Universiteit

4 Leiden
The Netherlands

Magnetic and Thermal Imaging with Novel Quantum Microscopy
Cheng, Zhiyuan

Citation
Cheng, Z. (2022). Magnetic and Thermal Imaging with Novel Quantum Microscopy.

Version: Not Applicable (or Unknown)

License to inclusion and publication of a Bachelor or Master thesis in
the Leiden University Student Repository

Downloaded from: https://hdl.handle.net/1887/3455579

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/3455579

Magnetic and Thermal Imaging
with Novel Quantum Microscopy

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

PHYSICS
Author : Zhiyuan Cheng
Student ID : 2673568
Supervisor : Jan Aarts & Kaveh Lahabi
Second corrector : Wolfgang Loffler

Leiden, The Netherlands, September 4, 2022






Magnetic and Thermal Imaging
with Novel Quantum Microscopy

Zhiyuan Cheng

Huygens-Kamerlingh Onnes Laboratory, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

September 4, 2022

Abstract

The scanning quantum interference device (SQUID) on tip (SoT) has shown
promising features of high spatial resolution and magnetic field sensitiv-
ity. Present day implementations of the SoT lacks proper height control
and topography feedback. Several techniques for realizing a SoT have
been shown, however a challenge that remains is to design a reliable and
efficient method for fabricating electrical contacts that reach the SQUID.
Directly sputtered multi-layers for SQUID fabrication can always create a
short circuit between the excitation circuit and the read-out circuit due to
high temperature during sputtering and the porous and unstable structure
of silver epoxy contacts on the Akiyama-probes. Therefore, we explored
the option of depositing the layers onto the probes via float transfer, which
avoids high temperature. As a result, the transferred layers are well at-
tached to most area of the probe except the tip. Nevertheless, float transfer
can be a promising method to deposit metal layers for electrical contacts
without creating short circuits. Further studies of acquiring floating layers
with flatter surface combining with other layer deposition techniques are
suggested.
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Chapter 1

Introduction

The frontier research in condensed matter physics has gone to atomic or
even sub-atomic scales, which put a challenge to the current probing meth-
ods for a more precise knowledge of the electric and magnetic fields. Su-
perconductors are extremely sensitive to the presence of electric and mag-
netic field, this property makes them the ideal candidate of materials for
field sensors. One of the electric and magnetic sensors based on this prop-
erty is the Superconducting Quantum Interference Device (SQUID), a su-
perconducting loop with two Josephson Junctions (JJ).

Ever since 1970s, SQUID magnetometers have been applied to detect
weak magnetic fields in various experiments|!]. The Scanning SQUID Mi-
croscope (SSM) was therefore developed for magnetic field probing and
imaging[1]. However, the SSM has a limited spatial resolution and mag-
netic sensitivity due to its use of large pick-up loop coils, which has a typi-
cal diameter of several micrometers[1, 2], and large coil-to-sample spacing,
which is usually several micrometers[1]. More recent in 2010, E. Zeldov et
al. fabricated a self-aligned nanoscale SQUID on the tip of a pulled quartz
capillary, known as the SQUID on Tip (SoT)[3]. The SoT has an effective
diameter varying from 39 nm[4] to several hundred nanometers[3], which
is several orders of magnitude smaller than SSM. The working distance be-
tween the tip and the sample is usually below 1 ym[3]. Therefore, the spa-
tial resolution and magnetic sensitivity were significantly improved due
to a much smaller loop size and tip-to-sample distance. Additionally, SoT
can also be used as a thermometer to probe and image temperature of the
sample, whose sensitivity is 4 to 5 orders of magnitude better than other
commonly used thermometers[5]. By combining SoT with Scanning Probe
Microscopy (SPM), Poggio et al. developed a SoT on an AFM cantilever,
which enables high-resolution topography while probing magnetic fields
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2 Introduction

and temperature of the sample at the same time[6]. Therefore, fabricat-
ing high-resolution SoT on a scanning probe enables physics research at
a much smaller scale, where new fundamental physics concepts can be
found. And thus, this encourages my research on how to make electrical
contacts to the SQUIDs on the tips of the cantilevers.
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Chapter

Theory

In this chapter, we will present some background theory for the SQUID,
SSM and SoT so that the basic work principles can be well understood.
This also presents additional motivation for my project.

2.1 SQUID

In a conventional superconductor, electrons form a condensate of Cooper
pairs. This condensate can be described by a singular wavefunction:

Y = |¥o|-e” (2.1)

where ¢ is the phase factor of the wavefunction. Unlike classical electron-
ics, in which currents are driven by the bias, the current in a superconduc-
tor is determined by the phase difference, namely:

I =Iy-sinAd (2.2)

where [ is the critical current of the superconductor, and Aé is the phase
difference in the superconductor.

A J] consists of two superconductors coupled by a weak link (WL). By
cooling down the JJ below the transition temperature, the wavefunctions
in the two superconductors start to overlap in the WL, and supercurrent
driven by the phase difference between two superconductors can be gen-
erated. Generally, there are various types of WL’s, such as constriction and
S-N-S, etc.. In our set-up, the S-N-S is used to avoid hysteresis in the I-V
sweep as spin relax time is much smaller.
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4 Theory

Figure 2.1: Schematic of a SQUID. WL’s are marked in red. The magnetic flux, ®
in the SQUID loop can lead to a quantum phase difference (A6 = 5, — é,) of the
two J]'s. Figure is taken from D. Koller et al., 2017 [7].

