to discharge the dc voltage between the capacitors at the end of the
cryogenic amplifier, C4, and the room temperature amplifier. Cy is inserted
to block the dc current, VEIEMT /Rpy, toward the room temperature amplifier,
and Cs phenomenologically represents a parasitic capacitance between the
amplifiers. The combined Cs and Z{IEMT reduce the AC signal from the de-
vice. The voltage amplifier is placed at the 4 K station, whose temperature
is stable separately from the M/C temperature. The four parallel resistors
(R5 = 3.3 k() x 4) are connected to the electrical ground of the amplifier to

anchor the temperature of the amplifier in four kelvin.

DC Transport Properties

The voltage amplifier is fabricated and evaluated using several HEMTs. Fig-
ure 5.10 a) represents the current and g, when Rp (=500 () is installed as a
test at VEIEMT = 1.0 V in 4 K station.

Figure 5.10 a) shows the V; dependence of I, and Fig. 5.10 b) shows Vg
dependence of |A| at Vpp = 1.0 V, while ATF HEMT circuits were measured
at Vpp = 0.4 V 3. When Vg is decreased from 0 V, we observe I, ~ Vpp/Rp
down to a threshold Ve value [e.g., —0.24 V for the (3 mm; 4 ym) HEMT],
where the resistance of the HEMT channel becomes comparable to Rp. When
Vg is further decreased, I, decreases to zero, showing a finite |A| along the
way. Here, we choose the | A| peak as the operating point. For example, the

3The commercial HEMT becomes unstable above Vpp = 0.4 V.
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operating point of the (3 mm; 4 ym) HEMT is set at V; = —0.26 V, where
|A| ~32,at Vpp = 1.0 V.

The measured | A| is summarized in Fig. 5.11, as a function of power con-
sumption P. The (3 mm; 4 yum) HEMT shows the highest |A| over the entire
range of P 4. Figure 5.11 represents the gain (=Rp X gm) following the power

a) 2.5
— GaAs W= 3 mm
2.0 |=—GaAs W=1 mm
—_— ATF
< 1.5
£
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0.0 ! .
b) 40
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FIGURE 5.10: a) Characteristic of the current and gm on the gate voltage
of the HEMT with 1 mm and 3 mm of the gate width when Rp = 500 (2
at Vpp = 1.0V. b)|Acsi| of (1 mm;4 yum) HEMT circuits. The operat-
ing point of the ATF HEMT is much higher than that of the homemade
HEMTs, and the gain is much smaller than that of the homemade HEMTs.

consumption of the voltage amplifiers. The gain, |A| « dl,/0Vy, monoton-

ically increases with P, reflecting the /P dependence of I, as described in
Eq. (5.9). The amplifiers should be operated at a lower power than the cool-
ing power (about 1 mW) of the 4 K station of the dilution refrigerator, so the
power consumption of the amplifier has to be considered. The HEMT with 3
mm of gate length at the same power consumption has the highest gain and
HEMT with 1 mm of the gate width has the second highest gain. When the
homemade HEMT is used, the amplifier has a higher gain than the ampli-
tier with the ATF HEMT. At the higher power consumption of the amplifier
with the commercial HEMTs than 200 uW, the gain could not be determined

“We restricted the measurement up to P ~ 1 mW to avoid the temperature rise of the 4 K
stage.
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due to the unstable characteristics. The amplifier with the homemade HEMT
has stable gain at the higher power consumption than the amplifier with the
commercial one. Thus, the amplifier with the homemade one can have higher
gain than the amplifier with the commercial one.
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FIGURE 5.11: Gain |Acg;| of the three CS1 circuits plotted as a function of
p.

Noise Characteristics

We measured the noise characteristics of the (3 mm; 4 ym) and (1 mm; 4 ym)
HEMTs as well as the ATF HEMT in the CS1 circuit shown in Fig. 5.2 a) at
4.2 K. We chose Rp = 500 (), where Zyut >~ Rp = 500 Q). In this case, Sih and

1%
StipMT €an be evaluated as

sy sy
Sk, = —out ~ —out (5.13)
| Zout| Rp
1% Seut
SHEMT = ’A?Tg (5.14)

Before examining the noise characteristics, we measured the dc transport
properties of the CS1 circuits to choose the operating point.

Figures 5.12 a) and 5.12 b) show the Sgh and SYpyr Spectra at the op-
erating points estimated from the measured SY,, spectra using Egs. (5.13)
and (5.14), respectively. In these plots, the RC damping at the output due to
Zout = Rp = 500 Q) and Cgoax2 = 75 pF [see Fig. 5.3 a)] has been numerically
compensated. Note that the data for the GaAs HEMTs were obtained at Vpp
=1V, while those for the ATF were at 0.4 V. At low frequencies, where the
1/ f noise governs the noise characteristics, S éh of the GaAs HEMTs are much
larger than that of the ATF HEMT, mainly because Vpp is larger in the former.
Meanwhile, near the noise-measurement frequency of f, ~ 1.8 MHz (see Sec.
5.2.3), where the shot-noise contribution becomes dominant, S (I:h of the three
HEMTs are comparable with each other. The low-noise performance of the
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FIGURE 5.12: a) SﬁEMT and b) SXIEMT of the three CS1 circuits.

GaAs HEMTs manifests itself in the SYpyr spectra; the higher gains of the
GaAs HEMT: result in the lower SYpyr [see Figs. 5.10 and Eq. (5.14)]. Actu-
ally, SI‘QEMT of the (3 mm; 4 ym) HEMT circuit with the highest gain among
the three is the lowest over the entire range of the frequency. We note that
near f, ~ 1.8 MHz, it is about one order of magnitude lower than that of the
ATF one [Fig. 5.12 b)].

The measured S}y is summarized in Fig. 5.13, as a function of power
consumption P. The (3 mm; 4 ym) HEMT shows the lowest S}y Over the
entire range of P, and therefore it is the best suited for the present purpose
[see Fig. 5.11].

Determination of Rp

Here, we discuss CS amplifiers based on the (3 mm; 4 ym) HEMT, which has
the highest |A| and the lowest SYjg\r- The load resistance Rp determines
|A|, as seen in Egs. (5.2) and (5.5). In Fig. 5.14, the red circles show the
measured |A| for several Rp values at P ~ 1 mW at 4.2 K. The gain increases
monotonically with Rp, following the curve simulated using Eq. (5.2) with
gm = 87 mS and g4s = 0.67 mS. The tiny deviations of the experimental data
from the simulation are due to the changes in g, and g4s caused by the shift
of the operating point depending on Rp.
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FIGURE 5.14: Gain |A| as a function of Rp at P ~1 mW. The blue line is a
simulated curve using Eq. (5.2).

