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diss.

This thesis focuses on the electrical and thermal properties of silicon-on-insulator
structures at sub-Kelvin temperatures. The heat transport between the electron and
phonon systems is governed by the relatively weak electron-phonon coupling and
therefore the electron and phonon systems can have different temperatures in the
sub-Kelvin region.

A novel method for the electron thermometry is applied for the measurement
of the electron temperature in Si. The substantial overheating of the phonon system
in the doped silicon film is remarkable and it must be taken into account in the heat
conduction analysis.

According to theoretical predictions the electron-phonon thermal conductance
is intrinsically dependent on the scattering mechanisms of the conduction electrons
and the intervalley scattering determines the electron-phonon energy relaxation.
The heat flow between the electron and phonon systems demonstrates a T° -depen-
dence, which is in accordance with the predicted theoretical results for many-valley
semiconductors (Si). The electron-phonon coupling constant increases as a function
of the carrier concentration, which is also in agreement with the developed theoret-
ical model.

Si-based electron refrigerators are studied as a low temperature application for
the semiconductor-superconductor junction. The operation principle of the Si-based
electron cooler is similar to generally well-known metal-insulator-superconductor
-based refrigerators, but Si is in this aspect a superior material for the cooler appli-
cations.

Noise characteristics of Nb/Al -based single electron transistors and capaci-
tively coupled Josephson junctions are briefly discussed.

Keywords Silicon, semiconductor-superconductor junction, tunneling, electron -
phonon interaction, electron refrigeration, superconductivity
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1 Introduction

Silicon is the electronic material per excellence, because Si is rather cheap and abun-
dant material and the continuous improvement of Si technology has made it pos-
sible to routinely grow today 300 mm single Si crystals at low cost. There are few
disadvantages in Si in comparison with other semiconductors, such as the indirect
band gap and the lower mobility compared to GaAs, nevertheless the development
of the Si technology makes the difference between Si and high mobility semicon-
ductors constantly smaller.

The aims of this thesis is the investigation of the silicon-on-insulator (SOI)
structures at sub-Kelvin temperatures. SOI structures consist of a single crystal Si
tilm which is placed on top of amorphous SiO,, where the thickness of the Si film
can be order of 50 nm. The research is mainly focused on the electrical and thermal
transport properties. The electron and phonon systems can have different temper-
atures in the sub-Kelvin region temperature range and the heat transport between
them is governed by the electron-phonon interaction. In order to obtain qualitative
and quantitative information about the thermal transport properties one must mea-
sure the electron (and phonon) temperatures in the Si film.

A novel method is applied for the electron thermometry, which is based on the
quasiparticle tunneling through the superconductor - semiconductor (S-Sm) inter-
face. This thermometry, with some limitations, can also be applied for the measure-
ment of the phonon temperature of the Si film in the SOI structure.

S-Sm structures can also be applied for the electron refrigeration analogously
to superconductor-insulator-metal (SIN) structures. Moreover, S-Sm-S structures ha-
ve few advantages compared to traditional SIN -based electron coolers. The efficient
operation of S-Sm-S microrefrigerators has been demonstrated in this thesis and the
efficiency of the electron coolers was studied as function of the carrier concentration
in the Si film. A similar S-Sm-S structure can be also used as a hot electron bolometer
for the detection of the cosmic radiation or neutrinos.

Finally, superconducting structures, single electron transistor and capacitively
connected Josephson-junctions are studied in brief. The noise properties of Al/Nb
-based single electron transistors are measured as a function of the bias voltage.
The photon assisted tunneling is considered in a structure, where two Josephson
junctions are capacitively coupled together. The interest is focused on creating an on-
chip coherent source of radiation and coupling it capacitively to another Josephon
junction, which could be interpreted as an excitation of a phase quantum bit.



10

1. INTRODUCTION




2 Sample fabrication

2.1 Silicon-on-insulator technology

Silicon is available in a wide variety of sizes, shapes and resistivities. And due to its
efficient and cheap production, silicon is today the standard material for the mass
production of semiconductor devices. The first major conceptual breakthrough in
the development of integrated circuits was the fabrication of multiple transistors on
the same Si bulk chip. A hundred million transistors fit nowadays on a chip with
the size of a fingernail.

If one wants to increase the transistor density on a Si chip, one will encounter
problems related to device isolation, leakage currents, radiation-induced photocur-
rents, latch-up effects etc. In order to isolate different transistors or other devices
from each other one must use reverse biased pn-junctions, wells or interdevice tren-
ches. Also a junction capacitance layer will be formed between the doped area and
the substrate, which in turn slows down the speed of the circuit. If semiconduct-
ing material is in contact with metal there will be a Schottky junction formed in the
interface.

St film —>

substrate (S1)

FIGURE 2.1 The layout of the silicon-on-insulator structure. The thickness of the Si
film can be between 50 nm and 100 um and the insulator thickness between 100 nm
and 3 pym.

The silicon on insulator (SOI) technology has been originally developed for
the fabrication of radiation-hard circuits. The basic concept is to separate the active
device from the substrate with a buried oxide (BOX) layer. The Si film is single crys-
talline but the buried oxide layer is of amorphous SiO,. This structure, a monolithic

11



12 2. SAMPLE FABRICATION

semiconducting film placed on a dielectric insulator, can be very advantageous in
many applications. The adjustability of the film thicknesses (both Si and BOX) is a
major advantage in terms of an enhanced performance and a superior scalability.
The capacitance between the Si film and the substrate is substantially reduced and
the leakage currents through the buried oxide layer are negligible. It has been es-
timated that the complementary metal on semiconductor (CMOS) structures with
line width less than 35 nm must be realized by thin-film SOI technology [13,15].
Minimum-volume metal-on-silicon field effect transistors (MOSFETs), single elec-
tron transistors, quantum wires and quantum dots built in SOI pave the transition
from the current technology to real nanoelectronics [13].

doped area (impurities)

] Csiam | [

T leakage current T
junction capacitance layer insulator (Si0,)
substrate (Si) substrate (Si)
bulk Si SOI

FIGURE 2.2 Schematic illustration of the bulk Si and SOI structures. The major draw-
backs of the bulk Si circuit are leakage currents and the junction capacitance, which
slows its function. The capacitance between the Si film and the substrate in the SOI
circuit is negligible, since the silicon oxide provides an efficient insulation barrier.

SOI wafers have become a very interesting material also for micro-electro-
mechanical systems (MEMS) and for microscale photonics. MEMS applications are
based on the superior mechanical properties of SOI, which enable e.g. anisotropic
etching and therefore the realization of cantilevers and mirrors. Photonic applica-
tions are based on the high refractive index contrast between Si and SiO,, which
permits the photon confinement in small waveguides with sharp bends.

2.2 Fabrication process of SOI wafers

The BOX layer can be thermally grown on the Si substrate and its thickness can
be adjusted with a high reliability. Fabricating a single crystalline film on top of
BOX is a very demanding task and clearly one cannot use any deposition methods
[13]. Therefore SOI structures are fabricated by means of wafer bonding [18}30]. In
this process very flat, mirror-polished and clean surfaces are brought in intimate
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contact in ultrahigh vacuum environment. The surfaces will attract each other by
van der Waals forces. This bonding is relatively weak compared to the bonding with
metallically, covalently, or ionically bonded solids and therefore the wafers must
undergo heat treatment to strengthen the bond across the interface.

wafer diameter 100 to 300 mm
Si crystal orietation <100>

SOI thickness 50 nm to 100 ym
SOI thickness uniformity 4+ 5nm

BOX thickness 100 nm to 3 um

BOX thickness uniformity =+ 10 nm

TABLE 2.1 The characteristics of the Unibond SOI wafers [52].

In this study commercially available Unibond-wafers have been used, which
were manufactured by using the SmartCut process. The process is presented in Fig.
and the wafer characteristics obtained by this process are in Table In the
SmartCut process the first wafer is implanted by hydrogen ions after an oxidation
(the dose is in the range from 3.5 x 10'% to 1.0 x 10" H*e¢m~2). This implantation
slices the wafer horizontally and enables a high degree of thickness uniformity of
the Si film. After the implantation the seed wafer and the handle wafer are carefully
cleaned in order to eliminate contamination and to make both surfaces hydrophilic.
Wafers are aligned and bonded.

The heat treatment is realized in two steps. During the first phase (400 - 600° C)
the bonded wafers split into two parts along the microcavities: to a SOI wafer and to
a remainder of the implanted wafer. After the splitting, a high-temperature anneal-
ing is performed at 1100°C for 2h to remove any silanol groups from the bonding
interface. After the heat treatment the bonding energy is as high as the normal rup-
ture energy of bulk silicon (roughly 2 J/m? [37]). Finally the SOI wafer must be
polished in order to get rid of the microroughness.

