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ABSTRACT: We present a high-throughput method for identifying and
characterizing individual nanowires and for automatically designing electrode
patterns with high alignment accuracy. Central to our method is an optimized
machine-readable, lithographically processable, and multi-scale fiducial marker
system—dubbed LithoTag—which provides nanostructure position determi-
nation at the nanometer scale. A grid of uniquely defined LithoTag markers
patterned across a substrate enables image alignment and mapping in 100% of a
set of >9000 scanning electron microscopy (SEM) images (>7 gigapixels).
Combining this automated SEM imaging with a computer vision algorithm yields
location and property data for individual nanowires. Starting with a random arrangement of individual InAs nanowires with
diameters of 30 + 5 nm on a single chip, we automatically design and fabricate >200 single-nanowire devices. For >75% of
devices, the positioning accuracy of the fabricated electrodes is within 2 pixels of the original microscopy image resolution.
The presented LithoTag method enables automation of nanodevice processing and is agnostic to microscopy modality and
nanostructure type. Such high-throughput experimental methodology coupled with data-extensive science can help overcome
the characterization bottleneck and improve the yield of nanodevice fabrication, driving the development and applications of
nanostructured materials.
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device architectures.'”'® They are also desirable due to their

high surface-to-volume ratio, high mobilities, and tunable

y virtue of their geometries and material properties,
devices based on isolated nanomaterial structures,

including single crystal domains, grain boundaries, "
heterojunctions,” stacked bilayers,* optically active defects, or
individual nanowires,’ have (opto)electronic characteristics
which enable applications not possible with conventional bulk
materials. When creating a device based on an individual
nanostructure, that structure’s exact position needs to be
known. Yet, nanostructures, particularly those grown by
bottom-up processes in their early stages of development and
those dispersed from solution, are typically irregularly
distributed and heterogeneous. Fabricating and measuring
nanoscale devices based on such randomly dispersed nanoma-
terials is labor-intensive, involving searching and alignment
before manual routing of the electrode layout or manually
performing pick-and-place to transfer these nanostructures
onto existing electrode conﬁgurations.7 Among nanomaterials,
semiconducting nanowires attract much interest because of
their high aspect ratios, conductivity along the length of the
nanowire, and potential for quantum confinement across the
nanowire diameter.” They are compatible with existing silicon
electronics,” can host heterostructures'® and bandgap-graded
compositions,” and allow for laterally'" or vertically integrated
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direct bandgaps.'* However, many of these proof-of-concept
devices are difficult to scale up because detailed microscopy
and sophisticated processing'® are needed to tackle inhomoge-
neous nanowire distributions and small feature sizes.
Improving the throughput of these microscopy and processing
techniques is crucial for nanowire device scalability.
Microscopy techniques, such as optical microscopy (OM),
atomic force microscopy (AFM), scanning electron micros-
copy (SEM), and transmission electron microscopy (TEM),
are also limited by the instrument tuning and the skill of the
operator. Scalable, automated methods are required to improve
the efliciency of microscopy techniques, speed up device
fabrication processes, and increase throughput. There has been
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Figure 1. (a) LithoTag fiducial marker design with central spine and radial dots encoding x- and y-positional coordinates, and encoding
checksums for error detection. (b) Example LithoTag fiducial marker pattern. (c) Demonstration of LithoTag detection over a large area.
(d) Example of LithoTag fiducial marker as-fabricated with evaporated Ti/Au on a Si/SiO, substrate. (e¢) Demonstration of LithoTag
detection within an arbitrary image from a large map. (f) Demonstration of map image stitching, with red annotations corresponding to
LithoTags and yellow to automatically identified nanowires.

progress with identification of nanowires using automated
OM'®" and AFM,'® spatially resolved pick-and-place
techniques,'””” and semi-automated contacting of multiple
nanowires using pre-patterned electrodes.”’ The general drive
toward automation in microscopy”” across a range of fields and
imaging modalities draws on advances in image analysis,”* >
including material structure recognition®* >’ and automated
microscope hardware control.’® Here we address the challenge
of nanomaterial device prototyping and characterization using
high-throughput automated microscopy for precise position
determination of automatically identified nanomaterial struc-
tures.

