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diss.

This thesis concentrates on studies of AlO, based tunnel junctions and their fea-
sibility for cooling, thermometry and strain sensing in suspended nanostructures.
The main result of the thesis is cooling of one dimensional phonon modes of a sus-
pended nanowire with normal metal-insulator-superconductor (NIS) tunnel junc-
tions. Simultaneous cooling of both electrons and phonons was achieved, and the
lowest phonon temperature reached in the system was 42 mK with an initial tem-
perature of ~100 mK. In addition, suspended devices show cooling still at a bath
temperature of 600 mK. The observed thermal transport characteristics show, that
the heat flow is limited by the scattering of phonons at the bulk-nanowire interface.

The properties of Al-AlO,—Al tunnel junctions can be improved by thermal
annealing in vacuum at 350—450 °C. Annealing treatment will lead to complete sta-
bilization of the junctions, and on increase in both tunneling resistance and charging
energy. In addition, the annealing process shows a marked improvement in the tun-
neling conductance spectrum, indicated by a disappearance of several resonances,
which are a fingerprint of either resonant or inelastic tunneling processes caused
typically by impurities located in the tunneling barrier. The superconducting gap of
Al is not affected, but the supercurrent is reduced, consistent with the increase of
tunneling resistance.

Feasiblity of conventional, sub-micron sized Al-AlO4—Al tunnel junctions in
sensing strain, and therefore displacement, is demonstrated in the final chapter of
this thesis. Tunnel junctions show a good response to applied strain (gauge factor),
which is competitive with existing strain and displacement detectors.

Keywords Thermal annealing, tunnel junction, SINIS refrigeration, SINIS thermome-
ter, strain sensing
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Chapter 1
Introduction

Typically, physical systems that exist in nature are three dimensional. However, di-
mensions of a system can be artificially reduced to two, one or even zero by using
modern micro and nanofabrication techniques. The system can be considered to be
low—dimensional for some particle species, such as electrons or phonons, if they are
confined in space. For example, particles in two dimensional systems are restricted
to move in plane, in one dimensional systems in wire, and in zero dimensional sys-
tems particles are fully localized.

During the last two decades, the experimental studies of low dimensional
nanostructures have been mainly concentrated on electron systems, such as two di-
mensional electron gas (2DEG). For example, experimental realization of 2DEG can
be made out of semiconductor heterostructures [1]. Furthermore, the dimensionality
of electrons in 2DEG can be reduced to one dimensional wires or zero dimensional
quantum dots with external gate electrodes. Several new phenomena, such as frac-
tional quantum Hall effect in 2DEGs, quantized electrical conductance in ballistic
quantum point contacts and zero dimensional systems behavior as artificial atoms
have been observed in low dimensional electron systems [1].

In addition to electron transport, also heat transport is affected by the low di-
mensionality: for example, thermal conductance is quantized in similar manner as
electric conductance in one dimensional electron gases. The quantization of ther-
mal conductance has been demonstrated for one dimensional phonon system [2],
and also more recently for thermal photons [3]. Also the effects of phonon dimen-
sionality to interaction between electrons and phonons has been experimentally ob-
served [4]. Understanding and controlling of the heat transport phenomena in low-
dimensional systems can open a new era for ultrasensitive bolometry and calorime-
try [5], where the sensitivity of a detector is enchanced by the weakness of thermal
coupling to its environment. In addition, the understanding and control of heat flow
mechanisms would be beneficial for the quantum computing applications, since
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thermal coupling to the heat bath is one origin of dephasing.

For low—-dimensional phonon systems, the confinement cannot be achieved
by simply applying some external potential, as in the case of electrons, but me-
chanically suspended structures are needed to decouple the low—dimensional and
the bulk modes. The suspended structures can be used as nanoelectromechanical
systems (NEMS), which contain mechanical system coupled to electrical transduc-
ers. Probably one of the most exciting goals of current NEMS research is to reach a
quantum limited motion [6], since it would provide an excellent laboratory to study
quantum mechanics as well as offer an opportunity to improve the sensitivity of me-
chanical detectors for displacement [7,[8]], force [9] and mass sensing [10]]. To achieve
the quantum limit of a mechanical system, would require to cool it down to the
mechanical ground state, which typically means temperature below 100 mK.

One category of electrical nanostructures that can be employed in low-dimen-
sional systems for example in cooling, thermometry and displacement sensing are
tunnel junctions. To date, tunnel junctions are widely used in applications of nano-
electronics, such as radiation detectors [11], thermometers and coolers [12], magne-
tometers (SQUIDS) [13] and single electron transistors [14], just to name a few. In
addition, magnetic tunnel junctions are developed for the memory applications [15]
and the applicability of superconducting tunnel junctions for solid state realization
of a quantum bit has been widely studied [16].

This thesis concentrates on studies of AlO, based tunnel junctions and their
feasibility for applications such as cooling [IILIV]], thermometry [II], and strain and
displacement sensing in low—dimensional suspended nanostructures [V, |VI]. In ad-
dition, a novel method to improve the characteristics of tunnel junctions by vacuum
thermal annealing is presented [I].



Chapter 2
Properties of tunnel junctions

This chapter of the thesis contains a description of tunnel junctions, normal-normal,
normal-superconductor and Josephson tunneling is introduced as well. Also the
fabrication of junctions and the influence of thermal annealing in vacuum on tunnel
junction characteristics is presented.

Tunnel junctions used in this thesis contained metallic electrodes (either alu-
minium or copper) separated by a thin (~1-2 nm thick) insulating aluminium oxide
(AlOy) tunnel barrier. Classically this structure is not able to carry current, but when
the insulator is thin enough, the current is carried through the junction by quantum
mechanical tunneling of electrons between electrodes. Tunnel junction based de-
vices are widely used in applications of nanoelectronics and the possibility of their
use as a solid state realization of quantum bits is being studied, as discussed in the

introduction.

2.1 Fabrication of tunnel junctions

Sub-micron sized structures are most easily fabricated with electron beam lithog-
raphy (EBL) and vacuum evaporation techniques. In this thesis, submicron sized
structures fabricated on bulk had either silicon oxide (SiOy) (publication I.) or sili-
con nitride (SiN) (publications I1.-VI.) as substrate material. Silicon oxide was either
grown by thermal oxidation of silicon or by plasma enchanced chemical vapor depo-
sition (PECVD). SiN was low—pressure CVD (LPCVD) grown on top of Si to obtain
low—stress films.

To fabricate structures containing tunnel junctions, a double layer of electron
beam sensitive resist was used. The first layer consisted of polymethylmethacrylate
methacrylic acid (P(MMA-MAA)) in either acetic acid or ethyl lactate and the second
layer of polymethylmethacrylate (PMMA) in either anisole or chlorobenzene. The
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FIGURE 2.1 Schematic view of double angle evaporation process to fabricate tunnel
junctions. (a) Electron beam exposure, (b) 1st developer, (c) 2nd developer, (d) metal-
lization from two angles, (e) lift-off.



molecular weight of resist was 950 kDa. Both resists are electron beam sensitive and
are called positive resists: Beam of electrons breaks the bonds in the polymer and the
exposed area can then be easily removed with developer (Fig.[2.1|(a)). The first layer
of resist is called co-polymer and it is more sensitive to e-beam than the top layer,
therefore this co—polymer serves as a sacrificial layer to obtain a proper undercut
for multiangle evaporation schemes. Typical resist thicknesses were ~300 nm for
each layer, obtained by spin coating of the chip with spin speeds of 4000 rpm and
2000 rpm for 50 seconds for bottom and top layers, respectively. After spinning, each
layer was baked for 3 minutes at 170 °C.

Pattern design was made with CAD sofware and actual pattering performed
in a scanning electron microscope (SEM) equipped with a beam blanker. Samples in
publication I. were made with JEOL JSM840A SEM and samples in publications II.—
VI. with Raith E-line electron beam writing tool. EBL was followed by a developing
step, where samples were developed first with mixture of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) with a volume ratio of 1:2 for 45 seconds and then
with developer containing 2-methoxyethanol and methanol 1:2 for 6-10 seconds.
The first developer reacts with both resist layers (Fig. (b)), while the second one
has good selectivity between resists and it mainly develops the bottom layer, cre-
ating a proper undercut (Fig.[2.1{(c)). The developing process is stopped by rinsing
the sample with IPA and blow drying with helium (He) or nitrogen (N3) gas.

After developing, the samples were cleaned with oxygen plasma in a reactive
ion etcher (RIE) to reduce the amount of organic impurities on the substrate surface.
Typical parameters for plasma cleaning were 30 W of RF—power, 50 sccm oxygen
flow, 0.053 mbar of pressure and a duration of 30 seconds. The plasma cleaning has
a significant effect on the quality of tunnel junctions, as discussed later in section[2.6]
in this chapter.

Plasma cleaning was followed by deposition of the metal films in either Balzers
e-beam evaporator or in an ultra-high vacuum (UHV) chamber equipped with an
electron gun. Base pressures of the evaporators were ~ 107% mbar and ~ 10~? mbar,
respectively. Sample stages in both evaporators can be rotated with respect to both
horizontal and tilt angles by 360°.

Tunnel junctions studied in this work were based on aluminium oxide (AlOx)
barriers. To make a tunnel junction, first a thin layer of aluminium (Al) is evap-
orated and then oxidized in situ without breaking the vacuum. Typical oxidation
pressures ranged from 0.1 mbar to 40 mbar, depending on the application. Deposi-
tion of aluminium film was followed by deposition of the other electrode material,
either copper (Cu) or another layer of Al from another angle. A schematic picture of
the double angle evaporation technique is shown in Fig. 2.1{(d).



The last step in tunnel junction fabrication is lift-off, where the residual resist
is removed by immersing the chip in heated acetone, Fig. [2.1| (e). After lift-off, the
sample is rinsed with IPA and blow dried with a flow of He gas.

Instead of resists, mechanical masks can be used for multi-angle evaporation.
However, the spacing between mask and substrate is typically several microns and
therefore the distance between lines becomes easily relatively large even with evap-
oration from small angles. Tunnel junctions made with a mechanical mask, fabri-

cated from a silicon nitride (SiN) membrane are used e.g. in references [17}[18]].

2.2 Normal metal-insulator-normal metal tunneling

Tunneling current through a normal metal-insulator-normal metal (NIN) tunnel
junction can be written as a function of bias voltage V' and temperature 7" as [19]

10,1) = 22 [ AN (B - V)NAB) S (B - V. T) - (BB @)

[e.e]

where A is the junction area, 7(E) is the tunneling probability, N, (£ —eV')and N,(E)
are density of states (DOS) on metal electrodes and f(E) is the Fermi-Dirac distribu-
tion. Tunneling probability, and hence also tunneling current depends exponentially
on the barrier parameters: height ¢, and thickness d.

If low temperatures and low bias voltages over the barrier are assumed, only
tunneling of electrons at the Fermi-level of the electrodes is taken into account. Then
the DOS and the tunneling probability 7(E) can be treated as constant in energy, and
therefore the tunneling current can be written in the form

1 [e.e]

GRT — 00

I(V,T) = [F(E=eV,T) = f(E,T)dE (22)
leading to linear current—voltage (I-V) characteristics with the tunneling resistance
Ry = (2rAe*7(0)N1(0)No(0)/h) . At higher bias voltages, the shape of the tunnel-
ing barrier is distorted by the electric field and the tunneling probability can not
be taken to be constant, but is a function of energy. The simplest approximation of
the barrier is trapezoidal shape, Fig. Furthermore, assuming that direct tunnel-
ing processes dominate and the tunneling conductance can be written with the help
of Wentzel-Kramers-Brillouin (WKB) [20] approximation, the conductance has the

form [19,21]]
V 2
1 _
*(%)

G =Gy (2.3)
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where Gy = €2 A\/2mao/ (h3d) exp(—2dh~1v/2m¢y) and V& = 4h%¢o/(e*md?), m is the
electron mass, i Planck’s constant and & = h/(27). This parabolic dependence on the
bias voltage is next to the leading order approximation of the tunneling conductance
with respect to the applied bias voltage. Result can be used for estimating the
barrier parameters, and this very simple picture is used as the basis in analyzing
normal state tunnel junctions in publication I. However, more accurate modelling of
tunnel junctions requires taking into account the effect of image forces, that distort
the barrier [21}18]. The barrier thickness d in the equations above is the effective
thickness, related to the physical oxide thickness d,, via relation d = (m*/m)"/2d,,
where m* is the effective mass of an electron in the barrier. The relation for effective
thickness can be derived from the tunneling current equation by using the fact
that the prefactor of the integral contains the electron mass in a metal, while the
tunneling probability 7(£) has an effective mass m* due to the band-structure of an
oxide barrier. The band-structure calculations yield m*/m = 0.4 [22] for bulk Al,O;
and measured values with ballistic electron emission spectroscopy show m*/m =
0.75 for thin AlO, [23].

