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ABSTRACT:

Van der Waals heterostructures (vdWHs) leverage the characteristics of two-dimensional
(2D) material building blocks to create a myriad of structures with unique and desirable properties.
Several commonly employed fabrication strategies rely on polymeric stamps to assemble layers of
2D materials into vertical stacks. However, the properties of such heterostructures frequently are
degraded by contaminants, typically of unknown composition, trapped between the constituent
layers. Such contaminants therefore impede studies of the intrinsic properties of heterostructures
and hinder their application. Here, we use the photothermal induced resonance (PTIR) technique
to obtain infrared spectra and maps of the contaminants down to a few attomoles and with
nanoscale resolution. Heterostructures comprised of WSe,, WS,, and hBN layers were found to
contain significant amounts of polydimethylsiloxane (PDMS) and polycarbonate, corresponding
to the stamp materials used in their construction. Additionally, we verify that an atomic force
microscope-based “nano-squeegee” technique is an effective method for locally removing
contaminants by comparing spectra within as-fabricated and cleaned regions. Having identified
the source of the contaminants, we demonstrate that cleaning PDMS stamps with isopropanol or
toluene prior to vdWH fabrication reduces PDMS contamination within the structures. The general
applicability of the PTIR technique for identifying the sources corrupting vdWHs provides
valuable guidance for devising mitigation strategies (e.g., stamp cleaning or pre-/post-treatments)

and enhances capabilities for producing materials with precisely engineered properties.



INTRODUCTION

Two-dimensional (2D) materials are composed of layers that are weakly bound to each
other via van der Waals forces. This characteristic enables facile mechanical isolation, pick up,
and transfer of few or single layers from bulk crystals. The family of 2D materials includes metals
such as graphene,* semiconductors such as the transition metal dichalcogenides (TMDs),? and
insulators such as hexagonal boron nitride (hBN).? Individually, single layers of these materials
attract much attention due to their diverse and exceptional electronic, optical, and magnetic
properties.*® Notably, the absence of out-of-plane covalent bonding enables restacking of multiple
individual layers in any sequence without regard for lattice match, providing an unprecedented
opportunity to create synthetic heterostructures with tailored properties.” These stacks, referred
to as van der Waals heterostructures (vdWHSs), can provide novel functionalities and open new

opportunities in optoelectronics,? valleytronics,'® and catalysis,'* while revealing new physics.*?

A common fabrication route for vdWHSs involves the pick-up, transfer, and release of
selected layers onto a target substrate. This process is already achievable with a variety of
techniques: the poly-methyl methacrylate (PMMA) carrying layer,'® the wedge transfer,* the
polydimethylsiloxane (PDMS) deterministic all-dry transfer,® and the van der Waals pick-up
transfer'® methods. However, these stacking methods unintentionally trap material, typically of
unknown composition, between the layers, even when carried out in nominally clean environments
(e.g., glove boxes or at reduced pressures). These trapped contaminants obstruct intimate contact
between the layers and often lead to the formation of numerous sub-surface aggregates, which
appear as protrusions (“bubbles” or “blisters”) and other topographic irregularities in vdWwHs.*’
Previously, it was reported that the bubbles observed in vdWHSs constructed using the PMMA

carrying layer method contained amorphous hydrocarbons, as would be expected in the case of



PMMA contamination.*® However, little is known about the contaminants trapped by other transfer
methods. These contaminants preclude the formation of pristine interfaces, modulate material
properties, hinder interlayer interactions (e.g., charge and energy transfer),'® and promote

degradation of delicate 2D materials such as black phosphorus.?®:2

Common strategies for limiting contamination and for promoting intimate layer contacts
include control of the transfer and peeling speed or thermal annealing. Annealing promotes
contaminant aggregation through Ostwald ripening of the bubbles and diffusion of contaminants
out of the vdWHSs through the edges,?? thereby leaving behind wider, possibly pristine regions, but
leads to unpredictable contaminant distributions. Recently, controllable, bubble-free regions in
vdWHs were prepared either by using the tip of an atomic force microscope (AFM) probe to sweep
(“squeegee”) an area of interest?>?* or by stacking the 2D materials under vacuum.?® However, the
fabrication of “clean” interfaces using typical transfer procedures remains a significant challenge
that must be resolved to fully realize the potential of vdWHs in widespread applications.
Consequently, novel analytical methods capable of both high chemical sensitivity and nanoscale
resolution are necessary to identify the minute quantities of interlayer contaminants. Such
knowledge will provide valuable guidance for devising mitigation strategies that improve the

efficacies of vdWH fabrication and for producing precisely engineered nanostructures.