One pathway to automate these processes is through the use
of fiducial markers, which are artificial patterns, symbols, or
images placed in an environment. When a fiducial marker is
recognized by the system, it can be used to determine its
location, its orientation, or encoded information. They are
widely used in augmented reality applications and are used for
a variety of computer vision tasks, including object tracking,
image calibration, and positioning. In microscopy, they are
most commonly used for mechanical drift correction’’ and
microscope stage movement tracking.’> This has allowed
multi-technique correlation and location of features with
micron-scale accuracy using a machine vision camera.”
Nanofabrication processes such as lithography and microscopy
use markers such as arrays of squares or crosses to aid locating
the features on wafers. Fiducial markers in lithography are used
to align successive layers of lithographically defined nanostruc-
tures, such as electrodes'® or antennae.>**° A specific feature
can then be reproducibly found with respect to the marker

arrays and used to guide subsequent characterization or
fabrication steps on the same feature. However, challenges
arise when the markers’ dimensions are not compatible with
the resolution requirements of the characterization technique
and feature size of the nanostructure, or when they do not
encode sufficient position information. For example, regular
arrays of squares, crosses, or circles are all the same and do not
contain any coordinate information, making it difficult to
locate nano-features on large wafers.

In this paper we demonstrate a fiducial marker system,
LithoTag, which is optimized for lithographic processing and
allows position mapping of features at the nanoscale from
images at any arbitrary position on a wafer. We apply it to
locate and design nanowire devices entirely automatically, with
a typical alignment accuracy within 2 pixels, defined by the
resolution of the original microscopy image used for
automated imaging. The process enables high-throughput
nanofabrication and statistically significant material character-
ization.

The performance of fiducial marker systems can be
evaluated using various metrics, including (1) false-positive
rate, where a marker is detected where none is present, (2)
inter-marker confusion rate, where one marker is mistaken for
another, (3) false-negative rate, where a marker is present but
is not detected, (4) minimal marker size, which is the pixel size
required for accurate detection, and (5) image contrast.*
Some fiducial marker patterns are specifically designed to
increase accuracy,”’ while others are developed to minimize
false-positive rate.””*® Requirements for a fiducial marker
system can also include robustness, high information density,
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high recognition reliability, and immunity to imaging
conditions.

Additionally, there are requirements specific to the nano-
fabrication processes, such as lithography, development, and
lift-off metallization, that need to be considered for nano-
fabrication applications. The alignment markers themselves
need to be unique and similar in size to the nanomaterial
features, and they need to retain high resolution throughout
the processing steps to achieve high recognition reliability.
They should also include features that are easily distinguishable
to use as reference points to minimize uncertainties in the
alignment. From a computer vision viewpoint, their shape
should also be easily distinguishable from the surroundings,
provide good material contrast, and have sufficient information
density.

Two challenges associated with the patterning of fiducial
markers in nanofabrication are the following: (i) Due to the
proximity effect, the exposed area becomes larger than
expected, and the features of the pattern can become lost,
altering the pattern design and causing uncertainty in
alignment marker position.‘9’4o (i) Reading of the marker
becomes challenging due to resolution and contrast limitations
that depend on feature sizes, materials, and microscopy
techniques. Another resolution-limiting process is lift-off,
which is used to transfer the pattern by evaporating metal
onto a patterned resist and then dissolving the resist to leave
only the deposited metal that was in contact with the substrate.
For clean lift-off, an undercut profile should be created with
the choice of an appropriate resist to avoid deposition on the
sidewalls,""** and the pattern should avoid enclosed spaces
(see Supporting Information, including Figures S1—S3). This
is a common problem when ridges on the sidewalls are created
during the electron beam lithography (EBL) process due to
stochastic fluctuations and noise effects.

Therefore, to minimize overexposure and to ensure the
pattern retains its shape during lift-off, the main geometrical
requirements of the pattern design are the avoidance of
enclosed empty spaces within the pattern and that all features
are larger than the minimum achievable resolution of both the
lithography and microscopy systems in use. For example,
square shapes are not appropriate due to resolution limits,
which makes them difficult to write and detect at the
nanoscale. All of these phenomena become more pronounced
with reduced dimensions of the features.”

We trialed a number of existing fiducial marker designs for
compatibility with nanofabrication processes, as discussed in
the Supporting Information. For each of these designs, the
lithographically patterned versions failed to maintain fidelity
with the original design, due to combinations of the effects
described above. These difficulties demonstrated the need for a
suitable lithographically processable marker design.