B

eVI

FIGURE 2.2 Schematic view of trapezoidal barrier due to voltage bias eV over the
tunnel junction.

2.3 Tunnel junctions in weak Coulomb blockade regime

A tunnel junction consists of two metal electrodes separated by a thin insulating
layer, therefore it also has capacitance. The capacitance of a lateral tunnel junction
C = eeyA/d, where € is the dielectric constant of an insulating barrier, ¢, electric



constant (vacuum permittivity), A junction area and d barrier thickness. Charging
energy for a single electron of an island separated from the rest of the circuit with
two tunnel junctions can be written in the form

62

Eo = ——
C 2027

(2.4)
where Cy, = 2C + C),, where C'is the junction capacitance and Cj is the island capac-
itance to the ground. However, typically C, term can be neglected for small islands.
Small dimensions of the junction (A ~100 nmx100 nm, d ~1 nm) lead to typical
capacitances of the order of fF, and therefore the associated charging energy can
easily be order of one kelvin (86 neV). Hence, at low temperatures the single elec-
tron charging effects become significant, leading to Coulomb blockade [14] of the
electric current at voltage biases V' < e¢/Cs..

In the weak Coulomb blockade regime E¢ < kT, charging effects are smeared
out by temperature, and in systems containing two junctions the tunneling conduc-
tance shows a dip around zero voltage bias. The shape of the tunneling conductance
obeys a bell-shaped curve [24]

2EC eV

where Gr = R;' and E¢ = ¢?/(2Cy), and g(z) = [z sinh(x)—4sinh?(z/2)]/[8 sinh*(x/2)].
The relative depth of the dip is [24]

AG  Ec
Gr  3kgT’

(2.6)

2.4 Normal metal-insulator-superconductor (NIS) tun-

neling

When one of the electrodes in the tunnel junction is superconducting, the low bias
current-to-voltage characteristics change drastically due to the energy gap A of su-
perconductor. DOS in a superconductor at weak—coupling limit can be written ac-
cording to BCS (Bardeen—Cooper-Schrieffer) theory as [25]

VET-A?
0 JE) < A

|E|
No(E) _ { |B] > A 27



where N(0) is the DOS in the normal metal and Ng in the superconductor. Further-
more, the tunneling current in NIS junction can be written in the form

1 oo

[=—
eRT —o0

ns(E) [fn(E —eV) = fs(E)]dE, (2.8)
where fy and fg are the Fermi distributions of the normal metal and the super-
conductor, respectively. Zero temperature limit (7' = 0) of tunneling current can be
calculated analytically, and at bias voltages V' > A/eitis I = R;'\/V2 — (A/e)?,
i.e. tunneling current is asymptotically approaching the normal state current at
high bias voltages.

Tunneling current presented with the above equation shows a sharp cut-off
at bias voltage V' = A/e leading to zero current in the gap due to the DOS in Eq.
(2.7). The DOS in Eq. holds exactly for an ideal superconductor. However, real
superconductors show broadening of the DOS due to finite life-time effects [26,27,
28]. Finite life of quasiparticles will lead into broadening of the DOS, according to
energy time uncertainty £ = h/7, with 7 being the life-time of a quasiparticle in
a superconductor. Life-time broadenened DOS can be parametrized with I' = JE,
and written in the form

E+il
ns(E) = 'Re { N R IET H . (2.9)

The broadening parameter I' depends strongly on the quality of evaporated films
[27] and is typically of the order I'/A ~ 2 x 10~ for evaporated Al films used in
experiments in this thesis, consistent with values reported by other groups [26} 28,
29]. For niobium (Nb) films however, even two orders of magnitude larger I'/A
values have been reported [30]. Life-time broadening effects lead to a finite sub—
gap current of a NIS junction, and therefore cause e.g. excess heating in NIS based
coolers. More discussion about effects on applications in thermometry and cooling
can be found in chapter 3| of this thesis. In addition to life-time broadening, there
exist other mechanisms, such as pinholes in the oxide and higher order processes,
like Andreev reflection [31,32] that can lead to finite sub—gap current. However, in
this thesis we concentrate only on single electron current in NIS junctions and all
data is analyzed by using relation (2.9).



10

2.5 Josephson junctions

When both electrode materials are superconducting (SIS), the tunnel junction is
called a Josephson junction. However, there are other types of Josephson junctions
as well consisting of a superconducting weak link or a short normal metal island be-
tween superconductors instead of an insulating barrier [25]. In general, all Joseph-
son junctions contain two superconductors that are separated from each other and
this separation determines the strength of the coupling between the superconduct-
ing electrodes.

According to Ginzburg-Landau theory [25], both superconductors can be char-
acterized by an order parameter |¥|e~"% (j = 1,2) with amplitude |¥| and phase ¢.
Coupling, i.e. overlapping of the order parameters between superconductors leads
to current at zero-bias voltages [25]

Is = Isin(Ag) (2.10)

where [, is the critical current and A¢ = ¢; — ¢, is the phase difference between the
two superconductors. This is called the DC—Josephson effect and was first predicted
by Brian Josephson in 1962 [33]. Furthermore, there exists also an AC—Josephson
effect, which shows that if a finite voltage is applied across the junction, the phase
difference of the order parameter will evolve in time as

d(A¢) 2eV

= (2.11)

leading to an alternating current accross the junction with amplitude /. and fre-
quency 2eV/h. The phase difference in the superconductor leads to a change in the
free energy of the system [25]. The free energy stored in the Josephson junction
due to this phase difference is the work done by a current source in changing the
phase [25]

W = /V]gdt = constant — E; cos(A¢) , (2.12)
where the Josephson coupling energy related to the junction is

E; = Al (2.13)
2e

For tunnel junctions, the relation between tunneling resistance and critical cur-
rent can be written by the Ambegaokar—Baratoff relation [34,25]

TA A
LRy — "= tanh . 2.14
oty = 5~ tan (2kBT) (214
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Josephson junctions can be described by the resistively and capacitively shunted
junction (RCSJ) model [25]. The current through the junction in this model is
%4 dv
I = 1.sin(A —+C—. 2.15

sin(Ag¢) + T, (2.15)
Here, the resistance describes the dissipation over a junction at finite voltage while
capacitance is the shunting capacitance between electrodes of the junction. Substi-
tuting the AC Josephson relation from Eq. (2.11) and using the dimensionless vari-
able 7 = \/2el./(hC)t, Eq. (2.15) leads to an equation describing the dynamics of the
phase variable

d2(A d(A
O(IT;{)) + é (df) +sin(A¢) = ]i : (2.16)

where Q = RC\/2¢l./(hC') describes the quality factor of a junction. The junction is
called underdamped if ) > 1/2 and overdamped if ) < 1/2.

2.6 Improvement of tunneling characteristics by vac-

uum thermal annealing

Tunnel junctions often have problems with stability at room air and temperature:
Junctions tend to age. Aging is manifested as a gradual increase of the tunneling
resistance Ry over time. Instability is a severe drawback when considering com-
mercial and practical applications of tunnel junctions for nanoelectronics.

There are several possible mechanisms for aging, such as adsorption of mois-
ture or other impurity molecules into the barrier. This effect can be reduced by stor-
ing junctions in vacuum [35] or by passivating the metal films by growing a pro-
tective layer on top [36]. In addition, significant mechanism for aging can be the re-
laxation of the crystal structure of the oxide barrier. Typically metal-insulator-metal
junctions are fabricated with vacuum evaporation techniques as described in section
and therefore the metal substrate onto which oxide is grown does not initially
form a perfect crystal structure, but is more likely polycrystalline or amorphous.
The relaxation of a glassy structure can take months at room temperature. In ad-
dition, the chemisorbed oxygen molecules on the barrier surface may enchance the
instability of the junction [36]. However, the relaxation of the barrier can be artifially
accelerated by a thermal annealing process. During the annealing, film temperature
is first increased by heating it up for some time and then allowed to cool down.
The heating step creates a disorder to the film, and if the cool-down is performed
too rapidly, the film could remain in disordered phase (quenching). However, with
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slow enough cooling the process can be considered to be quasistatic, i.e. the system
goes through the equilibrium points at each moment, resulting in the energetically
favourable configuration.

The influence of thermal annealing to tunnel junction characteristics and its
aging was studied with several Al-AlO,—Al tunnel junction samples containing ei-
ther a single junction or two junctions in series. Single junction samples were made
for studies of influence of annealing to superconducting properties of Al-AlO,—-Al
junctions, while two junction samples allowed to probe the changes in charging ef-
fects. All samples were sub—micron sized, having a nominal area of ~0.05 or ~0.15
pm? checked by a scanning electron microscope (SEM). Samples were post-oxidized
before breaking the vacuum to avoid the adsorption of moisture into the barrier.

2.6.1 Annealing procedure and complete stabilization

The annealing setup consisted of a vacuum chamber, connected to a diffusion pump
station equipped with a liquid nitrogen trap to avoid contamination of the cham-
ber with oil fumes. The base pressure of the system was < 10~® mbar during the
whole annealing process. The heating element was a cylindrically shaped Boralec-
tric® tubular heater HT-91 [37], containing a graphite filament covered with boron
nitride. The maximum achievable temperature in this setup is 1200 °C, limited by the
heating element. Cylidrical geometry was chosen for the heater because it provides a
spatially uniform temperature profile on the sample stage. In addition, the vacuum
chamber included a loading chamber with a sample stage attached to a slideable
rod, allowing us to slide samples into the heating element. The sample stage had a
copper block, where the sample and K-type thermocouple were attached to monitor
and record temperature during annealing runs. Temperature as a function of time
during a typical annealing cycle of 400 °C is presented in Fig.

Figure[2.4/shows the aging of non—annealed samples and results for annealing
at temperatures 200 °C, 300 °C and 400 °C. The effect of organic impurities on ag-
ing can be observed by comparing non-annealed samples. Substrates whose surface
was plasma cleaned after developing (Fig. dashed line) by exposing them to O,
plasma in a RIE chamber showed remarkable reduction of aging compared to sam-
ples where cleaning was not performed before metal deposition (Fig. solid line).
For all annealed samples, the cleaning process was performed. The cleaning process
should remove the residues of organic molecules, but it needs to be gentle enough to
minimize the etching of areas of non—-developed resist. More interestingly, annealing
samples thermally at temperatures of 350 °C—450 °C showed complete stabilization.
Some of these samples were checked a year after the fabrication and no change in the
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FIGURE 2.3 Temperature profile of the sample stage during 400 °C annealing cycle.

resistance was observed. However, temperatures below 350 °C are not high enough
to stabilize the junctions and temperatures of 500 °C and above destroyed samples,
typically leading to an open circuit situation. Annealing of samples leads to a signif-
icant increase in tunneling resistance (reduction of conductance), which varied from
a factor of 2 to a maximum of 8 typically ranging between factors 2 and 4. The range
of initial Rt varied from 1 k) to 200 k2. However, no clear correlation between the
amount of increase and initial resistance was found.
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FIGURE 2.4 Tunneling resistance vs. time. Non-annealed samples with and without
plasma cleaning of the substrate before metal deposition are presented with dashed
and solid lines, respectively. Open circles represent aging with annealing temperature
of 200 °C, open squares 300 °C and filled squares 400 °C. Gray box represents time of
annealing. All resistances are normalized with initial resistance Ry at time zero.
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2.6.2 Low temperature characterization of samples

Normal state tunneling properties for samples containing two junctions were mea-
sured before and after annealing at 400 °C. Tunneling conductance d//dV was de-
termined as a function of bias voltage by a standard lock—in technique, where a low
frequency (17 Hz) AC excitation signal was added to a DC voltage bias and the cur-
rent response of the sample was measured. All normal state measurements were
carried out in a helium transport dewar, where the sample was attached to a dip-
stick sample stage by varnish and electrical contacts made by wirebonding. The low
bias voltage (|V'| < 20 mV) part of the tunneling conductance spectrum provides in-
formation on the charging energy of the system, from which the capacitance of the
junctions can be estimated (see Fig. (a)). The charging energy can be obtained
from the depth of the weak Coulomb blockade dip as indicated by Eq. (2.6). Typical
charging energies ranged from 9.8 neV to 53 peV, correponding to capacitances be-
tween 8.2 fF and 1.5 fF. Usually, charging energy increased by 5%-10% in annealing
treament. However, two samples showed a reduction of charging energy by ~18%.