Here, we leverage photothermal induced resonance (PTIR),%?7 a chemically sensitive
scanning probe technique to identify the chemical compositions of nanoscale contaminants trapped
within vdWHs fabricated using polymeric stamps; i.e., the most common transfer techniques. The
close correspondence between PTIR and well-known far-field infrared (IR) spectra,?®-° enables
the identification of PDMS or polycarbonate (PC) contaminants, matching the stamp materials

used in vdWH fabrication. As few as ~ 10 mol of contaminants were detected in single



nanobubbles. We verify that using an AFM-based nano-squeegee technique is a generally
effective, albeit low-throughput, method to create contaminant-free areas in vdWHSs without
thermal annealing. Additionally, having identified the trapped impurities and their likely sources,
we find that washing PDMS stamps with isopropanol or toluene prior to pick-up is effective at
reducing the amount of polymeric residue transferred by the stamp. Based on the wide applicability
of PTIR,%52” we believe that our approach will be generally useful to engineer cleaner vdWHs and

to characterize nanostructures with precisely controlled properties.

RESULTS AND DISCUSSION

Infrared micro-spectroscopy is a diffraction-limited technique widely used to identify
materials and chemical impurities but lacks the sensitivity and spatial resolution to characterize
the nanoscale contaminants studied here. By contrast, PTIR,??7 also known as AFM-IR, bypasses
light diffraction limitations using a sharp AFM probe as a near-field mechanical transducer,
thereby enabling IR characterization with nanoscale resolution and high sensitivity. In PTIR, a
pulsed, wavelength-tunable, monochromatic laser (Figure 1b) illuminates a portion of the sample
(= 50 um diameter) centered around an AFM tip in contact with the sample. Within the illuminated
area, the sample constituents that absorb the laser pulse undergo rapid thermal expansion and,
among those areas, only the portion of the sample directly beneath the AFM probe contributes to
the PTIR signal. The sample expansion dynamics can be captured directly using ultrasensitive,
custom-made nanophotonic probes,®® but this expansion is too fast for conventional AFM
cantilevers, which instead are kicked into oscillations akin to a struck tuning fork. Because the
cantilever oscillation amplitude is proportional to the local absorption coefficient in the sample,?
in a first approximation, PTIR enables identification of materials?” and chemical groups®? by

comparison with far-field IR spectral databases. Also, since the PTIR signal derives from the rapid



sample expansion rather than the slower heat diffusion, spatial resolutions as high as =~ 20 nm3*%
in contact mode or = 10 nm in tapping-mode®® are possible. Other recent PTIR innovations include
the extension to the visible spectral range® and operation in a water environment.3"3® Due to these
characteristics, PTIR impacts an ever-growing number of applications including, polymer
science, 4% photovoltaics,*#?  plasmonics,*#* geology,® biology,*® and medicine,*"33% as
discussed in recent reviews.?®?’ For 2D materials, PTIR has been applied to characterize the
polariton distribution in hBN nanostructures®®#° and to characterize the functional groups in

graphene oxide.>°

In this work, we resonantly excite the AFM cantilever by tuning the laser pulse repetition
rate to match one of the cantilever contact-resonance frequencies, thereby amplifying PTIR signal-
to-noise ratio by the cantilever’s quality (Q) factor, as shown previously.3* To maintain the
cantilever resonant excitation during mapping, a phase-locked loop is used to tie the laser repetition
rate to the cantilever oscillation frequency.®® Using such an excitation scheme, the temperature rise
is small (typically less than 1 K)3* and the thin (< 100 nm) samples analyzed here thermalize back

to room temperature between pulses.®
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Figure 1. Photothermal induced resonance (PTIR) and nano-squeegee techniques identify the
chemical composition of nanoscale contaminants. (a) Schematic illustrating the nano-squeegee
technique, which uses the tip of an atomic force microscope probe to sweep trapped contaminants
to the periphery of the scanned region. (b) Schematic illustrating PTIR measurements. When
infrared (IR) laser pulses are absorbed by the sample, the sample heats up and expands, thereby
kicking the cantilever into oscillation. The laser pulse repetition rate (fpuise) is tuned to match one
of the cantilever contact-resonant frequencies (fres), leading to enhancement of the oscillation
amplitude. The wavenumber (V) of the impinging IR light is varied to obtain sample absorption

spectra.