The working unit of a SQUID has two independent J]’s in a parallel
circuit (shown in figure 2.1). From equation 2.2, the current in a SQUID
can be characterized by the phase difference between two JJ's:

O
I =1Iy-sin (52 -0+ 27'[—) (2.3)
N0

where é; and 6, are the phases of the two JJ’s, ® is the magnetic flux intro-
duced to the SQUID and ®j is the magnetic flux quantum[7].

As a result, there is a supercurrent, |, circulating in the SQUID loop.
Since the SQUID has a certain critical current I, above which supercon-
ductivity is compromised and the superconductor transitions into a nor-
mal conductor, introducing an extra bias current I, to the SQUID loop will
lead to an oscillation with the magnetic flux. Figure 2.2(a) shows the criti-
cal current lowered by the presence of the magnetic flux and figure 2.2(b)
shows the bias current oscillating with the magnetic flux.

The I-V characteristics are non-linear in the presence of magnetic flux,
this implies that a slight change of the flux introduced into the SQUID loop
will change the I-V read-out dramatically. Such mechanism makes the
SQUIDs to be highly sensitive to magnetic field. Moreover, the I-V charac-
teristics are well studied and characterized, which enables the quantitative
description of the change in field. One example of application the SQUID
sensor is the Scanning SQUID Microscopy (SSM), which enables magnetic
probing and imaging.

4
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2.2 Scanning SQUID Microscopy 5
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Figure 2.2: I-V measurements of a SQUID and how the magnetic flux influences
the I-V relations. (a) The blue and red curves show the I-V features of a SQUID
with respect to no flux and half flux quantum (0.5®,) presence. With a presence
of magnetic flux, the critical current of the SQUID can be lower than that without
flux. (b) The voltage, characterized by current multiplied by resistance, is oscillat-
ing periodically with the magnetic flux. Iy is the critical current and I, is the bias
current, which corresponds to I in figure 2.1. Figure is taken from A. Vettoliere et
al., 2016 [5].

2.2 Scanning SQUID Microscopy

Figure 2.3 shows the schematic structure of SSM loop. The loop has two
main units - a SQUID consisting two J]’s and a pickup loop (figure 2.3(a)).
By inserting the pickup loop at a distance 1 above the sample with a tilted
angle 6, the SSM can pick up magnetic field from the sample (figure 2.3(b)).
The probe can scan along the surface with a scanning step defined by Ax
and Ay, which are determined by the piezo actuators. Since the scanning
steps are normally smaller than the diameter of the pickup coil (figure
2.3(c)), the spatial resolution of the SSM is limited by the size of the pickup
loop[9]. Due to Meissner effect, there will be more field collected by the
coil, leading to a slightly larger effective area than the inner area of the coil
(figure 2.3(d))[9]. Hence, the local magnetic field can be characterized by
equation modified from equation 2.3:

B-A
I=Iy-sin(AS+ 27 5 %) (2.4)
0

where B is the magnetic field and A, = |A,| - n4 is the effective area of
the probe loop. Despite all the fundamental limitations mentioned above,
H. Hilgenkamp et al. managed to image vortices in a YBCO film (figure

2.4())[10].
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6 Theory
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Figure 2.3: (a) A schematic of SSM. (b) SSM probes a sample with a pickup loop
at an angle of 8 and a height of h. (c) Comparison of the pickup loop size and
pixel size. (d) Schematic of magnetic field distribution near the superconductor.
This leads to a larger effective area than the inner area of the loop. Figure is taken
from H. Hilgenkamp et al., 2017 [9].

2.2.1 Resolution

The typical spatial resolution of SSM is normally several micrometers[]1-
13]. The state-of-the-art SSM probe from Kirtley et al. reaches sub-micron
resolution by implementing fine design with more shielding layers[13, 14].
The spatial resolution of the probe is mainly limited by both the diameter
of the probe, d, and the loop-to-sample distance, h (figure 2.4(b))[9]. From
J. R. Kirtley et al., 1999 [1], equal probe diameter and scanning height (h =
d) provide the best combination of spatial resolution and field sensitivity,
which is also shown in figure 2.4(b).

The effective diameter of the SSM is at micrometer scale, most of which
is contributed by the pick-up loop. According to equation 2.4, larger loop

6
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2.3 SQUID-on-Tip 7

Figure 2.4: (a) Vortices (black) in a 200 nm thick YBCO film imaged by a SSM
probe at a field of 6.93 uT and temperature of 4K. Figure is taken from H.
Hilgenkamp et al., 2015 [10]. (b) The normalized spatial resolution (s/d) as a func-
tion of h/d (blue solid line) with the limits of s = d (red dashed line) and h = d
(black dashed line). s represents the spatial separation of two out-of-plane field
extrema. Figure is taken from H. Hilgenkamp et al., 2017 [9].

area can lead to worse field sensitivity. Simultaneously, d is normally at
micrometer scale, which becomes a limitation for better resolution and
sensitivity even at much smaller scanning height. Therefore, reducing the
size of the probe to sub-micron scale can improve the spatial resolution
and sensitivity greatly.