The conductance spectrum at high bias voltages (Fig. 2.5(b)) deviated from
the parabolic voltage dependence expected from Eq. and showed several reso-
nance peaks before annealing. After annealing, the spectrum was observed to have
a parabolic shape and the resonances disappeared. Usually resonances in the tun-
neling spectrum are caused by unwanted impurities within the barrier, allowing
resonant or inelastic tunneling at specific energies [19]. In addition, the deviation
of the shape from that predicted by the elastic tunneling model supports this find-
ing. Change in the tunneling behavior indicates the healing of the barrier due to
the annealing process. Also the strenght of the voltage dependence of the tunnel-
ing conductance has been reduced, i.e. the curvature parameter 1} in Eq. has
been increased by the annealing. The increase in V; together with increase of the
charging energy and tunneling resistance indicates the increase in the height ¢, and
the effective thickness d of the barrier. The reduction of the capacitance (increasing
charging energy) however, is not enough to conclude that the effective thickness
has increased, since capacitance depends also on the dielectric constant of the bar-
rier. The change in the absolute values is difficult to estimate due to deviation of
the tunneling spectrum from V% dependence before annealing. However, a fit to the
post-annealed spectrum provides d = 9.4 A and ¢, = 1.6 eV for the sample in
Fig. All samples here were fabricated in a high vacuum evaporator with base
pressure of 10~° mbar. Samples fabricated in UHV conditions (base pressure 10~°
mbar) after plasma cleaning of the substrate typically have a weaker initial aging
and they always show a quadratic conductance spectrum without resonances. This
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result indicates that the initial evaporation conditions also have a significant effect
on the junction quality. However, very recent annealing experiments for UHV sam-
ples show increased tunneling resistance and stabilization.
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FIGURE 2.5 Tunneling conductance dI/dV vs. bias voltage spectrum in units of G
before (solid, black) and after annealing (dashed, red) measured at 4.2 K. (a) A narrow
spectrum with the signature of a weak Coulomb blockade. (b) Wide bias voltage range
tunneling spectrum.

In addition to the improved junction quality, an improvement of Al film qual-
ity was observed in treatments. Quality of films was checked by measuring the re-
sistivity of a 70 nm thick and 550 nm wide Al wire at 4.2 K before and after thermal
treatment at 400 °C. The film resistivity decreased by ~30% from 5.1 to 3.4 u{dcm,
corresponding to an increase in mean free path from 7.7 to 12 nm. However, high
resolution SEM images shown in Fig. showed no difference in the film grain

structure.

FIGURE 2.6 High resolution SEM image of an Al wire before (a) and after (b) anneal-
ing at 400 °C.
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Superconducting properties of single junction samples were determined be-
fore and after annealing. All experiments were perfomed in a plastic dilution re-
frigerator with a base temperature of 50 mK [38]. Typical I-V characteristics before
and after annealing are presented in Fig. 2.7(a), showing a clear superconducting
gap and supercurrent at zero voltage bias. The inset shows a zoom—-in to the sub-
gap regime. Reduction of the current and slope in the quasiparticle branch eV > 2A
corresponding to an increase in tunneling resistance is clearly observable. The size
of the superconducting gap A showed no significant change upon annealing, as
verified with the tunneling conductance spectrum shown in Fig. b). In addi-
tion, the supercurrent peak is reduced as expected from the relation (2.14), once
A is fixed. However, Eq. holds exactly only for fluctuation—free critical cur-
rent. Curiously, there exist several resonances in the sub—gap current, close to the
supercurrent (Fig.[2.7(a)). Resonances are typically be caused by the coupling of the
junction to its electromagnetic environment [39], and they seem to be smeared out
after annealing.

To study the supercurrent branch V' ~ 0 more carefully, switching currents
were measured by a cumulative histogram method (a good description can be found
e.g. in [40]). In this method, a set of current pulses (total amount of 10000) of con-
stant height I, was injected into the sample and the number of switching events was
measured by counting the number of voltage responses to the current pulses. The
frequency of the pulses was 100 Hz and duty cycle 5%, corresponding to a pulse
duration of 500 ps. In addition, the sample was shunted by ~10 k2 to reduce the
electrical RC time constant of the circuit. Without the shunt resistor, the sample is
not able to recover from a switching event before the next pulse, because the time
constant related to junction resistance (~10 M) and line capacitances can easily
be of the order of 0.1 s. Cumulative histogram method automatically provides the
switching probability as a function of current (pulse height). Results for the same
sample as in Fig.[2.7(a) and (b) are shown in Fig. [2.7|c). The switching current, de-
fined as the value where probability is 0.5, is reduced to one fifth of the original
value due to thermal treatment.

The fluctuation—free critical current of the sample can be estimated from the
Ambegaokar—Baratoff relation and the capacitance of a single junction can be
estimated from experiments for two junction samples of the same area. These pa-
rameters give estimates of Josephson coupling energy and charging energy
(2.4), providing the ratio E;/E- ~ 1.8. Therefore, the samples are in the under-
damped regime, where the prediction for the dependence of the switching current
(including fluctuations) on the tunneling resistance is Isy o R;g/ ? [41] for the un-
shunted junctions. Hence, the reduction of the switching current to one fifth is fully
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FIGURE 2.7 (a) Typical /-V curve and (b) differential conductance for single Joseph-
son junction sample before (black, solid) and after (red, dashed) annealing at 400 °C.
Inset in (a) is the zoom—in to the sub—gap current. (c) Measured switching probability
of a sample before and after annealing.

consistent with the increase in Ry by a factor of three (Fig.[2.7).

In addition to bare Al-AlO—Al junctions also several Al-AlO—Cu junctions
were annealed. This kind of junction is typically used in NIS thermometry and cool-
ing with Cu as normal metal. Thermal annealing might improve the subgap proper-
ties of the junctions, leading to improvement of their use e.g. in thermometry. One
source of subgap current is finite life-time effects discussed above in context of NIS
tunneling. Life-time broadening may be related to the film quality and therefore
the thermal annealing of Al should reduce the broadening parameter. However, all
samples containing copper resulted in an open circuit condition already at temper-
atures of 200 °C. SEM images taken after annealing revealed an obvious reason for
this behavior: the Cu film was observed to be partly ripped off or degraded badly,
see Fig. The most probable explanation for degradation is that Cu has a weak
adhesion to SiO4 and SiN surfaces, therefore even relatively low temperatures are
enough to "lift-off" the film from the substrate. Usage of a very thin (few nanometer
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thick) film of titanium as an adhesion layer and deposit Cu on top might alleviate
the problem.

FIGURE 2.8 SEM image of Al-Al,—Cu junction after annealing treatment.



Chapter 3

Thermometry and cooling with NIS
junctions

The principles of normal metal-insulator-superconductor (NIS) junctions in ther-
mometry and cooling are introduced in this chapter. In addition, a discussion about
the effects of charging energy on thermometry is included. Results of this chapter
are used for studies of thermal transport and cooling in low-dimensional nanos-
tructures presented in the next chapter.

3.1 NIS thermometry

Non-linear current-voltage (I-V) characteristics of NIS junctions, obtained from Eq.
can be used for sensitive thermometry and have been widely used in several
sub—kelvin thermal transport experiments [42,143,28, 44, 4, 1V]. The original experi-
mental realization of the concept was first perfomed by Rowell and Tsui already in
1976 [45].

The tunneling current equation for an NIS junction can be written in a

symmetric form

IV.T) = 5o [ ns(B) (fx(E = eV) = fu(E + V)] dE (3.1)
eRr J_«
In this form, the Fermi-Dirac distribution of the superconductor has been elimi-
nated, showing that current through an NIS junction is a function of only electron
temperature and therefore independent of the temperature of the superconductor.
However, the DOS term ng(E) implicitly includes the superconductor temperature
since it is a function of superconducting gap. Therefore, equation above can be
considered to be independent of the superconductor temperature when the condi-

19
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tion 7' < 0.57¢ (T being critical temperature of the superconductor) holds.

Thermometry is usually carried out by current biasing the thermometer at a
constant current and measuring the voltage response. These voltage—-to—temperature
(V-T) calibration curves are ideally determined by only two parameters: supercon-
ducting gap A and tunneling resistance Ry, both of which can be determined accu-
rately from I-V characteristics of the junction. This property makes the NIS junction
in principle a primary thermometer. However, there are deviations from this ideal
behavior caused by e.g. excess noise heating of the electron gas [46], finite sub—gap
current [32},27] and charging effects [II].
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FIGURE 3.1 (a) Typical measured sub—gap current-voltage characteristics of a SINIS
thermometer (R = 50 k() at different temperatures. Dashed horizontal lines from top
to bottom correspond to current biases of 100 pA and 10 pA, respectively. (b) Voltage
of a SINIS thermometer vs. bath temperature at current biases presented in (a), black
line corresponds to 10 pA and red line to 100 pA value. Open circles represent values
calculated with Eq. (3.1).

The voltage signal of a thermometer, and therefore its responsivity |dV/dT| can
be enhanced by using a structure containing two junctions in series (SINIS) instead
of one (NIS). Measured I-V characteristics at different bath temperatures of a typ-
ical SINIS thermometer are shown in Fig. (a). It can be immediately observed
that different current bias values give different responsivities for different tempera-
ture ranges. Two horizontal lines correspond to two different current bias points of
10 pA and 100 pA, respectively. Low bias value shows a gain in sensitivity at low
temperatures (7' < 400 mK), while at high temperature (I" > 400 mK) sensitivity
is lost. The high current bias value provides more sensitivity at high temperature,
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but sensitivity is reduced at low temperatures. The best results in thermometry are
obtained by repeating experiments with different bias points for different temper-
ature ranges. However, too high bias current can cause significant self-heating of
the thermometer at the lowest temperatures due to power dissipation in the nor-
mal metal. The practical limit for high bias depends on the resistivity of the normal
metal. However, the current should not exceed the limit where the corresponding
voltage response V is larger than the superconducting gap, i.e. Vosmnis > 2A/e. Af-
ter this, the junction itself induces significant heating [12]. The self-heating effects
in thermometry are especially important in structures where the heat flow to the
surroundings of the normal metal is strongly limited, such as samples with small
normal metal islands or suspended nanostructures.

In addition to self-heating of the thermometers, self—cooling effects can be sig-
nificant, if the tunnel junction is improperly biased, i.e. if voltage yields Vomis ~
2A/e. Fortunately, junctions for thermometry are typically small, having relatively
large tunneling resistances and thus self cooling effects are negligible. A detailed
discussion about cooling with SINIS structures is in section

A typical voltage—to—temperature response of a SINIS thermometer is shown
in Fig. 3.1b). Solid lines correpond to two different current bias values presented
in Fig. [8.1(a), 10 pA (black) and 100 pA (red). Open circles are numerical calcula-
tions according to Eq. for corresponding current biases. Measured data shows
a deviation from theoretical calculations at temperatures below ~150 mK. This is
most likely due to noise heating of the electron gas, i.e. due to coupling of electrons
to the electromagnetic environment [46]. Therefore at the very lowest temperatures
electron temperature deviates from the bath (phonon) temperature. Typically noise
power in experiments is of the order of 5-10 fW, depending on the filtering in the
cryostat and the electrical impedance of the junctions.

The finite life-time broadening of the DOS, discussed in the chapter [2| has ef-
fects on the voltage-to—temperature response of a SINIS thermometer. Calculated
I-V curves with different values of the broadening parameter I' are shown in Fig.
B.2(a), and corresponding V-T curves in Fig. [3.2(b) with current bias shown by
dashed line in (a). All numbers are presented in scaled units and the bias point cor-
responds to 10 pA current for a junction with Ry = 20 kQ2 and A = 220 peV. These
are typical values for thermometer junctions with Al as the superconductor. The fi-
nite life-time broadening affects the response curves in similar way as noise heating.
However, these two effects can be distinguished from each other by looking at the
sub—gap current voltage characteristics. Temperature changes the exponential slope
at the gap edge, while finite I' changes the current in the sub—gap regime. Typical
values in measured Al films I'/A ~ 2-10~* yield no noticeable effect in thermometer
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FIGURE 3.2 (a) Current-voltage characteristics calculated at temperature of 50 mK
with different values of the DOS broadening parameter I', values and correspond-
ing colours are shown in (b). (b) SINIS thermometer voltage-to—temperature response
with current bias corresponding horizontal dashed line in (a).

response, while e.g. with values reported for Nb tunnel junctions I'/A ~ 1072 [30]
the response of the thermometer is reduced drastically. Therefore, practical imple-
mentation of SINIS thermometers based on evaporated Nb films can be difficult or
even impossible.

In summary, the main advantages of SINIS thermometry are small size, low
self-heating, good responsivity at sub—kelvin temperatures, simple operation with
DC-voltages, ease of integration into the thermal system under study and existing
high—frequency read—out schemes [47]]. In addition, SINIS structures are convenient
for use as a local probe for temperature in nanoscructures. However, SINIS struc-
tures are not suitable for thermometry in magnetic fields, since the sensitivity of
the thermometer is reduced due to suppression of the superconducting gap by an
external magnetic field.

