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Abstract

This report introduces a customized software tool to enable automation of optical inspection
optical and SEM images of a superconducting quantum processor during its fabrication. This
is achieved by implementing image processing algorithms using the Python package OpenCV.
This suite consist of three components; pyclq_base, pyclqg_jj, pyclg_ab. The first component
will template match the base layer to its CAD design. The second component will be a validation
for the airbridges. These have 3D components and therefore can not be matched to their
CAD design. The results had about twice as many false positives for, broken bridges, and no
false negatives. The third component measures the width and overlap area for Manhattan-
style Josephson junctions using two different filtering methods; k-mean segmentation and
thresholding. The results of these three components are used as a tool to understand the
sources of spread in the conductance of Josephson junctions therefore optimizing the fabrication
process.
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1. Introduction

Superconducting qubits is one of the most promising platforms for developing quantum computing
applications. A lot of research development is carried out by for example Google, IBM and
Rigettil1, [2, [3]. To progress to real world application in quantum computing it is important to
scale the number of qubits and suppress noise in the computer. Similar to classical computing,
quantum computing at its early stage suffers errors induced by bit-flips and phase-flips [4]. A
solution is to increase the number of qubits with nearest neighbor interactions using surface
code[5]. One of the key requirements needed to make superconducting quantum processors
(SQP) fault-tolerant is to improve the fabrication efficiency yield and scalability. This project:
pyclqis an attempt to solve these problems by introducing image processing tools to automate
device inspection and metrology. This is a pioneering effort in the field of quantum computing
and results in the following research question;

Is it possible to automate the optical inspection on SEM and microscope images of a
superconducting quantum processor during fabrication?

This automation needs to contains a software package that measures the quality of key components
from (SEM) images during fabrication of the the superconducting quantum processor . They
will be measured in a software suite pyclq [6]. First the basic theory of the quantum hardware

is given with some concepts in image processing, chapter 2}

The following chapters are separated into the three main components following the production
processes of [SQP| The three components are: the base layer in chapter [3], Manhattan style
Josephson junctions in chapter [4] and air bridges in chapter Each chapter starts with
the fabrication process of the component, resulting in the need for automation. Then the
method/pseudo code is given resulting in the results.

The last chapter, chapter[6], will conclude these results and give a final verdict on the possibility
to automate the optical inspection. Jupyter notebook tutorials and the source code for pyclq
can be found on the Dicarlo lab pyclq Github [6].


https://github.com/DiCarloLab-Delft/PyCLQ

2. Theory

The semiconductor industry already applies image
recognition to improve critical parts in their production.
They are used to improve the number of components
that can be used versus the number of parts that are
produced, better known as yield. The yield can be
improved when the critical areas, the areas that are
most susceptible to defects, are inspected and possibly
repaired. Moreover, an overall improvement can be made
if a defect appears to be systematic instead of random by
adjusting the fabrication method [7]. An example from Figure 2.1: An image of a chip from
IBM is given in figure where they have produced IBM with the areas susceptible to shorts
different shapes and investigated the automation to find colored. Image is taken from [8]

defects in these shapes.

More recent developments in image recognition and the use of machine learning this process
are made on improving the yield of semiconductor quantum-dot qubits [9]. Similarly, pyclq is
and attempts to apply image recognition during the fabrication of the quantum computers. In
the case of pyclq, the first layer produced, the base layer, is the most susceptible to defects.



2.1 Harmonic resonators and coplanar waveguide

The transmission lines are coplanar waveguides used for
controlling the qubits and connect the to the external
cables. A coplanar waveguide is a parallel plate capacitor
able to capacitively couple to the components in the chip.
The parallel plate capacitors act similar to a dielectric mirror |
passing electromagnetic frequencies with given wavelength
dependent on the designed dimensions of the coplanar wave

X
guide [10} 1T, 12].
Figure 2.2: A schematic
The coplanar waveguide can be represented as a harmonic ™" esentation Of a COplan,ar
waveguide. It is a plate with

oscillator with inductance L and capacitance C. A harmonic

B R . an cross sectional area A, length
oscillator can be compared to an LC-circuit with an impedance

x and is capacity coupled C to

given by Zo; L other resonators. The cooper-pairs
Zo = |- tinC .1) have a l.)elocnf?/ of vin the. coplanar
1) waveguide with a density of ns.

The ground frequency and first
order frequency are drawn in the
coplanar wave guide. The planes
parallel to the coplanar waveguide

The ground frequency can be found when the capacitive
and inductive resistances cancel out. Classically any higher
order is will be multiple of the frequency of the ground state

resulting in; are grounded to prevent interference.
1 Any electrical components are only
wy)=— shown for ease of the viewer.
VLC
wn = wo(n +1) (2.2)

To prevent higher harmonics airbridges are incorporated over the transmission lines, chapter
Adding this additional dimension of ground plane suppresses higher harmonic. The ground
frequency and first harmonic frequency are drawn in figure |2.2

The alternating current in a coplanar waveguide causes changes in the magnetic flux, which in
itself induces a negative voltage opposite to the change of current flowing through it. Inductance
can be interpreted as a property to counteract change of current in a conductor. The inertia of
the electrons, current, in a cryogenic cooled superconductor will behave similarly, resulting in
a kinetic inductance. [10, 12, [13]] In an ideal situation the kinetic inductance for a coplanar
waveguide on a non-magnetic substrate can be derived from its dimensions by;
. me X

T 2nge2 A

With m,. the mass of an electron, ns the number of electrons in the wave guide that will form
cooper pairs, A the area of the cross section of the waveguide and x the length of the waveguide.

L, (2.3)



2.2 Qubit

Classical computing works by encoding information as
a binary digit either 0 or 1. Likewise, information is
encoded in the quantum state of a qubit represented
by Dirac notation as |0) and |1). These form the basis
states which comprise a pure qubit state due to a linear
quantum superposition.

The main benefit of the qubit is its quantum
entanglement allowing a super position of different
different binary strings. This makes it possible for a
quantum computer to calculate with multiple binary
strings at once reducing calculation time [14}[15] .

The transmon qubit is comprised of two capasitve pads
and a superconducting quantum interference device
(SQUID) containing two parallel Josephson junctions,
figure The SQUID allows tuning of the Josephson
coupling energy [16, [17].

Josephson Junction

Capacitve pads / & V4
N\
N
N\

Figure 2.3: Transmon qubit designed
by DiCarlo lab, nicknamed ’Starmon’;
it contains two capacitve pads and a
SQUID loop. In the squid loop are two
Josephson junctions. The overlap area
of the two electrodes of the Josephson
Junction is marked red.

To be able to measure if the qubit is in a |0) or |1) state the frequency difference of the the
ground frequency to the first exited state can be measured [18]. This difference can be be
found by obtaining the energy stored in sum of capacitive effects E¢ and energy stored in the

Josephson junction E j;

for=1/8E;Ec—-Ec

(2.4)

During fabrication the energy in the Josephson junction can be related by the room temperature
resistance R and material/geometrical properties of the aluminium and aluminium oxide M;

M

E,=
! Rpr

(2.5)

By designing the geometrical properties of the junction accurate there is less need for adjustment
and therefore error. pycl_jj will measure the overlap area to gain a better insight in these

geometric properties.

2.3 Image processing

In pyclq grayscale SEM or microscopy gray scale images are processed to validate or measure
components. Image processing contains multiple filters and functions to obtain the desired
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image. These filters are referred to as nodes and when then nodes are weighted by previous
notes it is referred to as a (neural) network. The programming language used will be Python
with the main modules of Numpy and OpenCV][19, 20].

Image processing at its core contains four nodes of which the second and third can be repeated
multiple times to improve the result in the network. First the image needs be acquired. In this
case using a camera or SEM. Second and third, an image is filtered and its desired features are
separated from the image [21]]. Finally, these segments are measured or validated. A simplified
schematic representation is shown in figure [2.4

Image Filter Seperate Measure

l:—» = -

fCombine / Repeat

Figure 2.4: A simplified representation of image processing, first an image is obtained, then it is filters
to make the desired feature more prominent. This feature is separated from the image and finally can be
measured.

2.3.1 Separating an feature

To be able to detect features or measure an area, the feature or area of interest needs to
be separated from the background. Some of the most common methods used in pyclq are
thresholding, segmentation and masking [20].

Thresholding separates a image into two, one for pixels with a value above the threshold and
one for pixels with a value below the threshold.

Segmentation is able to split an image into multiple images. Each image contains a range of
pixel values known as bins. In addition, this can be combined with a k-means algorithm for
automation and self learning[22} 23], chapter [2.3.3]

Masking is similar to a template used to add or remove material from a chip, with masking an
area on an image can be kept whilst the rest will be masked by the mask. This mask could be
the result of a previous filter over the image in the network as is applied in chapter

After separating an image the desired feature can be measured, either by detecting the edges of
the separated feature (hull detection), by counting pixels of the desired feature or by matching



it to an another feature.

2.3.2 Convolution filters

Convolution filters can be applied to improve the quality of the
desired feature that will be separated. A convolution filter, when
applied to an image, are known as blur filters as they often will
blur out an image.

A convolution filter will add or subtract the neighboring values
in an array or image. This is used to reduce noise or filter for
a feature in the image. With the right filter it will be easier to
separate a desired feature.

Four major convolution filters for image processing used in pyclq
are Gaussian filters, Gabor filters and opening/closing.

Gaussian filters will blur an image, taking the original pixel
value and following a Gaussian curve for the strength of the
neighboring pixel. This can be utilised to reduce noise, however
an image can become blurry if the filter is too large. An extreme
example is visible in[2.5(a).

Gabor filters will detect directional patterns or lines by applying
a Gaussian filter with alternating the strength of the neighboring
values [2.5(b). An example of its use is found in chapter [4 where
the charging effect of the electrodes will be reduced with this filter.

(a) Gaussian filter

=20 -10 o 10 20
* positicn from pixel

20

yposition from pixel
o

(b) Vertical Gabor weight
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=
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e
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Figure 2.5: A visual
representation of the weights
against the distance from a
pixel in a Gaussian (a) and

Gabor filter (b).

Opening/closing is used to highlight pixels or reduce noise in an image. With dilation the
weight of the higher neighbouring pixel values will be increased in the convolution filter and
therefore increase the amount of bright pixels. Similarly, with erosion the weight of the lower
pixel values will be increased in the convolution filter and reduce the amount of bright pixels.
Opening is dilation followed by erosion and closing is erosion followed by dilation. Opening and

closing are used in chapter
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a: 1D kxmeans b: 2D k=means c. 2D k-means
mnlocal mmnim

=~
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Figure 2.6: a visual representation of the k-means method wherein (a) all the hues (1D) of an image are
separated by occurrence in an image (b) the a separation of two clusters from a scatter in a 2D data set
and (c) an exaggerated example of wrong clustering stuck in a local minimum.

2.3.3 K-means algorithm

A k-means algorithm is a clustering algorithm that is able to separate data sets into different
categories that are grouped together. By searching for the nearest point from an origin the data
set can be separated into different bins. This is often used in image processing and machine
learning as it is able to separate different colors or features in an image or multidimensional
space [20] 24], 25]. The only downside is that a k-means algorithm can get stuck in a local
minimum. This can be prevented by using either smart starting points or repetition of the
algorithm with different starting points. The latter takes more calculation power and does not
always give a desired result [22]. An example of the k-mean algorithm is given in figure 2.6

In pyclqg k-means will be used to separate different pixel values corresponding to edges, different
material or heights in the chip. Making smart use of various starting points will prevent the
algorithm from getting stuck in local minima.

2.3.4 Template matching

To find similarity between two images template matching can be applied. A correlation can
be obtained by comparing the individual pixel between an image and template [26]]. In pyclq
template matching is applied with a normalized cross correlation to obtain similarities. From
the OpenCV documentation [20] follows for the cross correlation R;

Fey (' (5,9) 1 (4,3 +5)
\/Zx’,y’ T (&, y) Ly I' @+ 2y +5)°

R(x,y)= (2.6)



where,

Al (x/’y/) :T(x/,y/)—l/(w'h)' Z T(x”,y”)
x”;y”
I'(x+x,y+y)=1(x+x,y+y) = Uw-h)- Y I(x+x",y+y")

TN
X0y

On an image I with a template 7. Whereas (x’,y’) and (x”,y") are the relative location of the
pixels on the template with a width w and height 2 at an given location on the image (x,y)
and I' and T’ are normalized pixel value. These values are normalized by subtracting the
average value of the template from the pixel at 7" or the average value from the image under
the template at I'. These normalizing factors are not always necessary if the image have a
similar brightness. This will be used as a part of the validation for finding defects in the base
layer and for airbridges chapter [3.2]and

If an image is larger than as the template multiple matches for the template can be made
over the image. This results in a matrix of matches and can be used for feature detection or
detecting a part in an image. The highest value in this matrix is the most likely location of the
template on the image. An example is find Waldo in a "Where’s Waldo?’ image [27].



3. Base layer

The base layer is the first step
in the fabrication, covering the
largest surface area of the chip. In
this layer, a bulk of the functional
components of a are defined
namely transmission lines namely
feedlines, flux bias lines and
microwave drive lines,readout
resonators, Purcell resonators and
superconducting buses comprising
the resonating transmission lines
and qubit capacitor pads. A
Surface-7 layout is shown in figure
[31 where each component is
highlighted.

3.1 Fabrication

The base layer fabrication process
is outlined in figure The
first step involves cleaning of a
100 mm diameter high-resistivity
silicon wafer with organic solvents
followed by inorganic treatments
with hot piranha solution.

(a)

(b)
T

&

,J”

>

A“.
Figure 3.1: Surface-7 quantum
processor;  (a) Layout of nearest

neighbor interaction in a Surface-
7 device (b) Optical image of the
quantum hardware with added false-
color to emphasize different circuit
elements. Figure taken from [5]

Prior to deposition of the superconducting base layer, the wafer is
treated with buffered oxide etch (BOE) solution which removes native
oxides from the silicon surface. The wafer is transferred to a physical
vapor deposition system for wafer metallization with 200 nm of

niobium titanium nitride (NbTiN).