2.3 SQUID-on-Tip

To further reduce the total area of the SQUID loop, E. Zeldov et al. de-
veloped a new scanning SQUID microscopy technique by implementing
pulled glass capillaries sputtered with Pb to form constriction WL's, which
is known as the SQUID-on-Tip (SoT)[3]. Without a large pickup loop, the
SQUID loop itself is the picking up the magnetic field, which has a di-
ameter of 600 nm[3]. With much smaller effective area of 0.034 um?, this
SoT can exhibit a flux sensitivity of 1.8 x 10~dy/Hz[3], which is slightly
smaller than the sub-micron SSM from Kirtley et al.[14]. Given the fact
that this SoT has a scanning height of more than 1 ym[3] which is much
larger than the scanning height of 0.33 ym in the sub-micron SSM[14], the
improvement of field sensitivity is promising.
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Figure 2.5: (a) Schematic of fabrication of SoT by 3 steps of evaporating alu-
minium onto the pulled quartz capillary tip. (b) and (c) are the SEM images of
the tip. The two regions (marked by the yellow arrows in (c)) on the ring form
the two WL'’s of the SQUID. Schematic SQUID loop is shown as the inset of (c).
Figure is taken from E. Zeldov et al., 2010 [3].

By applying a tuning fork for height feedback and smaller effective
area, Zeldov et al. also realized SoT’s with single spin sensitivity[4, 15].

SoT is also capable of thermal imaging. Since the current can change
dramatically near T, this enables thermal SoT (tSoT) to image tempera-
ture distribution of the sample. The superconductor is an ideal thermal
insulator, the whole measuring system of SoT is mostly thermal insulated
from the environment except the tip for readout, which makes probing
with tSoT non-invasive. By introducing an exchange Helium gas, the tSoT
is thermally weak-linked to the sample, and thermal information could be
read out from the I-V measurements (figure 2.6(c))[5]. From figure 2.6(a),
the tSoT is four orders of magnitude more sensitive than any other ther-
mal probing techniques[5], which makes it an exceptional thermal probing
microscope.

Moreover, Zeldov et al. also developed a 3-junction SoT, which is capa-
ble to measure in-plane magnetic field[16].

So far, the SoT has proved itself to be a promising probing technique
for both magnetic and thermal imaging. Yet, due to the stiffness of quartz
capillary, this SoT lacks ideal feedback of height and sample topography.
And one solution to this is to combine the SoT with SPM.

An example of SoT on a scanning probe is the recent work from Poggio
et al.[6]. First, a clean AFM cantilever (Figure 2.7(a)(i)) is patterned by
focus ion beam (FIB) milling, leaving a triangular plateau at the tip of the
cantilever (figure 2.7(a)(ii)). Then a thin film of Nb is deposited onto the
cantilever (figure 2.7(a)(iii)), which is later FIB milled into a SQUID loop
(figure 2.7(a)(iv)) protected with a shunt Pt resistor (figure 2.7(d))[6].

Figure 2.8 shows the topography, magnetic and thermal map of a current-
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2.3 SQUID-on-Tip 9
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Figure 2.6: (a) Sensitivity (left-hand vertical axis) of various thermal imaging
techniques (blue) and tSoT (red) with respect to the spatial resolution (horizon-
tal axis). The black dashed line and green diamond correspond to the theoretical
scaling of temperature increase (right-hand vertical axis) of a qubit operation at
Landauer’s limit. (b) SEM image of the Pb tSoT with an effective diameter of
46nm. (c) Schematic image of tSoT thermal probing. Helium gas is introduced
for weak thermal link between the sample and tSoT. The inset shows the effective
thermal circuit. Figure is taken from E. Zeldov et al., 2016 [5].
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Figure 2.7: (a) Schematics of fabrication process of SoT on AFM cantilever. First,
(ii) the tip of the cantilever is milled away by focused ion beam (FIB), leaving a tri-
angular plateau. Then (iii) a thin layer of N is deposited onto the cantilever and
(iv) a hole and trench is directly milled through the Nb layer, forming a SQUID
on the tip shown in (c). (b), (c) and (d) show the SEM image of the SoT on AFM
cantilever, the protruding tip in (c) is also patterned by FIB milling, and the Pt
film is a shunt resistor protecting the SQUID loop. (e) Schematics of the scanning
probe and sample. Figure is taken from M. Poggio et al., 2022 [6].

10
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2.4 Akiyama-Probe 11

carrying 120-nm thick gold wire. From figure 2.8(c), the current density
map can be retrieved by Biot-Savart law[6]. Moreover, a recent application
of this SoT on AFM cantilever successfully imaged the current distribution
in a qubit loop, providing insight to qubit control optimization[17].

2.4 Akiyama-Probe

In previous sections, we have learnt that the SoT can be a promising prob-
ing technique. However fabricating SoT on a cantilever, especially making
electrical contacts to the SQUID on the cantilever tip takes a lot of effort.
Also, due to lack of proper tip structure, the SoT on AFM cantilever by
Poggio et al. exhibits double visions in AFM topography[6]. Therefore,
making SoT’s with proper tip structure is vital for further observation at
much smaller scales with higher resolution and sensitivity.

In our set-up, we use a commercially available Akiyama AFM Probe
from NANOSENSORS™. The Akiyama-Probe has a tuning fork with two
separate arms (figure 2.9), which can be used for making an extra circuit
on the probe. As the two arms are separated, we do not need to FIB mill
long trenches to separate the contacts, which is advantageous with regard
to time-efficiency and effort. And with the previous works by Timothy
and Tunde, we can already use electron beam induced deposition (EBID)
to print SQUIDs. A recent work by Matthijs also enables us to pattern S-
N-S SQUIDs on multi-layers deposited onto the cantilever by using FIB
milling. Hence the current urgent mission is to make reliable electrical
contacts, which becomes the motivation of my project.

