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ABSTRACT

The exotic properties of two-dimensional materials and heterostructures, built by forming heterogeneous multi-layered stacks, have been
widely explored across several subject matters following the goal to invent, design, and improve applications enabled by these materials.
Successfully harvesting these unique properties effectively and increasing the yield of manufacturing two-dimensional material-based devices
for achieving reliable and repeatable results is the current challenge. The scientific community has introduced various experimental transfer
systems explained in detail for exfoliation of these materials; however, the field lacks statistical analysis and the capability of producing a
transfer technique enabling (i) high transfer precision and yield, (ii) cross-contamination free transfer, (iii) multi-substrate transfer, and (iv)
rapid prototyping without wet chemistry. Here, we introduce a novel two-dimensional material deterministic transfer system and experimen-
tally show its high accuracy, reliability, repeatability, and non-contaminating transfer features by demonstrating fabrication of two-
dimensional material-based optoelectronic devices featuring novel device physics and unique functionality. The system paves the way toward
accelerated two-dimensional material-based device manufacturing and characterization. Such rapid and material analyzing prototype capa-
bility can accelerate not only layered materials science in discovery but also engineering innovations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0071799

INTRODUCTION

Designing novel materials to improve the quality of life is appeal-
ing, but it is also challenging in practice. The problem of integrating
the best desirable qualities from various components into a single ulti-
mate substance remains complex and unsolved. Composite materials
and ITII—V heterostructures have revolutionized many aspects of mod-
ern technologies laying the initial milestone in the process of engineer-

two-dimensional materials. This influenced the scientific community
to investigate the fundamental graphene properties and applications in
various domains.”” The invention of the micromechanical exfoliation
method was the key to the success of graphene science, providing
extremely high-quality samples and arousing curiosity for studying
other 2D materials like transition metal dichalcogenides (TMDCs),
MXenes, and 2D layered material-based insulators.”” The exfoliation

ing the material properties. However, it is still challenging and
complex to mix and match crystalline materials with their unique
properties of forming heterostructures with controlled tunning of
attributes, functionalities, and properties. Developing novel techniques
for using such materials like two (2D) dimensional materials is crucial
for further material characterization enabling novel technological
advancements.

The mechanical exfoliation of atomically thin 2D graphene layers
from its bulk crystals in 2004 introduced a unique research study of

process produces crystal flakes of various sizes and thicknesses that are
non-uniformly (i.e., spatially and material quality) and densely distrib-
uted over the target substrate leading to a low yield of useful atomically
thin flakes. The hence required implementation of the optical identifi-
cation method facilitates identifying useful atomically thin flakes on
the substrate based on the contrast difference in the image for different
thicknesses allowing accurate and non-contact techniques of locating
the flakes.'” This method, however, is not suitable for fabricating
complex systems such as heterogeneous integration of 2D materials on
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other pre-fabricated devices and structures” or building van der Waals
(vdW) heterostructures by artificially stacking different 2D material
flakes.'' '* Therefore, it is important to develop new experimental set-
ups and techniques for using 2D materials to fabricate more complex
systems with enhanced reliability and functionality. Recently unique
and modified techniques are developed such as the pick-and-place
approach,'” the wedging method,'® the polyvinyl alcohol (PVA)
method,'” patterned stamping method,'” viscoelastic stamping,"” pat-
terned monolayer transfer,”’ metal-assisted transfer,”’ and Evalcite
method™ for deterministic transfer of 2D materials. Each of these
helps transfer 2D materials efficiently but is limited by their shortcom-
ings and scope of implementation, such as obtaining a high yield of
quality flakes, avoiding contamination of entire substrate from unde-
sired flake transfer, demonstrating repeatability in device performance,
and avoiding undesired residues on flakes."’

The intrinsic properties of 2D materials are extremely sensitive to
the chosen transfer and/or handling method deployed, which can
involve temperature-assisted transfer, sacrificial polymer layers, litho-
assisted patterned stamps, and/or wet chemical processes for substrate
etching in the transfer process. The target substrate surface structures,
for example, can be reactive to the chemicals used, and the capillary
forces involved in the process may crack very thin layers or produce
capillary action-assisted undesired strain due to bubbles or wrinkling
formed under surface in suspended materials. 2D materials are also sen-
sitive to temperature changes leading to surface oxidation of materials in
a few cases. Thus, the dry transfer methods, such as discussed in Refs. 18,
19, and 23, help in overcoming wet-chemistry related challenges. Despite
these modifications in improving the transfer method and system, the
critical issue of spatial cross-contamination of the unwanted 2D material
crystal flakes on the transfer substrate and yield of good quality flakes are
yet to be addressed. An attempt of solving these issues was discussed in
Ref. 11 focusing on overcoming the cross-contamination challenge in a
2D material transfer system (2DMTS) by a comparison-based study.
However, with increased research in the field of 2D materials, a reliable,
robust, and highly repeatable method and transfer system is important
for accelerating the 2D manufacturing process at free space, integrated
electronic,”** and/or photonic chip-level, straintronics”® and large area
optics applications.

Here, we introduce a 2D material transfer system (herein termed
2DMTS) capable of (i) eliminating contamination on 2D material-
based flakes, devices, and target substrate, (ii) increasing the yield and
quality of transferred material flakes, (iii) enabling rapid and accurate
transfer, and (iv) achieving without involving wet chemical etching or
thermal assisted process step for transfers. 2DMTS is a one-of-a-kind
transfer method'' using a viscoelastic polymer and metal micro-
transfer stamper enabling selectivity during transfer. We demonstrate
a reliable, robust, and highly accurate method to transfer 2D materials
onto arbitrary substrates with virtually no cross-contamination show-
ing a high spatial accuracy of 0.7 um which is the highest reported to
date without cross-contamination. After introducing 2DMTS and
experimentally validating its capability and performance limitations,
we put its rapid prototyping capability to use demonstrating novel
device and fabrication capacities to include building and demonstrat-
ing optoelectronic devices featuring device novelty covering the fields
of photonics, arrayed structural deposition of materials, heterostruc-
ture lattices, and electronic devices, including strainoptronics-based
photodetector devices.