2.3 Sample fabrication

All the SOI samples used in this study have been fabricated at the facilities of VTT
Microelectronics (Espoo, Finland). The fabrication process flow is sketched in Fig[2.4|
There have been used two similar processes for the sample fabrication.

The samples of the SIN1A-series have been fabricated on a 100 nm thick SOI
film (the process A in Fig. 2.4). The wafer was etched in Cl,/He plasma with pho-
toresist as an etching mask. Si was implanted with phosporous to a dose of 5 x 10
cm~? at 20 keV. Thereafter it was oxidized in dry ambient at 1000°C and contact
windows were opened in buffered hydrofluoric (BHF) acid. After a Standard Clean
1 (5C1, NH,OH:H,0,:H,0 1:1:5 in megasonic bath at 65°C), deionized water rinse
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wafer Ny(cm™3) d(mm) pg (MmQ-cm)

SIN1TA 3.5-10% 70 1.04
SIN1F 6.7-10% 58 0.63
SIN1G 1.2-10% 58 0.51
SINTH 1.6-10% 58 0.44
SINIL 2.0-10% 60 2.38

TABLE 2.2 The characteristics of the SOI samples. Ny is the carrier concentration, d is
silicon film thickness and pg; electrical resistivity.

and a 30 s dip in 2 % HF, a 300 nm thick Al-1% Si layer was sputtered on the wafer.
The patterning in this aluminium film (the contacts) was done by using ultraviolet
lithography and BCl;/Cl,/CHCl3/N; plasma etching. The final thickness of the Si
film was 70 nm and it had 68 nm of thermal oxide on top of it.

A blanket implantation of phosporous was used for all other wafers (process B
in Fig[2.4). After implantation wafer was oxidized in dry ambient at 1000 °C and the
sacrificial oxide was stripped in BHFE. Cl, /He plasma was used for etching the mesas
and 200 nm thick tetraethylortosilane oxide (TEOS) was deposited at 700°C by a
low-pressure chemical vapor deposition. Aluminium was deposited with exactly
the same procedure as for the SIN1A wafer. The final thickness of the Si film was 60
nm for the SIN1L wafer and 58 nm for the rest. The thickness of the buried oxide
layer was 400 nm in both processes.
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0 Initial Silicon A B
9 Oxidation \ A \
H" ions
© srarcu bbb,
implantation A
@ Cleaning & L ...... Voo J
Bonding B
6 SmartCut
Splitting
B
A\ 4 \
6 Annealing &
polishing (B) new A

SOl wafer

9 Wafer A becomes
new A (or B)

FIGURE 2.3 The Unibond process flow . First one of the wafers (A) is oxidized.
Hydrogen implatation (step 3), which produces fine microcavities in the Si lattice, is
used as an atomic scalpel. Both wafers are cleaned, polished and bonded together
(step 4). After splitting (step 5) the original wafer "A" can be recycled. The SOI wafer
is ready for use after annealing and polishing processes (step 6).
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Process A Process B
SOI film, 100 nm SOI film, 100 nm
1 BOX, 400 nm 1 BOX, 400 nm
Si substrate Si substrate
phosporous

bdbdb)ld

2
2
phosporous 3
3
4
[ 1
4
5
— N
5 6
Al Al Al Al
6 7

FIGURE 2.4 The sample fabrication processes. Process A: The wafer (1) is first etched
(2) and doped (3). After that the wafer is oxidized (4) in dry ambient and the contact
windows are opened (5) with buffered hydrofluoric acid. Finally Al is sputtered (6).
Process B: The wafer (1) is first doped (2) and oxidized (3) in dry ambient. The Si mesa
is etched (4) and after that 200 nm thick tetraethylortosilane oxide is deposited (5).
Contact windows (6) and the Al deposition (7) are made similarly as in the Process A.



3 Schottky barrier

3.1 Schottky barrier

The metal-semiconductor contact was discovered in 1874 by F. Braun and 60 years
later W. Schottky published the first generally accepted theory describing the con-
tact barrier (for a historical review, see e.g. [46]). In his honor the contact barrier is
frequently referred to as the Schottky barrier.

the vacuum level

n-type heavily doped
semiconductor

metal

A 4

FIGURE 3.1 Schematic illustration of the Schottky barrier. ®,, is the metal work func-
tion, ®p the Schottky barrier height, x the electron affinity, £, the semiconductor en-
ergy gap and V}; is the built-in potential in the semiconductor.

When a metal is placed in intimate contact with a semiconductor, the Fermi
levels in the two materials will be coincident due to the thermal equilibrium. The
work function ®,, in metal is defined as the energy difference between the vacuum
level and the Fermi level. The electron affinity x is the energy difference between
the bottom of the conduction band and the vacuum level in the semiconductor. A
potential barrier, or the Schottky barrier @, is formed at the metal-semiconductor
interface.

17



18 3. SCHOTTKY BARRIER

Theoretically there are four possible mechanisms for the current transport th-
rough the Schottky barrier: thermal excitation, quantum mechanical tunnelling, re-
combination in the space-charge region (identical to the recombination process in
a pn-junction) and the hole injection from the metal (recombination in the neutral
region). At low temperature, thermal excitations are negligible and the recombi-
nation processes can be neglected in the first order approximation. Therefore the
dominating current transport mechanism through the Schottky barrier is the elec-
tron tunnelling. Due to a lack of the thermal excitations at sub-Kelvin temperature
Si must be doped to a level where it becomes degenerate. The Fermi level resides
then above the energy gap in the conduction band and there are carriers also at the
lowest temperatures.

The Schottky barrier height depends only on the work functions and not on
the doping level [14]. For a detailed analysis one must naturally take into account
the image-force-induced lowering of the potential energy (or the Schottky effect). Al-
though the Schottky barrier height is unaffected, one can vary the effective Schottky
barrier thickness or the quantum mechanical tunneling probability by varying the
doping level. One can show [42,59] that the tunneling current and the tunneling
probability have the form

) (3.1)

where ¢® is the Schottky barrier height and Ey is a characteristic energy defined

as
h | N
EOO = q— D (32)

2V egm*’

where Np is the carrier concentration in semiconductor, €5 the dielectic constant of
the semiconductor and the m* is the effective electron mass. In another words, Eq.
indicates that the tunnelling probability increases exponentially with /Np.

3.2 Contact resistance of the Si/Al interface

Generally the contact resistance is characterized by two quantities: the contact resis-
tance (2) and the specific interface resistance p; (- cm?), which is sometimes referred
to as the contact resistivity, and can be defined as [49]

v
=57

where V' is voltage and J is the current density. Specific interface resistance is inde-

pendent of the contact area and therefore can be used for comparison of junctions.
In the Fowler-Nordheim tunneling, which is also known as the field emission (see

e.g. [43]), electrons tunnel through a barrier in the presence of a high electric field.

(3.3)
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The specific interface resistance in this case is [49,64]

)

pi = C(Np,T,®g)p; exp <qE—B) (3.4)
00

where C'is a function of the carrier concentration N, temperature and the Schottky
barrier height ® . p; is a material-dependent parameter characterizing the residual
resistivity and Ej is a characteristic energy defined in Eg. With these equations,

one can show that [49,64]
P
) s

Np coth %

or
Inp; ~1/4/Np (3.6)

In other words, the specific interface resistance is very sensitive to the semiconduc-
tor doping level. The contact interface resistance is plotted in Fig.|3.2|as a function of
the carrier concentration of four different wafers (SIN1A, SIN1F, SIN1G and SIN1H
)- The dependence is in agreement with Eq.

In contrast to the metal-insulator-metal structures, where controlling of the in-
sulator layer thickness is very hard or impossible, one can vary the Schottky barrier
thickness (or the contact resistance) in very wide range by varying the doping level.
Another superior advantage of the Schottky barrier is the lack of the pinhole effect,
which often restricts the use of metal-insulator-metal structures.

3.3 Semiconductor-superconductor contact

The superconductor - semiconductor (S-Sm) contact is analogous to the supercon-
ductor - insulator - normal metal (SIN) tunnel junction (see e.g. [53] p. 32), where
an insulator instead of the Schottky barrier separates the superconductor and the
normal metal. The main current transport mechanism in the S-Sm contact is the
quasiparticle tunnelling, although other mechanisms exist (e.g. pair-quasiparticle
conversion [27]) but we do not discuss them here.

