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2D materials

Two-dimensional (2D) materials have many applications ranging from heterostructure electronics to nanofluidics
and quantum technology. In order to effectively utilize 2D materials towards these ends, they must be transferred
and integrated into complex device geometries. In this report, we investigate two conventional methods for the
transfer of 2D materials: viscoelastic stamping with polydimethylsiloxane (PDMS) and a heated transfer with
poly bis-A carbonate (PC). We use both methods to transfer mechanically-exfoliated flakes of hexagonal boron
nitride onto silicon nitride (SiNy) substrates and characterize the resulting transfers using atomic force micro-
scopy (AFM), aberration-corrected scanning transmission electron microscopy (AC-STEM) and electron energy
loss spectroscopy (EELS). We find that both transfer methods yield flakes with significant and comparable residue
(within the limitations of our study on eight samples). Qualitative interpretation of EELS maps demonstrates that
this residue is comprised of silicon, carbon and oxygen for both transfer methods. Quantitative analysis of AC-
STEM images reveals that the area covered in residue is on average, slightly lower for PDMS transfers (31 %
+ 1 %), compared to PC transfers (41 % =+ 4 %). This work underscores the importance of improving existing
transfer protocols towards applications where cleaner materials are critical, as well as the need for robust
methods to clean 2D materials.

1. Introduction

Beginning with the isolation of graphene in 2004 by Geim and
Novoselov, interest in two-dimensional (2D) materials research has
increased significantly over the past two decades (Novoselov et al.,
2005, 2004; Sebastian et al., 2021). Graphene is one of many kinds of
van der Waals (vdW) materials, which are a class of crystalline materials
whose layers are weakly bound together by vdW interactions (Guo et al.,
2021). In order to leverage the unique properties of such materials, re-
searchers typically employ the following workflow: (1) material prep-
aration, (2) transfer, and (3) characterization. To prepare 2D materials,
there are two dominant methodologies: mechanical exfoliation and
chemical vapor deposition (CVD). Mechanical exfoliation, also referred
to as the “Scotch Tape Method,” is a process whereby mechanical force is
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applied to a bulk crystal to obtain atomically thin flakes. This method is
used to sequentially and quickly exfoliate layers of vdW material and
can be considered a “top-down approach” to fabrication (Gautam and
Chelliah, 2021; Mas-Ballesté et al., 2011). In contrast, CVD utilizes
gaseous precursors and high temperatures to grow flakes and/or films of
vdW materials on various substrates. In this way, CVD can be considered
a “bottom-up” approach (Lee et al., 2017; Li et al., 2018; Mandyam
et al., 2020; Munoz and Gémez-Aleixandre, 2013).

Once atomically thin flakes have been acquired, the next challenge is
to reliably place the flakes onto target substrates. Transfer methods are
typically categorized as either “dry transfers” or “wet transfers”
depending on the medium and techniques used (Cheliotis and Zergioti,
2024). Generally, the dry transfer process utilizes a polymer - typically a
viscoelastic polymer like polydimethylsiloxane (PDMS) - to
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“pick-and-place” single flakes on target substrates (Castellanos-Gomez
et al., 2014; Toyoda et al., 2019). Meanwhile, the wet transfer method
typically utilizes a wet etchant to separate the 2D material from its
substrate, resulting in flakes suspended in a polymer layer (often poly-
methyl methacrylate, or PMMA). This stack can then be placed onto the
target substrate where the polymer is subsequently removed (He et al.,
2019; Jang et al., 2023). Due to widespread interest in 2D materials,
optimization of the transfer process has attracted significant discussion
(Bae et al., 2010; Gant et al., 2020; Leong et al., 2019; Yoon et al., 2022;
Zhao et al., 2020). Each transfer method has unique advantages and
disadvantages, with cleanliness, mechanical damage, and strain being
critical factors to consider depending on the desired application.

After transfer, flakes of 2D materials must be appropriately charac-
terized. Many techniques are available to characterize these materials,
such as atomic force microscopy (AFM), scanning tunnelling micro-
scopy, Raman spectroscopy, photoluminescence (PL) spectroscopy and
imaging, scanning electron microscopy, electronic transport measure-
ments, and transmission electron microscopy (TEM). TEM, and partic-
ularly aberration-corrected scanning TEM (AC-STEM) can achieve
atomic resolution, thereby providing significant insight into the rela-
tionship between atomic structure, defect density, and material prop-
erties (Sohn et al., 2024). Moreover, many TEMs are also equipped with
detectors that enable in-situ spectroscopy, such as electron energy loss
spectroscopy (EELS) or energy dispersive x-ray spectroscopy, yielding
critical information about the chemical composition of samples (Marks
et al., 2020; Yu and Garcia de Abajo, 2020).