The pattern transfer of the CAD

layout of the [SQP|is done using electron beam lithography followed by
subtractive patterning of the base layer using a combination of dry and
wet etching techniques. For the purpose of this hybrid etching process,
the subsequent step after NbTiN deposition is the introduction of an
inorganic ‘sacrificial layer’ which is necessary for the terminal wet etch

step as shown from step 8.

() T

@] 50n e |

]
o I

]
o T

(5) e-beam lithograpy

(6) reactive ion etching

B A

v N B e
o I

Figure 3.2: Fabrication
process flow for the base
layer.



(a)

& i

Figure 3.3: Examples of damage in the base layer, whereas; (a) discontinuities interrupting the
transmission lines leading to open circuit,(b) a short due to not etching away around the transmission
line and (c¢) damage to the qubit due to discontinuity of resist.

Defects in base layer

As with any manufacturing process, defects can accumulate at every fabrication step of the base
layer. Some of the possible sources which introduce defects in the base layer are as follows:

¢ Introduction of particles at any or every fabrication step.
* Irregularities in resist during spinning.

¢ Peeling/cracking of the resist due to end of shelf-life and high/low dose during e-beam
exposure.

¢ Non-uniform pattern development.

Any damage to the base layer could occur during or after this process. Examples of damage
in the base layer are given in figure [3.3] Such unintentional changes to the geometry of
the transmission lines may result in altered function and could even render it useless due
to the lines being shorted or opened. Therefore pyclq_base will help detect defects in the
transmission lines and base layer will be a module that will help catch such pattern transfer
errors.

Effect of scaling

As the device size increases from Surface-7 to Surface-17, the number of components in the
[SQP| scales almost linearly. For example, the Surface-7 layout has 7 qubits with a dedicated
flux bias line, readout resonator, and microwave drive line, 2 feed lines and 12 superconducting
buses. Such scaling efforts is needed for realization of quantum fault-tolerance. However this
also means that achieving full yield of device components becomes more challenging. This is
where the need for automation becomes evident, necessitating the development of pyclq_base.
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3.2 pyclqg_base method

The code can be found at the Dicarlo lab pyclq Github
[6] and a schematic representation is in the appendix.
pyclg_base is a Python script to help to detect errors
in the base layer. Using the CAD layout an image of a
perfect chip is created and this is matched to the base
layer to find any defects. Only the key components
are inspected or it will take between 16 hours or 16
days to inspect an entire device due to frame-rate and
the underlying software for acquiring the images. The .
method of the script will follow the following steps. moterized Xy: -Stage

Replicating the chip from the CAD files of the masks Figure 3.4: APS-LASIQ system, this
for e-beam lithography to an image of the device. By is an automated room-temperature
choosing the same scale for pixels as the acquired image resistance measurement setup with the

this replicated chip can be used for template matching. ~ components for pyclq marked. The
original image is taken from [28]

It should be noted that although the design concepts between pyclq_base and pyclq_AB are
similar, the airbridges can’t be matched to a template from the CAD design due to its 3D
feature; therefore they have their own validation method, see chapter 5]

The CSV is created by dicing the replicate chip in a chessboard pattern any tile containing a
key component is put in the CSV file. In addition the centers of the qubits are put in the CSV
file as extra check as any error will be critical.

Image acquisition is achieved with the APS-LASIQ system, this is an automated room-
temperature resistance measurement setup designed and built by members of the DiCarlo lab
and is located in the Kavli Nanolab in TU Delft. A schematic of the APS-LASIQ system is
shown in figure [3.4].

For pyclq, the components which are used are the camera (Thorlabs Model:DCU224M), the
10X objective lens and the motorized XY stage (Thorlabs Model:MLS203-1). The various hardware
components connected to the APS-LASIQ system are controlled by a LabView interface, developed
by Dr. Matvey Finkel and Sean van der Meer [28].

The variable parameters of the camera in the software are the gain, closing time and frame
rate. The closing time and frame rate is kept at a constant 200 ms and 5 Hz respectively. For
manual inspection the gain is set to 400 as the human eye is better in catching bright features.
However, to make use of the larger range of a gray scale image the gain is set to 300 for pyclgq.

11
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By sending the CSV file of chip coordinates of the critical locations to the Labview program,
images of these locations can be obtained by the pyclq module. These images are stored and
can be opened by pyclq with the same CSV file. The size of the images is 1280 x 1024 with
2.35+0.05 pixel/um for a 10X magnification.

Template matching is applied between a cutout of the replicated chip and the acquired
images. By making the cutout smaller as the acquired image and matching at the highest
cross correlation match any drift will be mitigated. Repeating this for multiple locations at the
base layer results in a map where any differences from design are highlighted. This will help
locate any defects in the base layer.

Validation is done by manually inspecting the [SQP|and comparing it to the highlighted areas
created by pyclg_base any faults can be detected. By counting the images with false positives
and false negatives and comparing it to the total amount of images taken from the [SQP| this
results in a correctness in faulty detection in the base layer by pyclq_base.

12



3.3 Results

As pyclg_base is still in development there
are no final results yet. However, template
matching is already applied successfully in
pyclq_ab, chapter[5| g 03

In figure |3.5| an replication of a perfect chip
is shown with all the different layers from
the CAD design. The original image is at
the same resolution as the camera, but due
to compression the resolution is lowered. The
full template match has not been finished. It
is planned after this report.

(b) (c)

Figure 3.5: An image generated from the CAD design; (a) all the different layers and segments, (b) a of
the base from these layers and (c) the full chip with 2D airbridges.
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4. Josephson Junctions

Superconducting tunnel
junctions, also known as
Josephson junctions Jd)
consists of two overlapping

electrodes separated by a thin
insulating layer. One of the
most widely used materials for
fabricating Josephson junctions
is aluminium, since a thin tunnel
barrier of aluminium oxide
can be grown in a controlled
manner. Josephson junctions are
contained within the transmon
qubit, which is the fundamental
unit of a quantum computer. The
working principles of transmon
qubit is similar to an LC
circuit.The parallel metal pads
contribute to the capacitance
and the JdJ contribute a highly
non-linear inductance. This

/

- Cross section between
top and bottom electrode

a. Manhattan style

b. Niemeyer-Dolan style

Figure 4.1: A schematic representation
of (a) the Manhattan style junction
and (b) Niemeyer-Dolan style junction.
It shows a cross section how the
aluminium and the aluminium oxide
layer is stacked in these junctions.
Schematic not to scale.

important difference from a linear oscillator such as resonators gives
rise to the non-equal energy-level spacings. This is needed in order to
limit the functioning of a qubit as a two-level system [29].

4.1 Design and fabrication

The fabrication process for JdJs is shown in figure Josephson
junctions can be fabricated in different geometries depending on the
’‘shadowing’ mechanism. The earliest technique developed for pattern
transfer of JJs with sub-micron feature size is using the Niemeyer-
Dolan bridge technique [30]. Such junctions fabricated using a resist
bridge as the shadowing mechanism are called Dolan-bridge junctions,

shown in figure [£.1](a).
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Another fabrication process for JJs was developed by changing the deposition tilt angle and
resist stack thickness [31]. These ‘bridgeless’ junctions have been termed in previous literature
as Manhattan-style junctions due to the orthogonal layout of the Al contacts as shown in figure
[4:3](32,133]. As mentioned in the theory section [2.2] the qubit frequency can be related to the
room-temperature resistance of the JJs. Ry is further dependent on two factors, namely the
overlap area of the electrodes and the tunnel barrier thickness.[34]. By sweeping the junction
widths, it is possible to vary the range of JdJ resistance. In the case of Manhattan-style junctions
designed for this work, the widths of the bottom electrode is varied while the top electrode is
kept constant. Prior works in wafer-scale fabrication revealed a systematic variation of junction
conductance as a function of its position on the wafer. A geometric model has been proposed
to linking the conductance variation to a variation in the overlap area due to shadowing of Al
deposition by the resist. This may imply that when the junction pattern is at the center, the
metal deposition is perpendicular. On the other hand, when the junction pattern is at the edge
of the wafer the Al is deposited at an angle [17][35]. However, more work is needed to quantify
the extent of variation in the overlap area. pyclq_jj is a tool to automate the extraction of the
overlap area from Scanning Electron Microscope (SEM) images.

4.2 pyclg_jj method

The code can be found at the Dicarlo lab pyclqg
Github and a schematic representation is in
the appendix. The SEM images were acquired by N.
Muthusubramanian using the Hitachi Regulus 8230
system in the Kavli Nanolab. pyclq_jj measures three
variables from the SEM images; the width of the top
horizontal electrode (w;p, the width of the bottom
vertical electrode wyos10m and the overlap area poyeriap-
After importing the grey-scale images taken with SEM
pyclqg_jj will process them in the following steps:

Regulus 15.0kV 8 5mm x150k LAO(UN 04/21/2021 " 3oonm

Reading the image and its metadata from a user Figure4.3:Aexample of an SEM image of

specified folder. The pixel size is obtained from the blackbird 4, at the 5_5 right. Where the

metadata. area mea§ured is and the wtfith
of the horizontal top electrode and vertical

bottom electrode.
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Filtering the images is done using two techniques, segmentation or thresholding as described
in table [4.1 below. Both methods return the edges of the electrodes as well as the widths of the

electrode.

Table 4.1: A comparison of the separation method between thresholding and segmentation. In these
methods the widths of the electrodes are measured as well.

Step

Thresholding

Segmentation

Pre-filter

An option for a Gaussian filter is
possible but not necessary.

An option for a Gaussian filter is possible
but not necessary. In addition, a horizontal
and vertical Gabor filter is applied to
reduce the halo effect caused by the charge
of the SEM. The result of the Gabor
filter will be subtracted from the image to
reduce the halo.

Separation

The average pixel value of the image
is obtained, this is multiplied by a set
range of thresholds to detect the edge.
This range of thresholds is used to
filter the image and obtain the best
edge.

The image is segmented into 6 bins with
the use of a k-mean segmentation the
amount of segmented bins can be changed
and pyclqg_jj will assign these segments
automatically. The lowest two bins (or
30%) will be the background.

Top
horizontal
electrode

M is detected by measuring the
sum of pixel values over the y-axis.
The top horizontal electrode will be
filled in to reduce noise to find the
bottom electrode.

The top electrode will be the top two bins

(or 30%). is detected by averaging y
coordinates of the edges of these bins.

Bottom
vertical
electrode

Similarly, |[wpottom| 1s found by

summing value of the pixels over
the x-axis.  Within the range of
thresholds, the widths closest to the
center are used to estimated the
overlap.

The leftover bins correspond to the bottom
electrode. Remnant top electrode pixels
are further separated by taking the edges
in the same method as the thresholding

method resulting in

The overlap[p,veriap| Will be obtained after the edges have been found. Then the pixels of
above are counted and multiplied by the pixel size. Al the measured parameters are
stored as .csv file together with the widths and filter settings.

A GUI inspection can be done for the thresholding method. A simple GUI with a fillable form
for selecting the folders and changing the parameters is made. After measurement the overlap
areas are shown in tiles and adjustments can be made with a drag-and-drop function where
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only the bottom electrode needs to be dragged for the thresholding method.

Validation is done by comparing data from pyclq_jj and manually extracted data using the
image analysis software Imaged. From the two measurement methods, the data
and were obtained from different devices as described in table The thickness
of the AIO, tunnel barrier is assumed to be a constant across all the junctions, therefore
all conductance variations are attributed to geometric variations of the sampled junctions.
In addition, the measured overlap areas by pyclq_jj have be marked and attached in the
appendix.

4.2.1 Devices

The junctions deposited on five devices, these have been analyzed for this project. A description
of the device layout is given below.

Blackbird 1 (BB1) was a device series fabricated on a NbTiN sputtered base layer consisting
of 8 chips of size 17 x 17 mm. The junctions were deposited on each device separately. The
device design has a SQUID layout, so from each location, 2 junctions were imaged, highlighted
with a blue box as shown in figure The designed width of the electrodes is; =160 nm

and [Wpottom| = {84, 136, 196} nm.

Blackbird 2 (BB2) has the same layout as BB1, however it is a half-wafer layout where all
the junctions were deposited in a single step. The same set of junctions have been imaged for
this device as BB1. The designed width of the electrodes is; = 160 nm and = {84,
136, 196} nm.

Blackbird 4 (BB4) was a full-wafer dataset with the junctions arranged in a 35 x 35 square
array. All the junctions in BB4 are of the same designed widths, with both [w,,|and [wgo¢zom| =
200 nm.

Jason was a Surface-17 device which was characterized in a dilution fridge. The widths of
the electrodes in this device are; The designed width of the electrodes is; = 140 nm and

= {140, 220, 276} nm.

Nighthawk 2 was a full-wafer dataset fabricated on a bare silicon substrate with both junctions
and test pads made fully of aluminium and has the same layout as BB4, including the dimensions
of the electrodes.
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Figure 4.4: Device layout for Blackbird 1 and 2. The junctions analyzed are highlighted by the blue box.

1350

4.3 Results

Below the results of the scripts, first the areas and widths measured with pyclq_jj are compared
to the manual measured areas and electrode widths in Imaged. The results of the five datasets
are shown in table[4.2]

Table 4.2: An comparison of the successful measurements of pyclq_jj and the found conductance over
the area. The nighthawk dataset is left out of the average R? as it does not fit the data.

ImagedJ Thresholding Segmentation
failed cond uS/um? R? failed range cond puS/um? RZ? failed K conduS/um? R?
BB1 0/73 2992 +90 0.73 11/73 [1.2-2.2] 3007 +89 0.74 6/72 6 2990 +145 0.32
BB2 0/48 3339 +124 0.72 | 6/48 [1.2-2.2] 2961 +109 0.73 1/48 5 3081 +112 0.73
BB4 0/34 2873 +£179 0.59 | 0/34 [1.1-2.2] 2890 +231 0.34 2/34 6 2489 +223 0.20
Jason 0/34 2165 +16 0.98 1/34 [0.9-1.8] 2145 +39 0.89 1/34 6 2008 +40 0.86
Nighthawk | 0/34 1993 + 120 0.06% | 1/34 [1.2-2.2] 2208 +176 -0.53* | 1/34 6 1659 +101 -0.04*
Average 100% 0.75 | 91% 0.67 96% 0.52

*left out of the average
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The thresholding method had the most
failed measurements, this was mostly
due to the sharpness of the edges. This
was mostly at the smaller overlaps of the
Josephson junctions. The brighter and
sharper the edge of the electrode the better
the thresholding method works. As the
thresholding method takes the brightest
pixel values of the edge it was able to
obtain the overlap area more accurate as
the widths of the electrodes. This means
a high contrast image with a small halo
performs better as a low contrast image.
Therefore, BB4 performed 100% and
Nighthawk the worst for the Thresholding
method.