RESULTS AND DISCUSSION

Our fiducial marker system, LithoTag (Figure 1a), is optimized
for nanofabrication processing, including lift-off, and has high
information density to allow precise location mapping from
arbitrary microscope images of a patterned substrate. The basic
design of the LithoTag marker consists of a cross-type spine,
surrounded by circular features arranged in a hexagonal pattern
around the spine which correspond to a binary representation
of the x-coordinates (upper-left) and y-coordinates (upper-
right). The hexagonal packing ensures a minimum amount of
empty space and the highest information density. The spine

consists of four arms with aspect ratios and circularities
designed to aid recognition. The longest arm of the spine faces
upward, which provides information about the orientation of
the tag. The design also includes checksums associated with
each coordinate for error checking (lower patterns).
Checksums are a common method for checking for
information errors in a system. In the case of LithoTag,
checksums are used for both x- and y-coordinates to check
whether the tag has been read correctly, with no errors. The
checksum can be calculated using a cyclic redundancy check
from the coordinates.”** By incorporating one within the tag,
it is possible to check for writing or reading errors. This can
give information about compatibility with nanofabrication and
microscopy processes.

In the context of common lithographic processing
techniques, the design of LithoTag describes a locally
patterned contrast material (CM, e.g, a physical vapor-
deposited metal) upon a uniform global background such as
a wafer substrate, where CM is selected to maximize contrast
in a given imaging technique (Figure 1b), including OM, SEM
or AFM. We fabricated a 205X20S5 grid of 860-nm-width
LithoTags with 10 pm separation and performed automated
SEM imaging of the entire grid. InAs nanowires with an
average diameter of 30 + S nm were grown in vertical forests
on a bulk InAs wafer substrate and subsequently sonicated in
isopropanol (IPA) and dispersed onto the LithoTag-marked
substrate (see Methods). This leaves a randomly distributed
array of individual nanowires. We first focus on LithoTag
detection, where each image was analyzed to read LithoTag
coordinates. Our computer vision algorithm uses a convolution
method to detect LithoTags, which allows for tag recognition
even in low-resolution images. The detection uses a template
of the LithoTag (Supporting Information Figure S4), which
includes the spine and predicted circle locations and is rotated
and scaled to the same approximate orientation and scale of
the LithoTag in the image. The cross correlation between the
two images is then calculated, where the selected peaks in the
result allow the tag’s location within the image to be calculated.
The design of the LithoTag was chosen for scale invariance.
This approach could be made even more robust to variations
in substrate orientation and image magnification by
implementing a search algorithm to find the configuration of
rotation and scale that maximizes the convolutional peaks.
Once the position of the tag is known, the expected location of
the circles can be inferred. A weighted average of pixel values
in the vicinity of each expected circle location is then
calculated to read the position and checksum information
encoded in the tag. The final step is to perform a checksum
calculation to validate the information decoded from the tag. A
selection of LithoTags from within an example substrate area
shows the LithoTags recognized and correctly identified by the
algorithm, shown in Figure 1c. The LithoTags in 100 randomly
selected images were hand-labeled for comparison with the
computer-labeled LithoTags. Of the 456 LithoTags in these
images, only 2 were not identified by our algorithm. Out of the
454 recognized LithoTags, the coordinates of 6 were
incorrectly parsed, giving 98.7% detection reliability. The
incorrectly parsed LithoTags fail the checksum check. Tag
detection also works reliably on blurred images, which is
demonstrated in Supporting Information Figure SS. This
allows for accurate detection even if the SEM images are out of
focus due to non-uniform thickness of the substrate. Figure 1d
shows an example LithoTag with a total width of 860 nm using
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Figure 2. (a) Schematic diagram of the automated nanofabrication process: patterning LithoTags on a silicon chip, nanowire deposition,
automated SEM imaging, CAD design, contact deposition, and measuring the fabricated device. (b) Annotated image of LithoTags (within
red boxes) and successfully identified isolated InAs nanowires (within yellow boxes) on Si/SiO, substrate. (c) Detected spatial distribution
and orientation of isolated InAs nanowires in a 1 X 1 mm? region of the map. Note that the graphical representations of nanowires in this
image are enlarged for clarity and the apparent lengths are equal and uncorrelated with the measured lengths. (d) Demonstration of
detection of isolated nanowires of different lengths and orientations. (e) Orientation distribution of detected isolated nanowires.

evaporated Ti/Au on an oxidized Si wafer, patterned by EBL.
The fabricated LithoTag exhibits minimal deviation from the
design. The closer the features are, the greater the potential for
proximity effects, and these effects are exacerbated for large
contiguous features. This is another advantage of implement-
ing the LithoTags™ dot-based design instead of squares. There
is slight bridging between the features seen in some cases,
likely due to resist residues after lift-off, but it has been shown
that this does not reduce the detection efliciency.