3.2 Influence of charging effects on thermometry

SINIS structures containing small junctions (small capacitance) connected to small
islands (small self-capacitance) may have significant charging energy compared to
the temperature scales which are measured with them. In other words, the condition
E¢ > kgT can be satified easily in sub—micron sized SINIS structures at sub-Kelvin
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temperatures, as demonstrated recently with a heat transistor [48] and hybrid sin-
gle electron pump [49]. In addition, charging effects (Coulomb blockade) will have
consequences on thermometry with SINIS structures.
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FIGURE 3.3 Schematics of (a) circuit and (b) energy level diagram of SINIS thermome-
ter with gate.

Let us consider a system of two NIS junctions connected in series having iden-
tical capacitances C and resistances Ry with an additional gate electrode having
a gate capacitance C¢ located in close proximity to the normal metal island. A
schematic of the circuit and energy level diagram of the system are shown in Fig.
and they are similar to the hybrid single electron transistor setup described in pub-
lications [49,50]. The I-V characteristics of the junction are modified by the charging
energy, and can be modulated with an external gate voltage V(;. The tunneling rates
onto (+) and off (-) the island through left L and right R junction can be written
according to Ref. [50] in the form

" = o [Tons(BE) fs(B) [1 - fn(E — E;Y)]dE (3.2)
I = o [ ns(E)fn(E — Ey7) [1 - fs(B)|dE, (3.3)

wherei = {L, R} and E:* = £2E¢(n+ng=+0.5)%eV; is the change in the electrostatic
energy of the system when an electron tunnels onto (+) and off (-) the island, V; being
the bias voltage of the left or right junction. Here n is the number of excess electrons
on the island (n € Z), eng = Q¢ = C¢Vi additional gate charge and E¢c = €?/Cx
is the charging energy with total capacitance of the island Cy; = 2C' + Cg. The gate
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charge eng is a continous variable and can be varied with gate voltage Vi;. With
ng = 0, the Coulomb blockade is maximum while with ng = 0.5 it is minimum.

These are called closed and open gate situations, respectively.
The current through a SINIS structure can be calculated by solving the Master

equation with detailed balance condition (see e.g. [51])
I (n)P(n) =T (n+1)P(n+1), (3.4)

where I'* = I'* 4+ "%+ and P(n) is the occupation probability of charge state n on
the island and obeys the normalization condition ) - _ P(n) = 1. Furthermore,
current through the SINIS is obtained from

Li=—e Y Pn)[I™—T7] I=I=-Iz. (3.5)

n=—oo

In general, in the strong Coulomb blockade limit E~ > kgT, the current needs to
be solved by using numerical methods. However, with weak Coulomb blockade
Ec < kgT the current can be written in an analytic form. At that limit and ng = 0,
the current next to the leading order with respect to E¢/(kgT) is (see appendix

Eo 1 e 1 1
I= ]EC:O - = nS(E)fS(E) -
4k5T 2 ((E+eV/2 2 (E—eV/2
keTn Rr J_ o cosh ( %BT]{] > cosh ( %BT]{] >

(3.6)
Here, Ig—o is the current with no charging effects, presented in Eq. and Ty is
the electron temperature in the normal metal. Figure {3.4{shows plots of the sub—gap
current in the weak Coulomb blockade limit and current without charging effects
present. At the weak Coulomb blockade regime, current through the junction is sup-
pressed by an amount that depends on the ratio E¢/(kpT’). With E¢ = 0.4kgT, the
change in the voltage due to charging effects of the thermometer is <1% for low
bias currents, corresponding to <5 mK correction in typical voltage to temperature
calibration at low temperatures. Interestingly, fs(E) and thus the superconductor
temperature cannot be eliminated from either form of tunneling current with E¢
involved in Egs. and (3.6). However, the effect of the superconductor temper-
ature is negligible for typical temperature differences achieved e.g. in coolers (200
mK) and it is typically only visible deep in the sub—gap.

I-V characteristics in the strong Coulomb blockade limit are calculated in Fig.
with three different values of charging energy. All calculations are performed
for the closed gate (maximal Coulomb blockade) situation ng = 0, and with the
broadening parameter value of I'/A = 2-10~*. Temperature for the calculations is
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FIGURE 3.4 Sub-gap current current-voltage characteristics of a SINIS thermometer
in the weak Coulomb blockade limit. Solid line is the calculation without charging en-
ergy, dashed line with E¢/(kgT) = 0.2 and dotted line E¢/(kpT) = 0.4, calculations
are performed with kpT/A = 0.02and /A = 2-107%.

fixed kT /A = 0.02 and Ec/A = 0, 0.1 and 0.2. With typical Al values A = 220
peV these correspond to a temperature of 50 mK and charging energy of 0, 250 mK
and 500 mK, respectively. Two dashed horizontal lines correspond to low and high
current bias values of eRrI /A = 2.3 x 1073 and eRrI/A = 2.3 x 1072, correponding
to 10 and 100 pA for a junction with Ry = 50 k€, respectively. Charging energy
effectively shifts the I-V curves to higher voltages leading to an effective increase of
the superconducting gap from A to A + E¢.

V-T curves and corresponding responsivities |dV/dT| calculated with the cur-
rent bias and charging energy values above are shown in Fig. Charging energy
increases the responsivity of the thermometer, but also the shape of the V-T response
is modified. With charging energy, a bump appears in the responsivity curve at tem-
peratures around kg1 = 0.15A for the low bias and kg7 = 0.2A at high bias. In
addition, from responsivity curves it can be easily observed that two different bias
points have different optimal temperature ranges: low bias responsivity is high at
temperatures kg7 < 0.15A (380 mK for Al), but drops quickly to unpractically low
values, while high bias responsivity stays useful up to much larger temperatures.

Effects of the gate voltage on response and responsivity are shown in Fig.
All calculations are performed with E-/A = 0.2. The gate charge changes
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FIGURE 3.5 Sub-gap current-voltage characteristics calculated with three different
values of Ec/A = 0 (black, solid), 0.1 (red, dashed) and 0.2 (blue, dot) in closed gate
situation ng = 0, kgT/A = 0.02 and I'/A = 2-10~% Two dashed horizontal lines
correspond to the current bias values of eR7I/A = 2.3 x 1073 and eR7I/A = 2.3 x
1072

the response of the thermometer. Open gate ng = 0.5 configuration provides the
same zero—temperature voltage as the calculation without charging energy, albeit
the shape of the curve is still different from situation E- = 0 as seen from the re-
sponsivity curve in Fig. (b). Responsivity of the thermometer as a function of
gate charge at different temperatures ranging from kg7'/A = 0.01 to 0.18 is shown
in Fig. The low temperature results show sharp peaks for closed and open gate
situations, while at intermediate regions responsivity is flat, independent of the gate
charge. At higher temperatures, sharp peaks broaden into a sinusoidal gate depen-
dence with decreasing amplitude as temperature in increased. Responsivity can be
enhanced by 30 % at the lowest temperatures by closing the gate.

Charging effects should be taken into account in thermometry for SINIS ther-
mometers that are small in size and connected to small islands. Such structures are
typically used as a local probe to monitor e.g. bulk temperature of the sample. The
measured Coulomb blockade of a typical solitary bulk thermometer with a junction
area of ~0.05 pm? is shown in Fig. The corresponding charging energy of a sam-
ple is 200 mK according to Eq. (2.6), 200 mK corresponds to Fc/A = 0.08 for Al
with A = 220 peV. Therefore, to perform accurate and reliable thermometry at tem-
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FIGURE 3.6 (a) Calculated voltage response vs. temperature curves of a SINIS with
three different charging energies Ec/A = 0 (black, bottom), 0.1 (red) and 0.2 (blue,
top) with ng = 0. Solid lines correspond to low bias current (eR7pI/A = 2.3 x 1073)
and dashed lines high bias current (eRyI/A = 2.3 x 1072) values, respectively. (b)
Responsivity |[dV/dT| of a thermometer calculated from (a).
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FIGURE 3.7 (a) Calculated SINIS voltage response vs. temperature curves for Ec /A =
0.2 and current bias of eRrI/A = 2.3 x 1073 with varying gate charge from an open
gate ng = 0.5 (bottom) to a closed gate ng = 0 (top) with interval of 0.1. (b) Responsiv-
ity |dV/dT'| of a thermometer calculated from (a), top corresponding situation ng = 0
and lowest ng = 0.5.
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FIGURE 3.8 Responsivity of a SINIS thermometer as a function of gate charge with
different scaled temperatures from kp7/A = 0.01 to 0.18. E¢/A = 0.2 and current
bias eR7I/A = 2.3 x 1073 are used in the calculation.
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FIGURE 3.9 Measured Coulomb blockade of a solitary bulk SINIS thermometer at
4.2 K. Conductance is normalized with G (red, dashed line) and green solid line
represents weak Coulomb blockade theory.

peratures below 200 mK the charging effects should not be completely neglected in
analysis.
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3.3 Cooling with NIS junctions

In addition to thermometry, NIS junctions can be used also for cooling the electron
gas of the normal metal island. The basic principle of cooling by an NIS junction
is based on the existence of the energy gap A in the superconductor. As seen from
the tunneling current equation (2.8), an electron from the normal metal cannot enter
the superconductor, unless it has at least energy A. At finite temperatures, electrons
obey the Fermi-Dirac distribution of the normal metal, therefore there are hot elec-
trons that can tunnel to the superconductor even at bias voltages eV < A. Since
only hot electrons escape, the temperature of remaining electrons on the normal
metal island is lowered. This process is sometimes called evaporative cooling, and
is analogous to that used in e.g. magneto-optic traps where hot atoms are evap-
orated from the atom cloud by changing the trapping potential [52]. A schematic
view of the operation of a NIS cooler is presented in Fig. The heat flow from
the normal metal to the superconductor is [12]

Qeont = —— / h (E — eV)ns(E) [fx(E — V) — fs(E)]dE . (3.7)

eRr J_o

Unlike the electric current in Eq.(2.8), heat current cannot be written independently
of fs(E), and therefore heat current depends both on temperature of the normal
metal island and of the superconductor. Optimal cooling power is achieved, when
the cooler is biased close to the edge of the superconducting gap V' ~ A/e. At higher
bias voltages heat flow changes its sign and heating starts to dominate. The op-
timum cooling power at different temperatures is also dependent on the energy
gap [12]. To maximize the cooling power, the temperature of the superconductor
must be as low as possible, which can be ensured by removing the injected hot
quasiparticles as effectively as possible. The quasiparticle diffusion out of the su-
perconductor can be realized by adding quasiparticle traps in close proximity to the
superconductor [17] and by making the superconductor thick enough to improve
the diffusion away from the junction region. The heat flow, and hence the cooling
power can be doubled if two NIS junctions are connected in series (SINIS cooler).

In the operation of practical coolers, back—flow of heat reduces the perfomance
of the cooler. The backflow of heat is due to quasi—particle recombination in the
superconductor and back tunneling [53]. The cooler can be modelled in equilibrium
with a power balance equation, where heat flow from the surroudings is equal to
the heat flow from the normal metal island

Pheat - Pcool =0 ) (38)



30

eV

N

lo T I T I T I I T I - BZO
4 ——p=0.02

—~ B=0.04
X —|——p=0.06
@ . 3=0.08
— ——pB=0.10
= 1——p=0.12
@ . p=0.14
o _
Q- 1 1 1 1
% B 0.25 0.30 0.35 0.40 0.45 7
- 0.2 -

Oo 1 l 1 l 1 l l 1 l

0.0 0.1 0.2 0.3 0.4 0.5

Cooler voltage (mV)

FIGURE 3.11 Calculated temperature vs. voltage curves with different values of back-

flow parameter /3.

where P, is the cooling power according to Eq.(3.7) and P is the heat flow from

the surroundings, which in general form is [53,54]

Pheat =

_A(Ten - Tgath) + /G(Pcool + IV) :

(3.9)

The first term describes the thermal coupling of normal metal electrons with tem-
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FIGURE 3.12 Black, solid line represents the calculated SINIS cooler temperature vs.
voltage characteristics with the life-time broadened DOS I'/A = 2.5- 10~* and red,
dashed line is the calculation without broadening.
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FIGURE 3.13 Black, solid line represents the measured SINIS cooler I-V character-
istics, red dashed and blue dashed lines are the calculation with (I'/A = 2-107%)
and without finite life-time broadening, respectively. In both calculations, the self-
cooling of a junction is taken into account. Inset shows differential conductance for
measured data (black) and simulation (red). The parameters for the calculated curves
are Ry = 3.3k and A = 220 peV.
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perature 7, to the environment at temperature Ti,.n, A being the coupling strength.
In the case of a cooler connected to a typical bulk material, the first term is de-
scribed by electron—-phonon coupling, with A = 32, ¥ is the coupling constant and
(1 is the volume of the electron gas and n = 4-6 (n = 3 for one-dimensional case)
depending on scattering mechanisms [55]. In the case of phonon mediated thermal
conductance, A is independent of electron gas volume and n = 2-6 depending on
the phonon mode and dimensionality [2,56,[57,58]. The second term in is the
back—flow of the heat from the superconductor due to recombination of quasipar-
ticles and back-tunneling, where parameter 0 < 3 < 1 decribes the fraction of the
back—flowing heat absorbed by the normal metal. [ is the current through, and V' the
voltage across the junction, hence IV describes the Joule power dissipated due to
quasiparticles tunneling onto superconductor and backtunneling to normal metal.
Electron temperature of the normal metal can be determined for each bias voltage
of the cooler by solving the power balance equation numerically. Calculated
temperature vs. bias voltage curves with different values of back—flow parameter /3
are shown in Fig. The model decribed above has been used in the next chap-
ter to analyze coolers connected to a suspended nanowire. In addition, the life-time
broadening of the DOS of the superconductor has an effect on cooling leading to
heating in the sub—gap region, manifested as a small bump in the cooler voltage vs.
temperature curves in the sub—gap region (Fig.[3.12). Modelling the cooler I-V char-
acteristics, the life-time broadening must be taken into account, as demonstrated in
Fig.[3.13]

The first experimental implementation of NIS cooling was demonstrated by
the group of Martinis (Nahum et al. [59]) at NIST Boulder in 1994. Improvements of
the cooler were made by the group of Pekola (Leivo et al. [42]) in Jyvaskyld in 1996,
where electron temperature of a normal metal island was reduced from 300 mK
down to 100 mK. The group at NIST Boulder has even demonstrated the cooling
of a "bulk" piece of material with SINIS coolers [43]. SINIS coolers are beneficial for
cooling down small payloads for space applications, such as radiation detectors [60].
Results and discussion on cooling of low dimensional nanostructures with SINIS
structures is discussed in more details in the next chapter.