The segmentation method was able to
handle a wider variety of brightness
and contrasts in the image. Therefore it
was able to obtain more data from the
Blackbird 1 image set and Nighthawk
image set compared to the thresholding
method. However, the halo effect was
still too strong for the segmentation
method and increasing the strength of
the Gabor filter would remove the edge of
the electrodes. This resulted in a larger
perceived width of the electrodes using
the segmentation method. Gaussian
filters and opening had been applied, but
with no success. As the halo effect is
less prominent for smaller junctions and
junctions with low contrast, segmentation
performed better for these junctions as the
thresholding method.

Nighthawk

300
— pydq fit: slope=2133.2, R"2=-1.388

—— Image] fit: slope=1976.4, R"2=0.131
250 pyclq
image)

200

150

100
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50

0
0.00 0.02 0.04 006 008 0.10

area (um?)
Blackbird 4
300
— pydq fit: slope=2889.7, R™~2=0.344
—— Image] fit: slope=2872.9, R"2=0.589
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Figure 4.5: Fits of the conductance against the overlapping area for
nighthawk and blackbird 4. Both measurements are shown from
Imaged and the Pyclq_jj thresholding method with the coefficient
of determination, R%. Blackbird 4 had a single junction at 0.08um
and two shorts around 0.06um, these shorts are omitted from the fit.
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As a result the fit of the measured conductance against the surface area of the Josephson
junction was plotted for the thresholding method together with the manual measured Imaged
fit. Any shorts are omitted from the fit and are shown as having 0 conductance. Moreover, the
conductance per unit area was calculated individually and shown in figure The spread and
center of the histogram should correspond close to the slope of the fits as it is the same dataset.

Blackbird 4

pyclg 4=3112, o= 456
6 Image) u = 2982, o= 427

Counts

0
2500 2750 3000 3250 3500
normalized conductance [uS/um?]

Nighthawk

6

Counts

1800 2000 2200 2400 2600
normalized conductance [uS/um?]

pyclq u=2128, 0= 205
Image) u = 2126, o= 150

Figure 4.6: A histogram of the normalized conductance over the area measured with pycl_jjand hand
measured by Imaged. The Blackbird 4 and Nighthawk data set are shown here, all histograms can be
found in the appendix. For both histograms the binsizes are the same with a width of 200uS/um? where

pyclq and Imaged overlap the colors are mixed to a darker brown.
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5. Airbridges

The airbridges is the last step in the fabrication, placing 3D
airbridges over all transmission lines on the SQP. The airbridges
have two main purposes; helping to ground the device and
suppressing higher harmonic oscillation in the transmission lines,
chapter 2.1l Moreover, airbridges are used to make crossovers
where two transmission lines meet making one transmission line
pass another without physically touching each other. Damage to
an airbridge could cause a short and similar problems as a broken
transmission line, chapter 3]

5.1 Fabrication

The airbridge fabrication process is outlined in figure 5.1 The
first step is spinning of a 6 y thick layer of polymethyl glutarimide
(PMGI) resist. The first pattern transfer of the CAD layout for the
aibridges is done using e-beam lithography followed by heating
the device to 200°C for resist reflow, figure[5.1](4). After the device
has cooled down the second resist layer polymethylmethacrylate
(PMMA). followed by a second pattern transfer with e-beam
lithography. On this second mask 450 nm aluminium is deposited.
When the PMMA and PMGA is removed only the airbridge is left
behind.

pyclqg_ab will significantly reduce the number of bridges that need
to be inspected, reducing labor. As the size of the [SQP| scales so
does the amount of airbridges. Surface-7 has over 500 airbridges,
as a Surface-17 has over 1000 or even more than 1500 airbridges
in the latest versions. Manual inspection becomes labor intensive
and automation is needed.
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5.2 pyclg_ab method

The code can be found at the Dicarlo lab pyclq Github [6] and a schematic representation is
in the appendix. pyclq_ab is a tool to help detect faulty and broken airbridges. Due to the 3D
nature the airbridges, the images can’t be directly be matched to their template as the curves
will reflect light in a gradient. Therefore a different method is needed to find defects in the air
bridges as pyclq_base. In order to validate the airbridges the following steps are taken;

Image acquisition is done with the APS-LASIQ system in the same manner as acquiring
images for the base layer, chapter With two differences; the camera is centered on top of
the bridge and the gain of the camera is set to 200. This to reduce glare and shape deformation
due to the 3D nature of the aluminium from airbridge.

Image segmentation was applied twice with a k-mean segmentation, first to remove the
glare and darkest features and a second time to separate the image. The top bins of both
segmentation correspond to the aluminium edges of the airbridge. To filter any noise the result
is closed and opened and finally the airbridge nearest to the center will be cut out from the
original image for validation.

Cross section, sweep and path validation are three of the four methods a bridge is validated.
These three harsh basic validation methods are used as a first line to filter the airbridges for
their quality.

The middle cross section must follow a pattern according to obtained centers of the bins of the
second segmentation. This gives a quality value C € {0,1,2}.

Moreover, the cross section validation will be applied over the original image for all airbriges
vissible. This results in the quality as a neighboring airbridge N € [0, 2] with a weight depending
on the average distance from their neighbors N,, € [0, 1] and encounters Nj € Z.

The entire width of the bridge should follow a pattern similar to the middle cross section and
results in a quality factor S € {0,1,2}. The last validation before template matching will be
searching for stray aluminium at near the edge of the airbridge P € {0, 1}.

For each of these methods the highest value is a pass and the lowest value a fail.

Template matching is applied to all airbridges. The template is made out of the average of
all airbridge that passes all the harsh basic validations for a given device. All the airbridges
will be matched to the perfect airbridge resulting in their cross correlation R as described in
chapter For semi-self-learning a perfect bridge with a weight can be given, guiding the
template matching to a pre-set design.

Weights will of the template matching will be adjusted to the other validation methods. This
adjustment will be capped at -1 resulting in a confidence of correctness of the bridge R’ =[-1, 1];
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C'+S+P-4
R’(R,C’,S,P):R+(1—R)+ (5.1)
with;
C if N, <2

c'={ CA-Ny+N-N, if C=2 & Np>5
C(1-N,)+N-Ny-Ny

N1 else

Any airbridge will be labeled as bad if its confidence of correctness is below 0.50 and doubtful if
below 0.75. The second value can be adjusted by the end user if they are more or less confident
in the airbridges on the device.

Validation can be achieved by manually inspecting the images acquired. Both their quality
and how they are labeled by pyclq_ab needs to be taken into account. No broken bridge should
pass and, preferably, the least amount of unbroken airbridges should be labeled as bad or
doubtful.

During the first measurement a drift was observed, this could either be human error by locating
the markers or caused by the xy stage. To rule out the xy stage two stress test had been done.

First, to rule out fatigue, four airbridges at the corners will repeatedly be measured for 1028
rounds. Second, to rule out deviation due to small movements, four airbridges in close proximity
on a straight line will repeatedly be measured for 124 rounds. If any of the stress tests see an
change in drift over the measurements it will be the result of the xy-stage.

For the stress test we are interested in locating the airbridges accurately and not validating
the airbridges, therefore the gain was set to 300, making it more accurate to locate the bright
edge of the airbridge, but harder to validate its correctness.
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Figure 5.2: The confidence of correctness plotted on the locations of the aibridges corresponding to the
design on the S17 v2 and S17 v3 2_3 device, both devices share the same colormap, x- and y-axis. The
colormap is capped at 0 as everything below 0 will have a similar confidence as 0.

5.3 Results

In table the result of bridges marked

by pyclg_ab are shown.

No broken bridge

passed pyclq_ab and the majority of the defect
airbridges will be marked as bad. A random
assortment of airbridges marked bad from
the S17 v3 2_3 is shown in figure As
can be seen some of them are blurred due
to movement of the camera, some of them

collapsed or had a dent in their reflection.

The confidence of correctness capped at 0
R' =[0,1] is plotted in figure for every
location on the device. All the different types
of airbridges validated by pyclq_ab are shown
in figure The first few rows of the .csv file
generated by pyclg_ab can be found in the

airbridges.
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30x70um and (d) an airbridge of 40x84 um
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Figure 5.4: a random assortment of 30 x70um airbridges cut from the image by pyclq_ab marked as bad.
The first two airbridges have failed to locate the edges well enough due to reflections of other aluminium
features near the bridge, the third is due to movement of the camera, fourth and fifth are either collapsed
or the camera moved and the last three collapsed.

Due to the lack of crossovers of the same size (< 15) the airbridge validation for the transmission
line crossovers have been left out. The sample size to generate the 'perfect’ feature have been
to small and therefore the template matching will be non-sensible as they will either match to
themselves, noting or only a single crossover. Moreover, due to the close proximity of the bridges
at the crossover, the bridges at the crossover reflect of each other. This results in overexposure
at crossover and made it even difficult to inspect manually with the current setup, figure[5.3|c.

Halve of the false positives are caused by the movement of the camera. The movement was
likely caused by a combination of the architecture of Labvieuw and its communication to
external drivers like the xy-stage and camera. All communication is pushed trough a single
channel in the computer, causing desynchronisation in the delays what matches the camera
movement and taking an image.

Table 5.1: For two different chip designs the amount of airbridges are shown, followed by the amount of
airbridges marked as bad or doubtful by pyclq_ab. These bridges have been manually inspected and the
actual bad arbridges have been counted in every marked category.

marked as bad marked as doubtful marked as good
device bridges | marked broken unbroken | marked broken  unbroken | marked broken unbroken
S17 v2 1197 73 51/73% 22/73 113 1/113 112/113 1084 0/1084 1084/1084
S17v32_3 | 1549 312 267/312  45/312 278 159/278 119/278 1004 0/1004 1004/1004

* of which 20 are due to a difference in size between the CSV file and design
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Figure 5.5: The capture of drift at every location, first plot is the the drift in the x direction, second is the
plot of the drift in y direction and the last is drift in both x and y direction. Where the left half of the orb
is drift in x direction and right half of the orb is the drift in y direction. All variables are in micrometers.

Drift and stress test

In figure the locations of the airbriges in S17 v2 are shown with their drift. As can be seen
this drift is quite significant resulting in the stress tests. Moreover, there seem to have been
some design changes in the device, between the obtained .csv files and validating the airbridges,
resulting in a perceived drift for some of the airbridges.

For the first stress tests there was no drift found, figure This means the xy stage doesn’t
fatigue over time. Similarly, for the second stress test there was no change in drift found
between the first and last point when moving small movements figure This means the drift
is caused by placing the markers in the automated room temperature resistance measurement
unit whereas a deviation of 1 pixel already results in 1um deviation depended on the location.

27

drift [pm]



E drift x
% 2 drift y
£

s ¢

£

@

o

5 =2

=

[=]

0 500 1000 1500 2000 2500 3000 3500 4000
number of measurements

Figure 5.6: The change of the drift is shown for 4096 measurements of four airbridges near the corners
taken repeatedly of a S17 V3_2. 1 um drift deviations are caused by image processing due to opening
and closing the image. Most of the outliers out of the 1um drift are caused by unsharp images due to
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Figure 5.7: The drift of the first and last airbridge is shown for 124 rounds of short steps on a S17 V3_2
device. Most of the outliers out of the 1um drift are caused by unsharp images due to movement of the
camera while taking the image. The band shows the drift caused by image processing due to opening and
closing the image.
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6. Conclusion

The written software suite, pyclq, is able to automate parts of the optical inspection of a
superconducting quantum processor during fabrication. This reduces the workload and is a
first step in helping the fabrication process cope with the increased demands of device scaling
using automation by image processing.

With three simple scripts the components of the chip can be inspected using convolution filters,
segmentation, thresholding and template matching; automated by a k-means algorithm. For
the measurements and yield it is important to keep in mind the geometry of 3D features,
charging effects and the reflections dependent on the material.

pyclqg_base helps tracing any defect in the base layer helping to quantify yield metrics. There
have been no template matching results for pyclq_base yet, but the template matching method
is expected to be easily applied for the base layer as well as it has been already applied for
pyclg_ab. Whereas pyclq_base is not designed to detect airbridges due to their reflective 3D
nature pyclq_ab is.

pyclq_jj is able to obtain the overlap area of the Manhattan-style Josephson junctions with
two different methods. A k-means segmentation had the most successful measurements, however
it overestimates the area even after reducing the halo from the SEM images. Hence thresholding
method was the most accurate when compared to manual measurements with Imaged. It should
be noted that a k-means segmentation shines for low contrast images and smaller junctions as
the halo effect is less prominent. These are the images the thresholding have difficulty with.
By automating the extraction of overlap areas, errors introduced due to human bias is avoided
and also reduces several hours of repetitive tasks.

pyclg_ab had some false positives, but no false negatives in detecting broken airbridges. This
will ensure no mismanufactured airbridge will pass through the optical inspection. The only
downside is a minimum requirement of airbridges > 15 what was one of the reasons pyclq_ab
had a hard time validating the crossovers. The other reason is reflections from neighboring
bridges due to close proximity, what makes it even difficult to validate those airbridges with
the human eye under the APS-LASIQ automated probe station. Another possibility to improve
validation of crossovers is to switch to a 20x objective lens for higher resolution.
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.1 Pseudo codes

Bellow are the flow diagrams representing the code. Each component shows what it does to the
image and how it relates to the method obtaining the data.

template

ign from mask
GDS | D= ommas
A

Figure 1: A perfect base layer is created from the file where an image is taken. The microscope image is
obtained from ASP-Lasiq these two images are template matched for their individual locations resulting
in a map with similarities between the two images. The more they vary the brighter the feature becomes
what means that area needs inspection.
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Thresholding

Fill center of Obtain
of top electrode overlap location
>
Count pixels Count pixels
above brigtness above brigtness
Segmentation Y
Segment Obtain
mnto layers overlap location
> >
Use a Gabor filter to ind bin edges
mask the 'glow’ Findbm
> Subtract 'glow' _A_A_
from image —
Fill and count pixels
_ o of the top electrode above
CSv Muptiply by pixelsize the bottom electrode
< | -
Store junction
data

Figure 2: A visual representation of pyclq_jj at the top is the thresholding method, applying an sweep
over the x- and y-axis to obtain the edges from the highes pixel value. This is repeated for multiple
thresholds to improve accuracy. The segmentation method removes the ‘glow’ effect of the SEM first before
segmenting into different layer of which the top layer(s) will be the edge from the top electrode. The bottom
vertical electrode is obtained in a similar manner as the thresholding method. Both methods are filling
the area of the top electrode that is overlapping the bottom electrode and storing it in a CSV file for future
reference.