The entire patterned grid was automatically scanned in 9466
SEM images, where the field-of-view for each SEM image
captured typically between 4 and 6 LithoTags, to allow
accurate position detection and alignment from any image
(e.g, Figure le). Despite the fact that only 3 LithoTags are
required for accurate alignment, additional tags are often
present in the image due to the marker grid layout and the
aspect ratio of the image. Image stitching of the SEM map is
shown in Figure 1f, where all recognized LithoTags are
highlighted along with detected nanowires, as described below.
The blank areas between the images correspond to regions that
were not scanned due to inaccuracies in the stage position of
the SEM. The accuracy of the stitching, even with missing
areas, indicates the robustness of the technique and that it can
mitigate inaccuracies in the mechanical motion of the stage.
LithoTag detection could also be incorporated into micro-
scopes with motorized stages to provide real-time positional
feedback and distortion correction. These results demonstrate
that almost all LithoTags that were imaged were successfully
recognized and that the computer vision algorithm correctly
identified their coordinates.

To demonstrate the suitability of the LithoTag system, we
use it to create hundreds of single InAs nanowire field-effect

transistors (FETs). InAs nanowires are also a useful test case
because the quasi-one-dimensional nanowire structure presents
additional challenges for device fabrication, particularly for
lateral side contacts, as required for Hall bar devices and local
gate electrodes. InAs nanowires exhibit high room-temperature
mobility*® and high electron injection velocity, which
determine the “on” current in nanoscale FETs, making them
suitable for transistor applications, including tunnel field-effect
transistors (TFETs).” InAs nanowires exhibit strong surface
effects due to charge accumulation at the surface,*® resulting in
easy Ohmic contact formation® and causing an unconven-
tional decrease in conductivity upon white-light illumination,
i.e., negative photoconductivity.”" > They also have a narrow
bandgap,”**” which allows for photoresponse tunability and
application to a wide range of optoelectronic devices.”** Their
large spin—orbit coupling makes them suitable systems for
topological superconductivity.”®>” In particular, InAs nano-
wires have been used from ultraviolet to infrared as
photodetectors,”®* in heterojunction photovoltaics,®"** and
recently as optoelectronic neuromorphic devices responding to
synaptic memory processes.’”

Figure 2a outlines our automated method of nanowire
device fabrication. After patterning the substrate with
LithoTags, depositing nanowires, and automated SEM
imaging, we use a computer vision system to analyze SEM
images and identify the nanowires we want to use for device
fabrication. Our algorithm binarizes the image and then
searches for features of interest based on area, circumference,
length, width, aspect ratio, orientation, solidity, etc. In this
case, these parameters are optimized to search for single
nanowires by, for example, searching for features with a high
aspect ratio. An example of nanowire detection from an
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Figure 3. SEM image showing automatically fabricated (a) source and drain contacts with (b) higher magnification examples showing
accurate alignment to the nanowire, (c) four-point contact with (d) higher magnification examples, and (e) double-quantum-dot gate with
(f) higher magnification examples of nanowire devices on separate areas of a chip, each on a 2 X 2 mm? area.

arbitrary image from the SEM map is shown in Figure 2b. It
can be seen that only isolated nanowires have been detected
and the crossed nanowire pair in the top left is not selected.
Figure 2c shows an example 1 X 1 mm? area on a substrate
with the position and orientation of all the isolated nanowires
that were found by the algorithm. From this database of
nanowires and their exact positions on the chip, we can
systematically select nanowires with specific structural proper-
ties to study. For example, a set of isolated nanowires of
specified lengths and orientations are identified from the
substrate and shown in Figure 2d. Furthermore, the
distribution of isolated nanowire orientations and lengths are
shown in Figure 2e. Such structural and positional information
is crucial for correlating with optical effects, such as nanowire
lasing'® and polarization-dependent photoluminescence,”* and
electronic effects, such as anisotropic spin—orbit interactions.*®
A selection of 471 nanowires detected by the algorithm were
inspected by hand, and of these all were found to correspond
to actual nanowires. Of the nanowires detected, 11
corresponded to pairs of nanowires, and 6 nanowires
overlapped with other features. This still gives a large number
of nanowires suitable for device fabrication that have been
identified in a fraction of the time compared to manual
searching.