The black (red) trace in Fig. 5.15 a) shows the representative SYjp\p Spec-
trum for Rp = 2 k() with (without) the numerical compensation for the RC
damping at the output of CS1. Figure 5.15 b) shows those for Rp = 200 Q).
The effect of the RC damping in the Rp = 200 () circuit is much smaller than
that in the Rp = 2 k() circuit, because Zyyt, forming an RC filter with Coax2
[see Fig. 5.3 a)], monotonically decreases with Rp. Figure 5.15 b) indicates
that below Rp = 200 (), the damping effect can be neglected at the noise-
measurement frequency of f; ~1.8 MHz.

Figure 5.16 shows the Rp dependence of Sy at 1.8 MHz. The Syt
value is minimal near Rp = 200 Q). Because of the negligible RC damping

and the low S{jpy\,p, We chose Rp =200 Q for our cryogenic amplifier °.

SAt higher Rp the operating point becomes close to the pinch-off, leading to lower gm.
This increases S}y for a given S!, because SYipym ~ S, /8%
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Self-Biasing

Unlike the CS1 circuit, the cryogenic amplifier in Fig. 5.3 b) has the self-
biasing resistor Rg and the shunt capacitor Cs. We examined the self-biasing
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using another common-source circuit “CS2” shown in Fig. 5.2 b). At MHz
frequencies, Cs= 100 nF dominates over Rg to ground the HEMT source, en-
abling us to obtain high ac gain |Acsz| = Vout/ Vext while simplifying the
cryogenic assembly by removing the wiring for V; [see Fig. 5.2 a)]. We chose
Rs =165 Q) and applied Vpp = 0.883 V to set the circuit near the operating
point, where P ~ 1.3 mW. Figure 5.17 a) shows an |Acs;| spectrum obtained
by sweeping the frequency of the external ac voltage of Vexy = 1 mV RMS
and measuring the ac output. Thanks to Cs, | Acsy| increases with frequency
to saturate at |Acsp| =~ 15.6 above a few hundred kHz, which is comparable
to the gain of the CS1 circuit |Acsi| =~ 18 (see Fig. 5.14). When the frequency
is increased above 2 MHz, |Acsy| decreases because of the RC damping at
the output of the amplifier.

Figure 5.17 b) shows that near 1.8 MHz, SIXQEMT of CS2 (~ 1.53 x 1020 A /Hz)
is slightly larger than that of CS1, probably because of the misalignment of
the operating point. However, it still remains much smaller than that of the
ATF one [see Figs. 5.12 b) and 5.13].
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FIGURE 5.17: a) Measured |Acsy| spectrum. b) Comparison of Sy be-
tween CS1 and CS2. The S} peak near f = 900 kHz is an artifact
originating from the noise in the power supply.
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5.3.3 Current Noise Measurement in Quantum Point Contact

Here, we demonstrate current-noise measurements performed on a QPC us-
ing the system shown in Fig. 5.3 a). The cryogenic amplifier with Rp= 200 ()
and Rg= 165 () was activated by applying Vpp = 0.883 V, the same as the CS2
circuit presented in Fig. 5.2. While the amplifier shows a slight change in its
gain in different cooldowns, it can be used after appropriate calibration, as
described in this section. The results are compared with those of the ATF-
HEMT amplifier, which has the same Rp and Rg values and is activated by
Vpp = 1.9 V. The measurements were performed at 30 mK and zero magnetic
tield.

Measurement Setup

Figure 5.18 shows a schematic of the measurement setup. The QPC, fabri-
cated in a 2DEG with an electron density 7, = 1.5 x 10! cm~2 and a mobil-
ity 6.6 X 10° em?V~1s71in a GaAs/ Al 33Gag ¢7As heterostructure, is formed
by applying a gate bias Vsg. We measured the dc transport properties using
a standard lock-in technique by applying an ac modulation of V}j,s= 10 uV
RMS (33 Hz) and measuring the current I,.

QPC GaAs HEMT SA-220F5

I, _l S
U » “meas
]
| @ () 1
I Vbias > Smeas

m_ Vse ATF-35143 SA-220F5

FIGURE 5.18: Schematic of noise-measurement setup for a QPC.

The current noise was measured through the two measurement lines con-
nected to a single output of the QPC: one comprising the GaAs-HEMT am-
plifier “GaAs line” and the other the ATF-HEMT amplifier “ATF line”. We
measured time-domain AVeas data for T,y = 50 seconds at a sampling rate
of 10 MS/s and evaluated Smeas spectra near 1.8 MHz. Figure 5.19 a) shows
representative results obtained at Vsg = —0.88 V, where the QPC resistance
is Rm = 21.5 k). The resonance-peak height at f, = 1.794 MHz of the GaAs
line is much higher than that of the ATF line, while the background of the
former is lower than the latter. This observation suggests that the GaAs line
has a better resolution than the ATF line.

The resonance line shapes are slightly distorted from the Lorentzian line
shapes expected for an ideal RLC resonance circuit. This distortion is due to
the parasitic resistance r in the RLC tank circuit and the parasitic capacitances
in the HEMT.
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Calibration

At Vpias= 0V, the Johnson noise dominates over the other noises in the QPC,
leading to S! ~ 4kpT.Re(Y;), where Re(Y7) is the real part of the admit-
tance Y1 = Z; 1[96]. Here, we calibrate the measurement system from the
resonance peak height of the Johnson-noise spectra. The SY ... peak height is
described as

Sheas = Akr [A(fo) HZ%‘ (Siln + SII{EMT> + SPVIEMT} , (5.15)

where Agt (= 400) is the gain of the room-temperature amplifier [SA-220F5
in Fig. 5.3 a)] and |A(f,)| is that of the cryogenic amplifier at f = f, [see
Eq. (4.3)]. With increasing Rm, |Z1| and hence the peak height monoton-
ically increases, as shown in Fig. 5.19 b). The open (filled) circles in Fig.
5.20 summarizes the Ry, dependence of the S ... peak value estimated at
30 kHz bandwidths near f = f, measured through the GaAs (ATF) line,
and the blue solid (black dashed) curve is the simulation using Eq. (5.15).
Table 5.1 summarizes the parameters used for the simulations, |A(f,)|, Te,
SII{EMT, and S‘}/IEMT 6. Here, we note two important findings that justify the
simulations. First, the data for both GaAs and ATF lines agree well with the
calculated curves using the same T, and Sk, .y values over the three orders
of Rm. Second, |A(fo)| and Sfig\r of both amplifiers are comparable to the
results obtained in Sec. 5.3.2.

| AU T | Stpwr | Sk |
GaAs | 149 |80mK| 264 | 0.96
ATF | 535 |S0mK| 264 | 178

TABLE 5.1: Parameters of the fit curves in Fig. 5.20. The units of SﬁEMT
and SI‘QEMT are 10727 A%2/Hz and 1020 V2 /Hz , respectively.