scitation.org/journal/are

RESULTS AND DISCUSSION

The 2D transfer system platform (2DMTS) introduced and dis-
cussed here includes a metallurgical microscope, three linear axis
stages for movement of polydimethylsiloxane (PDMS) holder, a
micro-transfer-stamper, and a target chip for precise alignment
[Fig. 1(a)]. A small screw lock-based clamp needle holder is mounted
on an angled arm XYZ axis stage to avoid blocking the field of view of
a long working distance microscope mounted on top as seen in
Fig. 1(a). The micro-stamper can be lowered along Z-axis carefully to
touch the substrate and transfer the selected flake after alignment as
seen in Fig. 1(b). The microscope is mounted with a standard eight-bit
CMOS camera. It is used for the alignment of the system and measures
the size and area of the flake before the transfer, calibrated for the spe-
cific objective lens. This allows for higher 2D material flake selectivity
in terms of size and shape as per the requirement of the application. A
camera software crosshair is used to align the position of flake, micro-
stamper, and target using the respective stages. The soft PDMS helps
in transferring the material over different structures as it wraps around
the profile providing better contact of material with the target without
damaging it. The thin (17 mil) PDMS sheets (Gel Pak) are cut down to
small strips (1.5 x 3 cm?) and are mounted on a microscope glass slide
based PDMS holder (herein termed as PDMS cartridge). This car-
tridge is held by clamp mount metal clips keeping the PDMS sus-
pended in the air, mounted on an XYZ axis stage as seen in schematic
Fig. 1(c). The clamp mount clips help to load and unload the PDMS
cartridge with ease (quick release) and prevent disturbing the align-
ment of other parts when changing the 2D material source banks. This
allows multiple PDMS strips with different 2D material source banks
to be realized for building heterostructures without the need of loading
and unloading new PDMS films with different materials. The density
of the flakes on Nitto tape is higher after exfoliation from a piece of
crystal, forming clusters of un-isolated flakes. While transferring these
flakes on a PDMS film, contacting the entire area of PDMS to the tape
transfers clusters of 2D material flakes on the PDMS. The lower num-
ber of isolated flakes on PDMS leads to lower individual flake transfers
from the 2D source bank cartridge. Therefore, it is important to trans-
fer more isolated flakes on PDMS which are loosely adhered to the
tape for ease of transfer and increasing the yield. A detailed description
of the modified exfoliation of 2D material on PDMS film strips is dis-
cussed in the “Method” section below. The 2DMTS exfoliation graphi-
cal flow chart can be seen in Fig. 1(d) which shows that the high
density of flakes and overlapping clusters formed on the exfoliation
tape can be avoided or reduced significantly by using this modified
method. The chip or target substrate is cleaned by rinsing with acetone
and isopropyl alcohol (IPA) followed by nitrogen drying and is placed
on an XY-0 stage where the rotation helps to load and unload the sub-
strate for transfer of 2D materials.

The flake transfer yield is about 95.0% (Fig. 2), higher than any
other state-of-the-art transfer system so far reported, as the entire sur-
face area of the flake contacts with the target forming better adhesion
to the target area. The failure in transferring the flake can be caused
mainly because of the rough surface of the flake due to improper exfo-
liation, thus reducing the vdW adhesion strength with the target. A
flake larger than the micro-stamper tip size reduces the transfer proba-
bility and is prone to break the flakes causing defects. However, our
different size micro-stamper range ensures that the flake-stamper size
matches. The contact area also defines the area of isolation (discussed
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FIG. 1. Robust, precise, and reliable 2DMTS. (a) The simplified 2D transfer system platform schematic includes the microscope, linear stages for alignment movement of
PDMS holder, micro-stamper, and target substrate, PDMS holder mount clips and, a close view of the micro-stamper mounted on the setup. (b) Schematic of the PDMS,
micro-stamper, and target chip position under alignment highlighting the close view of stretched PDMS when the micro-stamper is approaching the targeted structure on the
chip. Inset: showing the 2D material flake precisely positioned under the tip while the other flakes on the PDMS remain on the non-contact regions of the PDMS on the holder.
The magnified view shows the small area of PDMS (largest reported here, ~400 x 200 um?) under the stamper with the flake underneath touching the target. (c) Side angled
image of the PDMS holder mounted on the stage with a PDMS strip mounted on it. The PDMS film is positioned over the target substrate and the micro-stamper is then
adjusted on top of the selected flake as seen in the image. (d) The modified transfer process of 2D materials on PDMS using the adhesive tape exfoliation method helps to
reduce the density of overlapping flakes and provides isolated flakes on PDMS for precisely locating flakes under the microscope. This allows selective transfer of the desired

flake without cross-contamination on the chip.

in Fig. 3) required for each flake on PDMS to avoid multiple flakes
being transferred, here solved by using a modified exfoliation process
as seen in Fig. 1(d) to reduce the density of flakes on the PDMS film
and discussed further.

The 2DMTS setup transfer accuracy and precision are deter-
mined by experimental statistical analysis of the system. This analysis
is based on independent experimental transfers of 80 flakes from dif-
ferent 2D materials (graphene, MoS,, hBN, and WSe,) for each
stamper size by two different users. Thus, the dependency of a user
experience, as observed in other transfer methods, is reduced by ana-
lyzing data generated by these two users who helped in the indepen-
dent transfer of materials for producing data. The flakes were
transferred on a patterned grid of gold boxes for determining the posi-
tion of the transferred flake in isolation. The distances of flakes trans-
ferred were measured from the center of the crosshair to the center of
the flake using the calibrated camera software. The long working dis-
tance objective lenses can be switched to different magnifications for;
10x coarse (target search), 20x fine (flake search), and 40x finest
(flake transfer) alignment based on the target size. The exfoliated
flake sizes range between 1 and ~150 um using Nitto tape. We have
built different elliptical tip-sized micro-stampers herein termed as
stamper#1 (425 x 200 um?), stamper#2 (300 x 145 um?), and
stamper#3 (185 x 130 um?) for transferring exfoliated flakes.