Four additional regions (each 2 X 2 mm®) of nanowire
location data were generated using automated high-throughput
SEM mapping and LithoTag position detection. Each SEM
image was 1024 pixels X 768 pixels, and the image area was
49 pum X 37 pm. To maximize the throughput of SEM imaging,
a low image resolution was chosen. The 48 nm pixel size is
larger than the nanowire diameter, representing an under-
sampled image. The results show that, despite this under-
sampling, the system enables high detection accuracy of both
nanowires and LithoTags, reliable alignment of electrodes, and
high device yield. After SEM imaging, we employed a custom
pattern generation and alignment algorithm to automatically
generate a CAD file of electrode patterns (Supporting
Information Figure S6). This CAD file was then written on

the nanowire chip by EBL, followed by development,
ammonium sulfide etch, Ni deposition, and lift-off. We
generated patterns for 267 nanowire devices on a chip,
including 40 two-terminal devices (Figure 3ab), 69 four-
contact devices (Figure 3c,d), and 158 two-terminal devices
with side gate structures (Figure 3ef). The side gate structures
are analogous to double-quantum-dot geometries used in
various quantum devices,”*”®’ where the alignment accuracy
determines the symmetry and efficiency of the capacitive
coupling between the local gate and the nanowire. The as-
designed separation between the side gate and the center of the
nanowire is as low as 75 nm. The devices are designed with
channel lengths Ly from 0.5 to 2.5 pm, systematically
generated by our code. Any desired pattern can be automati-
cally generated and aligned, with tunable device dimensions.
Channel length was chosen to match the length distribution of
the nanowires, as shown in Figure 2e, and the bond pad
dimensions of 40 X 40 um?® were the optimal size for
characterization in the probe station while also maintaining
relatively compact device dimensions. To prevent contacts
from overlapping, we can choose nanowires with specific
orientations or include a minimum separation between the
selected nanowires. After fabrication, high-resolution SEM
images were taken of each nanowire to determine the accuracy
of electrode alignment. Figure 3 panels a, ¢ and e show arrays
of devices fabricated over a large area of the substrate, and
panels b, d, and f illustrate the corresponding higher
magnification images exemplifying the accurate alignment to
the isolated nanowires. Using the high-magnification images,
we measured the relative alignment of the contacts with
respect to the central axis of the nanowire. The electrode axis-
to-nanowire axis alignment accuracy was within 2 pixels of the
original microscope image in more than 76% of cases (Figure
4e). Potential sources of misalignment are the resolution of the
original image data, where 1 pixel corresponds to 48 nm, the
simplification and assumption of nanowires being straight in
our pattern generation code, and the alignment accuracy of
EBL, which is stated as +8 nm for our system. In addition to
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Figure 4. Transfer characteristics of automatically fabricated nanowire devices with (a) 0.5 gm channel length, (b) 1.0 gm channel length,
(c) 2.0 pm channel length, and (d) 2.5 gm channel length at source—drain voltage Vg = 10 mV. (e) Histogram of nanowire device
misalignment measured from the center of the nanowire to the center of the electrode pattern. Statistical data of (f) on/off ratio, (g) peak
current, and (h) threshold voltage measured in automatically fabricated nanowire devices.

this, development, metallization, and lift-off could result in
broadening of the features. A subsequent set of devices were
processed by the same procedure but using SEM images with
twice the resolution (24 nm pixel size) for mapping. In this set,
71% of devices featured an electrode alignment accuracy within
2 pixels of the resolution of the original SEM images
(Supporting Information Figure S7). The result indicates
that the resolution of the original SEM image used for mapping
is the main factor limiting electrode alignment accuracy at
present. This limitation can be easily overcome by acquiring
the original map at higher resolution. There is usually a
compromise between mapping speed and resolution, but the
advent of high-throughput microscopy techniques such as
multi-beam SEM’° should circumvent this compromise.
Electrical characterization was performed on 267 automati-
cally fabricated nanowire devices, with 202 nanowire devices
demonstrating transistor switching behavior. Some devices
showed damaged contacts due to processing issues during
development, deposition, lift-off, or contamination. Regardless,
202 working nanowire devices still provide sufficient statistics
for demonstration of automated alignment and fabrication. We
measured the back-gate voltage (V) transfer characteristics of
nanowire devices with different channel lengths as shown in
Figure 4a—d to compare the on/off ratio (Ion/Iopg), the peak
current (I,°N), and the threshold voltage (Viy;) (Figure 4f, g,
h, respectively). It can be seen that Ioy/Iops increases with
increasing channel length from an average ~10* to ~10°% and
the average I,°N decreases from ~750 to ~250 nA with
increasing channel length. One potential source of discrep-
ancies could be variations in the diameter (30 + 5 nm), as it
has been shown that mobility and threshold voltage are
strongly diameter-dependent for InAs nanowires,” in particular
for those with diameters under 40 nm.”' The gate hysteresis
remains approximately constant within error margins, and the
average mobility is ~1000 cm?®/(V-s) for all channel lengths
(Supporting Information Figure S8). All devices exhibit some
hysteresis between forward and backward gate sweeps
(Supporting Information Figure S9), indicating the presence
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of trap states, and all require positive gate voltage bias to “turn
on” the conduction, indicating n-type behavior. We further
investigate nanowire device functionality under time-depend-
ent white-light illumination and find that the nanowires exhibit
negative photoconductivity (Supporting Information Figure
S10). These results demonstrate a systematic study of
nanowire channel characteristics with statistically meaningful
device numbers and show that the automated fabrication
method is accurate and reliable enough for high-throughput
nanowire device manufacturing.