Shot-noise Measurement

We measured the Wi, dependence of Speas from the GaAs line and evaluated
S! using the parameters shown in Table 5.1. Figure 5.21 a) shows the linear
conductance G of the QPC in a unit of Gy = 2¢%/h as a function of Vg [ohmic
contact resistance (~ 2 k()) is subtracted]. The current-noise measurements
were performed at G/ Go= 1.5, 1, 0.65, and 0, indicated by the markers super-
imposed on the trace. Figure 5.21 b) shows the 14,;,; dependence of the bias-
induced excess noise Séias = S (Vpias) — SL.(0). We observed the increase in

6In this simulation, we first examined fits to the data for the GaAs line with several sets
of |A(f,)| and T, values to obtain r, S\, and Sy as fit parameters, while Gy, = 238 pF
and Li, = 33 yuH are fixed to give f, = 1.794 MHz. Then, we examined fits to the data for the
ATF line with the fixed values of T, r, and SﬁEMT obtained from the former fit. Using this
procedure, we found that only the parameters presented in Tab. 5.1 and r = 14.7 () explain
our experimental data consistently within the error of approximately 4 %.
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FIGURE 5.20: Rpy, dependence of peak heights for the GaAs line (open
circles) and ATF line (filled circles). The blue solid and black dashed lines
show fitted curves.

Sl. . with |V at G/ Go= 1.5 (filled circles) and 0.65 (filled squares), while it
remains zero independent of | Vy;as] at G/ Gp= 1 (open diamonds) and 0 (open
triangles), being consistent with theory [3] and the previous experiments [97,
102, 103, 105, 106, 109, 124]. We compared the Séias data at G/Gp= 1.5 and
0.65 with theoretical shot noise:

Vbias e Vbias 2kB Te
=2 F th — 1
Sshot = 26 =Fjcoth { 52 7 ) — u |/ (5.16)

where F =Y, ; [Tno(1 = Tuo)] / Yo Tne is the Fano factor. Here, 7, » is the
transmission probability of spin ¢ =7 or | electrons in the n-th subband in
the QPC; in the present spin-degenerate case, we can assume 7,4+ = T, |.
The theoretical curve calculated by substituting 7; , = 1 and 75, = 0.5 (77
= 0.65 and 73, = 0) to Eq. (5.16), shown in blue in the figure, agrees well
with the experimental result at G/Gg = 1.5 (0.65) 7.

5.3.4 Resolution of the Noise Measurement

The resolution of the current-noise measurement is evaluated as the standard
deviation of measured Siln [12]. We repeated the Smeas measurement about
two-hundred times on the QPC set at the first conductance plateau (R, >~ 16

"The slight difference between the experimental data and the theoretical curve at G/Gg =
0.65 might be caused by the nonlinear bias dependence of the QPC conductance.
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FIGURE 5.21: a) Conductance behavior of the QPC as a function of V.
(b) Vpias dependence of S{)ias measured at G/ Gy = 1.5 (filled circles), 1
(open diamonds), 0.65 (filled squares), and 0 (open triangles). The blue
solid curves are simulations using Eq. (5.16).

k), including the Ohmic contact resistance) at V5= 0 V and estimated Siln
at f = f, for these measurements. The upper panel in Fig. 5.22 a) [5.22 b)]
shows the deviation AS. = SI — (Sl ), where (S! ) is the average of the S!,
values, measured from the GaAs (ATF) lines. The lower panel is the result of
the histogram analysis. The Gaussian fit for the histogram data shows that
the standard deviation ogaas (Catp) Of the GaAs (ATF) line is 0.52 x 10~%°
A?/Hz (0.83 x 10~ A2?/Hz). From the comparison between them, we found
that the GaAs-HEMT amplifier has about 1.6 times better resolution than the
ATF-HEMT amplifier. Notably, in the present experimental setup shown in
Fig. 5.18, the GaAs and ATF lines share SﬁIEMT so that the lower ogaas i
only due to the lower S{p\r of the GaAs line. If the ATF line is removed
to reduce Sl . the GaAs line may show even better resolution than the
present result.

It is instructive to compare our results with those in the previous study.
Reference [12] reports S = 2.8 x 1072 A?/Hz with Ty, = 10 seconds for a
cross-correlation measurement using ATF-HEMT amplifiers. If we perform
a similar measurement using our GaAs-HEMT amplifiers, the standard de-
viation, or the resolution is expected to be 6SL. = 0.82 x 1072’ A?/Hz: the
shorter 7, increases ¢ SiIn by a factor of /5, while the cross-correlation tech-

nique decreases it by v/2. Thus, the resolution of our setup is below one-third
of that reported in Ref. [12]. If we define the measurement efficiency by the
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FIGURE 5.22: a) and b) (Upper panels) AS! data for the same measure-
ments repeated 205 times (Rm ~ 15 k(); Tiny = 50 seconds). (Lower
panels) Histogram analysis. Solid lines show Gaussian fits. a) GaAs
HEMT line shows 0gaas = 0.52 x 10~2 A2 /Hz, while b) ATF HEMT shows
oatr = 0.83 x 1072°A% /Hz.

inverse of Ty, which is the data integration time required to reach a certain
value of §S!, the efficiency of our system is more than (1/3) ~2 = 9 times as
high efficiency as the previous one.

5.3.5 Current Noise Measurement in Quantum Hall Regime

We also tested current-noise measurements to show that our homemade am-
plifier can amplify the current noise signal for higher power consumption,
P ~ 10 mW. Here, we use the (1 mm; 4 ym) HEMT. The QPC device for
another experiment was used to test the cryogenic amplifier with the home-
made HEMT. The details of the noise measurement are given below.

Measurement Setup

The QPC is defined on the surface of a GaAs/Aly33Gagg7As heterostructure
grown by MBE. The 2DEG has a density of 1.5 x 10em—2 and mobility of
6.6 x 10° cm?/V s.

Figure 5.23 shows a schematic diagram of the QPC device placed in the
MC and the noise measurement circuit. The QPC is defined by the two metal-

lic gate electrodes, where the same gate voltage, VS%P <, is applied. In this
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measurement, the QPC is set in the quantum Hall regime, the bulk filling fac-
tor is set to be v, = 4 by adjusting the back gate voltage, —0.3 V, applying
the magnetic field, —1.3 T, perpendicularly to the 2DEG. An additional gate
electrode is prepared on the 2DEG (see the right-bottom corner of the 2DEG
in Fig. 5.23 a). Vg?P is applied to this electrode to control the conductance of
the edge transport, which goes to the noise measurement part through the
Ohmic contact Qanmp.