The flake position distribution after transfer for the three stamper
sizes can be seen in Figs. 2(a)-2(c) where the inset shows the respective

micro-stamper schematic for the elliptical stamping shape. A system-
atic offset error is observed in all three distributions leading to poor
accuracy and precision. This offset is produced due to additional optics
added between the microscope objective and camera for better imag-
ing and illumination, in addition to the refraction of the image due to
the presence of PDMS in between the sample and microscope objec-
tive. The size of the micro-stamper also contributes to the offset due to
variation in stretching of PDMS while transfer. The histogram for the
independent transfer attempts for each micro-stamper size shows
the small systematic offset, indicated by the peak position involved in
the transfer location for varying micro-stamper sizes [Fig. 2(d)]. Based
on the iterative transfer test, the systematic offset error for each micro-
stamper was calculated to be approximately ~12.6, ~8.4, and
~5.8 um for stamper #1, #2, and #3, respectively. Since the offset val-
ues for the given stamper size do not change, a constant shift is intro-
duced to the software crosshair for making transfers. Therefore, the
target location is perfectly aligned to the new offset introduced cross-
hair improving the accuracy and precision of the tool. The associated
standard deviation distribution shows the dispersion of the transfer
locations for each stamper normalized to the systematic offset error
for each stamper [Fig. 2(e)]. The distribution clearly shows about
11.6%, 10.2%, and 7% transfer position variation from the offset cross-
hair for the respective stampers within *1¢ of standard deviation.
The accuracy of the tool is defined by the mean value for the position
distribution from the offset crosshair/target center. The spatial
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FIG. 2. 2D printer setup performance analysis for accuracy, precision, and reliability test. (a)—(c) Distribution of position of flakes transferred on the SiO, substrate measured
from the center of the target. The offset produced due to optics and the size of the micro stamper can be observed in the graph. The inset shows the schematic representation
of the micro stamper size and shapes on top of the PDMS. (d) Histogram fitted with a Gaussian curve that illustrates standard deviation of the transferring process for each
micro-stamper size. The graph also represents the offset in the target location due to optics and stamper size. (e) Standard deviation distribution of the flake transfer position
on the target measured considering the center of the flake to the software crosshair. Each band has 1 standard deviation, and the labels indicate the approximate proportion of
area (note: these add up to 99.8% of data, and not 100% of data because of rounding for presentation). (f) The accuracy and precision values with error bars are computed for
each stamper showing high accuracy for a small stamper size and a reduced accuracy and precision for a large stamper size. (g) Maximum size of flakes that can be trans-
ferred with the three sizes of stamper. The inset microscope image represents the effective area of stamping for each stamper. The false-colored elliptical part highlights the
stamping area where the scale bar is 200 um as the stamper shape is elongated in one direction as seen in Figs. 2(a)-2(c) inset 2(h). The probability distribution of transfer
success and failure rate of the transfer system was calculated by gathering 40 data sets by transferring different flakes in a different location (i) Microscope image of the trans-
ferred MoS, flake on oxide substrate with PDMS residue (1) and after the cleaning process showing the residue-free area (1l). The flake area after the transfer (1ll) and residue-
free area after the cleaning process (IV) is confirmed by darkfield microscopy.

distribution density around the mean value for the position distribu- of each micro-stamper demonstrating the highest accuracy of 0.7 um
tion is defined as the precision of the tool here. We can see from the with a precision of <10 um (for stamper#3). Such accuracy and preci-
distribution in Figs. 2(a)-2(c) that the maximum distribution spread sion are vital in integrating the 2D material with highly dense photonic
of the data is within the 10 um range. Figure 2(f) shows the accuracy or electronic devices for on-chip and nano-sensing applications.
Appl. Phys. Rev. 9, 011419 (2022); doi: 10.1063/5.0071799 9, 011419-4
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FIG. 3. Transfer results from the 2D material transfer system. (a)—(f) Optical micro-
scope images for 2D graphene flake on PDMS (before transfer), a substrate with
flake after the transfer, and of PDMS (after transfer) captured while using the 2D
printer setup. The images verify no cracking, wrinkles, or folding of the flake after
transfer on the substrate. (g) Optical microscope image of the exfoliated monolayer
to few layers graphene flakes on PDMS. (h) Atomic force microscopy (AFM) map-
ping of the monolayer graphene flake after transfer on the SiO,/Si substrate using
2DMTS and cleaning as shown in Fig. S3. The mapping clearly shows no residues
of PDMS on the surface and the thickness of the material in the inset graph.
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The smaller micro-stamper sizes provide higher accuracy and preci-
sion due to the small area of contact and lower offset deviation from
the target. The maximum size of the flake that can be transferred and
the effective area of contact of the PDMS with the three micro-
stamper sizes considered in this article can be seen in Fig. 2(g). This
helps the user to choose an appropriate stamper size for achieving
optimized transfer accuracy for a desired flake size and target. The
inset images represent the effective area of contact of PDMS to the tar-
get substrate when each flake is transferred and defines the area of iso-
lation of flakes as well. The image contrast of the PDMS stamping area
under the microscope is enhanced by the false color (purple) area for
better representation.

For determining the yield of the transfer process produced by
this system, we transfer flakes of different sizes at different random
known locations on a SiO, substrate [Fig. 2(h)]. This experimentation
is designed to test the reliability and repeatability of the system for
multiple single flake transfers that can be achieved in a single attempt.
The transfer of the 2D material flake to the target on the substrate,
without cross-contamination of flakes around the target on the sub-
strate and avoiding 2D material deformation cracking of the flake into
pieces by any means, was termed as a success. A failure was noted if
any of the condition was not satisfied. The probability distribution of
the success and failure rate of the transfer system was calculated using
this dataset as seen in Fig. 2(h). showing 95%, 87.5%, and 85% of suc-
cess rates for each stamper, respectively. All the 40 independent trans-
fers were made in sequence without making any changes to the PDMS
film or setup alignment apart from searching the different flakes on
PDMS and changing the target location. Therefore, the setup is proved
to be highly repeatable, reliable, precise, and accurate for a wide range
of applications that can be developed for science and technological
advancements. Such a plethora of system properties has not been
achieved under any other 2DMTS as discussed in Refs. 11, 15-19,
and 27.