Chapter 4

Thermal properties of suspended

nanostructures

4.1 Fabrication of suspended structures

All suspended structures (membranes and bridges) in this thesis were fabricated
from LPCVD grown low-stress SiN ordered from UC Berkeley Microfabrication
Laboratory [61]. We first descibe the fabrication process of photo-masks for mem-
branes and then wet and dry etching techniques to make membranes and struc-
tural release of suspended beams. Thin SiN membranes were directly used as sus-
pended samples in strain sensing (chapter [5), and they were used as templates for
suspended beams described in this chapter.

Since photo-lithography with ultraviolet (UV) light is the easiest and quick-
est way to obtain structures with dimensions of several microns, fabrication of SiN
membranes begins with the fabrication of a photo-mask. Typical membrane dimen-
sions in our experiments ranged from 50 pm x 50 pm to 300 pm x 300 pm. The
template for a photo-mask was a microscope glass plate coated with 100 nm of
chromium (Cr) by vacuum evaporation in a Balzers high-vacuum evaporator. Af-
ter evaporation, a single layer of 4% PMMA in anisole solvent was spun on Cr and
baked for three minutes. Structures, squares in the case of membranes, were pat-
terned on PMMA with EBL and developed with 1:3 MIBK:IPA solution. The devel-
oping step was followed by wet etching of Cr from the exposed areas by immers-
ing the sample in a mixture of 30% potassium ferrocyanide (Ks;Fe(CN)g) and 50%
sodium hydroxide (NaOH) with concentration of 1:3 for about one minute and then
rinsed with distilled water. The etching step made the exposed areas transparent to
UV light.

The template for membranes was a (100) Si chip, both sides coated with LPCVD
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grown SiN with typical thicknesses ranging from 30 nm to 300 nm. UV sensitive
photoresist AZ4562 was spun on top of the chip with 6000 rpm for 45 seconds.
The resist was baked at 115 °C for 45 seconds. After baking, the resist was exposed
through the photo—mask in a mask-aligner (KarlSuss 45MA) for 30 seconds and de-
veloped for 1 minute in AZ 351B developer. After developing, the opposite face
of the chip was coated and baked with AZ photo-resist to prevent etching of the
SiN on the that side of the chip in the next step. SiN on the exposed side of the chip
was removed in RIE with CHF; plasma with gas flow of 50 sccm, RF power 150 W,
pressure 0.073 mbar and temperature 30 °C.

The remaining SiN served as an etch mask for a crystallographic potassium
hydroxide (KOH) wet—etch through the whole Si wafer thickness, producing a thin
suspended SiN membrane. KOH etch was perfomed with 40% solution and at tem-
perature 98 °C resulting to an etch rate of ~180 um per hour. The resulting mem-
brane dimension and size of the window in a photo—mask for crystallographic Si(100)
etch are related via relation (see Fig. [£.T).

2ds;

Lwin OW = = ~an Lmem rane 4.1
¢ tan(54.7°) * b (&.1)

Here, Lyindow and Lyembrane are the sizes of the side of the photo-mask window and
membrane, respectively. dg; is the Si wafer thickness, and the angle 54.7° is due to
the crystallographic direction of Si [63].

FIGURE 4.1 Schematic view of crystallographic KOH etch through the Si (100) wafer
to fabricate thin silicon nitride membranes.

Metallic wires and tunnel junctions were fabricated on membranes with a sim-
ilar process as described in chapter [2| using EBL and vacuum evaporation in UHV
chamber. In case of suspended beams (fabricated from 30 nm thick SiN), the final
structural release was perfomed by plasma etching in a RIE chamber with 50 sccm
flow of CHF;3, pressure 0.1 mbar, and RF power 80 W with duration of 100 s.
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4.2 Phonon transport in suspended beams

A suspended beam can be considered, at low temperatures, as a one dimensional
conductor for phonons if its diameter d is smaller than the dominant thermal wave-
length of phonons

he
< -
d< A 2.82ksT

where 7' is temperature and c is the velocity of sound in the material. The thermal

(4.2)

conductance in the ballistic limit can be written using Landauer formalism in the
form [64]

k2 o) Jj269z:
G = fTZ / me(kaT/h)dm, (4.3)

where 7, is the transmission coefficient through the beam, m is the mode number
and x,, = hwy,(k = 0)/(kgT) is the threshold energy of the mode. In the low temper-
ature limit kgT" < hw,,, only the four lowest lying modes are occupied with xz,,, = 0.
The lowest occupied modes of the beam are longitudinal, torsional and two flexural

modes.

Transmission through the ballistic one dimensional beam is governed by the
contacts to the resevoirs [64,57,58]. In addition, the surface roughness of the beam
can have effects on the transmission [65]. When contacts to the resevoirs have in-
finite catenoid shape (the edge of the contact goes as cosh®(z)) the transmission is
unity (7 = 1), and Eq. takes a simple form

2

Gy = %T : (4.4)
which describes the quantized thermal conductance of the wire. The prefactor 7% /(6h)
= 0.9465 pW/K? is called a quantum of thermal conductance. The maximum ther-
mal conductance of each mode is 7k%7/(6h) for a one dimensional nanowire with
perfect contacts to the thermal resevoirs. In addition, the thermal conductance value
is universal and is not dependent on particle statistics, it is the same for bosons,
fermions and anyons [66]]. This result has been experimentally verified for phonons
by the Roukes group in Caltech in 2000 [2] and for photons by the group of Pekola
in Low-temperature laboratory of TKK in 2006 [3]. For other particle species the
universal thermal conductance has not been observed, yet.

However, abrupt contacts to the resevoirs complicate the simple picture dis-
cussed above and strong scattering will suppress the thermal conductance from its
quantum value. In addition, the power law of temperature dependence of the ther-
mal conductance is changed depending on the interface between the beam and the
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resevoirs, causing deviation from the linear n — 1 = 1 (n being the exponent for tem-
perature dependence of the heat flow () temperature dependence of Gy, [57,58].
Typically in thermal transport experiments, suspended beams are connected to re-
sevoirs located at the bulk or on the membrane, therefore there is a difference in the
phonon dimensionality at the contact. The 1D-2D scattering results in power laws
n — 1 = 1.5-2.5 of temperature dependence of thermal conductance [57, 58], while
1D-3D scattering results in n — 1 = 3-5 [58]].

4.3 Electron—-phonon coupling in suspended beams

Recently, Hekking et al. [67] have studied electron—-phonon coupling in suspended
beams theoretically. In this model, the three dimensional electron gas is coupled
to one dimensional phonon modes. Furthermore, electrons are assumed to couple
only to longitudinal phonon modes, while the remaining three available modes have
no effect on electron-phonon coupling. The resulting heat flow from electrons to
phonons is [67]

Qe—p = S1pL(T} = TY) (4.5)

where ¥, p is the one-dimensional electron—phonon coupling constant, L is the length
of the suspended nanowire and 7, and 7), are electron and phonon temperatures,
respectively. One and three dimensional electron—-phonon coupling constants are
related through the following relation [67]

_mCB3) (he\
zw—gaa(@)zw, (4.6)

where ((z) is the Riemann zeta function (see e.g. [68]]), ¢; is the sound velocity of
the longitudinal phonon mode and ¥3p is the three-dimensional electron—-phonon
coupling constant.

4.4 Phonon cooling of suspended beams with tunnel

junctions

Tunnel junction structures containing normal metal and superconducting electrodes
can be used for cooling, as described in chapter 3, Typically in coolers fabricated
on bulk material, only electrons are cooled below the bath temperature, while the
phonon temperature remains the same as the bath due to the weakness of heat flow
between electrons and phonons as limited by the electron—-phonon interaction. How-
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ever, several low—-temperature applications would benefit from cooling both elec-
trons and phonons. Cooling of phonons on thin SiN membranes has been demon-
strated with large area SINIS structures in Refs. [69,43}60]. The possibility of cooling
of phonons with SINIS structures in one dimensional beams has been suggested
theoretically in Ref. [67]. Its experimental demonstration is one of the main results
of this thesis [IV]. Cooling of electrons in suspended metallic beam is also reported
recently in Ref. [70]. Cooling of phonon modes becomes possible, if the heat flow
between electrons and phonons is not the limiting factor, but instead, phonon path-
way becomes the bottleneck for thermal transport, a limit that can easily be realized
by using suspended structures.

4.4.1 Sample geometry and measurement scheme

All suspended nanowires used in this thesis had a length of either 10 or 20 pm, width
of 200 or 300 nm and a bilayer thickness of 60 nm, containing 30 nm Cu and 30 nm
SiN. The suspended nanowire was connected to the bulk via four suspended bridges
with a length of 5 ym and a width of 150 nm. The two outer bridges contained a 60
nm bilayer of Cu/SiN making the total length of the normal metal 20-30 pm, while
the two inner bridges had a trilayer composition Cu/Al/SiN with a total thickness
of 90 nm. Samples had two, larger area (~0.35 nm?) NIS junctions used for cooling
located either on bulk or on the suspended end of the bridge, and two small area
(~0.05 pm?) thermometer junctions located at the middle of the suspended beam. A
SEM image of a sample with cooler junctions located on bulk is shown in Fig.

All experiments were perfomed in a plastic dilution refrigerator with a base
temperature of ~50 mK [38]. The sample was wire bonded to the sample stage of
the cryostat and connected to room temperature through carefully filtered wires.
Lines from room temperature to 4.2 K were stainless steel coaxial cables, at 4.2 K
was the first filter stage with low—pass filtering consisting of 1 k{2 and 1 uF surface
mounted components. From 4.2 K, the wires were ~1.5 m of Thermocoax cable,
which filter out high frequency microwave radiation [71]. Cooler junctions had still
an additional filtering at the 50 mK stage consisting of another 1 k2 and 2.2 pF low—
pass filter made out of surface mount components.

In the experiment, the temperature of the nanowire was monitored locally with
small NIS thermometer junctions current biased as described in chapter 3, The DC
bias voltage was slowly swept across the cooler junctions, while current and voltage
of the cooler were recorded during the sweep. The measurement scheme is shown

in Fig.
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FIGURE 4.2 SEM image of suspended nanowire connected to bulk via four suspended
bridges. Orange and blue colors represent copper and aluminium, respectively.

4.4.2 Cooling with different sample geometries

Two different sample geometries with cooler junctions located either on bulk or di-
rectly connected to the nanowire show completely different cooling behavior, shown
in Fig. Open circles represent data for the sample geometry where cooler junc-
tions are directly connected to the suspended nanowire and the solid black line is the
data for cooler junctions located on bulk but connected to a nanowire via bridges.
The sample with cooler on bulk shows cooling from 200 mK down to 110 mK, while
in the other geometry no significant cooling is observed.