Heterostructures were assembled from combinations of hBN, tungsten diselenide (WSez)
and tungsten disulfide (WS.). Assemblies were obtained using one of three common fabrication
techniques that rely on polymeric stamps: (1) PDMS all-dry transfer,>! (2) water-assisted PDMS
pick-up and transfer,>->* and (3) polymer-assisted dry pick-up and transfer.>® While the first two
methods employed bare PDMS stamps, the third method used PC-coated PDMS stamps to create
2D materials-based vdWHs. These techniques are described in detail in the Supporting Information
(Figures S1-S3). In brief, polymeric stamps were used to pick up and then re-deposit sheets of
hBN or TMDs onto complementary flakes through both wet and dry surface-contact processes.
The resulting vdWHSs exhibited numerous rounded topographic protrusions (e.g., see Figure 2),
typically a tell-tale sign of contaminants trapped between the stacked layers.*®?* The contaminant
bubble distribution is driven by competing forces: van der Waals interactions drawing adjacent
layers together thereby squeezing contaminants into pockets, while the mechanical stress arising
from deformations of the 2D layers favors unstrained layers with uniformly distributed

contaminants.>®

After assembly, the vdWHSs were subjected to a nano-squeegee flattening process reported
previously.?* This process, which moves contaminants towards the periphery of a scanning probe
raster pattern creates both larger, contaminant-filled bubbles and contaminant-free regions
(Figure 1a). For our purposes, both effects are advantageous as they provide areas with enriched
contaminant concentrations (i.e., easier to detect), and control regions where little-to-no PTIR
signal is expected. Additionally, locally modified regions of the sample exist side-by-side with as-

prepared regions, enabling spectroscopic and topographic comparison.

First, we characterize vdWHs fabricated using the water-assisted PDMS pick-up and

transfer method. Representative PTIR absorption spectra (Figure 2) were obtained within and



around the nano-squeegeed region of the vdWHSs by positioning the probe tip either atop or away
from trapped contaminants (bubbles), identified by AFM topography maps. The spectra collected
on the nanocontaminants within hBN/hBN vdWHSs (Figure 2a) showed prominent absorption
peaks at around 1034 cm™, 1098 cm™ (Si-O-Si stretches), and 1264 cm™ (Si—-CHs asymmetric
deformation), characteristic of PDMS.>"%® An additional broad peak at about 1376 cm™ is related
to hBN phonon-polaritons and possibly to the in-plane phonon mode of hBN.*4%% Spectra
measured on the contaminants trapped within TMD-based vdWHs constructed with the same
fabrication method (Figure 2b—d) showed similarly prominent peaks (1024 cm™, 1080 cm™, and
about 1262 cm), which we assign to PDMS. Small sample-to-sample differences in the peak
positions and band shapes are ascribed to differences in the local environments and, consequently,
to different intermolecular interactions® between the nanocontaminants and the 2D materials
sandwiching them. The nanocontaminant PTIR absorption spectra closely resemble the spectra
obtained on macroscopic slabs of PDMS measured via attenuated total reflectance Fourier
transform IR (ATR-FTIR) spectroscopy (see Figure S5 in the Supporting Information). In contrast,
spectra measured at locations without obvious contamination (i.e., away from bubbles or within
the nano-squeegeed region) were notably weaker across their entire spectral range. These spectra,
emphasized in Figure S8, however, show broad features that can be attributed for the most part to
imperfect background compensation. We attribute the broad, weak features at about 1000 cm™ to

SiO2, which is present as a thin layer in the probe tip and the underlying substrate.
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Figure 2. Photothermal induced resonance (PTIR) spectra identify contaminants in van der Waals

heterostructures (vdWHSs) prepared using the water-assisted PDMS pick-up and transfer method.