The flake and the PDMS contact area are cleaned using acetone
followed by isopropyl alcohol (IPA) rinsed to remove any PDMS resi-
dues after transfer as shown in Fig. S3. It is useful to consider samples
where the material is transferred on a structured profile while rinsing
and drying with nitrogen gas with as few vibrations as feasible. The
vdW forces are prone to be not strong on the sides of the structures as
the flakes may not conformally cover the structures owing to their
thickness.”

This prevents the transferred flakes from moving off the surface
due to mechanical vibrations. The issue of weak conformality of the
flake coverage can be solved by keeping the sample in a vacuum cham-
ber for 20-30 min. This strengthens the adhesion of the flake with the
structure profile. On the sample, darkfield microscopy, optical filter-
based microscopy, or secondary electron microscopy (SEM) can be
used to check the results of the cleaning process depending on the res-
olution of inspection. As seen in Fig. 2(i), a molybdenum disulfide
(MoS,) flake was transferred on SiO, substrate, and the contact area
can be observed using a microscope, but the contrast is very poor for
such small particles. Therefore, the area is enhanced by contrast cor-
rection which represents the area of contact in Fig. 2(i-I). The differ-
ence, in contrast, represents the contacted area of PDMS on the
substrate and top of the flake. The residues are completely removed
after the post-transfer simple cleaning process as seen in Fig. 2(i-1I).
The clean surface of the flake is verified using darkfield microscope
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images before Fig. 2(i-11I) and after the cleaning process Fig. 2(i-IV).
This shows that the quality of the transferred flake is highly preserved
along with no cross-contamination of flakes on the entire substrate.

Furthermore, understanding the non-cross contamination pro-
cess while transferring multiple flakes in different locations on the sub-
strate is necessary for repeatability and reliability demonstration. Also,
there are possibilities of producing wrinkles or bubbles under the flake,
cracking of large-sized flakes, and accidental transfer of a nearby flake
after the transfer process. In Figs. 3(a)-3(f), different sizes and shapes
of graphene material flakes are transferred on a SiO, substrate showing
the optical images of the flake on PDMS, flake transferred on the sub-
strate, and of PDMS at the same location after transfer captured while
using the 2D printer. The isolation of a nearby flake from the target
flake while transfer can be observed in Figs. 3(a) and 3(f) where the
flake on the side does not touch the substrate during the transfer pro-
cess and can be seen left on the PDMS after transfer of the target flake.
However, small flakes within the range of a few micrometers cannot
be avoided from getting transferred as it is difficult to isolate such
small distances from cross-contamination as verified statistically in
Fig. 2(g) to the stamper size. Furthermore, these images show that the
wrinkling or folding of material caused due to the viscoelastic nature
of PDMS does not reflect after transfer on the substrate due to slight
stretching on PDMS while stamping. This also indicates that the 2D
material flakes are not strongly adhered to the PDMS due to the modi-
fied flake transfer technique discussed in Fig. 1(d) making it easy to
transfer it on structures as well. Finally, if small wrinkles are produced
after the transfer, the sample can be kept in the high vacuum chamber
to remove it.

2DMTS preparation and device fabrication process

Micro-stamper

The micro-stamper is fabricated by modifying tungsten electrical
probe needles. The needle is placed on the holder at 45°, then lowered
perpendicularly, and forced on the metal plate to bend the needle’s tip.
The amount of force given to the needle to bend the tip determines
the size of the tip bent. The curved tip also provides a smooth tip char-
acteristic to the micro stamper, preventing piercing in the PDMS
sheet. The size of the stamping area is calculated by measuring the
PDMS contact area after transferring.

Reusable PDMS holder preparation

The PDMS holder serves the purpose of holding multiple PDMS
strips (here three) with a choice of having different/same material on
each of the PDMS strips. The PDMS holder requires six thin glass
slides (~1.2 mm), Gel-Pak thin PDMS film (17 mils) strip/s, double-
sided and single-sided adhesive tapes. The pictorial representation of
preparing the PDMS holder is shown in Figs. 4-1-4-5.

Exfoliation process

The exfoliation of 2D materials is a widely accepted technique
using a weakly adhesive Nitto tape discussed in Ref. 1. To transfer the
material onto the PDMS film, a pair of tweezers, weak adhesion Nitto
exfoliation tape, a ruler, PDMS strips, and the desired 2D material
crystals are needed. A small piece of crystal from the bulk 2D material
is placed on one end of a Nitto tape strip with a width equivalent to
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that of a PDMS strip. The other end is closed on the crystal and peeled
back and forth until a lot of flakes spread on the tape.

The tape is usually then contacted with the substrate/target to
transfer the flakes that have adhered to it. However, residues from the
tape glue and other particles stuck to the tape are also added, resulting
in a decreased yield of good-quality flakes in the traditional transfer
technique. In addition, this spreads a lot of clusters of overlapping
flakes all over the substrate, resulting in cross-contamination. The tape
is gently pressed against the suspended PDMS cartridge a few times
(Fig. 4-15). This permits the loosely bonded flakes on tape to adhere to
the PDMS naturally by capillary force, reducing flakes clumping and
allowing for more isolated flakes to be transferred. The strongly
bonded flakes with glue residues are not transferred and reduce glue
contamination on PDMS and flakes to be negligible. Furthermore, the
entire process is performed at room temperature. A complete pictorial
procedure can be seen in Fig. 4.