A schematic illustration of the quasiparticle tunneling is presented in Fig.
A voltage V is applied over the superconductor - semiconductor - superconductor
structure. The quasiparticles below the energy gap in the right-side superconduc-
tor are energetically on the same level as the Fermi level in the semiconductor and
this enables the Fowler-Nordheim tunneling of the quasiparticles from right to left.
Similarly the superconductor on the left side has vacancies above the forbidden en-
ergy gap and quasiparticles can tunnel from the semiconductor to the left super-
conductor. Similarly to SIN-structures [53]], the dynamic conductance of the S-Sm-S
structure is dependent on the semiconductor electron temperature.
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1E-3 | _ 0.5 -
L e (NN 5
N'—' e SIN1A
E rd - ’
o ?
1E-4 | e .
E, SIN1G e
— -7 SIN1F
Q SIN1H g
1E-5 k& - 1 . 1 . 1 . 1 . 1 =
8 10 12 14 16

N-1/2 [ 10-11 cm3/2]

FIGURE 3.2 The specific interface resistance as a function of the carrier concentra-
tion [4]. The dashed line corresponds to the equation p = pg exp((No/Np)'/?). The pa-
rameters obtained from the fitting are pg = 5.8-1077Q-em? and Ny = 1.97-10* em3.

3.4 Electron thermometry

Measuring the electron temperature by using a superconductor-insulator-normal
metal (SIN) structure has been used in several applications (see e.g. [41]). Analo-
gously one can apply the S-Sm-S structure for the electron thermometry [1]. In the
tirst order approximation the current through the structure, where both supercon-
ductors are at different temperatures, is dependent only on the electron temperature
of the semiconductor. One can show [41,53] that the tunnelling current is

\/27TA]{?BT _A—eV
2R, P\ T LT

where R, is the normal state resistance of the junction(s), A is the energy gap of
the superconducting electrode and V' is the applied voltage over the structure. If the
structure is biased with a constant current the theoretical temperature sensitivity for
the thermometry will be [41]

I =

(3.7)

v kpA—eV
dar e kgT
In Fig. [3.4] is a micrograph of two S-Sm-S structures, which can be utilized

for the electron thermometry. One applies a measurement current bias across the Si
mesa, which in turn is heated up by the heating current. As the current bias is several

(3.8)
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quasiparticle
tunneling

Sm

Schottky barriers

FIGURE 3.3 Schematic illustration of the quasiparticle tunneling. If the superconduc-
tors surrounding the semiconductor are properly biased the quasiparticles can tunnel
through the Schottky barrier. The tunneling current is dependent on the semiconduc-
tor electron temperature.

orders of magnitude smaller than the heating current, to a very good approximation
it does not heat the electron gas. If the junction is current biased (the measurement
current has a constant value), one directly obtains the Si mesa electron temperature
from the voltage over S-Sm-S structure.

In Fig. are current-voltage (IV) curves for the S-Sm-S structure in the
SIN1A-wafer. The IV curves have been measured at different temperatures between
160 and 490 mK and they have a strong temperature dependence . The setup for the
electron temperature measurement is in the inset in Fig. 3.5a. The S-Sm-S structure
is biased with a constant current (horizontal line in Fig.[3.5a) and in Fig. is the
correspondence between the measured voltage over S-Sm-S and the temperature.
The temperature value is from a calibrated RuO-resistor.

In order to apply this electron thermometry at low temperature proper low-
pass filtering and noise isolation are very important (see Fig.[3.6). The measurement
setup is similar as in Fig. but without a proper filtering in the measurement
lines. RF-signals are induced in the measurement lines and they eventually heat up
the electron gas. Due to a finite electron-phonon coupling, the electrons in the Si
mesa can attain an independent temperature due to RF-noise heating regardless of
the substrate (phonon) temperature.
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heating current

100 pm

Al

measurement
current

n++ Si

FIGURE 3.4 Micrograph of the sample used for the electron-phonon coupling mea-
surement. The measurement current is negligible in comparison with the heating cur-
rent. Superconducting contacts (Al) on top of the Si mesa form the Schottky contacts.
Al contacts are connected to bonding pads (three of four are on this graph). Two ther-

mometer structures are separated by 250 ym.



3.4. ELECTRON THERMOMETRY

23

current (uA)
o
=

— 160 mK
- - --300 mK1
370 mK
- 490 mK]

02

0.0
V S-Sm-S (mw

04

(b) '

0.45}
0.40+
0.35}¢
0.30+
0.25}¢
0.20+
0.15}
0.10+

T(K)

0.05

010 015 020 025 030
Vv (mV)

S-Sm-S

FIGURE 3.5 (a) The I-V characteristics of the S-Sm-S structure at different cryostate
temperatures. For clarity only 4 different temperature values have been inserted. Inset:
the schematics of the constant current bias setup. The structure is similar to Fig.
(b) The temperature calibration curve. In the x-axis is the voltage over the S-Sm-S
structure at a constant current bias and in the y-axis is the corresponding temperature.
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FIGURE 3.6 Measurement setup as in Fig but without a proper low-pass filtering.
The RF-noise induced in the measurement lines will heat up the electron gas and limit
the thermometry temperature scale to 300 mK. The dotted line is a guide to the eye.



4 Thermal transport in SOI films at
sub-Kelvin temperature

41 Introduction

The thermal transport is strongly degraded in the silicon-on-insulator structures at
sub-Kelvin temperature. The electrons in the Si film can have a temperature which
differs from the substrate or the phonon temperature due to a weak electron-phonon
coupling. It is very crucial to take into account these effects in designing devices
working at sub-Kelvin temperature. An uncontrollable overheating can prevent or
destroy the function of a SOI based device.

Two aspects of the thermal transport have been studied: the heat conductance
between the electron and phonon systems (the eletron-phonon coupling) and the
electron thermal conductance along the Si mesa.

4.2 Electron-phonon coupling

4.2.1 Theoretical background

The electron-phonon thermal conductance determines the heat flow between the
electron system and the lattice (phonons). This thermal conductance has a strong
temperature dependence and at sub-Kelvin temperature it becomes comparatively
weak. Depending on the application this can be an advantage or a disadvantage:
an advantage in the case when one wants to thermally isolate the electrons from
the lattice. This is a disadvantage if one wants to electrically measure the lattice
temperature (low temperature thermometry).

Clean and dirty limits

The electron-phonon interaction has qualitatively different temperature dependen-
cies depending on the intrinsic properties of the material. In pure metals the electron-
phonon relaxation time 7._,, is inversely proportional to the number of thermal
phonons and therefore 7, 1ph o< T for three dimensional (3D) phonons. This depen-
dence is theoretically and experimentally well established (see e.g. [47] or [45]).

25
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The situation gets more complicated if the material is disordered, or the phonon
dimensionality differs from 3D. In some materials, such as in Ti;_,Al, [34] or in Au
film on quartz substrate [10], a weaker temperature dependence of 7, 1ph has been re-

ported (t1 . oc T?). On the other hand in Hf, Ti [20], Bi [28] or Cu [25] the relaxation

e—ph
time demogstrates a stronger dependence on temperature (T;lph ox T%).

In a disordered material the electron scattering from impurities and bound-
aries significantly changes the single-particle picture of the electron-phonon inter-
action. Two scattering processes should be taken into account: the "pure" electron-
phonon scattering and the inelastic scattering from impurities such as defects or
boundaries. Depending on the product of the thermal wave vector ¢; and the elec-
tron mean free path [. one can consider two cases for the electron-phonon interac-
tion: the clean (¢rl. > 1) and the dirty (grl. < 1) limit.

Phenomenologically this means that in the dirty limit electrons scatter mostly
from impurities or from defects. In the clean limit the dominating scattering is from
phonons and the scattering from impurities or defects do not play a significant role.
If in the dirty limit the scattering centers are static then 7., o T? is expected [51]. If
the impurities are fully vibrating with the lattice the relaxation rate is proportional
to T%: T;_lph o T4, [51].

At low temperature electrons have a well-defined temperature. Usually the
electron-electron interaction time (7._.) is supposed to be significantly smaller than
the electron-phonon interaction time (7._,) and in this case the heat flow from elec-
trons to phonons can be described by a model [62], where electrons have the heat
capacity C. = ~T. and the change of the electron temperature is determined by
dP =71 1phC’edTe. By substituting 7. 1ph = oT?, one obtains

P =Qs(Tr — 185, (4.1)

where P is the heat flow from electrons to phonons, ¥ is a material-dependent con-
stant characterizing the electron phonon coupling (X = ay/(p + 2)), 2 is the volume
and 7, and T, are the electron and the phonon temperatures.

This theoretical analysis has been made for metals, or materials with a spher-
ical Fermi surface, where the free electron model can be applied. The important
question is if these results can be directly applied to heavily doped Si [2,3,/6,50]. A
more correct way for the consideration of the electron-phonon interaction in Si is to
take the intervalley scattering process into account [7].

Intervalley scattering

The Fermi surface in Si is six-fold degenerate and the intervalley scattering (see Fig.
is generally a more important process than the intravalley scattering in relaxing
the momentum and energy of the conducting electrons (Ref. [65] p. 215).