The conductance of the QPC is measured using the operational amplifier,
Op-amp, circuit placed in the room temperature. This circuit is connected to
one of the two Ohmic contacts (Qc,yip, Or Qgpet) according to the purpose of
the measurement.
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FIGURE 5.23: Schematic diagram of the QPC device. The device has five
Ohmic contacts. The noise is measured at Qapp and the current is mea-
sured at Ogpor O Oc,p using Op-amp, as shown in the inset.
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FIGURE 5.24: Noise power spectrum at vpp = 1. The averaged frequency
regime is shown in the inset.
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Figure 5.24 shows an example of the measured noise power spectrum of
the QPC at vpp = 1. SY,(f) is measured 10,000 times averaged data for
Tint = 55 s. The height of the peak is fitted by Eq. (5.15).

Calibration

Figure 5.25 a) shows a schematic circuit diagram for the noise calibration.

First, VgPC = —3.3 V is applied to pinch off the QPC, and the QPC con-
ductance is measured through the contact Q.. Simultaneously, the noise

power at VS%PC = 0 is measured for vpp =1, 2, 3, and 4 by adjusting Vg? P, We

measured the thermal noise by adjusting the VQPP to vary the vpp.
Figure 5.25 b) shows the conductance calculated by subtracting output-

current at Qc,yp from input-current by ‘7‘5%) C at ()s. We measured the noise
at the quantum Hall regime because the edge states on the quantum Hall
regime is a stable state, and the corresponding noise power density is well
known. The device has well-quantized conductance as VgDP. The noise mea-

surement is conducted for various Vé)P settings at five temperatures (25, 65,
88, 150, and 185 mK).

The noise for calibration is measured at 10 mW of the power consumption
of the amplifier. The parameters are extracted assuming S. = 4kpT.G in Eq.
(5.15), where kg is the Boltzmann constant and T, is the electron temperature,
which is assumed to equal the temperature for the moment.

Figure 5.25 c) shows calibration results for various RPY (= G~1), which is
the resistance between Qanp and the device, at T = 25 mK. The solid curve
represents the result of the numerical fitting based on Eq. (5.15). The curve
fitting parameter originates from the combined resistance in the LC circuit
and RPF.

Figure 5.25 d) shows Sy, as a function of T,, and the result of the lin-
ear fitting. The observed linearity between 25 mK and 200 mK supports the
above assumption that the electron temperature equals the fridge tempera-
ture. From these results, A = 14 at 10 mW is extracted. Note that A is smaller
than the Rp X gm = 32, as we reported already.

Shot Noise Measurement

After calibrating the thermal noise of the measurement setup, we performed
the shot (partition) noise measurement. Figure 5.26 a) shows a schematic cir-
cuit diagram for partition noise measurement at the QPC. The conductance
is measured through the contact (gy,.;. To measure the shot noise, the VgP is
fully opened. Based on the calibration, S is extracted as follows: S¥, and
G are measured at a fixed VgQPC as a function of VSQDP  between —60 #V and
+60 uV.

Figure 5.26 b) shows the zero-bias conductance as a function of Vgpc. Un-
fortunately, the extra energy level in the quantum Hall effect does not appear
because the width between QPC gate electrodes is not well designed. The
partition noise at the condition indicated by the circle mark, about 1 x €?/h
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FIGURE 5.25: Schematic diagram of the noise-measurement system for
calibration and partition noise measurement. a) Conductance of the device
as a function of VPP. b) Schematic diagram of the noise-measurement
system for calibration. c) and d) Calibration by noise thermometry of T.
c) S9U as a function of RPY at temperature. Solid line is a noise model fit
described in Eq. (5.15). d) S‘\),ut as a function of T. Solid line is a linear fit of
Soit at five different temperatures between 25 mK and 200 mK.

of conductance, is shown in Fig. 5.26 c). The black line is the theoretical fit-
ting line based on Eq. (5.16). Here, T, is 25 mK. It is consistent with scattering
theory and with recent measurements on mesoscopic tunnel barriers free of
impurities.

54 Summary

We have presented a noise-measurement system comprising a homemade
cryogenic GaAs-HEMT amplifier. Our system was precisely calibrated by
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FIGURE 5.26: a) Schematic diagram of the noise-measurement system
for calibration and partition noise measurement. b) Linear conductance

g (VS%PC = O) as a function of V. A black dot indicates VgQPC settings for

the noise measurements shown in (c). c¢) QPC partition noise, SIQPC, as a

function of VSQDP C, for conductance near 1 x e2/h. A solid line is theoretical
line of partition noise.

Johnson-noise thermometry. We measured the shot noise of the QPC and
quantum Hall regimes to compare the performance of the system. The sys-
tem has a higher resolution than that comprising a commercial-HEMT am-
plifier, mainly due to the high g of the homemade HEMT. We achieved a
system with efficiency being more than nine times better than in previous

research [12].
The measurement system is as significant as investigating the physical
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meaning in the sample. A high-resolution measurement system would be
performed to measure novel mesoscopic phenomena. We believe that the
achievement described here is important as the basement for the new exper-
imental physics.
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Chapter 6

Current Noise in Quantum Hall
Effect Breakdown of Graphene

6.1 Background and Purpose

In 1980, Klaus von Klitzing measured the characterization of the electronic
transport of a silicon-based field-effect transistor [Fig. 6.1 a)] at the High
Magnetic Field Laboratory in Grenoble. On February 5th, 1980, he discov-
ered unexpected phenomena, now called the quantum Hall effect [1]. He
awarded the Nobel prize due to the observation of the plateau of the Hall
voltage [Fig. 6.1 b)]. The quantum Hall effect is a significant phenomenon
not only as a testbed of the mesoscopic system but also as a new Interna-
tional System of Units (SI). Thanks to his achievements, we can now calibrate
the resistance combined with Planck constant & and the elementary charge e,
h/e* ~ 25.813 kQ) [47, 48].

The high bias voltage or bias current is necessary to obtain a high reso-
lution of the resistance standard. The quantized resistance varies when the
bias voltage (bias current) exceeds the critical electric field, E. (I.), as shown
in Fig. 6.2 [43]. The phenomenon is called the quantum Hall effect break-
down (QHEBD). It is significant to investigate the non-equilibrium state of
the quantum Hall effect regime to realize quantum information devices or
obtain the high-resolution resistance standard.

There are two types of models to explain the QHEBD. The bootstrap elec-
tron heating (BSEH) model, proposed by Susumu Komiyama and Yasushi
Kawaguchi, explains the collision of accelerated carriers with bound elec-
trons [59]. In this model, the system fluctuates thermally because of the scat-
tering between electrons and lattices. The quasi-elastic inter-Landau level
scattering (QUILLS) explains that the excitation carriers exceed the Landau
level [49-51]. Despite these theories, complete understanding of QHEBD has
not been met. In this Chapter, we try to clarify the dominant mechanisms
of the QHEBD using conductance measurement and current noise measure-
ment.