11
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Figure 2.8: Images of a current-carrying wire. (a) SEM image of a Au wire with
a thickness of 120 nm patterned on a silicon substrate. (b) Non-contact SoT AFM
image showing a topography (Az = 140nm) of sample at a scanning height of
140 nm. (c) Out-of-plane magnetic field BZ° and (d) temperature T,. are acquired
by probing at a fixed height of h = 345nm. (e) Out-of-plane magnetic field Bl
probed by actuating the cantilever’s fundamental frequency fo = 282kHz with
an amplitude of 15nm. (f) Map of current density ], calculated from B in (c).
Figure is taken from M. Poggio et al., 2022 [6].
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2.4 Akiyama-Probe 13

Figure 2.9: (a) Overview of the Akiyama-Probe. There are two gold contacts on
the ceramic plate connected to the two arms of the tuning fork by the two silver
epoxies (marked by red box). The two gold contacts are insulated from each other.
(b) Overview of the cantilever. There is also another silver epoxy contact (red box)
on the cantilever. The cantilever is made of silicon and mounted at the end of the
tuning fork with a silver epoxy. The images are taken from the product guide
from the supplier[15].

13
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Chapter 3

Method 1: Sputtering deposition

3.1 Sputtering with hard mask

The initial approach to fabricate a probe with multi-layers was to directly
sputter layers onto the probe using a hard mask (figure 3.1(a)). First, we
can sputter SiO, onto the probe without the hard mask. This is mainly to
create an insulating layer that separates the SQUID read-out circuit from
the tuning fork excitation circuit. In the next step, 4 metal layers are sput-
tered onto the probe with the use of a hard mask. Generally, to make a
S-N-S SQUID, only two layers are needed - the superconducting layer and
the normal metal layer for the weak links (WL). However, due to poor ad-
hesion between Pt and SiOy, we need to add a thin layer of MoGe as a
sticking layer to make sure the other layers adhere to the SiO, surface. A
thin layer of Pt is deposited on top on top to reduce the oxidation process
of MoGe when exposed to air.

In our sputtering set-up, the sputtering deposition is isotropic (shown
in figure 3.1), hence we applied a hard mask mainly to shield the backside
of the probe as well as to separate the two arms of the tuning fork to create
a circuit. The tip of the cantilever is delicate, and some spaces between the
cantilever and hard mask shall be left for the tip in precaution of breaking
it. Hence, there will also be conductive materials sputtered at the backside
of the tip. In order to remove the layers on backside of the cantilever, we
used Ar ion beam etching (IBE) to remove the metal layers on the backside.

In this process, the two gold contacts remain insulated after SiO, sput-
tering. However, the contacts become short-circuited after sputtering 4
metal layers. We assume this might be due to insufficient thickness of
SiOy, so thicker layers of SiOy varying from 50 nm to 200 nm was sput-
tered, however the gold contacts remained short-circuited. Hence, there

15
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16 Method 1: Sputtering deposition

(a)

(b)

Figure 3.1: (a) Schematic of sputtering deposition. There are 5 layers sputtered
onto the cantilever - 1. SiO, as an insulating layer to separate the SQUID read-out
circuit from the tuning fork excitation circuit, 2. MoGe as an adhesive layer for
better adhesion between the SQUID loop and the cantilever, 3. Pt as the normal
metal (WL), 4. MoGe as the superconducting layer and 5. Pt as a capping layer
for protection. Yellow arrows represent the sputtering directions. Yellow dashed
arrows show that sputtering is isotropic and the backside of the cantilever can
also be sputtered. (b) Photo of the hard mask with a cantilever. (c) Probe after
sputtering with the hard mask.

16
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Figure 3.2: SEM image of a silver epoxy contact, which has a rough surface and
porous structure.

might be something on the probe that creates shorts.

In figure 2.9, there are three silver epoxy contacts on the probe - two
mounting the tuning fork onto the ceramic plate which make electrical
contact to the tuning fork, one mounting the cantilever at the end of the
tuning fork. In the scanning electron microscope (SEM), we noticed that
these silver epoxy contacts have a rough surface with porous structure
(figure 3.2). Such porosity could limit the deposition of SiOy, lack of which
will create direct contact between gold contact and the multi-layers. Hence
we need to cover the silver epoxy contacts for insulation.

3.2 Adding more insulating layers

3.2.1 Adding a PMMA layer

Changing the structure of the hard mask could be problematic, since there
is one silver epoxy contact on the cantilever, and using a hard mask to
cover it could break the cantilever. Our first approach is to drop poly-
methyl methacrylate (PMMA) onto the silver epoxy contacts in hope to
form an insulating layer as well as smooth their rough surfaces. Using

17
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18 Method 1: Sputtering deposition

Figure 3.3: (a) Optical image of PMMA covering the silver epoxy contacts on
the tuning fork (before sputtering SiOy). The bright bubbly area surrounding the
silver epoxy contacts shows the deposition of PMMA layer. (b) and (c) shows the
overview of PMMA covering the silver epoxy contacts in SEM (after sputtering
SiOy), the PMMA layer forms bubbles. (d) is the zoomed-in tilted image of the
silver epoxy contact (after sputtering SiO,). PMMA layer seems not to cover the
silver epoxy contact and the epoxy surface is still rough.

PMMA can be much safer compared to using a hard mask, because this is
less aggressive and the cantilever can be well protected. After 5 minutes
of curing at 180 °C, a layer of PMMA seemed to be formed (figure 3.3(a)).
Then the probe was sent to be sputtered with 100 nm SiO,.