The electron-phonon interaction can be considered due to the deformation po-
tential coupling where the intervalley processes are taken into account. In the many-
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valley semiconductors acoustic waves are strongly attenuated when the strain asso-
ciated with them destroys the equivalence of the valleys.

[mmT

[010]
intervalley
scattering

FIGURE 4.1 The principle of the intervalley scattering. The Fermi surface of Si is six-
fold degenerate and the intervalley scattering between minima in Si is generally more
important than the intraband processes when it comes to relaxing the momentum or
the energy of the electrons (Ref. [65] p. 215).

The heat flow from electrons to phonons can be written [7]

- 1 ON(hwp)
P = _;/dQ(2W)dha)qA ot ) (42)

where N (hwg,) is the phonon energy distribution function, 7wy, is the phonon en-
ergy, ¢ is the phonon wave vector, d is the dimensionality of the phonons and A
includes all the possible phonon modes [21]]. The magnitude of ¢’ depends on the di-
rection, but after the integration this directional dependence results only as a scalar
constant. One can use the approximation [44]

ON(hwg) Nt (hwg) — N, (hwg)
8t Tph—e, g\ ’

(4.3)

where T, and T,, correspond to temperature of the electron and phonon systems,
respectively. 7,,_. 7 characterizes the electron-phonon energy relaxation.
The relaxation time 7,,_. 4, can be also written as [57]

1

_ v v+1 v

= Vg Qlgn X Vg Wy OX Vg q (4.4)
7_ph_€7q_’A

where v is the velocity of sound, 4 is a unit vector into g-direction and « is the
ultrasonic attenuation coefficient. By substituting Eqs. (4.3) and (4.4) into Eq. (4.2)
and calculating the integral one obtains (compare with Eq.

P =Qy(T =Ty, (4.5)
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where (2 is the volume of the sample, 7 is the electron temperature, 7}, the phonon
temperature and ¥ is a parameter which characterizes the magnitude of the thermal
coupling between the electron and phonon systems. ¥ o 7;, N /3 where 7;, is the
intervalley scattering relaxation time and NV is the carrier concentration.

Sota et al. have theoretically investigated the ultrasonic attenuation in
many-valley semiconductors and according to their analysis the ultrasonic atten-
uation coefficient a oc 7;, N/3w?, or in another words, v = 2. It is therefore expected
that the heat flow between the electron gas and the phonon system in Si should have
a T®-dependence.

In the discussion above it is assumed that the phonons in the Si film are three
dimensional (3D). This is not necessarily always the case. The acoustic coupling be-
tween the Si film and the buried oxide layer (BOX), which is beneath the Si film,
determines the phonon dimensionality in the Si film [21]]. Another interface where
the phonons can be backscattered is the boundary between the Si chip and the cryo-
stat sample holder (Cu). If this interface dominates the phonon reflection the phonon
temperature should be to a some degree dependent on the Si chip - Cu contact and
therefore the phonon dimensionality in the Si film were effectively 3D.

the phonon
thermometer

the electron heating
thermometer —_Z' current
Si mesa

FIGURE 4.2 The sample geometry used in the electron-phonon coupling measure-
ments. The Si mesa line width is 60 ym. The electron and phonon temperatures are
measured with S-Sm-S structures. Inset: the electrically isolated phonon thermometer
is 1 um away from the Si mesa.
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A I 4 the phonon thermometer
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l % electron-phonon %
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n++ Si phonon system phonon system
K :
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FIGURE 4.3 The heat flow in the sample.

4.2.2 Experimental

The sample geometry and schematics of the measurement setup are depicted in
Fig. 4.2l and the heat flow process in Fig. The samples were mounted on a Cu
sample holder of the dilution refrigerator with GE varnish|and the measurements
were carried out at bath temperatures between 100 and 400 mK. The electron and
phonon temperatures were simultaneously measured by utilizing the superconduc-
tor - semiconductor - semiconductor (S-Sm-S) thermometry [1] while the electron
gas in the Si film was heated with a DC current. The phonon thermometer is iso-
lated from the main Si mesa by a 1 um gap and it measures the overheating of the
phonon system.

The phonon thermometry is rather complicated task due to possible internal
phonon reflections in the sample (see Fig. [4.4). The phonons are emitted from the
n++ Si mesa and can be reflected from the SiO,/Si (substrate) interface or from the
Si / Cu interface. It is also possible that the phonons form a 2D system in the SiO,
layer.

4.2.3 Results and Analysis

The electron-phonon thermal conductance measurements in SOI films have been
carried out at substrate temperatures between 100 and 500 mK. The heating current
was swept slowly and the electron and phonon temperatures were simultaneously
measured. The results of the measurements of the electron and phonon tempera-
tures as a function of the heating power are presented in Fig. At power density
of 6.0-10°W/m? the electron temperature is more than 1.5 times higher than the
substrate temperature (7, = 390 mK, Ty, = 250 mK). At the same power density
6.0-10°W/m? the local phonon temperature is about 360 mK.

!GE C5-101 (available from Oxford Instruments plc)
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wafer Ny (cm™) R,,Q15K (Q) d(nm) pg; (mQ-cm) X (W/m3KE)

SINTA 3.5-10" 148 70 1.04 2.2-10°
SIN1F  6.7-10" 109 58 0.63 3.1-108
SIN1IG 1.2-10% 88 58 0.51 4.6-10%
SINITH 1.6-10% 77 58 0.44 6.7-108

TABLE 4.1 The characteristics of the samples. IV; is the carrier concentration, which
is obtained from the room temperature resistivity, R,;@1.5K is the square resistance
at 1.5K, d is silicon film thickness and pg; electrical resistivity and X is the electron-
phonon thermal conductance (see also Eq. ([@.5)).

For a correct electron-phonon heat conductance analysis the measured phonon
temperature must be taken into account. The situation is illustrated in Fig.
where the electron, phonon and the substrate temperatures are measured in a sam-
ple of the SIN1F wafer. If one applies T),, = T,us the qualitative result for the
electron-phonon heat conductance will be (incorrectly) 77 — 77, (Fig. , dash
line) [2]. However, T,;, does not remain at substrate temperature and as the mea-
sured Ty, is taken into account one obtains the correct result 7 — 77, (the solid line
in Fig.[4.6b).

Originally there were five wafers with different carrier concentrations. One of
them (SIN1L), which also had the lowest carrier concentration Ny = 2.0-10%cm =3,
was excluded from the analysis. The electron-phonon thermal conductance in SIN1L
was proportional to 7 — T, , but the magnitude of the thermal conductance constant
(electron-phonon coupling) ¥ varied more than 20 % between the samples.

The heating power density is plotted against 77 — 77, for SIN1A, SINTF, SIN1G
and SINTH wafers in Fig.[4.7] Measurements for every wafer were carried out simi-
larly as illustrated in Fig. All the measured wafers had the qualitatively similar
electron-phonon thermal conductance characteristics, i.e. the electron-phonon heat
flow is proportional to 77 — T7,. The fitting value of the slope in Fig. 4.5/corresponds
to ¥ in Eq. (.5).

The values of ¥ are plotted as a function of N, in Fig. Electron-phonon
coupling constants are presented in Table 4.1| with other electrical parameters. The
heat conductance (X)) increases with the carrier concentration. As the carrier con-
centration level increases roughly four times, ¥ increases three times from 3.5 x
103WW/m?K° to 6.7 x 108W/m?K®. The dash line in Fig. |4.8|is a fit of experimental
data. Its value, (4.4 +0.3) - 102 %??2 , predicts that at a doping level corresponding
to the carrier concentration in normal metals (10%?c¢rn?) the corresponding value for
¥ would be two orders of magnitude higher such as in Cu [25].




4.3. ELECTRON THERMAL CONDUCTIVITY 31

4.3 Electron thermal conductivity

4.3.1 The Wiedemann-Franz law

According to the empirical Wiedemann-Franz law [63], the ratio of thermal and elec-
trical conductivities is proportional to temperature:

A (4.6)
ag

where k is the thermal, o the electrical conductance, L is the Lorenz number and
T is the temperature. One can show (see e.g. [23] p.216) by using the Fermi-Dirac
statistics that the theoretical value for the Lorenz number is

7'('2 (]CB)Q
Lo= 3 e

=2.44-10%W/K? (4.7)

where £ is the Boltzmann’s constant and e is the electron charge. L, is sometimes
called the Sommerfeld value of the Lorenz number. The Lorenz number approaches
its theoretical value L, when the electron gas is highly degenerate and the electron
mean free path /. is equal for electrical and thermal conductivities.