B

: Camera  probe station
I coodinates mage
|
|
|
|

——
Segment gray
Segment into 3 bins into4bins
> | >
-blackbase -holy ground
-gay —I ! -holy ground pads
-white shine J_—Bud@

Open (white shine + bridges) to obtain middle bridge

Mo

pixel value of black base
Blackbase value Sweep over bridge and compare
+ to cross-section
Shine will have highest
value in the image
1
Passed
i' add to template
| Shade of thebridge will
| have lowest minima
| Therewilbe3
~ iy CSV
> Quality of <
bridges

Figure 3: A visual representation of accusation and validation of bridges, fits the acquired image with
ASP-lasiq is filtered and segmented in the different, components of the chip. by opening, chapter ??, the
white shine and bridge grey colors the bridges can ge obtained (the top two bins). Next a surrounding
pad and cross section validation made with expected values form the segmentation. From the the cross
section validation is compared to a full scan over the width of the bridge to gain a third quality of the
bridge, if passed with a high enough value it will be combined with other bridges of the same shape for
template matching of all the airbridges for the last quality check.



.2 Pyclq AB
Below the first ten rows of airbridge validation by pyclq_ab of S17 v2 3_2.

Table 1: Below the first ten airbridges validated by pyclq_ab all widths and lengths are in um and
angles in degrees

Design Found by pyclq_ab

X y angle transmission_line width length | drift x drift.y width length C S P R N N, N, R

5944.437 1873.431 -135 Microwave drive line D1 30 70 -3 0 31 63 2 0 1 0.809584 0 0 0 0.777848
4376.569 305.5635 -135  Microwave drive line D1 30 70 -3 0 31 66 2 2 1 0848954 0 O 0 0.874128
5720.455 1649.45 -135  Microwave drive line D1 30 70 -3 0 30 63 2 0 1 0.814407 0 O 0 0.783474
5496.474 1425469 -135 Microwave drive line D1 30 70 -3 0 31 66 2 2 1 0859434 0 O 0 0.882862
5272.493 1201.488 -135  Microwave drive line D1 30 70 -3 0 31 66 2 2 1 0815088 0 0 0 0.845907
5048.512 977.5069 -135 Microwave drive line D1 30 70 -4 0 31 66 2 2 1 0.799738 0 0 0 0.833115
4824.531 753.5258 -135  Microwave drive line D1 30 70 -3 0 31 65 2 0 1 0895164 0 O 0 0.877691
4600.55 529.5446 -135  Microwave drive line D1 30 70 -3 0 30 65 2 0 1 0859872 0 O 0 0.836518
4250 42 -90 Microwave drive line D1 30 70 0 -6 20 26 0 0 1 -0.04892 0 O 0 -0.57339
5000 -5950 90 Microwave drive line D2 30 70 0 -3 29 64 2 2 1 0.89961 0 0 0 0.916384

Figure 4: From left to right, top to bottom the airbridges validated in the table above, table When taking
the 9th, second last airbridge in figure and table there seem to be movement due to the communication
between the computer and its external components.
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3 Pyclq_jj
3.1 Plots
plots of conductance against area

Below all the fits of the conductance against the overlapping area measured with Imaged
and Pyclq_jj tresholding method are shown with the coefficient of determination, R2. The
numerical values and standaard deviation can be found in table ??. This is followed up by a
histogram of the conductance over the area for every measurements. The widths of all bins in
the histograms have a bin size of 100uS/um?
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Blackbird 1
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Figure 5: All the fits of the conductance against the overlapping area measured with Imaged and
Pyclq_ jj tresholding method are shown with the coefficient of determination, R2.
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Blackbird 1
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Figure 6: All points of conductance against the overlapping area measured with Imaged and Pyclq_j7
tresholding method are shown in a histogram.
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Plots of widths

Below are the plots of the widths of the top horizontal and bottom vertical electrodes plotted

against a hat function. For the locations of the Jason dataset the locations are unsuited to plot
against x or y.
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(a) The line width of the bottom electrode of blackbird 1 of the ¢ and e
series fitted with a hat function against the x coordinates of the chip.
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(b) The line width of the bottom electrode of blackbird 1 fitted with a hat

function against the x coordinates of the chip.
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(¢) The line width of the top electrode of blackbird 1 fitted with a hat

function against the x coordinates of the chip.

Figure 7: The fits of the widths of the bottom horizontal electrode and top vertical electrode in blackbird
1 are shown above, in (a) the sets are fitted for the ¢ and e series separately for the bottom horizontal

electrode. The exact values are found in table @ 41
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(a) The line width of the bottom electrode of blackbird 2 of the ¢ and e
series fitted with a hat function against the x coordinates of the chip.
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(b) The line width of the bottom electrode of blackbird 2 fitted with a hat
function against the x coordinates of the chip.
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Figure 8: The fits of the widths of the bottom horizontal electrode and top vertical electrode in blackbird

2 are shown above, in (a) the sets are fitted for the ¢ and e series separately for the bottom horizontal
electrode. The exact values are found in table
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(a) The line width of the bottom horizontal electrode of blackbird 4 fitted
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(b) The line width of the bottom horizontal electrode of blackbird 4 fitted
with a hat function against the y coordinates of the chip.
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(¢) The line width of the top vertical electrode of blackbird 4 fitted with a
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Figure 9: The fits of the widths of the bottom horizontal electrode (a,c) and top vertical electrode (b,d) in
blackbird 4 are shown above, The exact values are found in table @
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(a) The line width of the bottom horizontal electrode of nighthawk fitted
with a hat function against the x coordinates of the chip.

Nighthawk

E 40 —— pyclq threshold fit:a=-0.8, b=-0.1, c=14.2 ; R"2=0.072
o~ — Image] fit a=-0.6, b=—5.2, c=18.3 : R*2=0.803
L
e} pyclg threshold
g2 20 > E image]
g -
: A
o
@
= =20
£
=
B —40
o

-20 0 20

Chip y coordinate (mm)
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with a hat function against the y coordinates of the chip.
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(¢) The line width of the top vertical electrode of nighthawk fitted with a
hat function against the x coordinates of the chip.
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(¢) The line width of the top vertical electrode of nighthawk fitted with a
hat function against the y coordinates of the chip.

Figure 10: The fits of the widths of the bottom horizontal electrode (a,c) and top vertical electrode (b,d) in
blackbird 4 are shown above, The exact values are found in table



Plots of widths

Below are the plots of the widths of the top horizontal and bottom vertical electrodes plotted

against a polynomial function. For the locations of the Jason dataset the locations are unsuited
to plot against x or y.
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(a) The line width of the bottom electrode of blackbird 1 of the ¢ and e
series fitted with a polynomial function against the x coordinates of the
chip.
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(b) The line width of the bottom electrode of blackbird 1 fitted with a
polynomial function against the x coordinates of the chip.
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(¢c) The line width of the top electrode of blackbird 1 fitted with a
polynomial function against the x coordinates of the chip.

Figure 11: The fits of the widths of the bottom horizontal electrode and top vertical electrode in blackbird

1 are shown above, in (a) the sets are fitted for the ¢ and e series separately for the bottom horizontal
electrode. The exact values are found in table @ 45
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(a) The line width of the bottom electrode of blackbird 2 of the c and e
series fitted with a polynomial function against the x coordinates of the
chip.
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(b) The line width of the bottom electrode of blackbird 2 fitted with a
polynomial function against the x coordinates of the chip.
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(¢) The line width of the top electrode of blackbird 2 fitted with a
polynomial function against the x coordinates of the chip.

Figure 12: The fits of the widths of the bottom horizontal electrode and top vertical electrode in blackbird

2 are shown above, in (a) the sets are fitted for the ¢ and e series separately for the bottom horizontal
electrode. The exact values are found in table
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(a) The line width of the bottom horizontal electrode of blackbird 4 fitted
with a polynomial function against the x coordinates of the chip.
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(b) The line width of the bottom horizontal electrode of blackbird 4 fitted
with a polynomial function against the y coordinates of the chip.
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(¢) The line width of the top vertical electrode of blackbird 4 fitted with a
polynomial function against the y coordinates of the chip.

Figure 13: The fits of the widths of the bottom horizontal electrode (a,c) and top vertical electrode (b,d) in
blackbird 4 are shown above, The exact values are found in table @
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Figure 14: The fits of the widths of the bottom horizontal electrode (a,c) and top vertical electrode (b,d) in
blackbird 4 are shown above, The exact values are found in table ??.



3.2 Tables

All fits for all chips are on the following page, followed by the tables of the the raw data itself for
every chip. In these tables; seg is shortened for segmentation, thres is shortened for threshold,

and the result of the fits are in nm. When a Josephson junction has shortened it is shown with
a-.
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Fits: alx—bl+ ax*+bx+c