Considerable interest has focused on current noise measurements, which
allow electron conduction in the QHEBD state to be investigated in more de-
tail [72-74, 130, 131]. For the QHEBD in GaAs/AlGaAs, the precursor phe-
nomenon at the Hall bar structure [72] and the giant Fano factor are observed
in the Corbino disk [73, 74].
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FIGURE 6.1: a) Typical silicon MOSFET device that Klaus von Klitzing
measured. Reprinted by permission from Springer Nature: Springer Na-
ture Nature Physics [48], 2021. b) Hall resistance and longitudinal resis-
tance of a silicon MOSFET at liquid helium temperature as a function of
the gate voltage. Reprinted by permission from Springer Nature: Springer
Nature 25 Years of Quantum Hall Effect (QHE) A Personal View on the
Discovery, Physics and Applications of this Quantum Effect by Klaus von
Klitzing 2021.
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FIGURE 6.2: Resistance as a function of current. Reprinted figure with
permission from [43] Copyright 2021 by the American Physical Society.
The Hall voltage increases from 350 puA.
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We studied the QHEBD using graphene as a testbed, not using GaAs/AlGaAs
heterostructure. Since graphene can adjust the carrier type and carrier den-
sity, it is a more potential material than the GaAs/AlGaAs heterostructure. It
is also known that graphene has a higher I. due to the large value of the cy-
clotron energy [132], thus graphene would be more suitable as the resistance
standard. Given the unique band structure of graphene and its symmetry,
there is no obvious prediction for the QHEBD behavior, and detailed experi-
mental investigations are necessary. There has been much experimental [69,
132-139] and theoretical [140] interest in QHEBD studies of graphene. Only
a few experimental studies for current noise exist [141, 142]. Laitinen et al.
research a monolayer Corbino disk-shape graphene [141]. They measured
the low-frequency current noise (frequency f < 10 Hz) and shot noise ex-
periments (f = 600-900 MHz). Their results indicate intense low-frequency
noise in the rapidly growing, at steep sections of the I-V curves, which they
interpret as bunching of electrons in the avalanche generation of the BSEH
regime. On the other hand, the noise is close to the regular shot noise at mi-
crowave frequencies, although they have found 0 < F < 1.5. The Fano factor
at microwave frequencies measured at the end of the avalanche regime seems
independent of the magnetic field, as shown in Fig. 6.3 a).

a) b) 20

151

0.5

- B 2 4 6
o B (T)

FIGURE 6.3: a) Fano factor as a function of bias current on a monolayer
Corbino disk-shape graphene at 6 and 8 T. The Fano factor is under 1.5.
Reprinted by permission from Springer Nature: Springer Nature Journal
of Low Temperature Physics [141], 2021. b) Fano factor as a function of a
magnetic field on a bi-layer Hall bar shaped graphene The Fano factor is
linearly dependent on the magnetic field. Reprinted figure with permis-
sion from [142] Copyright 2021 by the American Physical Society.

Yang et al. [142] researched a bi-layer graphene Hall bar. They measure
the shot noise experiments in the 4.5-5.5 GHz band. Their results show that
the Fano factor F < 20 is linearly dependent on the magnetic field as shown
in Fig. 6.3 b).
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We measured the current noise experiments at about 2.75 MHz with the
monolayer Hall bar varying the carrier type, p-type and n-type. We com-
pared the QHEBD phenomenon between the GaAs/AlGaAs and monolayer
graphene.

6.2 Sample Fabrication

We fabricated the sample at Quantum Nano-electronics Lab in POSTECH,

Republic of Korea. Takashi Taniguchi and Kenji Watanabe produced graphene
and hBN flakes from the National Institute for Materials Science (NIMS) in

Japan. Here, we introduce how to fabricate hBN/graphene/hBN stacking.

6.2.1 Exfoliating 2D Crystals

We prepared graphene and hBN films by mechanical exfoliation of graphite
or hBN flakes, as shown in Fig. 6.4 [143, 144].

1. Adhesive tape is pressed against a 2D crystal so that the top few layers
are attached to the tape and is peeled away with graphite or hBN layer
sticking on it.

2. The newly made surface is again pressed along the new adhesive.

3. Si/SiO; substrate is softly pressed against the taped to get the graphite
layers. The graphene lies on the substrate because of the van der Waals
force between the graphene and substrate.

Thick hBN flakes are necessary for encapsulating graphene to prevent envi-
ronmental effects.

a) b) c)
FIGURE 6.4: Schematic diagram describing steps of the mechanical exfo-
liation of graphene from a graphite using commercial adhesive tape. a)
Adhesive tape is pressed to graphite for exfoliation. b) Both sides of the
graphene are exfoliated with adhesion of the tape. c) Graphene is pressed
on the Si/SiO, substrate, and peeled off by the tape. The graphene sticks

on the substrate due to the van der Waals force between graphene and the
substrate [143, 144].
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6.2.2 Stacking hBN/Graphene/hBN

We used the polymer droplets, Elvacite 2552C (Lucite International), to trans-
fer the hBN and graphene, and encapsulate [145]. Because the Elvacite is the
white polymer powder, the Elvacite has to be dissolved in anisole with a ra-
tio by volume of 1 : 1. We placed a small droplet of the Elvacite/anisole
solution on the optical microscope slide using a metal tip. We baked the op-
tical microscope slide slowly using a hotplate up to 180 °C for five minutes
to evaporate the anisole solvent. The details are as follows (see Fig. 6.5).

1. Adhesive Elvatcite stamp pressed onto the hBN flake heated to 70 ~ 80
°C.

2. Aligned hBN stamp pressed the graphene. Then the graphene would
be picked up by van der Waals forces acting between 2D crystals.

3. Top hBN/graphene stamp picked up the bottom hBN by pressing the
bottom hBN.

4. After finishing the vdW heterostructure assembly, the final transfer was
conducted on the SiO, /Si substrate heated to 180 °C to melt the stamp.

o1

The stamp residue was removed by acetone rinse.

*

The sample was annealed in the vacuum at 500 °C for one hour to evap-
orate the residue and remove bubbles between layers, as shown in Fig.
6.6.

elvacite 2552c

elvacite 2552c

Acetone

FIGURE 6.5: Schematic illustration of encapsulating graphene using the
Elvacite as an adhesion layer. a) Elvacite stamp, which has adhesive prop-
erties at 70 ~ 80 °C, picks up the flakes. b) hBN picks up the graphene
by van der Waals force. c) Bottom hBN is picked up, in the same way,
explained in b). d) Stack is placed with melted Elvacite on the SiO,/Si
substrate heated to 180 °C. e) Stamp residue is removed by acetone rinse.