Generally the Wiedemann-Franz law is valid for degenerate semiconductors
at low temperature [29,26]. Syme et al. [58] have investigated the electronic thermal
conductivity in a two-dimensional electron gas in n-channel MOSFETs at low tem-
perature (1-10K) and the obtained temperature dependence of the electronic thermal
conductivity was in agreement with the Wiedemann-Franz law. The possible devi-
ation from the theoretical value L, could have several origins. The impurities, the
presence of magnons and the phonon contribution to the thermal conductivity affect
the value of the Lorenz number.

The results of our electron-phonon heat transport measurements in SOI films
allow the electronic thermal conductivity from the non-uniform heating experiments
to be estimated. The previously obtained data concerning the electron-phonon inter-
action can be used for calculation of the electronic thermal conductivity in thermal
transport.

4.3.2 Thermal conductance

In a steady state the heat flow in the electron system can be determined by the ther-
mal conductivity along the Si film and by the energy flow rate between electrons
and phonons [58]

(W) )= v 48)
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where «(T') is the electron thermal conductivity and w,, is power density P._,; /2,
i.e. heat flow between electron and phonon systems per unit volume.

If one assumes validity of the Wiedemann-Franz law, the electron thermal con-
ductivity can be presented in the form

k= LoT (4.9)

where o is the electrical conductivity. Taking into account the linear temperature
dependence of electron thermal conductivity, equation 4.8 can be presented in the
form

T
dr -1, cu-du = — 2. 1/2
T = /2-<a-L> Wep(u) v+ du = = [ —-[L(T)] (4.10)

Thath

This applies for an arbitrary geometry. In the case of a long Si bar, which is
heated at one end, the boundary conditions must be taken into account. For a very
long sample, where the other end remains at substrate temperature, one obtains

5 f Tedr
(02— ) = /W — L(T\,T)) 4.11)

where (2, — ) is the distance between two points along the bar and 7} and 75 are
the corresponding electron temperatures.

4.3.3 Heat conductance in a silicon bar

The integral I, on the right side in Eq[4.11] depends only on the distance between
two points along the bar. For the two fixed points z; and z, the value of the integral
is constant in the whole range of the power applied to the system. In fact this is valid
only for very long samples (it is assumed that the other end of the sample is at the
substrate temperature) and for a moderate energy flow.

The sample geometry used for the thermal conductance measurement is de-
picted in Fig. The silicon bar was 30 ym wide and S-Sm-S thermometers 7}
and 75 were placed 40 m apart. To obtain the temperature profile along a film one
usually measures the electron temperature in several points along the line. In this
experiment only two S-Sm-S thermometers were usually used for measuring the
temperature gradient along the sample, and the thermometer at the "cold" end of
the sample was used for the control of its overheating in respect to the bath temper-
ature.

The heating current was slowly swept and the electron temperature in two
points along the bar (7} and 75) was recorded. If the Si bar is sufficiently long (the
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cold end at the bath temperature), then the temperature 75 is determined only by
temperature 7). In other words if 7} is the electron temperature at O ym and 75 at 40
pm and later 77 at 0 ym and T} at 40 um, where 7] > T and T, = T3, it follows that
the temperature at 80 ym must be T5.

The calculated temperature decay along the bar (solid line) and the measured
electron temperature values (circles) are plotted in Fig. [4.9(b). The only fitting pa-
rameter is the Lorenz number L, which is 2.45- 10—8W QK 2. The result of the fit-
ting may be considered as rather good, but the actual deviation of the calculated
(T. — Tparn) from experimental data is rather large for large distance from the heater.
The temperature of the S-Sm-S thermometer 75 situated in point z, (see Fig. is
plotted as a function of the first temperature in Fig.[4.10(a). The Lorenz number L,
which was calculated from this dependence on the basis of Eq. is plotted as a
function of the electron temperature 7} in Fig. (b). The Lorenz number slightly
increases with the increase of the heating power at 7} < 27},, and demonstrates very
rapid growth when the electron temperature exceeds the substrate one by a factor
of 2.

In calculating the Lorenz number it was assumed that the phonons in the sili-
con film are similarly heated as in the electron-phonon interaction measurement and
the phonon thermal conductivity was ignored in the doped Si film. This assumption
might be incorrect. The phonon contribution to the thermal conductivity leads to an
increase of the Lorenz number value derived from Eq. Parallel heat conductiv-
ity in substrate is responsible for the increase of the Lorenz number. The heat flow
in the phonon system leads to an additional increase of the phonon temperature
and to a decrease of the heat flow between electrons and phonons system, and to a
corresponding decrease of the value of I; (see Eqs. [4.5and 4.T1).

The circles in Fig. [4.10|c) represent the measured phonon temperature in the
electron-phonon interaction experiment as a function of the electron temperature.
Results correspond to a uniform heating of the SOI film. The solid line is the model
phonon temperature dependence taking into account the phonon overheating due
to a parallel phonon thermal conductivity. By introducing the parallel heat conduc-
tion model the situation is significantly improved (see Fig. (d)). In the tempera-
ture range below 300 mK phonons are overheated above the substrate temperature
approximately in the same manner as in the electron-phonon interaction measure-
ment and the effect of the phonon thermal conductance can be neglected. At higher
temperature the phonon system is heated more strongly and the phonon temper-
ature approaches the electron temperature. Physically this means that the parallel
heat conductivity of the phonon systems in substrate and in the SOI film starts to
dominate in the heat transfer process at higher temperature.
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4.4 Conclusions

The electron-phonon thermal conductivity has been studied in the heavily doped
Si with doping concentration from 3.5-10' to 1.6-10%°cm 3. The heat conductiv-
ity has qualitatively the same dependence (X ~T°) in this doping range and it in-
creases with the carrier concentration. Overheating of the phonons in the Si film in
respect to the substrate cannot be neglected in the analysis. Experimental results of
the electron-phonon thermal conductance are in agreement with theoretical predic-
tions, which are based on the intervalley scattering in many valley semiconductors.

The heat conductance along the Si mesa was also studied. This investigation
was done only in one doping level (3.5-10"¢m™?). The agreement with the Wiede-
mann-Franz law is achieved when the phonon heat conductance along the Si film is
taken into account.

These results can be applied in the design of micro- and nanoscale devices
operating at sub-Kelvin temperature range. One must regulate the power consump-
tion, because phonons can be locally overheated and the heat conductance via pho-
nons is very significant.
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FIGURE 4.4 a) The schematics of the sample geometry and connections to external cir-
cuitry in the measurements. The long Si mesa is uniformly heated with a DC current.
The electron temperature is measured using S-Sm-S (Al-Si-Al) thermometers. The S-
Sm-S structure is biased with a DC current, and the voltage over the S-Sm-S contacts
is dependent on the electron temperature in the Si mesa. The structure of the phonon
thermometer is similar to the electron thermometer, but it is electrically isolated from
the heated mesa. For clarity the measurement setup for the phonon thermometer has
been omitted from the figure. b) The cross section of the SOI sample and the illustra-
tion of the phonon reflections from different interfaces (note: thicknesses are not in
scale). In the SiO; layer the phonons can be both 2D and 3D, which complicates the
phonon temperature analysis.
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FIGURE 4.5 The electron and phonon temperatures as a function of the heating
power density (SIN1G). The n++ Si film is heated by the Joule heating and the electron
and the phonon temperatures are simultaneously measured. The substrate during the
measurement is at a constant temperature (Tsyp = 255 mK).
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FIGURE 4.6 a) The electron, phonon and substrate temperatures as a function of the
applied heating power density (SIN1F). b) Neglecting the phonon overheating leads
to an incorrect temperature dependence (dash line). The solid straight line, indicating
the electron-phonon heat transfer, has a TG—dependence.
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FIGURE 4.7 The power density vs. (¢ — T ;?h) for samples with different carrier con-
centrations. Y for SIN1A, SIN1F, SIN1G and SIN1H-wafers can be obtained from the
fitting (see also Eq.(4.5)). For the SIN1H-wafer ¥ = 6.7-10*W/K5m3, for the SIN1G-
wafer ¥ = 4.6-103W/K%m3, for the SIN1F ¥ = 3.1-108W/K%m? and for the SIN1A-
wafer ¥ = 2.2-105W/K%m3. The substrate temperature is between 250 and 330 mK.
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FIGURE 4.8 Electron-phonon thermal conductance ¥ vs. Ny, where Ny is the carrier
concentration. The dashed line is a fitting and the slope of the dashed line is (4.4 +
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FIGURE 4.9 (a) micrograph of the sample. The mesa width is 30um and the distance
between the thermometers is 40 pm. The heating structure is on the right. (b) the elec-
tron temperature profile along the sample (circles) represent experimental data (see
also the text). The solid line is Eq. (the Lorenz number obtained from the fitting is
L = 2.45 x 1078WQ/K?). The dashed line corresponds to the bath temperature Ty,

=168.5 mK.
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FIGURE 4.10 (a) The electron temperature 75 plotted against 7. The thermometers
are placed 40um apart and the bath temperature is 168.5 mK. (b) The relative Lorenz
number as a function of the electron temperature 77. (c) The phonon temperature in
the SIN1A SOI film in the case of uniform heating of the film as a function of the elec-
tron temperature (open circles) and that from the model used to analyze the electron
heat conductance experiment (solid line). (d) The Lorenz number calculated by taking
into account the predicted phonon temperature profile.