However, after SiOy was sputtered, SEM images (figure 3.3(b) to (d))
show that the silver epoxy contacts were not covered with PMMA, and
holes in the epoxy can be seen clearly. The cantilever was then put in
the hard mask and ready to be sputtered with metal layers. After the steps
above, resistance between contacts was measured and all the contacts were
still shorted, which confirmed our initial expectations. Changing the or-
der, i.e. starting with SiO, sputter deposition and subsequently covering
the contacts with PMMA, was similarly ineffective in providing an insu-

18
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3.2 Adding more insulating layers 19

lating layer. There are mainly two reasons for the shorted circuits between
the contacts. First, PMMA is not dry-etching tolerant enough. During
sputtering, Ar ions are used to bombard the sputtering target so that a gas
of target atoms is formed, which can then be deposited onto the probe.
However, during this process, the PMMA layer is also bombarded and
destroyed. Secondly, air might be trapped in the silver epoxy contacts due
to the porosity of epoxies, which makes it hard for PMMA to fill the holes.
Also, the sputtering chamber is pumped down to high vacuum during
sputtering, then the air trapped in the silver epoxy contact may destroy
the PMMA sealing to escape.

As PMMA is not strong enough to stay on the silver epoxy contacts,
we need a much more dry-etching tolerant material to seal the holes in the
silver epoxy contacts.

3.2.2 Adding Torr seal

The Torr seal is also an epoxy which is a very stiff material after curing.
Unlike the silver epoxy, it does not form holes on its surface. Moreover,
the Torr seal can still be well attached to the surface and remain insulating
at low temperature. These properties make the Torr seal an ideal candidate
material for making an insulating layer to cover the silver epoxy contacts.

Figure 3.4(a) shows the the cured Torr seal layer on top of the silver
epoxy contact. Since the cured Torr seal is very stiff, it is not possible to
use the old hard mask to make separated contacts. One solution to this is
to use a hand-made mask made of Kapton tape, which can remain stable
under high temperature during sputtering (shown in figure 3.4(b) and (c)).
During gluing the Kapton tape stripe onto the tuning fork, the stripe was
carefully placed to cover the silver epoxy contact on the cantilever because
applying Torr seal may be too risky to break the cantilever. Figure 3.4(d)
shows the probe after all layers were sputtered. From its appearance, the
contacts are well separated, which can also be clearly seen in figure 3.5(a)
and (b).

However, the SQUID read-out circuit and tuning fork excitation cir-
cuit were still shorted. As we turned the probe over, we noticed there are
two more silver epoxy contacts that were never considered before (figure
3.5(c)). This could indicate that the short can also come from these two
silver epoxy contacts. To further prove this, we ran a test by breaking the
top end of the tuning fork along with the cantilever, and thus only leaving
two silver epoxy contacts on the front side of the tuning fork (shown in
figure 3.6). Then we redo the same process again with Torr seal and Kap-

19
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20 Method 1: Sputtering deposition

Figure 3.4: (a) Optical image of cured Torr seal (grey) covering silver epoxy con-
tacts on the tuning fork. (b) Custom-made Kapton mask. (c) Stripe of Kapton
tape on the tuning fork to separate the two arms of the tuning fork. (d) Overview
of the probe after sputtering multi-layers (after the Kapton mask was removed).

20
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3.2 Adding more insulating layers 21
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Figure 3.5: (a) Optical image of the tuning fork after sputtering. Area once cov-
ered with Kapton stripe shows the color of gold while that uncovered shows grey
metallic color, indicating two arms are separated. (b) SEM image of the cantilever
and tuning fork. There is a clear contrast between areas once covered and uncov-
ered with Kapton tape. This also indicates most part of the silver epoxy contact
on the cantilever was also covered with Kapton tape and thus not sputtered. (c)
There are two more silver epoxy contacts on the backside of the cantilever (the
end of the tuning fork).
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22 Method 1: Sputtering deposition

Figure 3.6: Probe with broken tuning fork for short test. There are only two silver
epoxy contacts on the tuning fork, which are covered with Torr seal. Then the
probe was covered with the Kapton mask for sputtering, which turned out to be
insulating.

ton mask. This time, the two gold contacts remained insulating even after
metal layers were sputtered. Hence, all the 5 silver epoxy contacts on the
probe should be insulated before any metallic layers are sputtered.

3.2.3 Annealing

It is relatively easy to cover the two silver epoxy contacts mounting the
tuning fork on the ceramic plate with Torr seal. However, covering the
other three epoxies with Torr seal using the same method can be danger-
ous as this may break the cantilever. Hence it is necessary to find another
way to make those three silver epoxy contacts stable under high tempera-
ture.

According to the manufacturer, the maximum working temperature of
the silver epoxy contacts is 250 °C, which is much lower than the temper-
ature (> 300 °C) during sputtering. Hence we suspect the surface topol-
ogy shifts during the sputtering process, causing the SiOy layer to be de-
stroyed. In an attempt to circumvent this, the probe was annealed in a
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3.2 Adding more insulating layers 23

vacuum chamber at 300 °C for 8 hours in order to over-bake the silver
epoxy contacts. By doing so, the silver epoxy contacts can lose organic
compounds and thus become less mobile inside.

After annealing, the silver epoxy contacts shrank in size, exhibiting
a more “metallic” feature (figure 3.7). This may indicate that the organic
compounds in silver epoxy contacts disappeared, and thus the inner struc-
ture of the silver epoxy contact may be stable. However, circuits were still
shorted only after sputtering of metal layers. This could be caused either
by the minor residual organic compounds or the porous structure in the
epoxies. But due to lack of safe means to insulate the three epoxies near
the cantilever, they can always cause the circuit to be shorted when multi-
layers are directly sputtered onto the probe.