Bottom
hBN
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— - Graphene

- - - Bottom hBN
a) -.--Top hBN b)
! 10 pm

FIGURE 6.6: The impurities, also known as the bubble, are removed af-
ter vacuum annealing at 500 °C. Dashed lines represent, dash-dotted lines
represent, and dotted lines represent monolayer graphene, top hBN layer,
and bottom hBN layer, respectively. Circles represent bubbles between
layers. Before annealing a) and after annealing b). The bubbles are re-
moved after annealing.

6.2.3 Hall Bar Design

The hBN/graphene/hBN stack is etched to design in reactive ion etcher us-
ing plasma generated from O, and CF, gases. The details are as follows:

1. The Hall bar is patterned with electron beam lithography and devel-
oped [Fig. 6.7 a)]

2. The designed Hall bar is cleaned of organic impurities using oxygen
plasma.

3. Etch the top hBN layer and graphene layer using CF4 and O, plasma.

b) )

1L0) wing] 1O

FIGURE 6.7: Hall bar etching process of hBN/graphene/hBN stack.

6.2.4 One-dimensional Contact

We contact the hBN/graphene/hBN along the 1D graphene edge [146]. This
contact is a well-known method to avoid polymers and contaminate the layer
interfaces, causing bubbles and wrinkles. The details are as follows:

1. Contact-lead, slightly covering the edge of the stack, is patterned with
electron beam lithography:.
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2. Etch the top hBN layer and graphene layer using CF4 and O; plasmas.

3. Metal leads are deposited by electron beam evaporation to make elec-
trical contact.

FIGURE 6.8: False-color optical image of samples. The width of the sam-
ples is 1.9 ym. In this thesis, only three graphenes are referred to as the
Grl, Gr2, and Gr3. The length of each sample is 2, 5, and 9 ym, respec-
tively. We argue about the current noise on the Grl sample.

6.3 Measurement Setup

Figure 6.9 shows a schematic description of the measurement setup. The
measurement is performed at 1.5 K using Kelvinox 400 (Oxford Instruments).
We performed the quantum Hall effect to the using a magnetic field applied
perpendicularly to the sample. The magnetic field is varied from 0 to 11 T.
We inserted a load resistor, 120 k() at room temperature, to apply the bias
voltage and current simultaneously. We measured the conductance with a
standard lock-in technique to apply an ac modulation of 0.1 V. The current
is under 1 yA due to the load resistor. As the source, SR830 (Stanford Re-
search Systems) for the lock-in amplifier, Yokogawa 7651 (Yokogawa) for the
dc source, and Multimeter 2000 (Keithley) for the bias dc meter are used.

The three samples are connected in parallel. Figure 6.9 shows that only
one sample, Grl, is connected to the dc source, and the other samples are
disconnected. Because all samples have their ac ground (20 nF at 4 K station),
they are always in an equilibrium state when disconnected. Thus, the current
noise from the samples is expressed as

\%4 A2 \%4 %4 1% 1%
Smeas =A (S Grl,thermal +S Gr2,thermal +S Gr3,thermal +S Grl, Excess> ’ (6'1)

where SY ... is the measured voltage noise, A is the total gain of the amplifier,

v 1% 14 .
SGrl,thermal’ SGrZ,thermal’ and SGr3,thermal are the thermal noise at Grl, Gr2, and
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Gr3, respectively, and S¥ ; g,.es 1S the excess noise due to the bias at the Grl.
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FIGURE 6.9: Schematic diagram of the measurement setup.

6.4 Results and Discussion

Hereafter, we estimated only the Grl sample because we did not observe
the well-quantized resistance for the other samples. The temperature of the
sample is about 1.5 K.

6.4.1 Zero-bias Conductance Measurement of Samples

Figure 6.10 a) shows the two-terminal resistance, R, as a function of the gate
voltage, Vg, for the sample at zero tesla. Figure 6.10 b) shows the mobility
being found to be y > 2 x 103cm?/Vs. We performed a calculation based on
the Drude model to obtain the mobility.

The conductivity based on the Drude model can be expressed as

0 =ney = CBG ‘Vg — VCNP| u. (6.2)

Here, the Vcnp is the gate voltage at the charge neutrality point (CNP), and
the Cpg is the capacitance of the back gate, including the bottom hBN. We
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calculated the capacitance,

(Coc)' = (Csio,) "+ (Cipn) "

o 1\l 1\
— (srl Zso—) + (sl,‘BNeo—> ,
dsio, dnpN

where the ¢, is the vacuum permittivity, the 792 is the relative permittivity

of the SiO; (= 3.9), the MBN is the relative permittivity of the hBN (= 3.2),
dsio, is the thickness of the SiO, (= 285 nm), and dj,gy is the thickness of the
bottom hBN (= 4 nm). The mobility is obtained by differentiating Eq. (6.2),

do

v,

1
B

Ao
dV,

Q
~

Resistnace (kQ2)

(=)
T T IIIIIII

[e2]
U IIIIIIII

3 | 1 | 1 | 1

]
8 4 0 4 8 12 16 20
Vg (V)

9

FIGURE 6.10: a) Two-terminal zero-bias resistance of Grl as a function of
gate voltage, Vg, at 1.5 K and zero tesla. b) Mobility is over 2 x 103 cm?2/Vs.
The mobility may be underestimated because of the short sample length,
2 ym. The mobility of Gr3, which has a 9 ym of the sample length, is over
6 x 10° cm?/Vs (not shown here). Some conductance fluctuations may be
caused by defects of impurities.

The charge neutrality point (CNP) is shifted to V, = +5 V. It is well
known that the carrier density in graphene is affected by adsorbate, such
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as defects [147, 148] or water molecular [149, 150], on the SiO, substrate. All
resistance of samples has fluctuation, which may be caused by defects or im-
purities.

Fig. 6.11 b) shows the evolution of conductance as a function of Vg and
magnetic field B. The graphene has the four-fold degeneracy of the quan-
tum Hall states with v = £+4 (|n| 4+ 1/2), where n is the Landau-level index.
The conductance at filling factor v is G(Vg) = ve®/h. The electron density
is expressed as n(B) = Bv/¢q, where ¢o = h/e is the magnetic flux quan-
tum. The quantum Hall plateaus would appear linearly with the slope of the
dn/dB = v/¢q [151]. The black dash lines are the slope of the v/ ¢j, with
v = —6, =2, 42, and +6. The carrier density 7, is here calculated from Eq.
(6.2). The yellow color implies that |v| = 2 regime which is the zero mode
Landau-level, n = 0. We observed the different Landau-level by varying Vg,
and we enlarged quantum Hall plateau widths by applying higher magnetic
field. We only discussed the |v| = 2 with a high magnetic field since the
conductance at |[v| = 6 regimes and at low magnetic field regimes fluctuates.