5 Si applications at sub-Kelvin tem-
perature

5.1 Electron refrigerator

5.1.1 The cooling principle

Cooling of the electron system in a normal metal [40,31,32], quasiparticles in a su-
perconductor [36] or the lattice of a thermally isolated system [35] have been demon-
strated using normal metal - insulator - superconductor (NIS) structures. In this
approach heavily doped semiconductor (Si) has been used instead of the normal
metal [[1,/4,5]. The Schottky barrier at the interface behaves as the insulator barrier
in the NIS structure. Moreover, the utilization of the heavily doped semiconductor
instead of a metal gives more possibilities for the adjustment of the material para-
meters for a particular application. As a result of its intrinsic properties, the super-
conductor - semiconductor (5-Sm) contact is very stable and reproducible compared
with NIS, which is very important in regarding practical device applications.

The quasiparticle tunneling between the superconductor and the semiconduc-
tor is affected by the energy gap in the superconducting electrode. If the S-Sm (or
S-Sm-S) structure is properly voltage biased, the quasiparticle tunneling current
through the semiconductor will cool down the electron system in the normal (semi-
conductor) electrode (see Fig. [5.1).

The cooling of the normal electrode (semiconductor) can be observed at low
temperatures when kp < A (A is the superconducting energy gap) if a small voltage
V > 2A/eis applied across the structure. At small bias only the most energetic elec-
trons in the thermal tail of the Fermi distribution can tunnel from the semiconductor
through the right Schottky junction to the superconductor. On the other hand, the
quasiparticles below the energy gap in the left superconductor can tunnel to the
semiconductor. The net effect is now that electrons are removed above (Sm -> S
tunneling) and added below the Fermi level (S -> Sm tunneling) in the semiconduc-
tor. This reduces the total energy of the electron gas and leads to the cooling effect.
The cooling power is inversely proportional to the normal state junction resistance

39
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FIGURE 5.1 The principle of the cooling of the electron system by the quasiparticle
tunneling. The S-Sm-S structure is properly biased that the "cooler" quasiparticles can
tunnel from the left-side superconductor and the "hotter" quasiparticle will tunnel
away from the semiconductor to the right-side superconductor. As an consequence
the average electron temperature in the semiconductor will be decreased.

Ry [31,335]:

VA

€2T

Pz =2 % 0.6 (kpT,)3?, (5.1)

where e is the electric charge, kg is the Boltzmann constant and 7, is the semicon-
ductor electron temperature. Reduction of the tunneling resistance R leads to an
increase of the cooling power. With the decrease of the tunnel resistance and the
corresponding increase of the electrical current through the structure the back tun-
neling of hot quasiparticles and the recombination phonons from the superconduc-
tor start to limit the cooler operation [24].

The performance of the electron refrigerator depends on the thermal conduc-
tance between the electron and phonon systems. As it has been shown in Ch.
the heat flow in S is [3,16,7]]

Py = SV(T? — ) (52)

IThe equationalso applies to certain metals such as Cu [25]
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where V' is the semiconductor volume and ¥ is the material-dependent constant
characterizing the electron-phonon heat conductance. If there is no additional heat
flow in the system, the heat balance in the Si film is determined by the power P
introduced into the electron system by the Joule heating (or the cooling power in
the case of a 5-Sm-S cooler) and the heat flow between the electron and phonon sys-
tems. The electron temperature can be found by solving the equation for the power

balance in the system:
P+P, =0 (5.3)

5.1.2 Samples and thermometry

The typical cooler structure is depicted in Fig. The physical size of the cooler
is 20um x 30um and the size of the cooler current contact is 18um x 5um. Smaller
contacts (3um x 3um) were used for the electron thermometry. The thickness of the
Si film is 70 nm (SIN1A) or 58 nm (SIN1F, SIN1G, SIN1H). The details of the sample
fabrication is described in Ch. A 3He/*He dilution refrigerator was used for
measurements in the temperature range between 50 mK and 1 K.

3um x 3 um |—@—
contact @

18 um x 5 um
contac

FIGURE 5.2 Micrograph of the cooler structure. The size of the cooler is 20pm x 30pum
and it has two pair of contacts: one (3um x 3pum) for the electron thermometry and the
other (18um x 5um) for the cooler current.

5.1.3 Results and discussion

The maximum cooling of electrons with respect to the substrate temperature has
been observed in the SIN1A samples (N,; = 3.5x10%cm™3). The electron temperature
in the Si film as a function of the bias voltage across the cooler structure is shown
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in Fig. 5.3/ for SIN1A and SIN1F wafers. For SIN1A at temperatures below 450 mK
all curves exhibit two clear minima at V' ~ £ 0.34 mV. For a structure with two
junctions in series the maximum cooling power is obtained at I’ ~ £2A /e and from
there the value of the energy gap is obtained for the Al-1% Si film A ~ 0.17 meV.
With a decrease of the substrate temperature the amplitude of the cooling peaks
increases, which is due to the faster decrease of the electron-phonon coupling than
the decrease of the cooling power. The electron system in SIN1A cools down to half
of the bath temperature. The cooling was observed at substrate temperatures down
to 40 mK. The voltage across the S-Sm-S thermometer as a function of the cooler
voltage is presented in Fig. for substrate temperatures below 150 mK, where
electrons cool down to temperatures below the thermometer calibration range.

The samples with higher carrier concentrations (N > 6.7 x 10"%¢m %) having
a lower charasteristic resistance of the junctions and thus a higher cooling power
exhibit cooling only in the limited range of temperature. At low temperature the
cooling curves demonstrate a rapid increase of the electron temperature with an
increase of the applied voltage in the sub gap region (SIN1F in Fig.[5.3). The power
corresponding to the Joule heating in Si is too small to describe this heating effect.
According to our numerical modeling [4] the observed behavior cannot be described
by the back tunneling of hot quasiparticles and phonons.

The heating of the phonon system in the Si film takes place in all samples,
but this effect is stronger in the samples with more transparent junctions (higher
operation current). The coefficient of performance the cooler 6,,,, (the ratio between
the maximum cooling power and the total electric power applied to the cooler) is
proportional to the electron temperature in the normal electrode 6 ~ 0.3- 1, /T¢ [5],
where Tt is the critical temperature of the superconductor. The cooling power and
the substrate thermal conductivity decrease when the temperature is lowered and
this leads to the local overheating near the cooling junctions and to an increase of
the phonon temperature in the Si film. As a result the electron cooling in respect
to the phonons in the Si film does not produce cooling any more. Reduction of the
contact resistance does not lead to a stronger cooling without modification of the
cooler geometry and a more effective thermal contact between the cooler and the
bath.

The characteristics of the coolers with carrier concentrations are represented in
Table The relative minimum electron temperature 7,,,,/75 as a function of the
substrate temperature 7j is presented in Fig. In the case of SIN1A the electron
cooling increases with the temperature decrease within the temperature range under
investigation. In the other wafers (SIN1F, SIN1G and SIN1H) the heating limits their
operation at lower operation.
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FIGURE 5.3 The electron temperatures as a function of the bias voltage in two differ-
ent structures (SIN1A and SIN1F). At a higher carrier concentration (such as in SIN1F)
the cooling occurs only in the limited range of temperature.
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FIGURE 5.4 The electron temperature as a function of the bias voltage of the SIN1A.
Electrons are cooled down below the thermometer calibration range.