serie methode loc a b c RA2 a b c RA2

bblc thres bottom x -0.18 + 0.19 7.32 £ 11.70 15 £ 3.89 0.039( -0.00424 + 0.006 0.124 + 0.092 13.056 + 3.089 0.074
bblc seg bottom x -0.21 + 0.46 -27.45 + 5.46E+08 24 + 1.13E+08 0.008| -1.41E-16 + 0.031 -0.207 + 0.440 18.422 + 14.792 0.008
bblc imgj bottom x -0.46 + 0.11 -1.14 + 2.07 24 + 2.20 0.373( -0.01363 + 0.003 0.077 + 0.045 21.838 £ 1.513 0.435
bble thres bottom x 0.00 + 0.81 0.06 + 0.00 14 + 13.89 0.000| -3.02E-23 + 0.023 -0.061 + 0.382 14.216 + 9.541 0.001
bble seg bottom x 0.00 + 0.43 29.29 + 0.00 12 £ 13.87 0.000( -1.12E-17 + 0.026 -0.177 + 0.425 11.996 + 10.621 0.005
bble imgj bottom x -0.25 + 0.37 26.39 + 1.06E+09 27 + 2.66E+08 0.018| -1.27E-21 + 0.019 0.252 + 0.311 20.098 + 7.760 0.018
bb1 thres bottom x -0.05 £ 0.20 26.00 + 7.92E+08 14 + 3.57E+07 0.001( -3.64E-25 + 0.013 0.045 + 0.195 12.746 + 5.586 0.001
bb1 seg bottom x -0.21 + 0.51 -8.20 + 28.42 18 + 9.83 0.003| -2.43E-22 + 0.019 -0.212 + 0.297 14.960 + 8.516 0.008
bb1 imgj bottom x -0.17 £ 0.16 27.41 + 9.91E+08 23 + 1.72E+08 0.018( -4.39E-26 + 0.010 0.173 + 0.157 18.625 + 4.505 0.018
bb1 thres bottom y -0.05 + 0.42 8.26 + 2.03E+08 14 + 1.02E+07 0.000| -0.06678 + 0.122 -2.634 + 4.902 -8.197 + 40.812 0.005
bb1 seg bottomy 0.00 + 0.63 29.98 + 0.00 15 £ 31.75 0.000( -3.50E-19 + 0.181 -1.214 + 7.308 -8.451 + 60.843 0.055
bb1 imgj bottom y -0.18 + 0.35 6.52 + 1.39E+08 23 + 2.51E+07 0.004| -0.03967 + 0.099 -1.414 + 3.984 9.059 + 33.167 0.007
bb1 thres top x -0.23 + 0.16 1.28 + 5.98 9+ 296 0.031| -0.00598 + 0.005 -0.062 + 0.073 7.143 + 2.080 0.033
bb1 seg top x -0.74 + 0.33 11.38 + 6.64 19 + 7.35 0.071| -0.03892 + 0.014 0.351 + 0.213 18.595 + 6.096 0.143
bb1 imgj top x -0.30 + 0.10 -4.72 + 2.94 12 + 1.76 0.155| -0.00823 + 0.003 -0.015 + 0.044 9.602 + 1.265 0.112
bb1 thres topy 0.00 + 0.16 -2.50 + 0.00 5+ 297 0.000| -7.18E-19 + 0.046 -0.096 + 1.855 3.260 + 15.441 0.006
bb1 seg topy -1.07 + 0.48 2.61 + 4.30E+07 29 + 4.59E+07 0.071| -0.08058 + 0.138 -2.171 + 5.564 -0.548 + 46.329 0.076
bb1 imgj topy -0.21 + 0.10 8.02 + 1.20E+08 13 + 2.57E+07 0.069| -0.00691 + 0.028 -0.064 + 1.139 8.661 + 9.480 0.069
bb2 c thres bottom x -0.48 + 0.55 4.39 + 10.87 32 + 10.59 0.042| -0.0141 + 0.016 0.114 + 0.248 29.171 + 7.580 0.043
bb2 c seg bottom x -0.15 + 0.78 18.89 + 87.15 29 + 17.11 0.003| -0.00206 + 0.032 0.116 + 0.491 26.837 + 15.001 0.003
bb2 c imgj bottom x -1.21 + 0.07 2.38 + 0.52 28 + 1.38 0.934| -0.03537 + 0.002 0.130 + 0.036 19.761 + 1.106 0.917
bb2 e thres bottom x -0.57 £+ 0.55 2.02 + 8.46 38 + 10.54 0.050| -0.01659 + 0.016 0.077 + 0.247 34.273 + 7.536 0.051
bb2 e seg bottom x -0.14 + 0.79 20.22 + 101.47 35 + 17.36 0.002| -0.00142 + 0.033 0.112 + 0.498 32.088 + 15.219 0.002
bb2 e imgj bottom x -1.18 + 0.10 1.50 + 0.74 28 + 1.94 0.867| -0.0344 + 0.003 0.053 + 0.048 20.500 + 1.455 0.854
bb2 thres bottom x -0.52 + 0.38 3.11 + 6.50 35+ 7.25 0.045| -0.01534 + 0.011 0.096 + 0.170 31.722 + 5.189 0.046
bb2 seg bottom x -0.15 + 0.53 19.53 + 64.23 32+ 11.80 0.003( -0.00174 + 0.022 0.114 + 0.338 29.463 + 10.343 0.003
bb2 imgj bottom x -1.19 + 0.06 195 + 0.45 28 + 1.18 0.896| -0.03488 + 0.002 0.091 + 0.030 20.131 + 0.909 0.879
bb2 thres bottomy 023 + 1.74 -13.80 + 50.02 28 + 15.30 0.005( -1.13E-23 + 0.101 -0.259 + 4.075 20.940 £ 33.975 0.010
bb2 seg bottomy -0.52 + 0.88 -30.00 + 18.98 34 + 10.40 0.010| -1.03E-19 + 0.196 -0.687 + 7.910 15.085 + 65.944 0.019
bb2 imgj bottomy -0.10 + 0.19 8.83 + 2.86E+08 10 £ 2.99E+07 0.007( -3.75E-16 + 0.050 0.105 + 2.010 9.508 + 16.760 0.007
bb2 thres top x -0.03 + 0.04 26.63 + 7.42E+08 2 + 1.93E+07 0.008| -9.58E-17 + 0.003 0.026 + 0.042 1.145 + 1.296 0.008
bb2 seg top x -0.06 + 1.90 8.90 + 354.60 174 + 36.36 0.000( -7.35E-21 + 0.056 -0.176 + 0.851 172.683 + 26.013 0.001
bb2 imgj top x -2.55 + 2.53 26.00 + 21.09 94 + 53.87 0.098]| -3.77E-25 + 0.099 2.888 + 1.523 31.608 + 46.087 0.100
bb2 thres topy -0.32 + 0.10 9.53 + 1.38E+08 11 + 4.42E+07 0.267( -0.07006 + 0.019 -2.493 + 0.749 -15.258 + 6.247 0.443
bb2 seg topy -1.97 + 2.19 -11.50 + 11.88 189 + 25.83 0.028| -3.51E-21 + 0.491 2.074 + 19.789 214.233 + 164.987 0.028
bb2 imgj topy 0.00 + 16.64 -18.28 + 0.00 35 + 141.87 0.000( -2.34E-16 + 1.183 -1.993 + 45.584 -2.135 + 358.222 0.009
bb4 thres bottom x -0.95 + 0.06 5.84 + 0.78 22 + 1.34 0.881| -0.02398 + 0.002 0.243 + 0.040 15.106 + 1.143 0.843
bb4 seg bottom x -0.75 £ 0.25 6.36 + 3.84 16 £ 5.23 0.231( -0.01636 + 0.007 0.197 + 0.143 8.907 + 4.037 0.176
bb4 imgj bottom x -0.87 + 0.07 5.38 + 0.95 31+ 141 0.847| -0.02288 + 0.002 0.165 + 0.046 24.853 + 1.217 0.798
bb4 thres bottomy -0.83 £ 0.10 -1.02 + 1.36 19 £ 1.95 0.708( -0.02174 + 0.003 -0.060 + 0.059 14.583 + 1.654 0.671
bb4 seg bottom y -0.65 + 0.23 -5.29 + 4.59 14 + 491 0.206| -0.01294 + 0.007 -0.229 + 0.143 8.161 + 3.999 0.192
bb4 imgj bottomy -0.83 £ 0.10 1.53 + 1.25 30 + 1.84 0.724( -0.02328 + 0.003 0.061 + 0.054 24.863 £ 1.429 0.721
bb4 thres top x -0.77 £ 0.10 -0.47 + 1.57 41 + 2.12 0.636| -0.02229 + 0.003 0.003 + 0.055 37.336 + 1.543 0.697
bb4 seg top x -1.33 £ 0.59 8.10 £ 521 68 + 12.42 0.146( -0.02634 + 0.016 0.356 + 0.337 54.068 £ 9.525 0.095
bb4 imgj top x -0.68 + 0.12 0.76 + 1.90 46 + 2.26 0.535| -0.01999 + 0.003 0.059 + 0.064 42302 + 1.674 0.587
bb4 thres topy -0.78 + 0.07 -8.14 + 1.30 43 + 1.61 0.794| -0.01999 + 0.001 -0.255 + 0.031 36.876 + 0.859 0.906
bb4 seg topy -1.19 + 0.53 -9.39 + 6.32 66 + 11.70 0.151| -0.01882 + 0.016 -0.561 + 0.332 52.456 + 9.278 0.142
bb4 imgj topy -0.75 + 0.08 -8.56 + 1.39 48 + 1.72 0.743| -0.02004 + 0.002 -0.269 + 0.041 42.236 + 1.071 0.831
jason thres bottom x -5.00 + 4.10 -7.06 + 1.44E+08 32 + 7.19E+08 0.190| -5.21E-17 + 1.275 -14.577 + 3.801 -6.357 + 13.830 0.334
jason seg bottom x -5.00 + 5.11 -7.26 + 2.33E+08 31 + 1.17E+09 0.195| -1.37E-19 + 1.105 -11.095 + 3.295 -7.838 + 11.989 0.279
jason imgj bottom x -3.72 £ 2.90 -5.03 + 1.01E+08 108 + 3.76E+08 0.117| -1.27281 + 1.333 -7.247 + 4.596 95.706 + 10.664 0.175
jason thres bottom y -5.00 + 4.24 -15.73 + 4.33E+08 52 + 2.17E+09 0.133| -0.04043 + 1.408 8.463 + 74.302 250.000 + 972.955 0.188
jason seg bottom y -5.00 + 3.81 -6.47 + 1.44E+08 95 + 7.18E+08 0.144| -3.79E-22 + 1.180 8.846 + 62.291 229.137 + 815.683 0.177
jason imgj bottom y -2.97 + 8.64 -10.55 + 3.87E+08 140 + 1.15E+09 0.090| -0.21696 + 0.789 -8.343 + 41.184 25.548 + 532.869 0.096
jason thres top x -1.58 + 2.07 5.78 + 8.26E+07 25 + 1.30E+08 0.020| -0.3707 + 0.688 1.318 + 2.052 18.493 + 7.465 0.029
jason seg top x -1.36 + 1.96 -3.26 + 5.00 20 + 8.30 0.016| -9.22E-23 + 0.533 -1.025 + 1.590 15.209 + 5.785 0.014
jason imgj top x -0.21 £ 0.28 7.03 = 4.88E+07 19 + 1.02E+07 0.023| -1.39E-16 + 0.084 0.208 + 0.252 17.249 + 0.917 0.023
jason thres topy 0.00 + 2.02 19.96 + 0.00 15 + 93.87 0.000| -2.89E-14 + 0.660 -3.680 + 34.825 -81.756 + 456.017 0.107
jason seg topy -0.90 + 1.63 4.54 + 9.03E+07 43 + 8.11E+07 0.011] -1.15E-14 + 0.534 0.899 + 28.187 39.249 + 369.104 0.011
jason imgj top y 0.00 + 0.25 8.59 + 0.00 17 + 8.68 0.000| -0.02596 + 0.083 -1.694 + 4.375 -9.249 + 57.295 0.059
Nighthawk  thres bottom x -0.02 + 0.02 -0.32 + 0.35 9.86 + 10.04 0.139 -0.92 + 0.52 -8.10 = 0.35 18.72 £ 12.32 0.118
Nighthawk seg bottom x -0.02 + 0.00 0.13 + 0.07 41.40 + 2.07 0.568 -0.74 + 0.14 2.32 £ 0.07 4559 + 2.83 0.596
Nighthawk  imgj bottom x -0.02 + 0.00 0.02 £ 0.05 14.28 £ 1.47 0.725 -0.60 + 0.10 0.12 + 0.05 1733 £ 1.98 0.733
Nighthawk thres bottom y -0.02 + 0.02 -0.04 + 0.32 8.27 + 10.11 0.075 -0.76 + 0.60 -0.11 + 0.32 14.25 + 12.79 0.051
Nighthawk seg bottomy -0.02 + 0.00 -0.26 + 0.06 3937 = 1.73 0.661 -0.69 + 0.11 -7.92 + 0.06 45.74 + 2.43 0.708
Nighthawk  imgj bottom y -0.02 + 0.00 -0.17 + 0.03 13.78 + 0.88 0.810 -0.63 + 0.07 -5.23 + 0.03 18.32 + 1.43 0.873
Nighthawk  thres top x -0.01 + 0.02 0.09 £ 0.29 41.13 + 8.37 0.026 -0.36 + 0.51 -1.10 + 0.29 44.63 + 10.44 0.014
Nighthawk seg top x -0.02 + 0.01 0.21 + 0.13 65.19 + 3.66 0.309 -0.77 + 0.26 6.16 + 0.13 69.71 + 5.27 0.387
Nighthawk  imgj top x -0.02 + 0.00 0.19 £ 0.03 56.91 = 0.82 0.906 -0.74 + 0.06 6.60 + 0.03 62.41 £ 1.20 0.912
Nighthawk thres topy -0.02 + 0.01 -0.03 + 0.25 47.88 + 7.73 0.105 -0.74 + 0.47 -3.67 = 0.25 51.74 + 9.96 0.118
Nighthawk seg topy -0.01 £ 0.00 -0.55 + 0.06 61.62 + 1.87 0.762 -0.81 + 0.11 -17.72 £ 0.06 73.76 £ 2.72 0.840
Nighthawk imgj topy -0.01 + 0.00 -0.06 + 0.05 55.51 + 1.62 0.588 -0.53 + 0.09 -1.76 + 0.05 58.93 + 2.01 0.559




Blackbird 1 | chip coodinates (mm) overlap Area (nm?) Total area (nm?) Bottom vertical width (nm) Top horizontal width(nm) conductance Conductanance/area(uS/um?)