Fig. 6.11 a) shows the cross-section of the bottom panel of Fig. 6.11 at 3, 5,
and 8 T. We observed the well-quantized conductance, 2¢2/h ~ 1/12.9kQ,
while the plateau of the conductance at |[v| = 6 unmatched with the 6¢?/h.
The cross-sections of the slope of the 2/¢g and the three magnetic fields
are marked as up-triangles, and the cross-section of the slope of the 6/ ¢
is shown as down-triangles. The deviation at v = +6 is because of the mix-
ing of the longitudinal and transverse conductivity [152]. We estimated the
contact resistance of the sample, about 100 €, from the difference of 1/ 2¢2.
The contact resistance is sufficiently low to measure for this measurement.

6.4.2 Conductance and Noise at Quantum Hall Effect Break-
down

Hereafter, we assume that the 1/ f noise is sufficiently damped because the
resonance peak is on the megahertz scale. We investigated the QHEBD of
the two-terminal sample. Figure 6.12 a) shows G(Iyq) as a function of Iy
at 8 T for the vicinity of v = —2. The curve shows an abrupt conduc-
tance decreases from 2¢%/h at I,y ~ —7 uA (as shown in Fig. 6.12 dash-
dotted line). I. is defined as the I,q value where the difference of the conduc-
tance AG (Iyq) = |G(0) — G(Isq)| exceeds 0.05¢2/h [72]. We define the “QHE
regime”, |I4| < |L.|, and “Breakdown regime”, |I.| < |ls4|.- We estimated the
noise spectral density using Eqgs. (4.2), and (4.3). Each colored triangle in Fig.
6.12 b) corresponds to the noise spectral density in the inset, respectively. Be-
fore the breakdown regime, the peak of the S/ ... increases [Fig. 6.12 b)]. In
the breakdown regime, SY ... increases sharply.

To estimate the QHEBD, we bias the source-drain current of our sample in
the lines corresponding to the filling factor vicinity of |v| = 2 with dc current
(Isq) and a small ac current (less 1 yA) at a fixed magnetic field, 8 T. We ob-
served the breakdown regime at |v| ~ 2 starts, where E. = 45kV/m (I, = —7
1A), which is a higher breakdown electric field than the GaAs/AlGaAs case
(Ec = 0.2 ~ 3.5kV/m) [72-74]. The critical electric field in the works of Yang
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FIGURE 6.11: Landau fan diagram of Gr1. It has a well-quantized conduc-
tance at |v| = 2 regimes. The black dash lines are the slope of the v/ ¢( for

v = £2 and £6. Upper panel; the cross-section of the conductance at 3, 5,
and 8 T.

etal. is about 1.3 x 10° V/m [142] at 4 K and 7 T, and in the works of Laitinen
et al. is about 20 kV/m at 10 mK and 5.6 T [141]. Both are much larger than
the case of the GaAs/AlGaAs. We measured the current noise by focusing on
the red, black, and blue lines that correspond to |v| < 2, |[v| ~ 2, and |v| > 2,
respectively.

The SY..s gradually increases from the breakdown regime. The gentle
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FIGURE 6.12: a) Conductance of the device as a function of [,4. b) Peak of
SV eas @s a function of I 4. Inset: noise spectral density at a resonant peak

at 2.75 MHz. Each color corresponds to the colored triangles in b).

increases in the noise are characteristics of the graphene sample, while the
increases in the GaAs/AlGaAs sample are abrupt [72-74]. The increase in the
voltage noise corresponds to the increase in the temperature of the electrons.
The details will be discussed later.

Carrier Density Dependence

Here, we discuss the conductance and current noise in two regimes: the p-
type and n-type regimes.

* p-type Regime
Figure 6.13 a) shows the colorscale plot of G as a function of I4 for the
p-type regime. We observed the triangular behavior as a function of
Vg. The black dashed lines are guides to the eye. The QHEBD regime
is almost symmetric regarding I;q = 0. The behavior is one of the rea-
sons for QHEBD, which implies that the inter-, and intra- Landau level
scattering occur [58, 137, 153].

We checked that the QHEBD occurs at almost the same value of I.
independent of the direction of the electron injecting source. For the
lv| < 2 regime, the conductance decreases when the quantum Hall
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Vg (V)

regime breaks down, as shown in Fig. 6.13 b). For the |v| > 2 regime,
the conductance increases at the QHEBD regime. These phenomena
have been explained theoretically to occur as the injected electrons from
the hotspot of the Ohmic contact collapse the channel in the sample due
to puddles of localized electrons [154]. The experimental results may
be explained by the theory.

We measured the current noise at the three regimes: the red, black, and
blue lines, as shown in Fig 6.13 c). We only argue the current noise as
a function of —Is4. The current noises for all regimes increase before
the QHEBD regime. While the conductance differs between the carrier
density, the current noise has almost the same appearance for those
regimes.
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FIGURE 6.13: a) Colorscale plot of G as a function of Iy for the p-
type regime at 8 T. The black-dashed lines on the colorscale plot mark
the QHEBD region. b) Conductance measurement for the three regimes:
lv| <2, |v] ~2,and |v| > 2, which correspond to the red, black, and blue
lines in a). c) Current noise measurement for the three regimes for the
same three regimes. The dash-dotted arrows imply when the quantum
Hall regimes break down.

* n-type Regime

Figure 6.14 a) shows the colorscale plot of G as a function of I 4 for
the n-type regime similar to Fig. 6.13. The triangular behavior also ap-
pears in the n-type regime with slightly differed shapes. The increases
and decreases in the conductance are observed similar to the p-type
regimes.
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The current noises for the n-type regime are much larger than those
of the p-type regimes. We think the reason is that the n-type regime
is applied much higher V; than the p-type regime. The high V; may
fluctuate the impurities in the Si substrate. S! may include extrinsic
noise at the n-type regime. We did not observe any difference in the
noise signal for the carrier density in the same type regime.
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FIGURE 6.14: a) Colorscale plot of G as a function of Iy for the n-
type regime at 8 T. The black-dashed lines on the colorscale plot mark
the QHEBD region. b) Conductance measurement for the three regimes,
lv| <2, |v] ~2,and |v| > 2, which correspond to the red, black, and blue
lines in a). c¢) Current noise measurement for the three regimes for the
same three regimes. The dash-dotted arrows imply when the quantum
Hall regimes break down.