5.2 Hot electron bolometer

One needs large-format pixel arrays of detectors (10° — 10° pixels) for the deep-
space mapping in the sub-millimeter band [48] with the noise equivalent power
(NEP) is below 5-10~*¥W/v/H 2. The working principle of a hot electron bolometer
is quite simple: sub-millimeter radiation will heat up the electrons and one can de-
duce the energy of the absorbed radiation by measuring the electron temperature.
The efficiency of the bolometer depends on the strength of the electron-phonon cou-
pling. This makes Si very interesting material in comparison with metals, because
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100 200 300 400 500

FIGURE 5.5 The relative minimum electron temperature 7,,;,/Tp as a function of
the substrate temperature 1) for coolers with different carrier concentration. The solid
curves are guides for the eye.

wafer N;[em™3] Rr@Q15K [Q] Pa (175 mK) [pW]

SIN1A 3.5-10% ~ 750 ~ 1.3
SINTF 6.7-10% ~ 130 ~ 7.6
SIN1IG 1.2-10% ~ 40 ~ 25
SINTH 1.6-10% ~ 20 ~ 50

TABLE 5.1 The characteristics of the SOI coolers. Ny is the carrier concentration, R
the normal-state resistance of the 18um x 5um junction and P4, is the maximum
cooling power at 175 mK.

the electron-phonon coupling is in Si tunable and generally lower than in metals.
The performance of the detector is also limited by thermal fluctuations. The
thermal fluctuation noise limit is given by [48§]]

NEP,, = /4kT?G (5.4)

where kp is Boltzmann's constant, 7' temperature and G is the total thermal con-
ductivity. With a proper geometry and design one can approximate that G =~ G._p;,
where G._,), is the electron-phonon thermal conduction. Furthermore, the electron-
phonon thermal conductance can be approximated in Si as

Geph = 6- 2V TP (5.5)

where ¥ is the electron-phonon coupling constant depending on the carrier concen-
tration and V is the volume of the bolometer. The thermal fluctuation noise limit is

then
NEP,, = \/24kpSVT7 (5.6)

The parameter ¥ for the SIN1A wafer is 2.2- 108WW/m?K°. If the operating temper-
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ature is 50 mK and a volume of the Si island is 1.0um?, the NEP will be order of
10-2°W/v/H z which is clearly below 5- 10~ ¥ /v/H 2.

If one would like to increase the performance it is always possible to attach an
S-Sm-S based electron refrigerator to the bolometer (see Fig.[5.6/and [5.7). If the tem-
perature is lowered to 25 mK, the NEP level in turn would be less than 10-2'1W//H 2.

bolometer Poo n++ Si

T CVD SiO,

electron refrigerator

nitride (bridge structure)

FIGURE 5.6 The bolometer structure from side. For the thermal insulation the whole
structure is on a nitride structure. For an extra cooling the bolometer is placed on top
of an electron refrigerator. The refrigerator in this setup must also cool down the SiO,
insulator layer. Antennas needed for the bolometer have been omitted from the picture
for clarity.

5.3 Neutrino detector

The bolometer described in Ch. 5.2 can also be applied in macroscopic scale for the
detection of neutrinos. Si has been proposed as a possible candidate for the detec-
tion material [12]]. In order to observe neutrino interaction rates through low-energy
recoil electrons and nuclei one needs large detectors. Si is therefore very promising
material, because it is available with extremely high purity in large amounts. Fur-
thermore, in Si there is a nearly total absence of radioactive impurities, which could
limit the accuracy of the neutrino detection.

Si has already been successfully applied for X-ray calorimetry at 100 mK [38].
S.H. Moseley et al. [39] estimate that in the interaction between an X-ray and the Si
crystal 30 % is converted to free electrons or holes and 70 % directly to phonons. In
addition, many of the free holes and electrons form excitons (bound hole-electron
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FIGURE 5.7 The bolometer structure from above. The antennas are made of super-
conducting Al and a similar but smaller S-Sm-S structure is used for the electron ther-
mometry .

systems), which decay by emitting phonons, photons and Auger electrons. The
phonon spectrum following the incidence of an X-ray is highly nonthermal, which
complicates the analysis.

It has been estimated that for Si the neutrino yield will be 5.5 events per ton
[22]. If one applies microscale electron and phonon thermometry discussed in Ch.
to a macroscopic single crystal Si, one could obtain a very sensitive device de-
tecting neutrino incidents.



6 Superconducting metal structures

6.1 Motivation

For the low temperature electronics, in addition to semiconductor-based structures
which have been discussed in Ch. [2|- 5, one can take advantage of phenomena re-
lated to superconducting metals (Josephson junctions). In this chapter the current
noise properties in a superconducting single electron transistor and the photon as-
sisted tunneling in capacitively coupled Josephson junctions will be discussed.

6.2 Noise in single electron transistors

6.2.1 Single electron transistor

A single electron transistor (SET) is a device which consists of an island connected
to the external circuit by two junctions. The charge transport through the device
is ensured by sequential tunneling through the junctions due to an external bias
voltage. A gate electrode, evaporated in close proximity to the structure, creates a so-
called gate capacitance with respect to the island. With modern nanolithography one
can design these devices so that the total electrical capacitance associated with the
island (the sum of the junction capacitances and that of the island) is small enough,
therefore the charging energy could be larger than the temperature. In this regime,
the transport through the device is controlled in a sensitive way by the gate voltage
(Coulomb blockade effect) [19].

Below a critical temperature, the structure could become superconducting. In
this case, several new transport mechanisms appear at different bias voltages, due to
combinations between quasiparticle generation and Josephson effects in each junc-
tion.

The current noise properties of Al/AlOx/Nb/AlOx/Al-based SETs are stud-
ied, where AlOx builds up the insulating layer and Nb forms the Coulomb island.
In comparison with Al, Nb can be in some sense more attractive material: Nb has a
larger superconducting gap and therefore its critical temperature 7¢ is much higher
than that of aluminium (T4 ~ 1.2K, TN ~ 9.3K [9]).

47
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6.2.2 Fabrication and experimental setup

The Al/AlOx/Nb/AlOx/ Al single electron transistors were fabricated on oxidized
p— Si substrate by using the standard self-alignment lithography process with a dou-
ble layer resist of PMMA - P(IMMA-MAA). The layer thicknesses were 300 nm and
400 nm respectively. PMMA-MAA) was baked at 160°C for 45 min and PMMA for
60 min. The patterns were drawn by using a scanning electron microscope and the
actual structures were evaporated with the self-aligning shadow technique [17]. The
line width of the source/drain lines was approximately 130 nm.

Samples were measured at sub-Kelvin temperature by using two different *He/
“He dilution refrigerators. The base temperature of the cryostat was around 250 mK.
The measurements were carried out in a shielded room with a battery powered DL-
Instrument 1211 current preamplifier and a 1201 voltage preamplifier. The output of
the current amplifier was directly connected to Stanford Research 760 Fast Fourier
Transform spectrum analyzer.

6.2.3 Results and conclusions

The SET was connected to a battery source and the current was amplified and fed
to the spectrum analyzer. The bias voltage was varied between 0 and 700 1V as the
gate voltage was kept constant (0 and 100 mV).

T T T

bias voltage = 100 pVv

gate shunted to GND

—_
<
N

250 mK

current noise (a.u.)
2

4K

=)
(@]
o

T30x10°  6.0x10°  9.0x10°  1.2x10°
frequency [HZ]

FIGURE 6.1 The noise spectrum of an Al/Nb - SET (B1606) at two different tem-
peratures (250 mK and 4 K). A noise spectrum can be seen between 1 and 6 kHz at
superconducting state which vanishes at 4 K.

In Fig.|6.1is presented the noise spectrum of an Al/Nb single electron transis-
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tor at two different temperatures. In the superconducting state an anomalous noise
spectrum appears between 1 and 6 kHz. The amplitude of the noise is at least one
order of magnitude larger than the 1/f-noise on the background.

1307 Hz
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10"
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10°

current noise (a.u.)
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FIGURE 6.2 A similar noise spectrum of an Al/Nb - SET (A1606) as in Fig. The
noise level starts to build up at 250 1V and at 293 11V there is an induced AC-current,
which frequency 1.3 kHz.

In Fig. 6.2|is the noise spectrum of another SET on the same chip. At 293 ;V
an AC-current, which frequency is 1.3 kHz, is induced. This AC-current is strongly
dependent on the bias voltage and it vanishes as the bias voltage is increased to 350
wV.

In Fig. is the frequency band from 0 to 2 kHz. The frequency of the AC-
current decreases as a function of the increasing bias voltage and vanishes at 350
pV. The voltage dependence showed little or no hysteresis. In addition the variation
of the gate voltage (between 0 and 100 1:V) had a negligible effect on the current
spectrum.

The measurements were done in a dilution refrigerator, which had commercial
radio frequency pi- and strip filters near the sample holder at 4 K. Although the
role of the filters is crucial for good thermalization and attenuating nonequilibrium
fluctuations coming from the room temperature and the outer electrical lines, their
presence makes the results difficult to interpret. For a correct analysis one must vary
the cut-off frequency and the attenuation in order to exclude possible interference
effects.

The series of peaks in the spectrum appears when the transistor is biased in
a voltage range in which a resonance effect called the Cooper pair resonances have
been seen before [60]. This effect is due to a combination of Josephon tunneling
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FIGURE 6.3 The noise spectrum below 2 kHz. The frequency of the AC-current de-
creases as a function of the bias voltage from 1.3 kHz to 800 Hz. At 350 .V the AC-
current is vanished.

followed by quasiparticle de-excitations. The time scales involved in this process
are not yet fully understood, but one can speculate that the peaks seen in the data
are an indication of oscillations in the system induced by this effect.