The difference of the cooling behavior can be explained by reduced phonon
thermal conductance of the bridges connecting the nanowire to the bulk: Hot non—
equilibrium quasiparticles injected from the normal metal into the superconduc-
tor will eventually relax by emitting a phonon with energy 2A. If recombination
phonons are created in the suspended bridges, they are very probably absorbed by
the suspended nanowire, and no effective cooling is observed. However, if coolers
are located on bulk, the recombination phonons are very likely absorbed by the sub-
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strate, if diffusion rate of quasiparticles is large enough on the junction area. This
explains the better peformance of the geometry with cooler junctions on bulk, thus,
we concentrate on this geometry from now on.

Temperature (K)

_1 1 1 1 1 1 1
010 -1.0 -0.5 0.0 0.5 1.0

eV/A

FIGURE 4.3 The plot on the left shows the difference in cooling performance of two
different sample geometries. Solid line represents a geometry, where cooler junctions
are located in the bulk (SEM image on top right) and open, red circles are cooling of
sample with junctions located at the free standing end of the connecting bridges (SEM
image on bottom right).

4.4.3 Absence of thermal gradients and charging effects

In the cooling experiments, the temperature is measured in the middle of the nanowire,
while coolers are located on the bulk, separated by ~10-15 pm from the thermome-
ter. The separation of cooler junctions from thermometer junctions introduces the
question of temperature gradients in the normal metal. Temperature gradients would
lead to a non—uniform temperature profile, and therefore unequal temperatures at
cooler junctions and thermometers.

The question of temperature gradients can be investigated by comparing the
measured current-voltage (/-V') characteristics of cooler junctions with theoretical
I-V curves parametrized with temperature. Figure £.4(a) shows the measured and
calculated I-V curves of a cooler, while (b) shows the temperature measured at
the middle of the nanowire as a function of bias voltage. The cooler /-V is consis-
tent with the lowest temperature 7' = 47 mK, which is same as measured with the
thermometer. Therefore, the conclusion is that no thermal gradients develop in the
nanowire and electrical thermal conductance need not be taken into account in the
thermal model for samples. In addition, because of the relatively low resistivity of
Cu island (~ 2-107® Qm), the current through the cooler does not cause significant
excess heating due to power dissipation on the normal metal island.
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FIGURE 4.4 (a) Measured (black) I-V characteristics of cooler junctions, colored lines
are calculated curves with different temperatures. (b) Temperature of the same sam-
ple measured with SINIS thermometer at the middle of the nanowire as a function
of cooler bias voltage. Horizontal lines correpond the same temperatures as used in
calculations in (a).

The effects of charging energy may also affect thermometry, by causing devi-
ations from the predicted behavior when charging energy is neglected. This
might appear to be a problem especially in coolers, since temperatures reached are
relatively low and hence the situation E¢ > kg1 can be easily reached. In addition,
coolers are typically connected to the normal metal island, electrically isolated from
the rest of the circuit and therefore its charging energy is dominated by the junction
capacitance.

The measured Coulomb blockade of a suspended cooler at 4.2 K is presented
in Fig. By applying the weak Coulomb blockade result Eq. (2.6), the charging
energy of the cooler is 20 mK, and therefore it has no effect on the thermometry and
the conventional result can be used in data analysis. The lowest temperature
achieved in suspended coolers is 42 mK, two times higher than the charging energy.

4.4.4 Evidence of phonon cooling

Cooling curves of a suspended sample are shown in Fig. 4.6/ measured at different
bath temperatures between 50 and 600 mK. The lowest achieved temperature of the
sample was 42 mK at the lowest bath temperature, corresponding to total cooling
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FIGURE 4.5 Measured Coulomb blockade of a suspended cooler at 4.2 K. Con-

ductance is normalized with dashed red line Gr. Solid green line represents weak
Coulomb blockade theory, Eq. (2.5).

of 60 mK, since even at the lowest bath temperature of 50 mK the nanowire tem-
perature remains at ~100 mK (with zero cooler bias voltage) due to noise heating
via the electromagnetic environment. In addition, the sample shows cooling even at
the highest bath temperature of 600 mK. The lowest temperatures (7" <100 mK) are
determined from the calculated voltage-to—temperature calibration of a NIS ther-
mometer according to Eq. (3.1).

To compare with suspended coolers, samples with the same geometry and size
were fabricated on a bulk substrate, where the heat flow is limited by the electron—
phonon coupling. Figure .7 shows cooling of suspended and bulk samples with
different electron gas volumes. The measurement is performed by biasing the cooler
at the optimal bias point and sweeping the bath temperature. Suspended samples
show better cooling (~20% improvement at 300 mK) extending up to 600 mK (Fig.
@] (@) and (b)), this points out the different energy relaxation mechanisms in the
bulk and suspended samples. At the very lowest temperatures (7' ~100 mK) the
bulk sample in (b) shows better cooling performance due to strong decoupling of
the electrons from the lattice. In addition, Fig.{4.7|shows that cooling is independent
of the electron gas volume, but is dependent on the tunneling resistance Rr.

Further information about the different relaxation mechanisms between bulk
and suspended structures is provided by temperature vs. cooler voltage plot Fig.
Dashed black and solid red lines represent measured values for bulk and suspended
samples with Ry = 3 kQ and © = 0.36 um?, respectively. Open circles are calculated
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FIGURE 4.6 Measured cooler temperature vs. bias voltage for suspended sample at
different bath temperatures 50, 160, 200, 300, 400 and 600 mK. Horizontal dashed line
corresponds to 42 mK.

values according to Egs. and with typical electron-phonon coupling pa-
rameters for Cun = 5and ¥ = 2.1-10° WK=°m™? [72,73]]. Diamonds represent cal-
culation according to 1D electron—phonon coupling model Egs. and with a
longitudinal sound speed of ¢; = 4900 m/s for Cu. Calculations are performed with
the assumption that phonon temperature equals bath temperature. The only fitting
parameter used was 3 = 0.03 representing the fraction of dissipated heat flowing
back to the normal metal. Clearly, 3D electron—-phonon coupling can explain bulk
data, but neither 3D nor 1D electron—phonon theory can fit the suspended data, and
adjusting  will not improve the fit. A schematic of the thermal model is shown in
Fig. In calculations a constant heating power Py~ (typically of the order of
~ 5 fW from the electromagnetic environment) is also taken into account to fix the
zero-bias temperature.

As discussed above, the observation that the magnitude of temperature de-
crease of the suspended nanowire is independent of the electron gas volume (nanowire
length) and that the electron—phonon coupling model cannot fit the suspended data.
Together with differences in cooling performance of the two different suspended ge-
ometries, this confirms the conclusion that the limiting dissipation mechanism in the
suspended cooler is not electron—-phonon coupling. Instead, the limiting heat flow
mechanism between the nanowire and the thermal bath is the reduced thermal con-
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FIGURE 4.7 (a) Temperature normalized with a bath temperature 7'/T},,1n of a cooled
suspended Ry = 3 k) (green) and bulk Ry = 4.4 kQ (black) nanowires with total
length of 20 um (electron gas volume 2 = 0.17 um?) as a function of Tj,up. (b) Same
plot as (a) but for wires with a total length of 30 um (2 = 0.36 ym?) and Ry = 3
k(2 for both samples. (c) Comparison of cooling for two suspended samples in shown
(a)(black) and (b)(green) and additional third suspended sample (red) with Ry = 1.7
kQ and Q = 0.36 pm3.

ductance due to the bridge-bulk interface. This means that heat flow is limited by
phonon transmission, and that electrons and phonons are in quasiequilibrium (elec-
tron temperature equals phonon temperature) in the suspended nanowire, leading
to the conclusion that cooling of electrons will provide cooling of phonons by the
same amount. Therefore, the lowest phonon temperature achieved in the suspended
structures is 42 mK, which is below the base temperature of the refrigerator.

To understand the transport properties, additional heat transport experiments
were performed without cooler junctions but with the same nanowire width 300 nm,
thickness 60 nm and length 24 pm. In this experiment, the two outer bridges had
superconductor-normal metal (SN) junctions without an insulating barrier in the
free-standing end of the bridges (directly connected to suspended Cu nanowire).
The superconducting material for SN junctions was niobium (Nb), chosen for its
relatively high critical temperature and therefore high superconducting gap. In ad-
dition, a SINIS thermometer was connected in the middle of nanowire, like in the
cooler experiments. The SN junctions provide good electrical contacts, but are nearly
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FIGURE 4.8 Measured cooler temperature vs. voltage curves for a bulk (black,
dashed) and a suspended (red, solid) sample with Ry = 3 k. Open circles and filled
diamonds represent calculations using 3D and 1D electron—phonon coupling, respec-
tively.

perfect thermal barriers because of Andreev reflection at the interface [74], and
therefore Joule heating power F;, = I'V in the normal metal is dissipated uniformly
in the normal metal. Then P, = A(T}, — T}..,), with T, being the temperature
of the nanowire. The large superconducting gap of Nb prevents sizeable heat leaks
into the superconductor due to multiple Andreev reflections [75], meaning that the
dissipated power within the normal metal nanowire can be accurately determined
by simply measuring the current and the voltage of the SNS structure.

Figure [.10(a) shows the result of the heating experiment, where temperature
of the nanowire is plotted as a function of input power. Saturation of temperature at
the lowest temperatures is due to noise heating Pyca:,, of the electron gas (cf. Fig.[4.9).
Data is well described by a transition from power law n ~ 2.8 at low temperatures
to a power law n ~ 6 at high temperatures. The thermal conductance G = dP/dT
at 200 mK is 0.4 pW/K and extrapolated at 100 mK to 0.12 pW /K. Converted into
units of the thermal conductance quantum according to Eq. [#.4), these values are
~0.13 G and 0.08 G for temperatures of 200 mK and 100 mK, respectively. Values
of thermal conductance can be compared with values for calculated 1D electron—
phonon limited conductance, which are 5.2 pW/K and 1.3 pW/K for 200 mK and
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FIGURE 4.9 A schematic picture of a thermal block diagram describing the model
used for calculating the electron temperature. Here, Ge—, and Gphonon represent
thermal conductances via electron—-phonon interaction and coupling of phonons of
nanowire to the bath, respectively. Z(w) represents the electrical impedance, that cou-
ples the electrons to their electromagnetic environment.

100 mK, respectively. The comparison of thermal conductances also confirms that
the limiting mechanism in the heat flow is phonon mediated, since the measured
thermal conductances are an order of magnitude smaller than in the case limited by
electron—phonon coupling.

Measured power laws from the heating experiment can be used in the thermal
model for cooler, Egs. and (3.9). Figure [£.10(b) shows measured cooler data
(black, solid line) in comparison with the two power laws n = 2.8 (red, dashed
line) and n = 6 (blue, dashed line) calculated with the thermal model. Calculated
values are in good agreement with the measured data, if the transition from one
power law to another is taken into account, as seen in the heating experiment. At
bath temperatures 7' > 0.4 K n = 6 fits the experimental data well, but cannot be
explained by electron-phonon coupling, since the fit parameter A is much smaller
than what is expected from the theory of electron—phonon coupling. The parameter
A is the same for n = 2.8 in both heating and cooling experiments, in contrast for
the power-law n = 6 the value of A = 12 pW/K? is an order of magnitude smaller
for the heating experiment.

The estimated cross—over of phonon dimensionality from 3D to 1D in the sus-
pended structure takes place at around 0.4 K, since the dominant thermal wave-
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FIGURE 4.10 (a)Temperature of a nanowire as a function of dissipated power in
heating experiment with SN junctions. Red dashed line and blue dashed lines corre-
spond to power laws n = 2.8 and n = 6, respectively. (b) Temperature of a suspended
nanowire as a function cooler bias voltage. Black solid line is experimental data and
red and blue dashed lines correspond to power laws n = 2.8 and n = 6 calculated
from thermal model, respectively. Inset represents the zoom-in to cooling region in
(b). The bath temperature is 61 mK in both (a) and (b).

length (4.2) becomes larger than wire thickness, if average sound velocity ¢, = 4300
m/s for transverse modes of the Cu/SiN bilayer is used. This is not far from the
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observed transition in the experiment, and therefore phonons below temperatures
0.4 K are one dimensional. In addition, the suspended sample geometry has abrupt,
non-ideal contacts to the bulk, leading to strong scattering at the bulk-bridge inter-
face. The observed power law n = 2.8 is consistent with the predicted power law
for boundary limited 1D-2D scattering as dicussed in section [4.2]

In conclusion, with the suspended geometry, where the cooler junctions are
located on the bulk (connected to a suspended nanowire with narrow bridges), the
phonon modes of the nanowire can be cooled using conventional SINIS tunnel junc-
tion coolers. The main advantages of SINIS cooling are simple operation (only DC
voltage source is needed), ease of integration into nanoscale systems, compatibil-
ity with existing fabrication processes and most importantly the ability to cool both
electrons and all phonon modes simultaneously. However, if the nanowire is made
with much shorter length ~1 pm, the 1D electron phonon coupling becomes the
dominant pathway for heat transport, and hence phonon cooling becomes impossi-
ble. For example, in 1 um long wire the electron-phonon mediated thermal conduc-
tance would be 0.2 pW/K at 200 mK, which is smaller than the observed phonon
mediated thermal conductance 0.4 pW /K.