Magnetic Field Dependence

We measured the conductance and the current noise at |v| ~ 2 by varying
magnetic field for 11, 8, and 5 T. Figures 6.15 a), ¢), e), g), i), and k) show
the conductance of the device, G, as a function of —Iy4. Figures 6.15b), d),
f), h), j), and 1) show the current noise at the same regime, S!, as a function
of —Iyq in a semi-log plot. The quantized conductance, 2¢?/h, breaks down
at a I. (dash-dotted line), as shown in Fig. 6.15 a), c), and e) for the p-type
regime and g), i), and k) for the n-type regime. The decreases and increases
in conductance at the p-type and n-type regimes, respectively, are due to the
mismatch with the v = 2.

All excess noise increases from the QHE regime, as shown in Figs. 6.15b),
d), f), h),j), and ). The same phenomena were observed in Chida et al. stud-
ies, where the GaAs/AlGaAs Hall bar structure was measured. [72]. They
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claimed that this precursor phenomenon occurs due to the electron tunneling
process between the edge state and localized bulk state. We think our sam-
ple has many localized bulk states. Although the existence of the localized
bulk state is plausible due to the fluctuation of the conductance at 0 T and
excess noise at QHE regime, it was absent in conductance measurement at
quantum Hall regime. The current noise for p-type and n-type regimes at the
same magnetic field seems to be the qualitatively same.

To evaluate the Fano factor, 0S;/ (2edlsq), we determined the highest
Fano factor as F because the excess noise is nonlinear. Figure 6.16 shows
the F as a function of B in the vicinity of the |v| ~ 2. The dashed lines are
guides to the eyes. Although graphene has a much higher dc current for
QHEBD than GaAs/AlGaAs, its Fano factor is much smaller (100 < F at the
GaAs/AlGaAs)[74]. The results agree with the previous results by the other
groups [141, 142]. Although Laitinen et al. showed that the Fano factor is
independent of the magnetic field for a monolayer Corbino disk graphene
[141], Yang et al. showed that it is dependent on the magnetic field for a
bi-layer Hall bar graphene [142]. Our study seems similar to that of Yang
et al.; however, they considered only backscattering current to evaluate the
Fano factor. Note that the Fano factor in our study are defined by source-
drain current as 9S’/ (2edlq). Despite the three points of the data, we might
claim that the Fano factor linearly depends on the magnetic field. The linear
dependence of the Fano factor agrees with the previous work [142].

Electron Temperature

We plotted S! as a function of L4 [in Fig. 6.15b), d), f), h), j), and 1)] in a log-
log scale because of its nonlinearity. Figure 6.17 shows the current noise for
vicinity of thev = —2and v = 2 at 5, 8, and 11 T. In the vicinity of the |v| = 2,
the S! produces the I2;-dependent increase. We assume that the current noise
increases due to Joule heating from the electron collision with the lattice.

We showed the electron temperature for the QHEBD regime. The electron
temperature is expressed as

I

L= >

4kgG

[see Eq. (6.1)]. Figure 6.18 shows the conductance and the electron tempera-

ture at 8 T. The electron temperature for both regimes sharply increases from

the breakdown region. While the electron temperature increases up to about

400 K in the vicinity of v = 2, it increases up to about 7000 K in the vicin-

ity of v = 42. Note that the electron temperature does not mean the lattice
temperature; it corresponds to the carrier temperature.

Our result agrees with the previous result that the interaction of the local-
ized puddle state occurs with increases of the current noise at the precursor
regime [72]. We assumed that our sample has localized puddle states, which
occur during the process of electrons tunnelling between the edge state and
localized puddle. We speculated that the process induces during the heating
of the electrons. The results support the assumption of the BSEH model. The

6.3)
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FIGURE 6.15: Conductance and the current noise vicinity of v ~ —2 as
a function of —Iy4 [a)~f)], and the vicinity of v ~ 2 [g)~])]. The dash
line implies 2¢?/h. The quantized conductance breaks down at a I. (dash-
dotted line).
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FIGURE 6.16: Fano factor as a function of the magnetic field at p-type
regime a) and at n-type regime b). F is determined as the maximum value
of the 95!/ (2ed1,4) because the excess noise exhibits nonlinear behaviour.
The dashed line is a guide to the eyes.

BSEH model claims that QHEBD occurs when the bounded electrons collide
with the accelerated electrons [59].

6.5 Summary

We conducted the current noise measurements for a monolayer graphene
in a non-equilibrium quantum Hall effect regime by varying the magnetic
tield and the carrier density. From this study, we try to reveal the dominant
process of graphene in a non-equilibrium quantum Hall effect regime.

We observed the breakdown of the quantized conductance and the excess
noise. We suggested that the bootstrap electron heating model is dominant
from the increases in the electron temperature. Further experimental study of
QHEBD for the various shapes of samples would clarify the QHEBD mech-
anisms. One of the examples is the sample length dependence. The experi-
mental conductance measurement has been reported that the quantum Hall
effect drastically breaks down when the detector is far from the source [63].
We believe that similar phenomena would occur: the higher excess noise is



6.5. Summary 79

102 | v=-2 ® 5T
® 38T
e 11T

102

10%° -

107 F v=+2
-23

10 I~

24

s' (A% Hz)

-25

10

FIGURE 6.17: Log-log plot of the Figs. 6.15b), d), f), h), j), and 1).

measured when the detector is far from the source. It would be correlated
with the avalanche phenomena in the classical sandpile model [155].
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Chapter 7

Conclusion

We considered the mesoscopic device measuring the current noise in this
Thesis. We investigated the current noise from two points of view: applica-
tion and physical properties. We developed the noise measurement system
from an application point of view and researched the current noise to inves-
tigate the quantum Hall effect breakdown of graphene.

The first achievement was the development of the cryogenic amplifier to
measure the high-resolution current noise signal. We successfully measured
the higher resolution of the noise signal than the previous reports [12] us-
ing the GaAs/AlGaAs HEMT. The results may contribute to probing novel
mesoscopic physics, such as anyonic correlations in fractional quantum Hall
system [13, 14] and violation of Bell inequalities in an electronic interferome-
ter [15].

The second achievement was current noise measurement in both carrier
types, p-type and n-type, to investigate the quantum Hall effect breakdown
of graphene. We fabricated a monolayer graphene Hall bar and observed the
excess current noise in the quantum Hall effect breakdown regime. Conse-
quently, we speculated that the results, such as increase electron temperature,
support the bootstrap electron heating model. We believed that the results for
measuring the current noise would help a deep understanding of the quan-
tum Hall effect breakdown phenomena. The results tell the importance of
studying the quantum Hall effect breakdown phenomena on graphene us-
ing the current noise.

As we mentioned above, the current noise has useful physical informa-
tion of the mesoscopic sample. The information does not appear in a con-
ductance measurement only. Developing a cryogenic amplifier may evolve
considering the electronic circuits or HEMT optimization. The details of the
quantum Hall effect phenomena will be revealed by measuring the various
shapes of the graphene devices.
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