Given the results above, it is sufficient to conclude that the silver epoxy
contacts can cause short due to their porosity. We have tried different ap-
proaches to insulate the tuning fork excitation circuit from the deposited
metallic layers. However, no method so far was successful at doing so.
Hence we need to find other solutions to make electrical contacts.
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24 Method 1: Sputtering deposition

Figure 3.7: Silver epoxy contact on the front side of the cantilever (a) before and
(b) after annealing. The size of the epoxy gets smaller after annealing. The epoxy
also looks more “metallic” with more grains of metal after annealing.
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Chapter I

Method 2: Float transfer

In Chapter 3, we used different approaches to directly sputter multi-layers
onto the probe. However, insulation between the tuning fork excitation
circuit and SQUID read-out circuit can be compromised due to the defects
in SiOy layer. In this case, high temperature during sputtering enables the
change of the inner structure of silver epoxies and their porosity makes
insulating layer hard to maintain, which later causes shorts. To avoid these
high temperature processes, a float transfer method for depositing metallic
layers was explored. This chapter will discuss the results of this effort.

4,1 Introduction to float transfer

As the name implies, float transfer is to transfer layers floating on the sur-
face of a liquid, which in most cases is water, to a substrate. During this
process, there are two key factors that ensure the floating layers can be
deposited onto the sample. The first is the surface tension force from the
liquid. The surface tension can help the floating layers stretch and remain
flat. In water, the surface tension force mainly comes from strong hydro-
gen bonds, which makes water the most suited liquid for float transfer.
The second is the van der Waals (vdW) force that adheres the floating lay-
ers and the sample. The vdW force is generally much weaker than metallic
bonds and other chemical bonds. Hence the surface of the floating layers
and the sample should be as flat as possible to have strong enough vdW
force.

Figure 4.1 shows the general steps of float transfer. A thin flat layer is
used for other layers to grow. This thin flat layer is called the buffer layer.
In our experiments the copper layer is a buffer layer that can be etched
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Figure 4.1: An example of the float transfer procedure. The Cu layer as the buffer
layer, which is dissolved by the copper etchant later, is grown on the silicon wafer
before other layers. Then the target film (HfO, in this case) is grown on top of
the copper layer. Adding an extra capping layer of PMMA is to avoid the target
film to break apart. After the copper is etched away, the target film will float on
water and is ready to be transferred onto the sample. Figure is taken from Y. Kim
etal., 2017[19].

away by some etchant (Ammonium Persulfate (APS) is commonly used
in our lab), which enables the target layers to float afterwards. Before the
floating layers are transferred onto the sample, they are scooped out and
transferred to clean deionized miliQ to remove the copper ions as much as
possible. Then the floating layer will be caught up with the sample. After
the water on the sample dries up, the layers adhere to the sample.

4.2 Sputtering onto a copper foil

Figure 4.2 shows the general preparation of floating layers. Unlike Y. Kim
et al. [19], we use a bulk copper foil as the buffer layer since etching thin
copper layer from its sides can be a slow process. After all the floating
layers are deposited onto the foil, we put the foil in the APS with a con-
centration of 0.5 Molar. After the copper is etched away, the multi-layers
are ready for transfer onto the probe.

Based on this idea, we sputtered multi-layers onto a piece of copper
foil (25 pm thick, side length is ~ 4cm). The sheet of copper with multi-
layer on top (Layers-on-Copper, LoC) is too large for spin coating, hence
we can only cut off a small piece with side length around 8 mm, which
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Figure 4.2: Schematic worktlow of the float transfer. The buffer layer is Cu cut
from a clean copper foil. Then the copper foil is sputtered with multi-layers.
There is a capping layer of PMMA on top to protect the target layers. After the
copper is etched away, we can then transfer the floating layers onto the probe.

is sufficiently large to cover the tuning fork and cantilever of the probe.
Since multi-layers are not transparent, it is hard to tell if the copper foil is
completely etched away. By cutting off a small piece partly covered with
multi-layers and partly with PMMA (indicated as the red dashed box in
figure 4.3(b)), we can measure the time needed for the copper to be fully
etched away by looking through the transparent PMMA layer. After about
3 hours, there is no brown metal underneath the PMMA layer (shown in
figure 4.3(c)), suggesting the buffer layer is fully etched away.

We then tried to transfer the floating layers onto a clean silicon wafer
for test. To let water evaporate faster, few droplets of ethanol was added
onto the wafer. Then we baked the wafer at 70 °C. However, the water
residual boiled and the whole multi-layers did not adhere to the wafer
(figure 4.4(a)). Meanwhile, we also noticed that layers peeled off during
transfer. As MoGe is reactive to APS while Pt is not, it is clear that side
etching (figure 4.4(c)) happened during the process of copper etching.

From the first float transfer test, we learned that the dry-out process has
to be gentle due to the water boiling when heated too quickly. Moreover,

it is important to prevent side etching as MoGe is the pivotal material in
our SQUID.
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28 Method 2: Float transfer

Figure 4.3: (a) Schematic of the multi-layers structure on copper foil. Here we
sputtered 100nm SiO, for insulation. (b) The appearance of the LoC after multi-
layers were deposited, excluding the PMMA layer. The copper foil can bend
up and therefore its backside may also be sputtered with layers. So we placed
glass slides as weights to flatten the foil in case of sputtering on its backside,
which left four unsputtered areas on the four sides of the foil. We then cut off the
area marked by the dashed red box and spin coat with PMMA. Since the multi-
layered area is not transparent and hence we cannot see if copper is etched away
completely. By having a transparent PMMA layer, we can then measure the time
for the copper foil to be etched away completely. (c) Multi-layers floating on the
APS after copper is fully etched away.
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Figure 4.4: (a) LoC on the silicon wafer. There is no layer adhered to the wafer
after adding ethanol and baking out for faster dry-out. (b) Layers peeled off dur-
ing transfer, which indicates side etching might happened as MoGe is reactive to
APS. (c) Schematic of side etching. Red arrows indicate the side etching of MoGe
layers.