Transfer process

The transfer process is simple and highly effective using the
2DMTS (Fig. 5). The entire system is independent or requires a mini-
mal need for user experience and training. This makes this system
more user-friendly as compared to other systems and avoids long
training periods for a new user. The entire transfer process can be
implemented in three simple steps: (i) Finding the flakes, (ii) position-
ing the flake and target area, and (iii) transferring the material. The
desired size and shape of the flake can be selected on the PDMS by
moving in the XY direction and using the measurement feature in the
camera software. The microscope focal adjustment can be used to
transfer the focus of vision to the micro-stamper, PDMS, and through
the PDMS on target, once the PDMS holder is loaded on the stage.
Using the micro-manipulating stages, a software crosshair assists in
positioning the 2D material flake, target, and needle to a precise over-
lapping position. Following this alignment, the target and PDMS can
be adjusted in the XY direction as needed to locate the flake and/or
adjust the target’s position. Once aligned to the center of the crosshair
(homing position), the micro-stamper can be moved in the Z direction
to make transfers. When PDMS touches the sample, the live video
exhibits distinct indicators, allowing the operator to avoid over press-
ing the micro-stamper on the material while transferring. Once the
PDMS has contacted the substrate, the operator can carefully bring the
micro-stamper back to the homing position and repeat the operation
for other flakes on the PDMS and target locations on the substrate.
The micro stamper exerts stress of ~450 kPa on the PDMS film while
transferring simulated by ANSYS static structural simulation. The
pressure exerted on the flake and substrate during transfer is experi-
mentally measured by placing a pressure sensor under the target sub-
strate resulting in ~13 kPa which is within the elastic limit of 2D
material (GPa),”*”” and PDMS material (MPa).”’ The simulation
results for the stress and strain analysis of the 2DMTS on PDMS
and substrate are discussed in detail in the supplementary material
(Fig. S1).

Nano-fabrication process

The devices discussed in the “Application” section in this article
follow similar process steps unless otherwise specified further in the
discussion. The study is performed on commercial Si photonic chips
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FIG. 4. Step-by-step pictorial flow chart for PDMS holder preparation and modified exfoliation technique. The holder can be reused once prepared by replacing the PDMS film
clamped in between the glass slide frame. The preparation of the holder requires thin glass slides (~1.2 mm), gel-pak thin PDMS film (17 mil), double-sided and single-sided
adhesive tapes, pair of tweezers, weak adhesion exfoliation tape, ruler, and 2D material crystal. The figure in the center shows the placement of the holder on the stage for

finding and positioning the 2D material flakes.

(Applied Nanotools, Inc.) tape-out. The flakes in all the applications
discussed were transferred using the proposed system. The samples
were rinsed clean using acetone followed by isopropyl alcohol for a
few minutes, both before and after transfer. The electrical contacts
were patterned using an e-beam lithography process assisted by pre-
patterned alignment markers for positioning the flakes while making
contacts. The Au/Ti (45/5nm) metal deposition was performed by e-
beam evaporation technique followed by a liftoff process using acetone
at room temperature.

Electrical and optical measurement setup

The experimental setup for measuring the heterogeneously inte-
grated TMDC-Si devices comprises a tunable laser source (Agilent
8164B) and a broadband source (AEDFA-PA-30-B-FA) from where
light is coupled into the grating coupler optimized for the propagation

in the waveguide for 1550 nm wavelength. The light output from the
Si-MRR is coupled to the output fiber via a grating coupler and
detected by a detector or an optical spectral analyzer (OSA202). A
source meter (Keithley 2600B) was used for electrical measurements.
A tunable (NKT SUPERCONTINUUM Compact) source and fixed
wavelength laser diode module (CPS980 Thorlabs, Inc.) at 980 nm
wavelength was used as sources for measuring the heterojunction
based PN junction photodetector devices.

Applications

Electrical characterization of 2D materials post-2DMTS
transfer (Fig. 6)

An extensive study has been performed on electrical properties of
2D materials, indicating the effect of impurities, trapped contaminants,
and defects caused while transferring the material or post-process
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FIG. 5. The real-ime video frames were acquired during the transfer of WSe; flakes
onto a silicon micro ring resonator (MRR) structure. The numbers on each frame
denote the order in which the frames were captured during the transfer. Frames 1-4
show the micro stamper approaching the PDMS. The growing shadow on top of
PDMS helps determining the closeness of the microstamper toward the PDMS film.
Frame 5 shows the micro stamper tip contacting the PDMS which indicatively can
be observed by the sharpness of the shadow projected on PDMS. The focus of the
microscope is shifted to the target at this point, where the stamper shadow is blurred
(frame 6). As the stamper approaches the target for transfer, the shadow tends to be
sharper (frame 7). The PDMS contact to the target can be clearly seen in frame
8 where the motion of the stamper is stopped. The frame 9 shows the stamper
reverting to its original location with the flake being transferred on the MRR.
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effects. It is important to study the electrical properties of the
material after contact formation for optimized performance as studied
in Refs. 34-43. However, achieving consistent results in the electrical
properties of such devices is challenging for other transfer methods
discussed earlier. To demonstrate consistency in the quality of flakes
transferred using the proposed system, we performed transmission
line measurement on these flakes for sheet resistance measurement.
The results were normalized by the area of the flake to remove the
effect of the shape and size of flakes from the resistance measurement.
Flakes with uniform thickness surfaces were considered for measure-
ment confirmed by Raman spectroscopy before making the contact
pads. As seen in the microscope image in Fig. 6(a) inset, MoS, flakes
were transferred on the SiO, substrate, and contacts were formed for
different gauge lengths from 0.5 to 3.5 um with a step size of 0.5 um.
This type of electrical characterization helps in designing the next-
generation devices for improved optoelectronic device performan-
ces."*" Figure 6(a) shows the variation in sheet resistance with varying
gauge lengths on the same flake representing the sheet resistance.
Several such devices were fabricated at once by transferring multiple
flakes on the SiO, substrate for testing repeatability in achieving simi-
lar electrical properties. Repeatable electrical characterization was
achieved by building 18 devices and observing their respective contact
resistance (Rc ~ <50kQ) and sheet resistance (Rg ~ <10kQ/sq) of
MoS, flakes as seen in Fig. 6(b). The electrical characterization of 2D
materials is an important aspect to be studied for building electro-
optic devices, magnetostatic devices, and stretchable electronic

. 45-48
devices.™

Precise transfer on an array of devices on-chip (Fig. 7)