Image name X y Image) Threshold Segment Image) Threshold Segment Image) Threshold Segment Imagel Threshold Segment (1s) Image) Threshold Segment
1c_xtype_D3_b3_L -25.3 -13.8 19734.943 23750.33 17637.44| 39287.61 43406.78 35454.24 111 111.894 158.746 173 170.872 135.044 82.8 2108.58 1908.48 2336.56
1c_xtype_D3_b3_R -25.3 -13.8 19552.666 19656.45 17816.8 107 108.313 162.884| 175.5 167.844 136.425 82.8 2108.58 1908.48 2336.56
1c_xtype_D6_b3_L -28.3 -11.15 39953.055 39273.94 39496.8 | 79469.34 76472.74 76737.61 214 227.376 169.498 178 195.956 200.504 168.3 2117.18 2200.14 2192.55
1c_xtype_D6_b3_R -28.3 -11.15 39516.287 37198.8 37240.82 215 211.885 164.537 176 170.924 195.13 168.3 2117.18 2200.14 2192.55
1c_xtype_X2_b3_L -25.3 -11.5 29632.237 27067.99 26645.52 | 49951.17 46369.64 44736.45 157 156.738 161.803 177 160.831 162.184 116.5 2331.98 2512.10 2603.81
1c_xtype_X2_b3_R -25.3 -11.5 20318.934 19301.65 18090.94 120 104.593 151.308 176 172.805 134.772 116.5 2331.98 2512.10 2603.81
le_xtype_D3_b3_L -25.3 -31 15337.333 17832.52 15318.13| 30608.51 35790.63 30139.94 96 100.872 161.23 | 151.5 182.727 127.33 78.0 2548.31 2179.34 2587.93
le_xtype_D3_b3_R -25.3 -31 15271.18 17958.1 14821.81 95 97.2412 157.096 152 160.457 125.263 78.0 2548.31 2179.34 2587.93
le_xtype_D5_b3_L_inve| -25.3 -26.3 32039.257 33850.92 35578.22| 63898.14 67197.10 70930.17 198 194.241 164.537 158 157.374 189.342 -1.0 -15.65 -14.88 -14.10
le_xtype_D5_b3_R_onS -25.3 -26.3 31858.885 33346.17 35351.94 199 201.156 164.537 154 148.983 188.928 -1.0 -15.65 -14.88 -14.10
2c_xtype_D3_b3_L -8.2 -13.8 20768.399 21121.79 21053.11| 40897.78 40127.86 41581.16 111 104.575 181.074 178 179.702 148.001 147.0 3594.33 3663.29 3535.25
2c_xtype_D3_b3_R -8.2 -13.8 20129.379 19006.07 20528.05 110 99.2686 176.304 175 170.489 145.393 147.0 3594.33 3663.29 3535.25
2c_xtype_D6_b3_L -11.15 -11.15 40211.051 36118.65 39380.58 | 79052.66 74573.80 79338.83 218 211.238 172.805 176 155.87 199.677 265.2 3354.70 3556.18 3342.60
2c_xtype_D6_b3_R -11.15 -11.15 38841.609 38455.15 39958.25 220 215.766 173.632 174 163.457 201.331 265.2 3354.70 3556.18 3342.60
2c_xtype_D6_d1_L -11.15 -11.15 40211.051 40229.62 44176.94 | 79052.66 81223.40 89149.62 218 235.942 176.113 176 155.152 212.906 265.2 3354.70 3265.04 2974.75
2c_xtype_D6_d1_R -11.15 -11.15 38841.609 40993.78 44972.69 220 241.424 174.459 174 160.163 215.8 265.2 3354.70 3265.04 2974.75
2c_xtype_D6_d2_L -11.15 -11.15 40211.051 40556.12 44804.51| 79052.66 81789.29 88199.38 218 246.369 172.805 176 152.63 215.387 265.2 3354.70 3242.45 3006.80
2c_xtype_D6_d2_R -11.15 -11.15 38841.609 41233.17 43394.86 220 240.761 171.152 174 157.798 211.666 265.2 3354.70 3242.45 3006.80
2c_xtype_X2_b3_L -8.2 -9.2 29284.132 29882.19 30251.71| 58303.47 59591.77 60273.99 166 159.61 174.984 173 171.444 173.18 195.0 3344.57 3272.26 3235.23
2c_xtype_X2_b3_R -8.2 9.2 29019.339 29709.58 30022.28 159 157.378 176.788 171 171.817 172.729 195.0 3344.57 3272.26 3235.23
2e_xtype_D6_b3_L -11.15 -28.3 38263.78 36879.5 40461.4 | 75180.66 71961.73 78958.73 218 207.974 174.459 169 167.564 203.398 245.4 3264.40 3410.42 3108.20
2e_xtype_D6_b3_R -11.15 -28.3 36916.877 35082.23 38497.33 219 204.402 170.325 165 160.013 197.61 245.4 3264.40 3410.42 3108.20
3C_xtype_D3_b3_L 8.9 -13.8 17178.03 17400.04 17902.7 | 34226.93 34300.69 36054.72 106 89.304 172.488 163 169.9 137.761 128.0 3739.75 3731.70 3550.16
3C_xtype_D3_b3_R 8.9 -13.8 17048.898 16900.65 18152.01 106 87.9732 168.672 164 167.663 137.761 128.0 3739.75 3731.70 3550.16
3C_xtype_D5_b3_L 8.9 -9.2 36816.637 38867.67 475.9372| 72202.27 75753.34 38287.32 215 211.164 174.082 167 169.973 87.9431 234.0 3240.90 3088.97 6111.68
3C_xtype_D5_b3_R 8.9 9.2 35385.63 36885.68 37811.38 211 200.227 174.082 162 169.464 195.73 234.0 3240.90 3088.97 6111.68
3C_xtype_D6_b3_L 5.85 -11.15 36994.173 38262.96 42222.44|72289.50 73436.29 77830.06 219 205.724 173.632 169 171.671 207.532 247.0 3416.82 3363.46 3173.58
3C_xtype_D6_b3_R 5.85 -11.15 35295.33 35173.33 35607.62 217 202.577 167.844 165 161.302 190.582 247.0 3416.82 3363.46 3173.58
3C_xtype_X2_b3_L 8.9 -11.5 25214.055 27118.24 27187.81|50513.49 54516.16 54456.17 152 141.579 172.278 165 167.193 165.062 179.0 3543.61 3283.43 3287.05
3C_xtype_X2_b3_R 8.9 -11.5 25299.433 27397.92 27268.36 154 143.16 170.474 164 167.361 164.611 179.0 3543.61 3283.43 3287.05
3e_xtype_D3_b3_L 8.9 -31 17933.31 18619.96 18682.09 | 34705.58 36838.06 36655.28 97 97.6515 176.304 174 170.468 140.432 124.0 3572.91 3366.08 3382.87
3e_xtype_D3_b3_R 8.9 -31 16772.268 18218.1 17973.18 101 93.4632 170.198 170 171.374 137.38 124.0 3572.91 3366.08 3382.87
3e_xtype_D5_b3_L 8.9 -26.3 37583.782 38849.78 40135.75| 73195.90 74712.08 78049.64 205 199.454 182.2 167 178.214 200.691 245.0 3347.18 3279.26 3139.03
3e_xtype_D5_b3_R 8.9 -26.3 35612.118 35862.3 37913.89 204 194.458 174.984 162 171.494 195.279 245.0 3347.18 3279.26 3139.03
3e_xtype_D6_b3_L 5.85 -28.3 35891.725 37506.06 36779.36| 72718.80 74174.59 74429.68 208 214.146 171.979 172 190.995 192.236 241.0 3314.14 3249.09 3237.96
3e_xtype_D6_b3_R 5.85 -28.3 36827.074 36668.52 37650.31 208 203.398 173.632 169 167.768 194.716 241.0 3314.14 3249.09 3237.96
4c_xtype_D3_b3_L 26 -13.8 16996.79 17090.11 17401.84| 34570.04 33548.95 34606.10| 210.6 213.149 165.364 162 159.621 135.185 80.9 2339.88 2411.10 2337.44
4c_xtype_D3_b3_R 26 -13.8 17573.253 16458.84 17204.27 210 208.802 165.364 162 158.197 134.772 80.9 2339.88 2411.10 2337.44
4c_xtype_D5_b3_L 26 9.2 35769.415 34641.92 36846.36 | 69369.58 68617.78 71979.54 211 202.969 163.71 160 159.381 193.889 156.3 2253.31 2278.00 2171.60
4c_xtype_D5_b3_R 26 -9.2 33600.164 33975.87 35133.18 207 199.804 159.576 165 154.476 188.928 156.3 2253.31 2278.00 2171.60
4c_xtype_D6_b3_L 23 -11.15 35295.403 32921.25 34988.25| 69946.73 65445.90 69327.74 207 200.831 165.364 162 147.85 188.928 160.8 2298.76 2456.85 2319.28
4c_xtype_D6_b3_R 23 -11.15 34651.322 32524.65 34339.48 209 188.137 165.364 161 156.844 186.035 160.8 2298.76 2456.85 2319.28
Ac_xtype_X2_b3_L 26 -11.5 25217.54 25694.73 25605.41| 50116.80 50184.76 51074.10 154 150.613 159.576 168 148.967 159.163 121.0 2414.72 2411.45 2369.46
4c_xtype_X2_b3_R 26 -11.5 24899.256 24490.02 25468.68 153 146.522 162.057 158 146.161 159.163 121.0 2414.72 2411.45 2369.46
4e_xtype_D3_b3_L 26 -31 18493.69 19340.27 16971.15| 36402.53 37684.83 33471.96 104 94.2575 164.537 170 170.738 135.598 91.0 2499.12 2414.09 2717.93
4e_xtype_D3_b3_R 26 -31 17908.843 18344.56 16500.81 99 88.0563 162.884 170 169.085 133.531 91.0 2499.12 2414.09 2717.93
4e_xtype_D5_b3_L 26 -26.3 36200.396 34345.17 34366.15| 72171.30 68196.78 68382.27 208 210.517 159.576 172 148.166 188.102 185.9 2575.72 2725.83 2718.44
4e_xtype_D5_b3_R 26 -26.3 35970.904 33851.61 34016.13 206 201.695 158.749 167 153.573 188.102 185.9 2575.72 2725.83 2718.44
4e_xtype_D6_b3_L 23 -28.3 37230.38 35194.71 34495.35| 73966.94 67800.50 69006.43 207 215.8 165.364 169 192.649 190.169 182.9 2472.78 2697.68 2650.54
4e_xtype_D6_b3_R 23 -28.3 36736.562 32605.8 34511.08 210 201.701 159.576 163 147.341 188.928 182.9 2472.78 2697.68 2650.54
4e_xtype_X2_b3_L 26 -28.6 27589.646 28358.39 26598.73| 52988.18 53234.09 51507.52 154 166.191 162.884 166 197.61 162.47 140.2 2646.43 2634.20 2722.50




Blackbird 1 | chip coodinates (mm) overlap Area (nm?) Total area (nm?) Bottom vertical width (nm) Top horizontal width(nm) conductance Conductanance/area(uS/um?)
Image name X y Image) Threshold Segment Image) Threshold Segment Image) Threshold Segment Imagel Threshold Segment (1s) Image) Threshold Segment
4e_xtype_X2_b3_R 26 -28.6 25398.538 24875.7 24908.79 154 144.425 157.923 167 151.686 159.163 140.2 2646.43 2634.20 2722.50
le_xtype_D3_b3_jj_left -25.3 -31 15337.333 19715.93 15973.73 | 30608.51 38934.31 30789.39 96 111.621 164.537| 151.5 180.247 129.811 78.0 2548.31 2003.37 2533.34
le_xtype_D3_b3_jj_righff -25.3 -31 15271.18 19218.38 14815.66 95 113.56 155.442 152 146.985 124.436 78.0 2548.31 2003.37 2533.34
le_xtype_D6_b3_jj_left -25.3 -26.3 32304.487 31604.3 397.8734|65172.46 62968.10 812.15 200 183.572 165.364 160 161.077 80.4082 165.4 2537.38 2626.21 203615.86
le_xtype_D6_b3_jj_righff -25.3 -26.3 32867.973 31363.81 414.2806 202 184.608 165.364 154 158.215 83.5088 165.4 2537.38 2626.21 203615.86
le_xtype_X2_b3_jj_left -25.3 -28.6 23063.693 22351.66 405.3934 | 46380.68 46422.57 799.85 145 121.775 164.537| 156.5 163.835 81.8552 125.0 2695.09 2692.66 156279.57
le_xtype_X2_b3_jj_right -25.3 -28.6 23316.985 24070.91 394.4553 146 134.01 160.403 157 159.472 79.7881 125.0 2695.09 2692.66 156279.57
2e_xtype_D3_b3_jj_left -8.2 -31 18646.95 18649.57 20970.39 | 38103.95 36343.70 43312.15 113 95.8988 170.325 178 162.772 145.934 147.0 3857.87 4044.72 3393.97
2e_xtype_D3_b3_jj_right -8.2 -31 19457.004 17694.13 22341.75 110 91.8942 171.979 175 165.889 150.068 147.0 3857.87 4044.72 3393.97
2e_xtype_D5_b3_jj_left -8.2 -26.3 37046.425 37295.81 40370.48 | 74415.09 72593.51 79557.59 218 201.889 171.979 171 169.392 202.571 -1.0 -13.44 -13.78 -12.57
2e_xtype_D5_b3_jj_right -8.2 -26.3 37368.662 35297.7 39187.11 217 210.797 170.325 172 161.925 199.677 -1.0 -13.44 -13.78 -12.57
2e_xtype_X2_b3_jj_left -8.2 -28.6 26996.79 27038.49 29853.5 | 54507.21 52294.39 58246.76 160 152.115 172.805 168 164.778 171.979 195.0 3577.51 3728.89 3347.83
2e_xtype_X2_b3_jj_right| -8.2 -28.6 27510.416 25255.91 28393.26 158 150.481 167.018 167 148.98 167.844 195.0 3577.51 3728.89 3347.83
3C_xtype_D5_al_left_JJ 8.9 9.2 36816.637 32928.46 34034.39| 72202.27 65254.94 67573.62 215 170.678 171.647 167 169.002 184.049 234.0 3240.90 3585.94 3462.89
3C_xtype_D5_al_right_J| 8.9 -9.2 35385.63 32326.48 33539.23 211 168.125 170.655 162 171.16 182.561 234.0 3240.90 3585.94 3462.89
3C_xtype_X3_al_left 8.9 -11.5 25214.055 23571.09 22967.53 | 50513.49 46139.98 45490.10 152 117.07 173.632 165 167.867 152.3 179.0 3543.61 3879.50 3934.92
3C_xtype_X3_al_right 8.9 -11.5 25299.433 22568.88 22522.57 154 115.107 169.663 164 160.195 150.315 179.0 3543.61 3879.50 3934.92
3C_xtype_X3_c3_left 8.9 -13.8 25214.055 30487.52 31468.01|50513.49 61173.37 61743.88 152 159.077 173.632 165 171.358 176.608 179.0 3543.61 2926.11 2899.07
3C_xtype_X3_c3_right 8.9 -13.8 25299.433 30685.85 30275.87 154 164.641 170.655 164 162.959 173.135 179.0 3543.61 2926.11 2899.07




Blackbird 2 |

Chip coodinates (mm)
X y

Overlap area (nm?)

Total Area (nm?)

Bottom vertical width (nm)

Top horizontal width(nm) conductance

Conductanance/area(uS/pum?)

Image name Image) Threshold Segment Image) Threshold Segment Image) Threshold Segment Imagel Threshold Segment (ms) Image) Threshold Segment