6.3 Photon assisted tunneling

6.3.1 Background and motivation

Noise measurements are a powerful method to probe mesoscopic systems. Recently
it has been realized that one can measure the shot noise of electrons tunneling
through a single electron transistor by using a superconducting junction biased
closed to the quasiparticle gap [16]. In this paper, the junction is coupled capaci-
tively to the system under study and the detector junction has a similar function
with the standard SIS detectors used in astronomy applications. An analog system
has been proposed but not yet realized with double quantum dots [8].

A simpler configuration but still interesting is obtained if two Josephson junc-
tions are capacitively coupled together, see Fig. This is a well-studied system of
two coupled phase qubits [11]. The energy levels for this system have been calcu-
lated and confirmed by spectroscopy measurements and entanglement between the
macroscopic quantum states of the two systems has been demonstrated.

Another view can be taken on this system: in what follows, one junction will
be regarded as a radiation source with an intrinsic noise, and the detector as a po-
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tential qubit (the photons will be mainly transmitted capacitively). In other words,
the interest is in creating an on-chip coherent source of radiation and demonstrating
that the coupling can be sufficiently strong to excite a phase qubit. Unlike the case
of Deblock et al. [16], one can look at the influence that the radiating junction has on
the Josephson effect of the detector/qubit.

For example, for a good enough coupling one can expect the appearance of
Shapiro steps in the IV of the detector. Preliminary results presented in this thesis
demonstrate that there is indeed a measurable influence on the Josephson current of
the detector/qubit. Also, it would be interesting to study the effect of thermal and
quasiparticle noise on the radiation spectra of the source (the linewidth of the radi-
ation), a subject that received recently a renewed attention ( Ref. [33] and references
therein) since the classical work of Stephen [55,56].
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FIGURE 6.4 The schemactics of the capacitively coupled Josephson junctions. Junc-
tions are identical and both can act as noise source or detector. The resistors are Pt wire
evaporated on chip and are order of 2 kf2.

Around the energy gap of the detector, if the bias Vs;s in the detector is less
than the energy gap (A) the tunneling of quasiparticles is prohibited. However, the
absorption of a photon of energy hw that exceeds the value of (2A — eVy;g) can
assist in the tunneling. This process is called the photon assisted tunneling and the
tunneling current carries information of the quantity and the energy of the absorbed
photons in the SIS detector [61]].

In the case of the source, the interesting bias is that for which V is sligthly
larger than 2R1., where R is the on-chip resistor and I, is the critical current of the
Josephson junction. In a schematic description, the junction will be in the running
phase state and therefore, by the Josephson effect, the macroscopic relative phase v
will evolve according to the Josephson relation as v = wt where w = 2e/R(V —2RI,.).
The current will then be oscillating as I.sinwt, and one expects that the value of w is
roughly given by the smearing of the current-voltage characteristics of the detector
near the quasiparticle threshold 2A.
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6.3.2 Fabrication and experimental setup

The samples were fabricated in a similar process as described in Ch. Soft O,
reactive ion etching cleaning was used for 30 s to remove the residual resists in
the exposure areas before the evaporation. Ti was evaporated 4 nm as a sticking
layer and after that 20 nm of Pt. Pt was used for the resistors and the lower part of
the capacitors. After that 60 nm AlOx was used for the dielectric material between
the capacitor plates. The upper capacitor plates, the Josephson junctions and the
contact pads were made by evaporating 90 nm Al. The insulating layer was made
with oxidation, which lasted 3 minutes at 20 mbar. The sample is depicted in Fig.
It is estimated that the capacitance of the capacitors to be order of 100 fF.

Wid, BEE 1Hm

FIGURE 6.5 The sample used in the measurements. In the middle is an optical photo-
graph, on the left a photo taken with an atomic force microscope, on the right a photo
by a scanning electron microscope.

The samples were cooled down to sub-Kelvin temperature by a *He/*He di-
lution refrigerator. Both junctions were applied as a noise source and a SIS detector
respectively. In order to distinguish a small changes in the IV-curve Stanford SR530
lock-in amplifier was used to measure the dynamic conductance of the SIS detector
as the voltage bias of the noise source was changed.

6.3.3 Results and conclusion

Several samples were measured and a change due to photon assisted tunneling was
observed. First the structure A (Fig. was applied as a detector and B (Fig.
as a detector. After that the measurement was repeated by using A as a noise source
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and B as a detector. The voltage bias was changed from positive to negative and the
effect on the measured dI/dV-curve was identical in the detector, i.e. the polarity
of the bias voltage of the noise source had no effect. In Fig. are the dI/dV and
IV-curves of the junction A. The junction was in no means ideal, because there was
considerable leak current through the junction. The change due to noise bias in the
dI/dV graph was however clearly observable. In Fig. is the junction B (coun-
terpart of A), which has a better IV characteristics. However the observed change
in the dI/dV curve is close to the noise level. This may be due to the fact that the
junction A acts as a poor noise source. Also if there is leak current (as in A) through
the detector the variations in the IV-curve can be more easily detected.
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FIGURE 6.6 Above: dynamic conductance of a Josephson junction A as a function of
the noise source voltage bias. For clarity only four voltage bias values are plotted. The
cryostate temperature in the measurement was 60 mK. Bottom: The IV-curve of the
detector junction. The total resistance of the junction and resistors is 4.3 k2.
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FIGURE 6.7 Above: dynamic conductance of a Josephson junction B as a function
of the noise source voltage bias. This junction and that of Fig. are capacitively
connected together. Bottom: The IV-curve of the detector junction. The total resistance
of the junction and resistors is 3.6 k(2.
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7 Conclusions

The main focus of this thesis is the electron and thermal transport properties of the
heavily doped silicon thin film structures with doping levels 3.5 - 16.0- 10'? cm ™ at
sub-Kelvin temperature. According to theoretical predictions the electron-phonon
thermal conductance is intrinsically dependent on the scattering mechanisms of the
conduction electrons and the intervalley scattering determines the electron-phonon
energy relaxation.

The electron-phonon measurements have been carried out at sub-Kelvin tem-
perature. The substantial overheating of the phonon system in the doped silicon film
is remarkable and it has been taken into account in the heat conduction analysis. The
heat flow between the electron and phonon systems demonstrates a T°-dependence,
which is in accordance with the predicted theoretical results for many-valley semi-
conductors (Si). The electron-phonon coupling constant increases as a function of
the carrier concentration, which is also in agreement with the developed theoretical
model.

The heat conductance of electrons along the Si mesa has been studied. The
electron thermal conductivity dominates at low temperature and at temperatures
above 300 mK the parallel heat conduction in the phonon system must be taken into
account.

Si-based electron refrigerators have been suggested and studied as a low tem-
perature application for the S-Sm-S structures. The operational principle of the Si-
based electron coolers is similar to generally well-known SINIS electron refrigera-
tors, where the quasiparticle tunneling current cools the normal metal. Si is however
a more versatile material as normal metals in respect of applications and in addition
the Sm-S contact is very stable and reproducible compared with the NIS structures.

The performance of the S-Sm-S coolers have been investigated as a function
of carrier concentration in heavily doped Si. The variation of the doping level (in
addition to the electron-phonon interaction) affects the characteristic resistance of
the Al-Si junction and the performance of the S-Sm-S cooler. It was found out, that
heavily doped Si with carrier concentration 3.5-10' ecm™ is optimal for the direct
cooling of electrons. The devices with higher carrier concentrations produce a higher
cooling power, but an unwanted heating may exceed the cooling effect and limit the
effective temperature range of the coolers.

S-Sm-S structures could be also applied for the hot electron bolometry. Due to
a low electron-phonon coupling the electrons in Si are more easily to be overheated
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than in normal metals. The low electron-phonon coupling results in a low noise
equivalent power level, which can be further improved by lowering the electron
temperature in Si by combining the bolometer with a S-Sm-S refrigerator. In princi-
ple, but in larger scale, this structure could also be utilized for a neutrino detector.

The noise characteristics in Al/Nb based single electron transistors have been
studied in the sub-Kelvin temperature range. The current noise spectrum has been
measured as a function of the bias and gate voltages. Anomalous noise has been
detected which is also strongly dependent on the bias voltage. Its origin remains
vague, but it could be related to Cooper pair resonances, which are due to a combi-
nation of Josephson tunneling followed by quasiparticle de-excitation.

The photon assisted tunneling in capacitively connected Josephson junctions
has been discussed. The first junction has been applied as a voltage biased radiation
source and the second junction as a detector. It has been observed that the current-
voltage (or dI/dV) characteristics of the detector varies as a function of the absolute
magnitude of the noise source bias voltage. A similar setup could be applied for the
excitation of a phase quantum bit.
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