4.3 Encapsulating the multi-layers

One way to prevent side etching is to cap the sides of the multi-layers with
PMMA, which is not reactive to APS (figure 4.5(a)). To do so, we need to
create a margin on the copper foil, which can be done by using silver paint
to draw lines onto a large piece of copper foil (figure 4.5(b)). After the
multi-layers are sputtered, we can cut a grid off along the red dashed box
shown in figure 4.5(c). By removing the silver paint in acetone, multi-
layers sputtered onto the silver paint will also be removed and margins
will be left on the areas once covered with silver paint (figure 4.6(a)). Then
the copper foil with margins will be spin-coated with PMMA, which will
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30 Method 2: Float transfer

Figure 4.5: (a) New structure of the floating layers encapsulated by PMMA on
copper foil. To obtain such structure, silver paint was used to draw grid lines
on the copper foil before sputtering, which is shown in (b). Then after the foil is
sputtered with multi-layers (shown in (c)), we can cut along the dashed red box
for one floating layer. The silver paint can then be dissolved by acetone to leave
margins of the copper foil. After spin-coated with PMMA, the multi-layers will
be encapsulated.

encapsulate the multi-layers.

After the copper foil was etched away (figure 4.6(b)), the floating multi-
layers was transferred onto two silicon wafers and air-dried for 30 minutes
and annealed at 150 °C for 15 minutes. Then the wafers were rinsed in AR
600-71, which is a remover to remove the PMMA layer, for 1 minute at
room temperature and continued with isopropanol (IPA) to remove the
remover residuals. Afterwards, the wafers were blow-dried with pressur-
ized nitrogen. During blow-dry, part of the layers came off (figure 4.6(c)
and (d)). This is because the floating layers have uneven surfaces, and
thus result in wrinkles on the layers. These wrinkles are not attached to
the wafer and thus can be blown away easily, and thus we should avoid

30

Version of September 4, 2022—- Created September 4, 2022 - 22:42



4.4 Floating layers on probe 31

Figure 4.6: LoC’s with margins floating on the APS solution (a) during etching
and (b) after etching. There is no layer peeled off. Then the wafers were rinsed in
a remover to remover PMMA and IPA to remove the remover residual. (c) and (d)
show the multi-layers on silicon wafer after they were blown-dried. Some parts
were blown away due to uneven surface (notice the wrinkles), yet most parts
remained attached to the wafer.

blow-dry and let the samples dry out in a more gentle way. Nevertheless,
most part of the multi-layers remained well adhered to the silicon wafers,
enabling us to transfer layers onto the probes, which has much more com-
plex spatial structures.

4.4 Floating layers on probe

Figure 4.7(a)-(f) show the process of layer transferred onto the probe. Dur-
ing the scooping-out step, we placed the clean probe vertically to let the
cantilever catch up the floating layers first. However, it took us several
times to eventually have the floating layers placed at the right position.
Then the probe was left for air-dry at room temperature for 30 minutes,
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32 Method 2: Float transfer

followed by 15 minutes of baking at 150 °C. Afterwards, the overhanging
multi-layers were torn away using tweezers under the optical microscope
(tigure 4.7(e)). Then we used a pipette to drop remover droplets onto the
probe to wash away the PMMA layer, when the middle part of the multi-
layers on the tuning fork was flushed away (figure 4.7(f)).

Figure 4.7: (a) A clean probe before multi-layers were transterred. (b) Floating
layers scooped out on the probe. Then the probe was (c) air-dried at room tem-
perature and (d) baked at 150 °C. (e) Tearing off the layers using tweezers. (f)
Multi-layers on probe after PMMA removal. Part of the layers went off from the
tuning fork, but most part of the layers was still well attached from the end of the
tuning fork to the cantilever.

So far, the multi-layers seem to be well attached to the cantilever, but
we need to look at it in the SEM to see if there are multi-layers deposited
at the tip. Figure 4.8(a) shows the layer deposition onto the tip. There
is a large bulk of multiple stacks of multi-layers near the tip of the can-
tilever. This could be the result of multiple attempts at scooping out the
floating multi-layer when we tried to transfer the floating layers onto the
right spot. However, the apex of the tip does not seem to be covered with

32

Version of September 4, 2022— Created September 4, 2022 - 22:42



4.4 Floating layers on probe 33

R
|
i

ITD 5000w BB kY LS SLED wen B0 050 nd Sisscend

Figure 4.8: (a) SEM image of the cantilever tip. There are multiple multi-layers
attached to the tip, yet there is no layer at the apex of the tip. (b) SEM image of
the multi-layers covering the cantilever and (c) multi-layers covering the tuning
fork indicate that the layers were still well attached to the probe despite the tip.

any multi-layers. This could be caused by the tearing of the layers since
the apex is small in size and thus the vdW force is too small to hold the
layers when external force is applied to tear off the overhanging layers.
Nevertheless, as can be seen from figure 4.8(b) and (c), the multi-layers
can still attach to the probe firmly aside from the tip apex.