Representative topographic images (left) and PTIR absorption spectra (right) obtained at the

marked locations on vdWHs fabricated by overlaying flakes of (a) hBN/hBN, (b) WSe2/hBN, (c)

WS2/hBN, and (d) WSe2/WS. Scale bars represent 2 um.
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Next, we analyze representative PTIR absorption spectra obtained on vdWHSs fabricated
using dry, solvent-free transfer methods (Figure 3). Heterostructures assembled using these
methods also exhibited notable topographic features suggestive of trapped contaminants within the
stacks of 2D materials. This observation is surprising because the stamps do not touch the
contaminated interface during fabrication and no solvent, which might facilitate transport of
polymeric residue from the stamp, is used in the process. The spectra of the trapped contaminants
within vdWHSs assembled using the PDMS all-dry transfer method (Figure 3a) show the strong
absorption peaks characteristic of PDMS. We note that the stamps directly contact only the
outward facing surfaces of the 2D materials, suggesting the polymer contaminants are itinerant
even when using solvent-free methods. In the case of the PDMS stamps, the contamination is
attributed to low molecular weight volatile fractions released by the stamp, which adsorb on the
exposed surface of the bottom 2D layer and become trapped when depositing the top layer.%:62 By
contrast, spectra measured on vdWHs assembled using PC-coated stamps (Figure 3b) exhibited
very different absorption bands. Among the many features evident in these spectra, the prominent
peaks at about 1016 cm™, 1368 cm™, and 1506 cm™, are characteristic of O—-C-O symmetric
deformation, CHs symmetric deformation, and aromatic C=C stretch vibrations, respectively.5%%*
These absorption spectra (Figure 3b) show remarkable similarities with ATR-FTIR (Figure S5)
and PTIR (Figure S6) spectra measured on PC reference thin films and, notably, lack the
characteristic PDMS absorption peaks observed in Figures 2 and 3a. These observations suggest
that the contaminants derive only from the exposed stamp surface (PC in this case). Prominent PC
absorption peaks were measured both on and away from contaminant bubbles, including inside the
nano-squeegeed region and the exposed underlying hBN layer. However, these peaks were absent

in spectra measured far (> 1 mm) from the stamp-contacted regions around the vdWHSs. As such,
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for the PC-coated stamps, the contamination likely is promoted by the higher temperatures used in

the fabrication process and incomplete removal of PC by solvents after stacking.®®
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Figure 3. Photothermal induced resonance (PTIR) spectra identify contaminants in van der Waals

heterostructures (vdWHSs) prepared using ‘dry’ transfer methods. Topography (left) and PTIR

spectra (right) obtained at the marked locations on vdWHs assembled by overlapping flakes of

hexagonal boron nitride (hBN/hBN) using the (a) PDMS all-dry transfer method and (b) polymer-

assisted dry pick-up and transfer method, which

Scale bars represent 5 um.

employs stamps coated in polycarbonate (PC).
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Figure 4. Photothermal induced resonance (PTIR) absorption imaging reveals the
nanocontaminant distribution within van der Waals heterostructures (vdWHSs). Simultaneously
measured (a) topography and (b) PTIR relative absorption maps (Si—O-Si stretch of PDMS,
1026 cm™) obtained on vdWHs consisting of WSe,/hBN flakes assembled using the water-assisted

PDMS pick-up and transfer method. Scale bars represent 1 um.

Absorption maps were obtained on vdWHs to assess the relative abundance of
contaminants within the scanned region by monitoring absorption at a set wavelength. Figure 4
shows that a PTIR absorption map at 1026 cm™ (Si—-O-Si stretch of PDMS) corresponds well to
the simultaneously measured topography of a WSe2/hBN vdWH, prepared using the water-assisted
PDMS transfer method, indicating that most contaminant bubbles contain PDMS. These
observations clearly suggest that the contaminants consist of PDMS derived from the stamps used
in vdWH fabrication. We can also conclude that the regions surrounding the bubbles are largely
pristine and free from contaminants. Determining the volumes of contaminant bubbles from the
AFM topography maps (Figure S12), and assuming each is filled entirely with PDMS with bulk

density of 13 mol-L*,% we estimate that some of the smaller bubbles contain as few as =~ 1.8 amol
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of PDMS (see Supporting Information for details). Due to the convolution of the AFM probe tip
and contaminant bubble geometries, these measurements overestimate the true bubble sizes and,

as such, the amount of material detected shall be considered an upper bound.