CONCLUSIONS

We demonstrate high-throughput automated InAs nanowire
characterization and device fabrication achieved using a
custom-made, lithography-optimized LithoTag fiducial marker
system. We developed a computer vision algorithm to read
LithoTags and detect isolated nanowires of specific length and
orientation from microscopic images and automatically design
aligned electrode patterns on selected nanowires to use for
contact deposition. We fabricated over 200 nanowire devices
on a single substrate and measured their electrical character-
istics to demonstrate their functionality. Our results show that
automatically aligned electrodes based on 30-nm-diameter
nanowires were aligned to within 2 pixels, which can be further
improved by using higher resolution SEM mapping. We
extracted statistical data of the electronic and optoelectronic
device characteristics from arrays of individual nanowire
devices with systematically controlled device geometries. Our
method enables high-throughput fabrication of nanomaterial
devices, allows correlation between characterization techni-
ques, and generates large nanomaterial property datasets,
thereby saving hundreds of hours of researcher time spent on
manual, repetitive tasks. The process is broadly applicable to
other nanomaterial systems, as well as other imaging and
nanofabrication techniques.
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METHODS

LithoTag. An implementation of the LithoTag design has been
programmed in MATLAB. The code uses the MATLAB DXFLib to
convert fiducial markers to DXF files for EBL patterning.”>

Fiducial Marker Fabrication. The markers were fabricated on
oxidized Si (90 nm SiO,) chips spin-coated with PMMA 495 A8 at
4000 rpm for 45 s and baked for 3 min at 120 °C. The patterns were
exposed using a Raith EBPG 5200 EBL system and developed in a
15:5:1 IPA:MIBK:MEK solution for 20 s. The markers were
deposited by electron beam evaporation with Ti/Au (5/35 nm) at
0.1 A/s, prior to lift-off in acetone.

Nanowire Growth. Wurtzite InAs nanowires with an average
diameter of 30 + S nm, as measured by SEM for nanowires on the
growth substrate, were grown by metal—organic chemical vapor
deposition using Au nanoparticles as catalyst under the conditions
described in ref 73.

Nanowire Deposition. LithoTag-patterned substrates were first
treated with O, plasma to increase surface wettability. The as-grown
nanowires on substrates were sonicated in IPA, then drop-cast onto
the patterned chips and allowed to dry at room temperature, before
being rinsed in IPA to remove residues.

Device Fabrication. All devices were fabricated on 90 nm SiO,
on Si by spin-coating PMMA 495 A8 at 4000 rpm and exposing in a
Raith EBPG 5200 EBL system. Nanowires were contacted with 60 nm
of sputtered Ni, following an ammonium sulfide etch to improve the
stability of the contacts.” The etch was performed by leaving the
developed sample in a 2% ammonium sulfide solution heated to
4S5 °C for 30 s, followed by rinsing with deionized water and air
drying. After metallization, lift-off was performed in acetone, and the
substrates were cleaned in IPA.

Automated SEM Imaging. Large-scale imaging of InAs nano-
wires on LithoTag patterned substrates was performed using a Zeiss
Gemini 300 SEM with a Python interface for controlled stage
movement.

Electrical Characterization. Electrical characterization of nano-
wire devices was performed using a probe station connected to a
Keithley 4200-SCS semiconductor characterization system. The
photoconductivity measurements were measured using a white-light
illumination source. All measurements were carried out at room
temperature under ambient conditions.
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