It is important to increase the yield of devices that can be fabri-
cated for extensive research studies or commercial mass fabrication. A
simple experiment is demonstrated here which proves the precise and
accurate transfer capability of the system producing multiple devices
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FIG. 6. Electronic resistivity test of 2D flakes transferred with 2DMTS. (a) Two-terminal resistance measurement of individual MoS, flakes represented in the microscope image
was performed to determine gauge length-based sheet resistance of the material for electrical characterization. A microscope image of the device in the inset of MoS, flake
transferred on SiO, substrate after designing the contacts for various gauge lengths. (b) Comparative study for achieving repeatable electrical properties can be observed in
the form of contact resistance (Rc = 50 k<) and sheet resistance (Rs = 10 kC/sq) for 18 devices.
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FIG. 7. 2DMTS performance test for repeatability and robustness on assembling 2D structures atop photonic integrated circuit waveguides. (a) Optical microscope images at
20x magnification of MoS, flakes transferred on Si-MRR devices in an array on-chip separated by 200 nm distance from each other. (b) Zoomed in at 50x magnification to
show the flake position on devices. Silicon micro-ring resonator post-coupling enhancement using MoS, thin flakes. (c) Schematic (d) optical microscope image of an MRR
(D =280 um and W =500 nm) covered by two MoS; flakes precisely transferred using our developed 2D printer technique. () Spectral transmission output before and after
the transfer of MoS, shows improvement of coupling efficiency. The improved resonance fringes can be observed in the graph. (f) Resonance peak shift and optical loss after
transfer of each flake can be observed showing linear absorption loss and variation in peak shift of resonance.
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on a chip in less than one minute spent on each device to transfer and
a few minutes in searching the desired flakes. The flake search time of
a few minutes can be minimized by prescanning the PDMS film and
registering the flake positions using the top-mounted camera and a
computer program by image processing. A commercial Si-photonic
chip with arrays of micro-ring resonator (MRR) devices separated by
200 um distance was used in this experimentation. Each MRR was
positioned under the system to transfer one flake in a sequence with-
out changing any settings of the setup. The 2D material flakes, here
MoS,, were chosen at random and were targeted to be transferred at
the same position on MRR for each device. Such transfers were made
on 15 devices in a column on-chip of which three devices are shown
in Fig. 7(a) with a close view for the transferred flake in Fig. 7(b). Such
robustness of the setup can be used to make devices for producing
active and passive tunable devices™*’ " with higher yield and repeat-
able results as discussed further.

Post-passive tunning of silicon

The designed performance of silicon photonic circuits may vary
due to fabrication uncertainties or incorporation of multiple post-
fabrication process steps for fabricating active control of devices on-
chip. Also, tuning photonic circuits with precise control over the
amount of changing properties can be used for applications in neuro-
morphic computing.””*”**> A novel study was extensively discussed
by Ref. 4 in past showing tunning of silicon microring resonator
(MRR) coupling efficiency from under-coupled to the over-couple
regime after the MRR was fabricated using MoS, using such stamping
technique. Such studies can be crucial in understanding the effect of
different 2D materials on optical properties after integration further
helping to understand the optical properties of 2D materials like
refractive index, optical absorption, phase change, and emission.
Using the proposed 2DMTS, such devices and study can be accelerated
for studying any 2D material characterization study.

We here demonstrate a similar device as discussed in Ref. 4,
showing enhanced coupling efficiency of Si-MRR from under the cou-
pled regime to critical coupling regime as seen in Fig. 7(c). The MRR
was transferred with two different small flakes as discussed in Fig. 7
demonstrating precision in transferring flakes on devices extremely
close to each other (here ~25 um), as seen in Fig. 7(d). The MRR spec-
tral resonance enhancement was observed after transferring each of
the two flakes to understand the change in coupling conditions by tun-
ing the effective refractive index given by (An)fering = ((27R-L)
* Neefpare) T L * Neg)/2nR and seen in Fig. 7(e)." Optical loss due to
scattering from material edges and change in the imaginary part of the
effective refractive index of the MRR was in total observed to be about
0.002 51 dB/um, represented in Fig. 7(f).

Strain engineered MoTe; integrated photodetector
on the silicon microring resonator (MRR)

We demonstrate a heterogeneous integration of the 2D material
using the proposed transfer system on a silicon photonic circuit on-
chip using a few-layer MoTe, flake. Owing to the bandgap of MoTe,,
the optical absorption of the material is not suitable for 1550 nm light
detection. Using the proposed 2DMTS, the material can be strained
on Si waveguides which enables bandgap tuning of MoTe, and there-
fore, allows the material to absorb at lowered bandgap due to induced
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strain. A single few-layer MoTe, flake was transferred on a silicon
MRR based photodetector with 0.5A/W responsivity operating at
1550 nm wavelength as discussed in Ref. 8. A similar device has been
designed and fabricated here for demonstrating the capability of the
transfer system for realizing and studying such devices. The flake was
transferred on a silicon MRR precisely using a micro-stamper and was
patterned using the lithography process for contacts as seen in
Fig. 8(a). The microscope image as seen in Fig. 8(b) shows the device
structure with electrical contacts. The current—voltage (I—V) charac-
teristics of the device can be observed in Fig. 8(c). A high responsivity
of 0.02 A/W (R = Iphoton-Idark/Pin) Was achieved for 2'V electrical bias
at 1550 nm telecommunication wavelength. The dark current is
observed around 50 nA. A close view of the SEM image of the flake
placed on the MRR can be seen in Fig. 8(d). Multiple photodetector
devices were studied here for different thicknesses, shapes, and sizes of
the flakes, on the same chip with each MRR away from each other by
200 um showing the capability of array transfer represented in Fig.
1(b) to develop such devices with high repeatability. The responsivity
of five such photodetectors at no bias (0 V), 1, and 2V can be seen in
Fig. 8(e) integrated on Si-MRR with light coupled at 1550 nm. The
variation in performance for each device is due to variation in the cov-
erage area of flake due to different sizes and variations in thickness. A
detailed study of the effect of strain used to tune the absorption
bandgap of MoTe, for such devices is discussed in Ref. 8 toward strai-
noptronics applications. These types of devices are promising for
future on-chip detection and modulation of the signal without a com-
plex fabrication process and high cost of production.”****