However, the two gold contacts were shorted, suggesting the SiOy is
missing. Since the SiOy is not as flexible as the metallic layers, it can be
broken and compromised during float transfer. This can also allow APS
to dissolve the lowest MoGe layer. Therefore, we should still sputter the
probe with SiOy directly for better insulation. According to Reference [20],
the adhesion can also be improved by placing the sample vertically and
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34 Method 2: Float transfer

Figure 4.9: Schematic of conformal adhesion. The orange layer is the target layer
and is scooped out slowly by a sample with uneven surface. This will enhance
the adhesion between the floating layer and sample. Figure from A. Sharma IITK
et al., 2007[20].

scoop out the floating layer slowly (shown in figure 4.9).

Based on all the known information, we then changed the structure of
LoC to what is shown in figure 4.10(a). Then the probe was held vertically
to slowly scoop out the floating layers in a conformal way. Then the probe
was left for air dry for 16 hours at room temperature[20] without baking.
After that, the probe was directly dipped into the remover and IPA gently
without tearing the layers (figure 4.10(b)).

Later, this probe was measured for its resistance between the two gold
contacts, which turned out to be insulating. Figure 4.10(b) shows that the
layers were also well adhered to the probe without adhesive MoGe layer.
The overview of the layers on the probe in SEM (Figure 4.11(a)) indicates
that the adhesion between the multi-layers and probe is still good. Figure
4.11(b) and (c) show that the layers are conformally adhered to the probe
despite a large height difference between the tuning fork and the ceramic
plate. However, there is still no sign of layers on the tip (figure 4.11(d)-(f)),
and only few fragments of the layers are attached to the tip near the apex.

On noticing the striped patterns of the multi-layers in figure 4.8(c) and
tigure 4.11(c)-(e), it suggests that the copper foil has a stripe-patterned sur-
face due to polishment. This roughness may cause weaker vdW force be-
tween the probe and the multi-layers. Furthermore, such pattern can also
result in a weaker bonding force perpendicular to the stripes. Hence, the
multi-layers can barely adhere to the tip due to the roughness of the cop-
per foil. To obtain a flatter surface for the buffer layer, we then should con-
sider growing copper layer on top of a flat substrate, such as silicon wafers
used in Reference [19]. Nevertheless, the float transfer has exhibited its po-
tential of depositing multi-layers onto the probe with considerably good
adhesion without creating short between the two gold contacts.
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Figure 4.10: (a) Changed structure of LoC. Both the SiO, and MoGe layers are
removed. (b) Overview of the probe after PMMA removal. The multi-layers seem
to be well attached to the probe with minor layer damage.
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36 Method 2: Float transfer

Figure 4.11: (a) Overview of the multi-layers on the probe. (b) Multi-layers cover-
ing the tuning fork and ceramic plate. This indicates good adhesion of the layers
even at the presence of a large height difference between the tuning fork and
ceramic plate. (c) Overview of the cantilever. (d) Overview of the tip. The tip
still seems to be not covered with the multi-layers. (e) Tip foot and (f) tip apex
show that there is no layer on the tip despite some fragments of layers at the tip
(marked in red dashed circles).
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Chapter 5

Conclusions and Outlooks

In conclusion, we firstly tried to sputter multi-layers directly onto the
probe with a hard mask. But this approach requires thorough insulation
of the silver epoxy contacts which could not be achieved within the scope
of this project. Then to separate the silver epoxy contacts from the multi-
layers, we applied PMMA as well as Torr seal and Kapton masks, which
did not provide sufficient insulation. A short electrical test involving the
separation of the cantilever from the TF indicated that indeed the silver.
This indicates that those 5 silver epoxies on the probe is indeed causing
shorts. In an attempt to stabilize the integrity of the silver epoxy contacts,
the probe was annealed. However, this approach was insufficient as a re-
sult of the porous structure of the epoxies.

Then deposition of the multi-layers via float transfer was performed.
During this process, there are several factors that play roles in layers-to-
sample adhesion. By preparing both sample and multi-layers with flatter
surfaces, scooping out the floating layers at a lower rate and dry out the
sample naturally, the adhesion can be much improved. Meanwhile, the
structure of multi-layers should be changed to avoid side etching. The
key findings can be summarized thusly:

* The surface of the copper buffer layer should be as flat as possible,
preferably grown on the silicon wafer;

¢ PMMA can be both capping and capsuling layer to prevent the layers
from breaking apart as well as side etching by APS;

* Fewer attempts at scooping out the floating layers prevents less stack-
ing of multi-layers;

* Lower scooping-out rate improves adhesion;
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* Air-drying probes after scooping out improves adhesion;

* Multi-layers are too fragile for any external forces.

The transferred layers exhibit good adhesion to the probe. However,
this approach is not suitable for layer deposition since there is no layer
adhered to the cantilever tip. Nevertheless, adhesion can be improved by
growing a flatter buffer layer of copper on the silicon wafer. Alternatively,
we can still create conducting contacts all way up to the tip with the two
gold contacts insulated using float transfer. This enables easier electrical
contacts to the SQUID loop on the tip, which may be developed using
other techniques. One possible solution for this is to print electron beam
induced deposition (EBID) SQUIDs on the tip and conducting wires to the
foot of the tip, which can be then connected to the multi-layers.

Another way to obtain multi-layers on the probe without destroying
the insulting SiO, layer can be using an off-axis sputtering system, where
samples are sputtered under much lower temperature with a slower layer
growth rate. Or we can also evaporate Nb onto the probe since evapora-
tion is directional and lower temperature is involved. But this might result
in lower working temperature of the SQUID because of lower T, of Nb,
which makes cooling down to the working point difficult. Also, instead
of using the Akiyama-Probe, there are also some planar AFM probes with
two separate arms. These probes could be easier to handle since there is
no silver epoxy, yet the spatial resolution might be lower as the tip is less
sharper than the Akiyama-Probe.
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