The minimum achieved temperature in structures described above was 42 mK,
starting from an initial temperature of 100 mK. The limit is mostly determined by
the superconducting gap of Al, since the effectiveness of cooling in a specific tem-
perature range is strongly dependent on the value of the gap [12]. At lower temper-
atures, more effective cooling may be achieved with a smaller superconducting gap.
Fig. shows the calculated cooling using an additional cooler made of a material
with a much lower superconducting gap A = 71 peV. Here, a temperature of 14 mK
is achieved with an initial temperature of 45 mK. This could be achieved with the
cascade cooler, where the first stage reaches 40 mK with Al. However, no experi-
mental realization up to date exists of such a cascade cooler structure connected to
a suspended nanowire.
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Chapter 5

Tunnel junction based strain sensing
for low dimensional systems

In typical microscale applications, displacement and strain sensing is usually based
on either capacitive or optical transducers. However, these methods have limita-
tions when the dimensions of the system approach the nanoscale. For capacitive
sensing, the parasitic capacitances will become overwhelmingly large compared to
the capacitance of a transducer, and optical transducers will not work well because
of the diffraction limit. In addition, the optical methods at sub-wavelength require
sophisticated off-chip equipment.

The limitations above can be overcome with displacement sensing based on
the piezoresistive effect [76,[77,[78]. Typically for nanoelectromechanical systems,
piezoresistive transducers are either thin metal films or semiconductors. Some groups
[79,80] have also demonstrated that magnetic tunnel junctions can be used for strain
detection. However, these transducers have their own drawbacks. Semiconducting
tilms show good responsivity, but they are typically very resistive and therefore are
not very suitable for high—frequency applications due to difficulties of impedance
matching. On the other hand, metal films can be made to match well to transmis-
sion lines, but they show a relatively low response to the applied strain. Although
magnetic tunnel junctions show very high responses, strain sensing with magnetic
tunnel junctions requires an external magnetic field, and to date, magnetic tunnel
junctions for strain sensing have been relatively large in dimensions (20 pm x 20
pm or larger).

In this chapter, the feasibility of sub—micron sized normal state tunnel junc-
tions for strain and displacement detection in nanostructures is demonstrated. The
sub—-micron sized tunnel junctions have several advantages in strain and displace-
ment detection, such as their small size (dimensions can be easily made < 100 nm),
existing high—frequency read—out schemes [81,47], ease of integration into the me-
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chanical system under study and a relatively good response to the applied strain.
The measuring scheme for strain sensing with tunnel junctions is very simple, since
only the change in the tunneling resistance of a junction needs to be measured.

5.1 Experimental details

Samples containing Al-AlO,—Al tunnel junctions with a junction area of ~0.1 um?
were fabricated with EBL and vacuum evaporation techniques on top of either 30
nm or 65 nm thick SiN membranes. 65 nm thick membranes were fabricated from
initially 200 nm thick membranes by plasma etching in RIE with CHF; plasma, using
recipies described in the previous chapter. After plasma thinning of the initial mem-
brane, the final membrane thickness was verified with an ellipsometer. 30 nm thick
membranes were directly fabricated from 30 nm thick LPCVD-grown SiN with wet
etching techniques (cf. Chap. ). 30 nm thick SiN membranes typically had dimen-
sions of ~120 pm x 150 pm and 65 nm membranes ~250 pm x 250pm.

FIGURE 5.1 Schematic view of an experimental setup and zoom—in SEM image of a
junction.

The membrane was actuated by an atomic force microscope (AFM) tip at-
tached to a stiff cantilever. For the thinner membranes, OMCL-AC160TS probes
from Olympus with a nominal spring constant of 42 N/m were used, and for the
thicker membranes, MPP-13100 probes from Digital Instruments Veeco with a spring
constant of 200 N/m were used. The actuation of the membrane was performed by
pressing the membrane with a linearly increasing force sweep with a duration of 100
seconds, then holding the membrane at the maximum displacement for 60 seconds,
and finally slowly releasing the membrane back to its original shape in another 100
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seconds. A stiff cantilever was used to reduce the bending of the cantilever itself,
and thus exerting most of the force on the membrane. A similar actuation scheme
has also been used recently for thin graphene sheets [82,[83,[84]. During the actua-
tion, the tunneling resistance, the z—piezo movement and the photo detector signal
of the AFM were recorded. For each force sweep, the force vs. displacement (FZ)
curves and an additional FZ curve on a hard surface were measured. The photode-
tector signal can be converted into displacement from the FZ curves measured on
the hard surface, giving a calibration for the actual bending of the cantilever. The
correct displacement of the membrane can then be calculated by substracting the
bending of the cantilever from the z—piezo movement, typically the correction is of
the order ~200 nm. Typical maximum displacements of membranes in the vertical
direction were 3—4.5 nm. A schematic of an experimental setup is shown in Fig.
All experiments were performed at room temperature and at room air. Because of
the small size of the system, the direct measurement of the applied strain with an
additional, calibrated strain detector was impossible. Instead, the strain fields in the
membranes were calculated with a finite element method (FEM).

5.2 Modelling of a strain field

The elastic behavior of a solid can be characterized with stress and strain. Stress
corresponds to the forces acting on volume elements, while strain describes the de-
formation of the elements. Components of the strain tensor for an elastic solid are
defined with components of displacement vector u as [85]

3
_1 (am L 9u s 3%%) _ (5.1)

= 5 8xj 8@ —1 axz an

With small deflections (displacements), the second order terms can be neglected.
The stress tensor 7' and strain tensor € in an isotropic solid are related via the gener-
alized Hooke’s law [86]

3
Tij = 2pei; + A Z €rk0ij (5.2)
k=1

where 1 and )\ are Lamé constants, which are related to Young’s modulus E and
Poisson ratio v of the material through the relations [63]]

= 2(1]i V) 9)
Ev
A= (1—20)(1+v)" G4
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With small deflections (displacements), the strain field can be calculated for an
isotropic solid with the Navier equation [63]

82uz~ 0
P (V-u) +f, (5.5)

_ 2,
= uV ul+(u+)\)axi

where p is the density of material and f is a body force (external load). However,
when the mechanical system goes through large deflections, there will be two addi-
tional terms in the Navier equation and it takes the form

(92uz-

) ou? (9ul ouy
ot?

O0x;0x; 83:] — o0x;

— VU4 (p+A) 2u; (5.6)

3
aa (V-u)+ £+ (A4 p) Z
A large deflection in a membrane means that the vertical deflection z, is larger than
the thickness 7 of the membrane [85]. However, large deflections should not be
confused with non-linear response or plastic, irreversible deformation of an elas-
tic system. Even with large deflections, the response to the force can be linear, and
therefore Hooke’s law is valid. All experiments were performed with large deflec-
tions, since the vertical displacement is large (microns) compared to the membrane
thickness, which is tens of nanometers.

Solution of the Navier equation with proper boundary conditions will provide
a displacement vector. Furthermore, the strain and stress tensors can be calculated
from the displacement. A SiN membrane of a finite thickness actuated at the point
(20, Yo, 7) in the z—direction by an amount z, can be modelled with the following
boundary conditions

u(r ==xL,/2,y=+L,/2,z) = 0 (5.7)
u(an Yo, T) = (07 07 _ZO) ; (59)

where L, , is the length of the membrane in x and y directions and 7 is the membrane
thickness. The strain fields of membranes were calculated using a commercial Com-
sol Multiphysics sofware [87], which is a partial differential equation solver based
on a finite element method (FEM) with a structural mechanics toolbox. Simulations
contained a SiN membrane and tunnel junction, which was modelled as a thin Al
wire on top of a membrane. Material parameters used in simulations were literature
values for poly—crystalline SiN with £ = 357 GPa and v = 0.25 and amorphous Al
E =70 GPa and v = 0.35 [63].
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5.3 Results and discussion

The resistance of a tunnel junction and the recorded photo detector signal (force) as
a function of time are shown in Fig. The resistance is modulated by the force,
and the response is reproduced and follows each force sweep.

Figure [5.3(a) shows the measured tunneling resistance response as a function
of the vertical displacement of the membrane, where responses are normalized with
the initial unstrained value, denoted by R,. The actuation is performed at a distance
of 1.5 pm from the junction. The lower curve is data for 30 nm thick membrane with
a tunneling resistance of 9 k(2. The top curve is data for 65 nm thick membrane with
a tunneling resistance of 26 k(.
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FIGURE 5.2 Tunneling resistance (black) and force (photodetector signal of the AFM)
(red, dashed) as a function of time.

The response for the 30 nm thick membrane shows a clear hysteresis, while
in the 656 nm data no hysteresis is observed. The hysteresis has a mechanical ori-
gin, since it can be observed also in the FZ—curves shown in Fig. 5.4 for the 30 nm
data. Although the hysteresis is observed in press and release phases of the force
sweep, irreversible (plastic) deformations can be ruled out, since the cycle-to—cycle
behavior is non-hysteretic: In each press—release cycle, the trace and retrace of the
FZ curves are reproducible and do not change from one cycle to another. The ex-
planation for the non-hysteretic behavior of thicker membranes can be sought from
the different spring constants of membranes with different thicknesses. The spring
constant k of a plate has a cubic dependence on its thickness 7, i.e. k& o 7% [88].
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FIGURE 5.3 (a) Tunneling resistance normalized with resistance at unstrained config-
uration Ry as a function of vertical deflection of a membrane. Press and release phases
of a membrane are shown with black line and red open circles, respectively. Top curve
is data for 65 nm thick membrane, while the bottom curve represent data for 30 nm
thick membrane. (b) Calculated gauge factors as a function of displacement for 65 nm
(squares) and 30 nm (open circles) membrane data, presented in (a). Relative change
in the tunneling resistance vs. strain is presented in (c) for 65 nm and (d) for 30 nm
data. Red lines in (c) and (d) are calculations based on Eq. (5.16).

Therefore, a 65 nm thick membrane has 10 times larger spring constant compared
to a 30 nm thick membrane, and response to the applied force is one order of mag-
nitude larger for the thinner membrane. The origin of the hysteresis may be related
to the difference in the spring constants for different membrane thicknesses and the
interaction between the tip and the membrane.

One figure—of—merit of a strain sensor is the gauge factor v, defined as the ratio
of relative change in the resistance to the applied strain
AR1 Rp—Ry 1

S N (5.10)

7= ?O; RO €2z

where R, and RT are the sensor tunneling resistances at unstrained and strained
configurations, respectively. Figure 5.3 (b) shows gauge factors for the 65 nm (black
squares) and for the 30 nm data (open circles) presented in (a), calculated from the
measured resistance response and the simulated strain field for the different vertical
displacements. In the calculation of the gauge factor, the compressional strain e, in
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FIGURE 5.4 The force vs. displacement (photodetector signal vs. z—piezo movement)
curve of the trace and the retrace data for 30 nm thick membrane.

vertical direction is used. Simulations show that the shear components are zero at
the junction, if actuation is carried out right next to the junction, as in the experi-
ment. The maximum gauge factor vy ~ 37 is obtained with a displacement of 1.5 um
and it is reduced with smaller displacements. This is much larger than typical gauge
factors for metal film detectors, which are of the order of 2—4 [89].

Figures (c) and (d) show the tunneling resistance as a function of the ap-
plied strain for the same data as in (b), calculated from the displacements in (a). (c)
is data for the 65 nm membrane and (d) for the 30 nm membrane. Although the
response in (a) for both samples is non-linear as a function of displacement, the re-
sponse to the strain shows linear behavior due to the non-linearity between strain
and displacement caused by large deflections.

An AFM can be used as a local strain actuator, as has been demonstrated with
the experimental data in Fig.|5.5| Here, the membrane has been actuated by the same
displacement of 3 pm at different points of the membrane. The inset shows a calcu-
lated strain field of the membrane. The actuation points are taken at the diagonal of
the membrane, represented by a white dashed line. Figure 5.5/shows the measured
resistance response of the tunnel junction together with the calculated straine,, as a
function of distance from the center of the membrane, where the tunnel junction is
located. A good qualitative agreement of tunnel junction signal with the calculated
strain field is achieved. Although, there are some differences between the strain field
and the response of the sensor, such as response seems to be more sharply peaked
than strain field and at larger distances the strain field is still 10% of the maximum,
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while response of the sensor is much smaller. These differences are not yet under-

stood.
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FIGURE 5.5 Measured response of a tunnel junction (black squares) and calculated
strain (open circles) as a function of distance from the center of the membrane, when
the membrane is actuated at different points on the diagonal. Inset shows the calcu-
lated strain field, when membrane is actuated at the middle point.