1c_xtype_D3_b3_L |-25.3 -13.8 16322.9 16558.86 16731.87| 32213.86 32247.46 32148.44 81.0 132.8 166.4 96.2 178.0 185.5 79.22 2456.68 2459.24 2464.25
lc_xtype_D3_b3_R |-25.3 -13.8 15655 15688.6 15589.58 81.0 128.6 163.3 93.9 174.0 180.9 79.22 2456.68 2459.24 2464.25
1c_xtype_D5_b3_L |-25.3 -9.2 31580.23 36161.39 35633.46| 47649.68 52732.78 52529.96 195.0 189.0 165.1 170.5 164.0 388.3 180.22 3417.68 3782.27 3430.88
lc_xtype_D5_b3_R |-25.3 -9.2 31090.82 36173.91 35971.09 191.0 189.4 168.7 1723 160.0 451.9 180.22 3417.68 3782.27 3430.88
lc_xtype_X2_b3_L |-25.3 -11.5 21666.26 33729.04 24797.55| 36360.83 45750.81 4144591 132.0 156.5 166.9 120.9 168.0 498.8 127.57 2788.31 3508.37 3077.92
lc_xtype_X2_b3_R |-25.3 -11.5 19801.96 29191.94 24887.04 132.0 156.9 164.2 116.4 162.0 447.4 127.57 2788.31 3508.37 3077.92
le_xtype_D3_b3_L |-25.3 -31 12999.69 25329.69 15196.38| 29255.53 32484.54 32231.15 81.0 126.3 158.0 83.2 153.0 379.3 65.06 2002.79 2223.84 2018.54
le_xtype_D3_b3_R |-25.3 -31 12696.67 15925.68 15672.29 76.0 127.1 154.2 100.7 151.0 171.0 65.06 2002.79 2223.84 2018.54
le_xtype_D5_b3_L |-25.3 -26.3 28456.29 33528.97 32456.48| 46510.98 50600.22 51234.76 187.0 180.8 153.3 170.5 163.0 401.4 159.40 3150.25 3427.22 3111.24
le_xtype_D5_b3_R |-25.3 -26.3 29952.11 34041.36 34675.89 194.0 186.3 163.3 171.4 158.0 305.8 159.40 3150.25 3427.22 3111.24
le_xtype_X2_b3_L |-25.3 -28.6 21560.75 26845.15 24922.84| 36895.69 47766.19 39561.68 127.0 157.4 171.4 113.6 151.0 431.1 113.97 2386.07 3089.08 2880.91
le_xtype_X2_b3_R |-25.3 -28.6 20336.82 31207.32 23002.82 126.0 150.6 159.7 122.7 156.0 388.8 113.97 2386.07 3089.08 2880.91
2c_xtype_D3_b3_L (-8.2 -13.8 15922.51 20721.08 19953.23| 32590.84 38031.36 36313.11 91.0 142.4 167.7 120.1 163.0 191.5 92.40 2429.58 2835.16 2544.55
2c_xtype_D3_b3_R (-8.2 -13.8 16031.98 21472.5 19754.24 93.0 141.6 165.1 127.2 159.0 196.6 92.40 2429.58 2835.16 2544.55
2c_xtype_D5_b3_L (-8.2 -11.5 33697.29 44662.42 38434.76| 49243.86 56565.2 56057.78 209.0 196.5 168.7 192.5 163.0 460.4 205.17 3627.22 4166.50 3660.05
2c_xtype_D5_b3_R (-8.2 -11.5 32685 40006.33 39498.91 208.0 199.9 168.7 188.5 159.0 465.3 205.17 3627.22 4166.50 3660.05
2c_xtype_X2_b3_L |-8.2 9.2 25512.54 29133.39 30544.59| 40780.11 47315.4 45311.17 154.0 173.6 171.4 131.7 161.0 265.2 155.07 3277.38 3802.60 3422.35
2c_xtype_X2_b3_R (-8.2 -9.2 24221.25 30756.54 28752.3 160.0 168.2 167.8 134.4 156.0 373.0 155.07 3277.38 3802.60 3422.35
2e_xtype_D3_b3_L |-8.2 -31 14835.55 17234.36 18126.38( 32080.95 35531.9 34441.18 98.0 136.2 159.5 80.1 155.0 260.3 71.32 2007.11 2223.01 2070.67
2e_xtype_D3_b3_R (-8.2 -31 15522.08 18973.03 17882.31 101.0 135.1 158.7 87.0 152.0 265.6 71.32 2007.11 2223.01 2070.67
2e_xtype_D5_b3_L (-8.2 -26.3 34472.85 43440 37826.03| 48645.54 59359.68 52539.72 207.0 194.8 168.7 202.0 164.5 322.9 180.80 3045.90 3716.75 3441.27
2e_xtype_D5_b3_R (-8.2 -26.3 32086.68 42800.82 35980.85 209.0 190.3 162.4 198.4 158.5 389.7 180.80 3045.90 3716.75 3441.27
2e_xtype_X2_b3_L (-8.2 -28.6 24227.74 30533.69 26800.55| 42088.45 43582.08 44212.85 146.0 162.8 165.1 140.7 163.0 173.2 127.44 2924.17 3027.94 2882.45
2e_xtype_X2_b3_R (-8.2 -28.6 25529.58 27023.22 27653.99 149.0 165.5 163.3 129.0 161.0 225.5 127.44 2924.17 3027.94 2882.45
3c_xtype_D3_b3_L (8.9 -13.8 16454.24 18146.2 21630.73| 32595.86 37333.7 36290.05 101.5 148.4 174.0 78.6 167.5 360.2 95.26 2551.69 2922.58 2625.08
3c_xtype_D3_b3_R (8.9 -13.8 16037 20774.84 19731.18 100.5 142.0 167.1 85.5 164.0 351.1 95.26 2551.69 2922.58 2625.08
3c_xtype_D5_b3_L (8.9 -9.2 33774.86 40035.08 36759.44| 51728.09 57481.7 54983.68 216.0 193.5 168.7 198.4 159.7 211.1 203.96 3548.29 3942.95 3709.49
3c_xtype_D5_b3_R (8.9 -9.2 35169.22 40922.84 38424.81 219.0 196.6 171.4 197.5 163.0 255.3 203.96 3548.29 3942.95 3709.49
3c_xtype_X2_b3_L (8.9 -11.5 27860.56 32353.34 29838.42| 42903.32 46434.91 45987.24 155.0 171.8 174.1 134.4 165.7 465.0 146.71 3159.51 3419.59 3190.27
3c_xtype_X2_b3_R (8.9 -11.5 26344.45 29876.04 29428.38 157.0 170.5 167.8 135.3 162.0 467.2 146.71 3159.51 3419.59 3190.27
3e_xtype_D3_b3_L (8.9 -31 16201.72 19944.22 18253.37| 32741.36 36412.47 35053.97 104.0 136.6 162.6 93.1 158.5 172.5 88.08 2418.94 2690.16 2512.68
3e_xtype_D3_b3_R |8.9 -31 16182.5 19853.61 18495.11 102.6 137.4 161.8 92.3 153.0 331.2 88.08 2418.94 2690.16 2512.68
3e_xtype_D5_b3_L (8.9 -26.3 35065.19 43924.22 40482.35| 50870.2 56390.79 54377.57 215.0 202.4 170.7 198.4 165.0 458.4 194.01 3440.43 3813.80 3567.81
3e_xtype_D5_b3_R (8.9 -26.3 34311.34 39831.93 37818.7 209.0 196.2 169.6 198.4 157.0 274.7 194.01 3440.43 3813.80 3567.81
3e_xtype_X2_b3_L (8.9 -28.6 25350.22 31518.87 27955.82| 40953.8 48830.65 43249.59 154.0 166.4 165.1 136.2 161.0 470.8 133.68 2737.66 3264.21 3090.94
3e_xtype_X2_b3_R (8.9 -28.6 2439494 32271.79 26690.72 160.0 162.4 161.5 139.8 156.0 443.8 133.68 2737.66 3264.21 3090.94
4c_xtype_D3_b3_L |26 -13.8 13299.23 16165.65 18859.17( 30824.62 34678.26 32122.23 80.0 141.2 175.5 899.8 168.6 1733 85.36 2461.62 2769.37 2657.50
4c_xtype_D3_b3_R |26 -13.8 14265.76 18119.39 15563.36 81.0 129.4 166.4 108.4 166.0 196.9 85.36 2461.62 2769.37 2657.50
4c_xtype_D5_b3_L |26 -9.2 31226.36 37595.36 36597.54| 48837.9 53012.69 54552.49 191.6 192.1 170.5 176.8 159.7 480.8 190.47 3592.93 3900.06 3491.52
4c_xtype_D5_b3_R |26 9.2 32279.04 36453.83 37993.62 192.0 194.8 175.9 174.1 164.5 3441 190.47 3592.93 3900.06 3491.52
4c_xtype_X2_b3_L |26 -11.5 23249.74 25390.83 25301.15| 38304.35 41191.53 42058.59 132.0 158.7 173.2 112.7 169.0 472.6 71.11 1726.28 1856.40 1690.69
4c_xtype_X2_b3_R (26 -11.5 21745.49 24632.66 25499.73 134.0 159.1 166.4 116.8 162.0 356.0 71.11 1726.28 1856.40 1690.69
4e_xtype_D3_b3_L |26 -31 12997.75 32259.26 17439.43| 32338.52 35813.98 35344.06 81.0 135.2 167.8 905.4 157.0 186.9 76.12 2125.41 2353.83 2153.67
4e_xtype_D3_b3_R (26 -31 15779.66 19255.11 18785.2 82.0 138.9 166.4 82.4 165.0 364.8 76.12 2125.41 2353.83 2153.67
4e_xtype_D5_b3_L |26 -26.3 30271.08 35780.81 34039.68| 47045.03 51571.76 49054.39 191.0 184.9 164.2 177.7 159.7 292.7 166.57 3229.94 3540.72 3395.69
4e_xtype_D5_b3_R (26 -26.3 30486.16 35012.89 32495.53 192.7 180.8 163.3 178.6 157.0 163.3 166.57 3229.94 3540.72 3395.69
4e_xtype_X2_b3_L |26 -28.6 22413.77 29530.87 26311.6| 38303.85 42970.81 41432.89 133.0 161.9 166.9 119.1 163.0 465.4 117.33 2730.41 3063.08 2831.75
4e_xtype_X2_b3_R |26 -28.6 21744.99 26411.94 24874.03 135.7 156.9 166.0 110.9 158.5 388.8 117.33 2730.41 3063.08 2831.75




Blackbird 4 I Chip coodinates (mm)

Overlap area (nm?)

Total Area (nm?)

Bottom vertical width (nm)

Top horizontal width(nm)

Conductance

Conductanance/area(uS/um?)

Image name X y Image) Threshold Segment Imagel Threshold Segment Image) Threshold  Segment Image) Threshold Segment (us) Image) Threshold Segment
10_10_jj_left -16 -16 42673.130 39242.6 51616.84( 82146.8 79983.3 100278.7 205.0 193.1 210.3 210.0 197.8 227.5 239.15 2911.22 2989.97 2384.83
10_10_jj_right -16 -16 39473.684 40740.72 48661.85 205.0 199.1 136.1 200.0 195.8 146.1 239.15 2911.22 2989.97 2384.83
10_26_jj_left -16 16 38585.093 34918.2 48661.85| 78827.5 72839.6 49041.2 198.0 177.9 136.1 196.0 190.5 146.1 252.72 3205.98 3469.53 5153.20
10_26_jj_right -16 16 40242.382 37921.4 379.3265 204.0 196.5 195.1 197.0 187.2 96.1 252.72 3205.98 3469.53 5153.20
15_15_jj_left -6 -6 41097.645 40390.08 47105.61( 85334.1 81920.8 96085.5 221.0 205.7 197.8 193.0 187.2 217.6 280.03 3281.56 3418.29 2914.37
15_15_jj_right -6 -6 44236.496 41530.77 48979.93 216.0 205.0 206.4 206.0 197.8 221.9 280.03 3281.56 3418.29 2914.37
15_21_jj_left -6 6 44293.629 42116.16 48347.28  87784.4 83755.2 100982.7 209.0 206.4 205.7 198.0 195.1 219.9 274.79 3130.28 3280.87 2721.16
15_21_jj_right -6 6 43490.738 41639.05 52635.37 220.0 206.4 208.4 203.0 198.4 229.9 274.79 3130.28 3280.87 2721.16
17_17_jj_left -2 -2 45083.102 42026.33 51447.96 | 89319.6 84532.4 99073.8 218.0 203.7 205.7 204.0 199.8 227.5 278.38 3116.65 3293.15 2809.80
17_17_jj_right -2 -2 44236.496 42506.08 47625.82 213.0 207.7 203.7 204.0 195.8 218.6 278.38 3116.65 3293.15 2809.80
18_18_jj_left 0 0 44703.515 42830.1 48992.62 | 88413.3 85837.7 97872.4 218.0 212.3 206.4 205.0 197.8 221.6 239.08 2704.14 2785.27 2442.79
18_18_jj_right 0 0 43709.747 43007.64 48879.74 216.0 208.4 207.0 200.0 197.8 220.9 239.08 2704.14 2785.27 2442.79
1_35_jj_left -34 34 33231.475 29582.92 44207.06| 66558.6 61898.5 85196.6 193.0 172.0 179.3 174.0 164.0 213.0 -
1 35_jj_right 34 34 33327.13  32315.59 40989.57 195.0 178.6 178.6 168.0 169.3 204.7 -
20_16_jj_left 4 -4 44623.009 42517.49 49406.94| 90008.2 85284.6 99795.2 220.0 212.3 205.0 196.0 192.5 223.2 293.09 3256.31 3436.66 2936.96
20_16_jj_right 4 -4 45385.215 42767.15 50388.29 217.0 209.0 206.4 203.0 198.1 224.9 293.09 3256.31 3436.66 2936.96
20_20_jj_left 4 4 44210.526 42398.68 48131.15| 88544.4 86187.2 98724.6 221.0 211.7 203.7 196.0 194.5 219.6 258.33 2917.50 2997.29 2616.66
20_20_jj_right 4 4 44333.882 43788.52 50593.49 221.0 211.7 211.0 210.0 201.1 225.2 258.33 2917.50 2997.29 2616.66
25_11_jj_left 14 -14 44672.784 40938.92 49153.18| 89631.7 82373.3 100067.8| 217.0 205.0 204.4 202.0 194.5 2219 280.59 3130.49 3406.33 2804.01
25_11_jj_right 14 -14 44958.882 41434.41 50914.62 215.0 207.7 209.7 201.0 194.5 226.2 280.59 3130.49 3406.33 2804.01
25_25_jj_left 14 14 40413.348 40129.6 46455.46| 84504.8 81501.0 94834.7 214.0 203.7 195.8 193.0 189.8 216.0 283.14 3350.61 347411 2985.65
25_25_jj_right 14 14 44091.499 41371.4 48379.22 220.0 204.4 200.4 197.0 195.1 220.3 283.14 3350.61 3474.11 2985.65
30_30_jj_left 24 24 39622.576 36998.51 48695.98 ( 79042.6 747389 92294.0 214.0 199.1 186.5 183.0 178.9 223.2 134.57 1702.56 1800.60 1458.11
30_30_jj_right 24 24 39420.014 37740.35 43598.04 213.0 201.1 187.2 184.0 178.6 210.0 134.57 1702.56 1800.60 1458.11
30_6_jj_left 24 -24 40057.999 38266.58 45325.36| 79968.4 75917.9 92872.4 204.0 195.8 197.1 191.0 187.2 213.0 260.71 3260.20 3434.15 2807.22
30_6_jj_right 24 -24 39910.405 37651.3 47547.06 204.0 194.5 198.4 193.0 187.2 218.6 260.71 3260.20 3434.15 2807.22
35_1_jj_left 34 -34 36340.028 37616.81 42087.3 | 73567.3 73026.7 86330.2 190.0 195.8 193.8 189.0 182.6 205.7 257.42 3499.04 3524.95 2981.75
35_1_jj_right 34 -34 37227.32 35409.93 44242.94 193.0 184.5 194.5 188.0 185.2 210.3 257.42 3499.04 3524.95 2981.75
35_35_jj_left 34 34 . 32069.59 51668.9 -1.0 62911.5 52005.4 -1.0 184.5 191.2 -1.0 160.7 230.8 -
35_35_jj_right 34 34 - 30841.96 336.4499 -1.0 186.5 174.0 -1.0 162.7 83.8 -
5_31_jj_left -26 26 34543.369 35001.9 44043.87( 70817.6 69266.0 44410.9 196.0 186.5 181.2 177.0 174.0 211.7 192.29 2715.35 2776.17 4329.89
5_31_jj_right -26 26 36274.238 34264.15 367.076 195.0 181.2 186.5 179.0 178.6 929 192.29 2715.35 2776.17 4329.89
5_5_jj_left -26 -26 36871.105 36450.21 46292.7 | 75599.9 74331.4 94812.4 190.0 183.2 202.4 197.0 191.8 215.3 192.30 2543.60 2587.00 2028.17
5_5_jj_right -26 -26 38728.792 37881.21 48519.66 193.0 185.2 204.4 202.0 196.5 220.3 192.30 2543.60 2587.00 2028.17




Conductanance/area(uS/um?)