Based on these findings, to reduce the stamp-derived contaminants, we devise a stamp
cleaning procedure aimed at removing unpolymerized material or other soluble residue from
PDMS stamps, prior to vdWH assembly. The PDMS stamps were cleaned with one of four
solvents: isopropanol, acetone, toluene, and hexane, and then dried before use. As seen in Figures 5
and S7, vdWHSs made using cleaned PDMS stamps (dry transfer) still possess topographic features
characteristic of trapped contaminants, with the nano-squeegee process promoting closer contact
between the hBN flakes while creating bubbles and a small step around the periphery of the
scanned region, which sometimes appears topographically lower than the surrounding region.
Without thermal annealing (not used in this work), the top-most 2D layer likely floats on a thin,
uniform layer of material, usually <2 nm thick, separating it from the underlying 2D layer as
discussed previously.?* However, for the structures prepared using stamps cleaned with
isopropanol (Figure 5a) and toluene (Figure 5b), the spectra obtained from these bubbles do not
show any evidence of PDMS. Instead, broad absorption peaks around 1000 cm™ and 1372 cm™
show that the only detectable signals derive from the SiO> and hBN layers. Since the bubble sizes
are comparable to those observed in Figures 2—-4, but no PDMS or other foreign material is
detected, we conclude that either the bubbles are empty or are only partially filled with PDMS
contamination in amounts below the detection limit. Another possibility is that the bubbles may
be filled with contaminant material that do not possess absorbance features in the examined
spectral range, as might be expected for inorganic materials. By contrast, the PTIR spectra of

vdWHs prepared with stamps cleaned with acetone or hexane (Figure S7) showed the prominent
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characteristic PDMS absorption peaks, suggesting that those solvents were ineffective at reducing
or preventing contamination. Additional details regarding stamp cleaning and the characterization
of vdWHSs assembled from stamps cleaned with other solvents are available in the Supporting
Information. These experiments suggest that the abundance and identity of contaminants in
vdWHs cannot be assessed based on AFM topography alone and that composition-sensitive

methods capable of nanoscale resolution should be employed when possible.
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Figure 5. Cleaning polydimethylsiloxane (PDMS) stamps using isopropanol (IPA) and toluene
reduces contaminants in van der Waals heterostructures (vdWHSs). Topography (left) and
photothermal induced resonance absorption spectra (right) obtained at the marked locations on
vdWHs fabricated using the all-dry transfer method by overlaying two flakes of hexagonal boron
nitride (hBN/hBN) using PDMS stamps pre-cleaned with (a) IPA and (b) toluene. Scale bars

represent 2 pm.
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CONCLUSIONS

In summary, PTIR absorption spectra and maps enable chemical identification and real
space visualization of the nanoscale contaminants commonly found in vdWHSs. Clear evidence on
vdWHs assembled from 2D materials with different compositions shows that the contaminants
consist of residue transferred from the surface of polymeric stamps (PDMS or PC in this work)
used in the heterostructure fabrication. Notably, polymer contamination between layers occurs
even when ‘dry’ fabrication methods are used. We found that cleaning PDMS stamps with
isopropanol or toluene prior to use reduced the amount of PDMS contaminants trapped within
vdWHSs. The measurements presented here suggest that the assessment of contaminants in vdWHSs
should not be conducted based on AFM topographic images alone but, rather, aided by nanoscale
composition-sensitive methods, such as PTIR. This analytical approach, coupled with the nano-
squeegee procedure, is demonstrated here on vdWHs created with a variety of commonly used
fabrication methods, stamps materials, and 2D materials pairs, highlighting its broad applicability
to the widespread challenge posed by contaminants trapped between 2D materials, independent
from their chemical and mechanical properties. We believe that knowledge of the contaminant
composition obtained with the methods presented here will aid better understanding of vdwWH
properties, which are affected by these impurities, as well as to guide improvements to fabrication

techniques to produce intrinsic, contaminant-free heterostructures with precisely tuned properties.

METHODS

PDMS Stamp Preparation. PDMS stamps were prepared using commercially available
silicone elastomer kits.%” The two components (elastomer and curing agent) were mixed in a 10:1

ratio by weight and then degassed under vacuum for 20 min. Next, the mixture was spun onto a
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clean, polished silicon wafer and then cured on a hot plate at 80 °C for 30 min. Cured PDMS films
(= 250 um thick) were cut into rectangular pieces of varying sizes before use.