Strain effect on WSe, bandgap stretched on
nanostructures

The atomically stacked 2D materials with each atomically thin
layer adhered to each other under vDW forces show unique and
strong tunning capabilities of modulating its properties by using
mechanical forces. The properties of WSe, like photoluminescence
(PL) enhancement, bandgap tuning, quantum emission, and optical
absorption can be modulated by generating strain in the material.”” *°
Here we demonstrate the strain effect on WSe, multilayer using trian-
gular geometric pillars. The pillars are etched from a SiN substrate of
height 220 nm. The structures are equally spaced to allow part of the
flake to slack in between pillars and also stay suspended in a few parts
as seen in Fig. 9(a). Figures 9(b-I) and 9(b-1I) show the microscope
image of the nanopillars after the etching process and after a large
WSe, flake transfer on the same area using the proposed transfer sys-
tem, respectively. In this configuration, it was possible to suspend the
flake like a membrane on multiple nanopillars producing a high strain
gradient along the pillar area. The corners of the triangular area help
in strongly straining the membrane due to the virtue of the geometric
shape. To understand the effect of induced strain, here, we performed
photoluminescence and Raman spectroscopy spatial mapping. The
Raman active modes of WSe, are represented in Fig. 9(c). The PL
spectra were analyzed by fitting the data to find the significant peak
positions as seen in Fig. 9(d). The peak positions are highlighted in the
figure at which the PL map analysis is performed for strain effects.

The crystal lattice vibrations of bulk WSe, include Raman active
modes of Ajg, Ejg, and E,4 (Ref. 67) [Fig. 9(e)]. In Raman tensor analy-
sis, the E-modes and A-modes are studied using circularly polarized
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FIG. 8. A Si-MRR integrated strain engineered MoTe, photodetector. (a) Schematic representation of MoTe, based integrated photodetector for strainoptronics application built
using the 2DMTS (b) the structure of Si-MRR [radius (r) = 40 um, height (h) = 220 nm, width (w) = 500 nm], and electrical contacts are represented in the optical microscope
image. (c) The I-V characteristics show the enhancement in current under the illumination of light coupled through Si-MRR at 1550 nm wavelength. (d) SEM image shows the
coverage of flake on one of the Si-MRR device showing the coverage of the flake on the devices (e) performance of five different photodetector devices represented by respon-
sivity measured at zero bias (0 V), 1, and 2 V showing enhancement in magnitude due to improvement in photogenerated carrier collection under influence of bias. (f) Various
photodetector devices discussed in Refs. 8 and 56-61 are tabulated for understanding the bandwidth performance of MoTe, based photodetectors.

helicity configuration.” In the LR configuration (incident with left cir- and collect left circular polarization signal), we have the 249.5cm
cular polarization and collect right circular polarization signal), we can peak which corresponds with A;; mode [Fig. 9(e)]. As seen in Fig. 9(f-I),
get 247.4cm™ ' peaks consistently which denotes the E',, mode peak, an area was selected on top of a few pillars with a small grid representing
while in the LL configuration (incident with left circular polarization the mapping density used during the measurements. The effect of
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FIG. 9. Strain-induced in multilayer WSe, using triangular nanopillars. (a) Schematic representation of strained multilayer WSe, membrane on triangular nanopillars. (b)
Optical microscope images for (I) SiN triangular nanopillar structures (Il) WSe, membrane (after transfer) using the 2D printer setup on the nanopillars. (c) Schematic represen-
tation of E129 and A4y Raman active modes of WSe. (d) PL spectra of WSe, membrane showing the fitted curve highlighting the significant active peaks. (€) Raman spectra
showing the active modes (Aexcitation = 932 nm). (f) Optical image of mapping area highlighted with the grid selection for Raman and PL mapping points (I), Raman intensity
map for the strained area of the WSe, membrane at Ay mode (Il), and E1zg mode (Il). (g) PL mapping realized at significant PL peaks for WSe;, at 680, 796, and 916 nm
showing intensity enhancement for 680 and 796 nm peak position while a reduction in intensity at 916 nm peak position.
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strain caused physical atomic arrangement variation in the crystal
leading to change in vibrational modes of the material.”>*® Figure 9(f)
shows the Raman mapping profile of the WSe, membrane strained on a
pillar showing the change of almost three times than the unstrained
region in the intensity of A;, mode (II) and E3, mode (III). The inten-
sity variation here also shows the curved surface profile of the mem-
brane on the pillars and the change in the peak intensity due to the
strain introduced in the material. Further to test the optical response of
the material under strained conditions, photoluminescence spectroscopy
was performed to observe intensity enhancement at the significant peaks
observed in Fig. 9(d). For WSe,, the PL spectra mapping was performed
at 680, 796, and 916 nm to understand the effect of strain on each of
them. Such studies can help in understanding the material properties to
design and fabricate devices for exotic applications in various fields. The
intensity map of PL for the strained region on one of the pillars at each
of the significant peaks can be seen in Fig. 9(g). An enhancement of
about 4.5x and 3x was observed at 680 (I) and 796 nm (II) peak posi-
tions, respectively. However, a reduction in the intensity of about
2.7x is observed at 916 nm (III). The selective tuning of the photolumi-
nescence response of WSe, can be used for designing optical filters or
spectral selective absorbers integrated on photonic circuits.”” "'

Building 2D material heterostructures

When we assemble numerous 2D crystals into a vertical stack, a
multitude of possibilities emerge for exploring various properties
exhibited by these materials. Such heterostructures, held together by
vdW forces, allow significantly more combinations than any other
standard material stacking growth process. The intricacy of the hetero-
structures that could be constructed with atomic accuracy is increasing
as the family of 2D crystals grows.”””* Such 2D heterostructures can
be used to build devices for electronic or electro-optic applications,
superlattices, and quantum applications.”””* ®" Here, we demonstrate
a small example of building a MoS,/WSe, heterojunction using the
proposed 2D transfer system. A simple demonstration of combining
individual unique properties of MoS, and WSe, by forming a junction
from the heterostructure. Both the MoS, and WSe, are transferred on
a SiO, substrate to form the heterojunction as shown in Fig. 10(a).
The inset in Fig. 10(a) shows the dark-field microscope image of the
heterostructure confirming the clean surface on the flakes and sub-
strate. By experimental analysis of the unique material signature exhib-
ited by Raman spectroscopy, we observe the combined effect of both
the materials in a heterostructure. As seen in Fig. 10(b), the Raman
spectra for individual flakes of MoS, and WSe, can be observed with
their active mode peaks. The MoS,/WSe, heterojunction Raman spec-
tra exhibit the Raman active modes of both the materials combined.
The location for detecting the Raman signal is marked on the optical
image in Fig. 10(a). The data were corrected with background signal
and baseline correction for removing the unwanted noise in the signal.
This example shows the capability of the setup to realize heterostruc-
ture formation for different applications. The angle between each
layered stack can be controlled in the setup for twistronics and super-
lattices applications as well but not discussed here.