Jason l Chip coodinates (mm) Overlap area (hm?) Total Area (hm?) Bottom vertical width (nm) Top horizontal width(nm) Conductance
Image name X y Image) Threshold ~ Segment Image) Threshold  Segment Image) Threshold  Segment Image) Threshold  Segment (ms) Image) Threshold Segment
D1_left 4.25 -13.35 23095 26361.2 27804.98| 46107.3 51817.8 56899.5 139.0 125.0 165.7 167.0 157.8 163.7 105.2 2281.6 2030.1 1848.8
D1_right 4.25 -13.35| 23012.33 25456.55 29094.57 142.0 130.0 170.2 161.0 151.8 161.7 105.2 2281.6 2030.1 1848.8
D2_left 1.95 -15.65| 23494.58 34833.34 3463.194| 45797.3 58604.1 28570.9 144.0 128.0 85.8 158.0 304.6 20.8 99.4 2170.5 1696.2 3479.2
D2_right 1.95 -15.65| 22302.73 23770.78 25107.66 138.0 127.0 157.3 158.0 142.9 155.8 99.4 2170.5 1696.2 3479.2
D3_left -0.35 -17.95| 24158.91 35990.6 26160.99| 47582.6 60045.8 52215.7 146.0 129.0 160.7 160.0 239.1 159.7 107.0 2248.7 1781.9 2049.1
D3_right -0.35 -17.95| 23423.72 24055.25 26054.67 145.0 133.9 160.2 156.0 148.8 159.7 107.0 2248.7 1781.9 2049.1
D4_left 1.95 -11.05| 45405.6 42738.26 48662.89| 89877.2 85779.0 95851.1 213.0 261.9 230.2 153.0 148.8 165.7 185.8 2067.3 2166.1 1938.5
D4_right 1.95 -11.05| 44471.61 43040.71 47188.23 215.0 265.9 228.2 154.0 149.8 156.8 185.8 2067.3 2166.1 1938.5
D5_left -0.35 -13.35| 44278.71 43349.04 48774.13| 89474.7 885454 973228 220.0 265.9 231.2 160.0 145.9 161.7 193.0 2157.2 2179.8 1983.2
D5_right -0.35 -13.35( 45195.97 45196.36  48548.7 219.0 267.9 230.7 159.0 151.8 161.7 193.0 2157.2 2179.8 1983.2
D6_left -2.65 -15.65( 45280.61 46938.51 49498.66( 90535.6 92146.1 98373.2 215.0 265.9 231.7 150.0 156.8 166.7 197.3 2179.4 2141.3 2005.8
D6_right -2.65 -15.65| 45255.02 45207.6 48874.54 222.0 269.9 231.2 154.0 151.8 162.7 197.3 2179.4 2141.3 2005.8
D7_left 4.25 -15.65 23842  26586.5 28424.18| 46065.0 52277.6 55286.1 145.0 134.9 167.7 156.0 153.8 162.7 108.0 2344.6 2066.0 1953.5
D7_right 4.25 -15.65| 22223.01 25691.11 26861.9 148.0 137.9 162.7 160.0 148.8 165.7 108.0 2344.6 2066.0 1953.5
D8_left -0.35 -15.65| 24831.11 26836.22 29193.99| 49854.1 529424 57491.2 147.0 133.0 170.2 160.0 155.8 162.7 107.7 2160.3 2034.3 1873.3
D8_right -0.35 -15.65( 25023.03 26106.21 28297.19 152.0 140.9 167.7 155.0 148.8 160.7 107.7 2160.3 2034.3 1873.3
D9_left -0.35 -11.05( 23518.2 25801.39 27163.13| 47813.9 51805.8 55403.2 146.0 138.9 164.2 150.0 144.9 153.8 106.2 2221.2 2050.0 1916.9
D9_right -0.35 -11.05( 24295.71 26004.36 28240.09 146.0 139.9 167.2 165.0 151.8 157.8 106.2 2221.2 2050.0 1916.9
X1_left -0.35 -8.75| 35264.51 33533.06 37138.27| 70906.0 674053 76177.5 278.0 206.4 196.5 154.0 140.9 153.8 153.8 2169.1 2281.7 2019.0
X1_right -0.35 -8.75| 35641.46 33872.28 39039.19 275.0 206.4 201.9 157.0 145.9 157.8 153.8 2169.1 2281.7 2019.0
X2_left -2.65 -11.05( 35961.32 34567.05 38337.3| 72137.2 68637.4 77883.5 274.0 209.3 198.9 150.0 145.9 160.7 149.9 2078.0 2184.0 1924.7
X2_right -2.65 -11.05( 36175.87 34070.39 39546.17 275.0 210.3 202.9 154.0 142.9 160.7 149.9 2078.0 2184.0 1924.7
X3_left -4.95 -13.35( 34057.89 35440.31 38797.02| 70958.1 73996.6 79303.0 276.5 208.4 200.9 157.0 149.8 158.7 155.3 2188.7 2098.8 1958.4
X3_right -4.95 -13.35( 36900.24 38556.33 40505.98 277.0 217.3 205.9 159.0 153.8 158.7 155.3 2188.7 2098.8 1958.4
X4_left -4.95 -11.05( 37292.93 34542.03 38692.67| 72606.6 691829 77289.9 225.0 216.3 200.9 160.0 141.4 157.8 153.7 2116.9 2221.7 1988.7
X4_right -4.95 -11.05( 35313.72 34640.85 38597.18 222.0 216.3 201.4 157.0 141.9 155.8 153.7 2116.9 2221.7 1988.7
Z1_left 1.95 -13.35( 35193.65 34750.68 36975.84 70289.9 66962.3 73319.7 213.0 207.4 196.0 155.0 146.8 152.8 161.0 2290.6 2404.4 2195.9
Z1_right 1.95 -13.35( 35096.21 32211.66 36343.84 213.0 205.4 193.5 156.0 128.5 157.8 161.0 2290.6 2404.4 2195.9
Z2_left -2.65 -17.95( 36758.51 36302.61 36718.91| 73287.7 69703.1 74468.5 217.0 212.3 194.5 161.0 157.8 159.7 158.4 2161.4 2272.5 2127.1
Z2_right -2.65 -17.95( 36529.2 33400.47 37749.6 225.0 211.3 197.9 160.0 138.9 156.8 158.4 2161.4 2272.5 2127.1
Z3_left 1.95 -8.75| 35598.15 34267.72 37047.71| 710939 68023.4 73771.5 215.0 206.4 195.0 158.0 148.8 158.7 155.0 2180.1 2278.5 2101.0
Z3_right 1.95 -8.75| 35495.8 33755.69 36723.83 219.0 208.4 194.5 154.0 143.9 159.7 155.0 2180.1 2278.5 2101.0
Z4_left -2.65 -13.35( 36651.24 35618.88 40020.66| 72164.7 69368.1 77706.3 221.0 210.3 204.4 157.0 151.8 160.7 152.1 2107.6 2192.5 1957.3
Z4_right -2.65 -13.35( 35513.51 33749.23 37685.61 219.0 209.3 197.9 159.0 144.9 158.7 152.1 2107.6 2192.5 1957.3




Nighthawk | Chip coodinates (mm)

Overlap area (nm?)

Total Area (nm?)

Bottom vertical width (nm)

Top horizontal width(nm)

Conductanance/area(puS/pum?)

Conductance
Image name 3 y Image) Threshold Segment Image) Threshold Segment Image) Threshold Segment Image) Threshold Segment (ns) Image) Threshold Segment

10_10 -16.00 -16.00 43714.6 44240.3 52507.7 87429.2 88480.6 105015.3 199.0 204.7 228.2 203.0 200.2 222.8 194.4 22236 2197.2 1851.3
10_26 -16.00 16.00 42459.5 40940.0 47666.1 84918.9 81880.0 95332.3 199.0 193.9 2183 207.0 200.2 204.7 199.2 23453 2432.3 2089.1
14_13 -8.00 -10.00 46391.4 45740.9 55976.7 92782.8 91481.7 111953.5 205.0 2115 2359 215.0 203.8 227.3 193.4 2083.9 21135 1727.1
15_15 -6.00 -6.00 46154.4 45646.5 53515.7 92308.9 91293.0 107031.4 203.0 204.7 230.5 217.0 207.5 222.8 190.4 2062.5 2085.5 1778.8
15_21 -6.00 6.00 48014.5 47677.8 55599.2 96028.9 95355.7 111198.5 208.0 206.6 2359 211.0 212.9 2219 199.1 2073.5 2088.2 1790.7
17_17 -2.00 2.00 45537.4 45720.1 55013.5 91074.8 91440.2 110026.9 208.0 205.7 233.8 218.0 2111 232.7 190.5 2091.6 2083.2 1731.3
18_17 0.00 2.00 46055.0 46363.9 57551.8 92109.9 92727.8 115103.6 209.0 207.5 239.9 217.0 206.6 229.1 191.5 2078.7 2064.9 1663.5
18_18 0.00 0.00 45465.4 44566.6 53762.2 90930.9 89133.2 107524.4 209.0 206.6 231.8 217.0 207.5 220.1 200.3 2202.2 2246.6 1862.4
20_16 4.00 -4.00 45902.9 45582.1 55100.5 91805.9 91164.1 110201.0 206.0 204.7 234.5 217.0 207.5 218.3 199.1 2169.1 2184.4 1807.1
20_20 4.00 4.00 45655.5 46315.9 53161.8 91310.9 92631.7 106323.6 206.0 202.9 230.5 217.0 212.9 216.5 199.5 2185.2 2154.0 1876.6
25_11 24.00 -14.00 44616.3 18285.7 51413.4 89232.6 36571.3 102826.8 206.0 202.0 225.5 216.0 204.7 226.4 185.5 2078.8 5072.3 1804.0
25_25 14.00 14.00 43895.7 42550.4 49158.2 87791.5 85100.8 98316.4 198.0 194.8 2219 216.0 205.7 206.6 183.3 2088.4 2154.4 1864.8
26_22 16.00 8.00 43771.2 5684.6 52578.5 87542.4 11369.2 105156.9 199.0 201.6 228.7 218.0 165.1 216.5 188.3 2150.4 16557.9 1790.2
27_1 18.00 -34.00 432819 24031.2 51701.4 86563.8 48062.3 103402.9 196.0 201.1 226.4 216.0 99.2 230.0 168.0 1940.4 3494.8 1624.4
27_7 18.00 -24.00 42093.1 18526.4 52678.5 84186.2 37052.8 105357.0 196.0 195.7 227.3 212.0 201.1 234.5 178.5 2119.9 4816.6 1694.0
235 -32.00 34.00 34470.3 36688.3 40836.2 68940.5 73376.5 81672.5 182.0 180.4 202.5 193.0 183.1 186.7 177.4 2573.1 2417.5 2172.0
30_30 24.00 24.00 40797.6 35746.1 47069.0 81595.2 71492.3 941379 197.0 183.1 216.9 214.0 185.8 198.4(-

30_6 24.00 -24.00 41888.5 13660.0 50095.4 83777.0 27320.0 100190.9 200.0 37.9 222.3 208.0 259.8 230.9|-

322 28.00 -32.00 40090.0 15210.7 57586.0 80179.9 30421.4 1151719 196.0 212.9 239.5 203.0 222.8 230.9 152.6 1903.0 5015.5 1324.8
34 34 32.00 32.00 35997.9 35081.0 43843.2 71995.8 70162.1 87686.4 183.0 180.4 209.7 201.0 184.9 193.9 179.0 2486.3 2551.2 2041.4
351 34.00 -34.00 40201.6 42983.2 50890.3 80403.1 85966.5 101780.6 197.0 199.3 224.6 201.0 199.3 223.7 150.6 1872.6 1751.4 1479.3
35_35 34.00 34.00 33613.8 38426.4 40387.1 67227.7 76852.9 80774.3 178.0 173.2 201.1 198.0 202.9 182.2 153.7 2286.0 1999.7 1902.6
531 -26.00 26.00 38631.9 37120.7 46809.4 77263.7 742414 93618.9 193.0 189.4 216.0 200.0 189.4 201.1 189.4 2451.6 2551.4 2023.3
55 -26.00 -26.00 40427.2 15593.6 46811.1 80854.4 31187.3 93622.1 199.0 205.7 215.1 199.0 183.1 214.7 179.7 22224 5761.6 1919.3
7.7 -24.00 -24.00 40152.2 44617.6 49761.9 80304.5 89235.3 99523.8 200.0 206.6 223.2 200.0 201.1 212.0 184.8 2301.6 2071.3 1857.1




3.3 Images

Below the SEM images where the overlap area is marked red. Four red lines are drawn
where the edges have been found for the thresholding method. The next page contains the
segmentation method.

(b) Blackbird 4.

(a) Blackbird 1.

Figure 15: All the junctions measured with the thresholding method stitched together for each data set.
Any remeasurement with the GUI is represented next to the original measurement in the stitched image.



(b) Blackbird 4.

(a) Blackbird 1.

(e)Blackbird 2.

Figure 16: All the junctions measured with the segmentation method stitched together for each data set.
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