PDMS Stamp Cleaning. Only for specific experiments indicated in the manuscript,
PDMS stamps were cleaned by immersion in a large excess (> 2000x their volume) of one of four
solvents: isopropanol, acetone, toluene, and hexane. The stamps remained immersed for a period
of one week while under continuous agitation. Afterward, the stamps were dried for > 24 h in air
before use.

Polycarbonate-Coated PDMS Stamp Preparation. A PC polymer solution (6 % mass
fraction) was prepared by dissolving solid PC in chloroform. The solution was quickly spread over
a SiO2/Si substrate and the solvent allowed to evaporate, thereby leaving a thin film of PC
(=200 nm) coating the surface. These PC/SiO./Si substrates were then contacted by PDMS
stamps, approximately 1 mm x 2 mm in size. A sharp blade was used to cut the PC films around
the periphery of the PDMS stamps. Before removing the stamps, we carefully removed the
surrounding PC films using tweezers and then applied drops of deionized water to the edges of the
stamps. The water permeated under the PC films, enabling easy removal of PC-coated PDMS
stamps. Finally, the PC/PDMS stamps were blown dry with nitrogen gas and placed on glass slides
with their PC films exposed (PC/PDMS/glass).

2D Material Deposition. Flakes of hBN were deposited on PDMS, Au-coated SiO», and
SiO; surfaces by mechanical exfoliation from a bulk crystal.®® Monolayers (and sparingly few bi-
and multilayers) of WSe, and WS, were deposited on SiO./Si substrates via chemical vapor
deposition.® In one case (Figure 2d), an exfoliated flake of WS;, ~ 20 nm, was used as the bottom-

most layer in a vdWH.
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Van der Waals Heterostructure Fabrication. Flakes of various 2D materials (hBN and
TMDs) were transferred from their original substrates and stacked to create vdWHSs. Flakes were
selected with the aid of an optical microscope and manipulated using a custom-built transfer stage.
Three transfer processes were used in this study (PDMS All-Dry Transfer, Water-Assisted PDMS
Pick-up and Transfer, Polymer-Assisted Dry Pick-up and Transfer), which are described in the
Supporting Information.

Nano-squeegee. An AFM-based nano-squeegee®* procedure was employed to prepare
regions of vdWHSs with clean, contaminant-free interfaces between stacked 2D materials (see
Figure 1a). A relatively dull (or large-diameter) probe tip was used to groom the surface through
repeated raster scans, thereby coercing the contaminant bubbles to move to the periphery of the
scanned area. The minimum force applied by the probe to induce motion of the trapped
contaminants depends on the stiffness (thickness and Young’s modulus) of the top, contacted 2D
layer. Here, we used the probe in contact mode and first brought the tip to engage on the sample
surface while continuously scanning a single line in the area of interest. By gradually increasing
the force applied by the tip, the measured topography of the line scan would change; for instance,
the apparent heights of the bubbles would decrease with greater tip-surface forces until the feature
finally disappeared, indicating tip-induced migration of contaminants. After attaining the requisite
force, scanning the area of interest resulted in clearing away the contaminant originally present.

Photothermal Induced Resonance. Gold-coated cantilevers with a nominal spring
constant between 0.07-0.4 N/m and nominal first resonance frequency in air of 13 £ 4 kHz were
used in the PTIR experiments. The probes were operated in contact mode and the PTIR laser was
set to match the third or fourth contact-resonant frequency of the cantilever (=450 kHz or

~ 700 kHz, respectively). Incident from a quantum cascade laser array with tunable repetition rate
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(1 kHz to 2000 kHz) and wavelength (910 cm™ to 1905 cmY) laser light was polarized parallel to
the plane of incidence (p-polarized). Maps of PTIR absorption were obtained using a phase-locked
loop with 50-100 kHz bandwidth (centered around the laser repetition rate) to maintain the
resonance excitation of the cantilever throughout the image. Absorption spectra were obtained by
sweeping the laser wavelength while monitoring the cantilever oscillation amplitude. Absorption
maps were obtained by illuminating the sample with a constant wavelength while moving the

probe across the sample surface.
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