5.3.1 Simple model for response to strain dependence on junction

parameters

The resistance response to the applied strain of a tunnel junction is due to deforma-
tion of the tunneling barrier. Furthermore, tunneling resistance depends exponen-
tially on the barrier thickness and height, as presented in chapter |2, This raises an
interesting question, as to whether the sensitivity and the gauge factor of a tunnel
junction detector could be improved by tuning the barrier parameters e.g. by ther-
mal annealing. The very simple model based on the Eq. can be used to estimate
the dependence of the gauge factor on the barrier parameters of a lateral tunnel
junction.

The compressional strain components on the junction can be written in the
form [63]]

T = (T 4 T] i3,k = {9, 2) 5.11)

where E is the Young’s modulus, v the Poisson ratio, T}, ..} are components of

€ =

the stress tensor. The first term on the right hand side represents the strain due to
applied force, while the second term is the strain component caused by the orthogo-
nal strain components via the Poisson ratio. The tunneling resistance in the strained
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configuration can be written in the form (all variables with tilde (~) represent the
current quantity in the strained configuration)

(5.12)

where A is the junction area, d and ¢, are the barrier thickness and the height of the
energy barrier, respectively. The junction area and thickness in the strained configu-
ration have the form

BN
Il

Al + €50 + €yy) (5.13)
d(1+e..). (5.14)

IS
I

The above equations show that the change in the tunneling resistance is mainly
caused by the strain component ¢,,, which can be written in the form

_1—1/—2V2Tzz v

1—v FE 1—v

(€za + €yy) (5.15)

6ZZ

The resulting relative change in the tunneling resistance is

%Z 1= \/%#jfeyyexp %d\/m %(1+ezz) ~1| Y1, 516
The above expression includes the strain dependence of the barrier height (denoted
as ¢o). In semiconductors the band—gap is known to vary with the applied strain,
and has the form AE,; = a(e;; + €,y + €..), with value a« = —5 eV for germanium
and a = —30 eV for silicon [90], for example. In the calculated values of response in
Fig. (c) and (d) (red lines) the value a = —4 eV is used. However, the accurate
values for AlO, are not known. The quasilinear dependence of the response to the
applied strain can also be explained with Eq. (5.16), since typically strain values are
small ~ 10~ leading to small values in the exponent. The expansion of Eq.
with respect to ¢, in the first order leads to the form

Ry 1+ €pp + €y

&L4~¢%u+%m+wﬁl%M%xﬁ. (5.17)
0

Furthermore, with realistic values of the barrier parameters d = 1.5 nm and ¢, = 1.5
eV, it can be seen that the prefactor for the €., is ~ 20, confirming that the depen-
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dence on €., component is dominating.

In addition, the differences in the gauge factor dependence of the displacement
can be explained with this simple model: the component €., depends on 7. and
€ {224y}, Which modify the dependence as shown in Fig.[5.6] Figure 5.6|shows gauge
factors in two different cases: strains for 30 nm and 65 nm membranes, but with the
same barrier parameters d = 1.5 nm and ¢, = 1.5 eV.

T T T T T T T
|l T T §
./.>Uv
5 I l/ O\ ]
- / O\o
S 20 = -
(V-
]
(@)]
S 19+ .
(4]
@)
18 i .
[ | 1 | 1 | 1 |

2 3
Displacement (um)

FIGURE 5.6 Calculated gauge factors with strains for 30 nm (open circles) and 65 nm
membrane (black squares) with same barrier parameters.

The calculated dependence of the gauge factor as a function of junction param-
eters ¢ and d with strains of €,, = 3.9:-107%, ¢, = 2.3-10% and ¢,, = —5.2-1074,
corresponding to the experiment with 65 nm membrane with a 3 pm displacement,
is shown in Fig.[5.7] Different figures represent calculations with three different cases
for the strain dependence of the barrier height: do = do, (b) Py = 0.995¢, and (c)
¢o = 1.005¢. The order of magnitude of the gauge factors is consistent with the
experimental values. In addition, the sign of the gauge factor changes, if the bar-
rier height increases due to the applied strain. According to the simple model, the
gauge factor could be enhanced by increasing the barrier thickness and height. Ac-
cording to the results in section thermal annealing in vacuum could be one way
to increase the gauge factor of a junction.

5.3.2 Displacement sensitivity of a tunnel junction

To estimate the feasibility of a tunnel junction detector for displacement sensing in
nanoelectromechanical systems, let us consider a situation, where a tunnel junction
is fabricated on top of a cantilever with length L and thickness 7. The maximum
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vertical displacement of a cantilever is obtained at the end of the cantilever, and it

has the form [63]
L2
Uz max = ~€zz (_ + Z) . (518)
vt 4

The above relation allows to estimate the position sensitivity of the tunnel junction
detector on the cantilever: The maximum gauge factor in the experiments above
was v = 37, resistance sensitivity of the measurement setup can be improved to
be AR/R = 1075, reached with commercially available electronics. The resistance
sensitivity is 2.7 - 10~° with the current lock-in setup, used in the experiments above.
Values of v and resistance sensitivity of 107° yield the strain sensitivity of ¢,, =
2.7-1078. Substituting the strain sensitivity to Eq. results in u, pax = 1 pm
with cantilever dimensions of . = 1 pm and 7 = 100 nm.

The case above however, is calculated in the static situation. The case of vibrat-
ing cantilever is much more interesting, when considering real NEMS applications.
With a vibrating cantilever the position sensitivity may be different than in the static
case, since sensitivity depends e.g. on the effectiveness of the impedance matching
between the transducer and the read—out circuitry at high frequencies.
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Chapter 6
Summary

The properties of AlO based tunnel junctions can be improved with thermal anneal-
ing in vacuum at 350-450 °C, as shown in chapter 2| A proper annealing treatment
will lead to the complete stabilization of the junctions, and additionally the tunnel
barrier quality improves, manifested by a diappearance of the spurious resonances
in the tunneling conductance spectrum. The tunneling resistance and the charging
energy increase in the annealing procedure, while the switching current is reduced,
consistent with the increase of the resistance. In addition, the film quality of Al was
improved upon annealing, showing an increase in the mean free path from 7.7 to 12
nm.

The stabilization of junctions is an obvious advantage when considering prac-
tical and commercial applications of tunnel junction devices. However, engineering
the sample parameters in a controlled way with vacuum annealing is not yet possi-
ble, partly because a microscopic understanding of the processes is still lacking. One
possible application for the annealing is to increase the sensitivity of current thresh-
old detectors based on Josephson junctions, used for example in superconducting
qubit readouts [91] or in shot noise measurements [92]. Additionally, annealing of
NIS junctions could be beneficial in cooling and thermometry due to a possible re-
duction of the sub—gap current. However, annealing treatment was not successful
with conventional Cu based junctions. For future prospects, studies on the influ-
ence of thermal annealing on 1/f noise of the junctions would be beneficial. Since
thermal annealing is observed to heal the barrier, it could also reduce the amount of
two level systems in the barrier and therefore lead to a reduction of 1/f noise in the
junction. Low frequency 1/f noise is known to be one source of decoherence in tun-
nel junction based qubits [93], and therefore the reduction of noise could improve
the decoherence time.

Chapter [3| introduced normal metal-insulator-superconductor based tunnel
junctions for thermometry and cooling. Charging effects change the shape of the
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voltage-to—temperature response of a current biased thermometer. Therefore, in a
typical solitary thermometer these effects should be taken into account in the voltage
to temperature conversion (calibration). In typical coolers however, the charging
energy is ~ 20 mK and the calibration of a thermometer attached to the normal metal
island of a cooler can be carried out in a convetional way, even at the very lowest
temperatures achieved in our suspended setup. In addition, with an additional gate
electrode the responsivity of a thermometer can be modulated, having its maximum
responsivity with a closed gate configuration (maximal Coulomb blockade).

Electronic cooling of phonon modes of a suspended nanowire was demon-
strated in chapter @] To minimize the backflow of heat, the cooler junctions should
be located on the bulk and connected to the nanowire via free standing bridges. The
heat flow between the nanowire and the bulk in suspended samples was limited
by a scattering of phonons at the nanowire-bulk contact. The lowest temperature
achieved in suspended samples was 42 mK, starting from a temperature of 100 mK.
In addition, the comparison between suspended and bulk samples showed better
cooling performance up to much higher temperatures in the suspended structures.

The advantages of tunnel junction based coolers are ease of integration into a
nanoscale system, compatibility with existing fabrication processes, DC operation
and the ability to cool down both electrons and phonons simultaneously. Cooling of
both electrons and phonons is beneficial to nanoscale bolometric applications. The
noise—equivalent—-power of bolometers depends not only on electron temperature,
but also on phonon temperature, and therefore cooling down both will improve per-
formance. In addition, the suitability of tunnel junction based cooling for nanome-
chanical systems to their ground states can be envisioned. Studies of nanomechan-
ical systems at the quantum limit would benefit from cooling down electrons and
all thermally occupied phonon modes. The decoherence of mechanical superposi-
tion states could be improved by having all thermal systems (electrons and different
phonon modes) in equilibrium, instead of each system having their own tempera-
ture. Typically, back-action cooling [94,95] of a nanomechanical resonator only cools
down a single, particular mechanical mode instead of all phonon modes. However,
a drawback for cooling nanomechanical systems with tunnel junctions is the fact
that bridges are needed to limit the thermal conductivity. Such bottlenecks can eas-
ily limit the quality factors and resonance frequencies of nanomechanical resonators.
However, temperature ranges achieved with tunnel junction coolers are promising
for the cooling of nanomechanical systems into their ground states, since e.g. for a 1
GHz resonator, 42 mK corresponds to occupation number N = 1.

Normal state, sub—micron sized tunnel junctions can be used for strain sensing

in nanostructures, as demonstrated in chapter 5 Tunnel junction based strain detec-
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tors show competitive gauge factors compared to metal film detectors, and they are
easy to integrate into the mechanical system under study. Measurement schemes
for the strain and displacement sensing with tunnel junctions are relatively simple,
since only the measurement of the tunneling resistance is needed. In addition, exis-
tence of high frequency read—out schemes increase the feasibility of tunnel junction
based detectors for nanoelectromechanical systems.
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Appendix A

Derivation of current through NIS
junction at weak Coulomb blockade
limit

The tunneling rates through NIS junction can be written in the form, as presented in

chapter

et = 62.1RT /_Z ns(E)fs(E) [1 — fn(E - Eff)] dF (A1)
reo— | ns(E)I(E ~ B[ fo(B) E (A2)

where Ei* = £2Fc(n + ng + 0.5) £ eV; and i = {L, R}. By substituting F,, into the

Fermi-function, we obtain

1

, (A.3)
1+ exp (%) exp(—u¥)

f(EF E"™*) = f(E—2Ec(n+ng+0.5) —eV;) =

where u* = 2Eq(n + ng £+ 0.5)/(ksT). Now at the weak Coulomb blockade limit
Ec < kpT and therefore u* < 1, resulting in next to the leading order expansion of
the Fermi—function with respect to u*

< ((E=ev:
= f(E—eVi)+ [1jei£(kZT62l>rui' (Ad)
kT
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By denoting v; = (E —e¢V;)/(kpT) and using the relation cosh?®(v/2) = (cosh(v)+1)/2
leads to

+
E T B = f(kpTv;) + ——5—— . A5
f( :F ) f( B v)+4COSh2(UZ‘/2) ( )
Tunneling rates in Egs. (A.1) and (A.2) take the form
, ; + o E E
F2,+ — F(IJ,+_ 1‘;’ / ’I’LS( )f5< )dE (A6)
A con? (557
. o u [ nsg(BE)1— fs(E
D = T5 4+ 5w / s )£ E_SV(_ )]dE, (A7)
€T J-oo  cosh <—2k;T’)

where Fé’_ are the tunneling rates without charging energy, i.e. Ec = 0. The tunnel-
ing current can be calculated by the above relation according to Eq. (3.5). By substi-
tuting u*, the tunneling current results

I = —e Y Pn)[T™—T] (A.8)
_ —~V)E¢ 1 a(V)E¢ 1 =
— —e |t 1k _al=V)Ee ) - 22 e _Z P
e |: 0 0 QkBTGQRT ng + 9 2]{/‘BT€2RT nag 9 n:Z_OO (n)
a(-VEe  a(V)Ee | &
P
+e |:2]€BT€2RT + 2kBT62RT n:Zoon (n) )

where o E E

a(£V) z/ nstB)s(B) g (A.9)
o cos? (E222)

Because of the normalization condition for the probability distribution Y > P(n) =
1 and symmetry of the distribution > >~ nP(n) = 0. The tunneling current in the
weak Coulomb blockade limit results in

Be vy —a=v). (a0

S lalV) +a(-V)] -
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