InSe based PN-junction heterostructure photodetector

Since past decades, 2D materials have been studied as promising
photodetector materials, by changing the layer numbers or forming
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FIG. 10. MoS, and WSe, multilayer heterostructure. (a) Optical microscope image
of the MoS,/WSe, heterostructure built on the SiO, substrate. The inset shows the
dark-field microscopy image of the heterostructure indicating no residues on the
surface of the materials and substrate. (b) Raman spectra for MoS,, WSe,, and
MoS,/WSe, heterostructure show the combined Raman signature of MoS, and
WSe; at the junction formed by them.

vdW heterostructures, owing to their high responsivity, fast response,
broadband detection, low dark-current, and photo—detectivity.j5‘(’2’8S’k)3
The operation of these high-performance devices demands high bias
voltage leading to large power consumption. This limits technologi-
cal applications in extreme environments, biomedical imaging, por-
table devices, etc. 2D indium selenide (InSe) has recently been
investigated showing higher ultrasensitive photodetection character-
istics’® than other 2D semiconducting materials such as MoS, and
WSe,.” %% Junction-based, e.g., p- and n-doped materials enabled
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realization in heterostructure devices by the formation of an atomi-
cally sharp p-n junction.””'**!**

Using 2DMTS, here we demonstrate a vDW heterostructure-
based photodetector for near-infrared (NIR) spectrum absorption
capable of efficient photo-detection operation at zero-bias enabled by
a built-in voltage from the 2D material PN junction.'”” The important
aspect of VDW 2D heterostructure is achieving a clean interface
between the layers. In general, the quality of realizable heterojunctions
is affected by chemical or mechanical degradation due to the presence
of residues from adhesive from Nitto tape, polymer adhesives, or wet
chemicals depending on the transfer method. By using a dry transfer
medium and the mechanical stamping mechanism of 2DMTS this
issue is eradicated. We heterogeneously integrated p-(Zn) and n-(Sn)
doped InSe material using 2DMTS on pre-fabricated electrical con-
tacts (Au/Ti) [Fig. 11(a)]. The sample was kept in the vacuum cham-
ber for 30 min for better layer—layer and layer—metal adhesion. The
optical microscope image seen in Fig. 11(b) shows the actual device
configuration and structure of the electrical contacts. The center region
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forms the p-n junction formed by the heterostructure. The device’s
current—voltage characteristics were tested to observe dark current
and photocurrent generation for 980 nm wavelength illumination. The
change in photocurrent for different optical power was also tested at
980nm showing a gradual increase in photocurrent as seen in
Fig. 11(c). the spectral response of the pn junction photodetector was
performed for a range of wavelengths from 800 to 900 nm using a
tunable broadband source and also at 980 nm using a laser module
[vertical-cavity surface-emitting laser (VCSEL)]. A similar device with
only n-doped and p-doped InSe channels was fabricated for compari-
son with the pn junction configuration of the device for the spectral
response as seen in Fig. 11(d). An enhancement of about 3x was
observed in responsivity of about 0.524 mA/W for the pn-junction
InSe photodetector as compared to only the p- or n-doped InSe photo-
detector. The responsivity enhancement is due to the increase in the
photoexcited electron-hole pairs between the p- and n- layer produc-
ing indirect excitons. These excitons have a higher carrier lifetime
leading to enhanced performance of the device in photodetection.'®
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FIG. 11. 2D pn-junction heterostructure-based photodetector using 2DMTS. (a) Schematic representation of the pn junction device. (b) Optical microscope image for 2D heter-
ostructure stack of p- and n-doped InSe flake on SiO, substrate transferred on Au/Ti metal electrodes using the transfer system. (c) |-V characteristics of the device were
tested at different optical power illumination at 980 nm for photocurrent mapping. (d) The spectral responsivity of the pn junction device compared with control sample devices
with n- and p-doped channel photodetectors showing enhancement of about 3.0298 x. The inset shows the PL emission spectra intensity enhancement at the pn junction area

compared to p and n regions.
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The inset shows the PL emission for the p-, n-, and pn junction area of
the device. An intensity enhancement of 5.9x and 4.5x is observed
from the pn-junction at 980 and 900 nm wavelengths, respectively.
This behavior aligns closely with the experimentally tested spectral
response of the device. This signifies the generation of new strong
absorption peaks in the heterostructurally built material lattice as com-
pared to its natural material form. Such tunability of band absorption
can be used for applications in the NIR spectra like LIDAR, gas sens-
ing, photodetectors, optical modulators, and biosensing devices built
using the proposed 2DMTS.' '

CONCLUSION

In summary, the family of 2D crystals is continuously growing,
both in terms of variety and number of materials as the scientific com-
munity progresses rapidly in enhancing the properties in these materi-
als. In this work, we have successfully designed, developed, and
demonstrated a novel robust transfer system for 2D materials for on-
chip integration for building heterogeneously integrated devices and
constructing heterostructures for applications like optoelectronic
devices. Using a state-of-the-art micro-stamper and thin bendable film
we were able to significantly improve the transfer of 2D materials
reliably, with high repeatability, and without incurring any cross-
contamination. The latter is a parasitic effect that is often caused by
other transfer methods and eliminating this enables chip-industry like
repeatability. We also demonstrate a diversity of applications for vari-
ous active photonic, optoelectronic, and electrical devices, such as a
zero-bias photodetector enabling pico-Watt level sensitivity whilst
allowing for a dense integration on-chip with a repeatable transfer pre-
cision around <10 um, in the current implementation. This 2D mate-
rial transfer system can be upgraded by automation, improving the
accuracy, throughput, speed, and reproducibility. This robust and effi-
cient transfer system provides a standard medium for expediting
research and commercial large-scale integration of 2D materials
toward making 2D material-based integrated devices for a wide range
of applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional Raman data analy-
sis and ANSYS simulation results.
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