In this paper, we use AC-STEM and EELS to investigate and compare
two dry-transfer methods towards the preparation of clean hexagonal
boron nitride (hBN) flakes: polydimethylsiloxane (PDMS) viscoelastic
stamping and a heated poly bis-A carbonate (PC) transfer. These two
methods were chosen as they are widely used in the field (Guo et al.,
2021; Jain et al., 2018; Jayasena and Melkote, 2015; Keneipp et al.,
2024; Somphonsane, Buapan, and Ramamoorthy, 2024). HBN was
selected as a model 2D material due to the significant interest it has
garnered in recent years. Also referred to as “white graphene,” hBN is a
vdW material comprised of alternating boron and nitrogen atoms ar-
ranged in a honeycomb lattice. HBN is a wide band-gap semiconductor
(~6 eV) that has long been used as an insulating layer in heterostructure
electronics (Dean et al., 2010; Knobloch et al., 2021; Molaei et al.,
2021). In addition, hBN has captured the attention of the nanofluidics
community, owing to its reportedly large intrinsic surface charge,
making the material attractive for osmotic power generation applica-
tions, nanopore sensing applications, and as a platform to investigate ion
transport and fluid dynamics at the nanoscale (Joly et al., 2021; Keneipp
et al., 2024; Manikandan et al., 2024; Siria et al., 2013; Weber et al.,
2017; Won and Aluru, 2007; Yazda et al., 2021).

In addition to nanofluidics, hBN is also of interest in quantum optics.
In 2016, hBN was found to host room-temperature single photon emit-
ters (SPEs) (Tran et al., 2016). As a result, the material has emerged as a
promising host for quantum technologies due to its large bandgap,
bright single-photon emission, and room-temperature single spins
(2017; Exarhos et al., 2019; Jungwirth et al., 2016; Patel et al., 2022,
Patel et. al., 2024). The exact chemical nature of SPEs in hBN is an
outstanding question, and several mechanisms have been theoretically
proposed, including carbon substitutions, boron vacancies, and nitrogen
vacancies within hBN’s lattice (Tawfik et al., 2017). Several groups have
presented evidence that emission in hBN is related to the presence of
carbon, often introduced via ion implantation (Auburger and Gali, 2021;
Mendelson et al., 2021; Sajid and Thygesen, 2020; Zhong et al., 2024).
This raises questions about the interplay, if any, between carbonaceous
contamination resulting from the exfoliation and transfer of hBN, which
typically involve carbon-rich polymers, and its quantum emission
properties (Gusdorff et al., 2024).

In this work, we mechanically exfoliated and transferred eight flakes
of hexagonal boron nitride (hBN) using PDMS viscoelastic stamping and
heated poly bis-A carbonate (PC) transfer methods. All flakes were
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transferred over sub-micron holes milled in silicon nitride (SiNy) mem-
branes. These samples were investigated in detail with AFM, AC-STEM
and EELS. Four flakes were prepared using the PDMS viscoelastic
stamping method (samples denoted as A, C, D and E), while the other
four were prepared using the heated PC method (samples denoted as B,
F, G and H). Results from samples A and B are included in the main text,
and the results from other samples are included in the Supplementary
Information. These exfoliation and transfer methods yielded multilayer
flakes of varying thicknesses (~6 nm to 11 nm, as measured by AFM)
and relatively large areas (hundreds of square microns). A JEOL NEO-
ARM AC-STEM operating at 80 kV was then used to directly visualize
contamination resulting from the sample preparation methods
employed. Finally, EELS elemental maps reveal the chemical composi-
tion of contamination found on hBN flakes. Our work shows that both
PDMS viscoelastic stamping and heated PC transfers result in significant
contamination on hBN flakes and that this contamination is primarily
composed of silicon, carbon, and oxygen species. Within the limitations
of our study, which are outlined in the discussion, we conclude to first
order, that both transfer methods yield samples of similar quality in
terms of cleanliness, as defined by the presence of extraneous silicon,
carbon and oxygen on hBN flakes. The percentage of flake area covered
in residue was also calculated based on pixel intensity in AC-STEM im-
ages for all samples. This analysis shows that PDMS transfers display less
residue (31 % + 1 %), in comparison to PC transfers (41 % + 4 %).

2. Materials and methods
2.1. Substrate fabrication

For all samples, hBN flakes were transferred over holes milled into
50-nm-thick SiNy membranes. Holes were patterned into the SiNy
membranes via focused ion beam (FIB) milling in a Tescan S8252X FIB-
SEM to suspend the transferred hBN. FIB holes ranged in size from ~
170 nm to ~ 620 nm in diameter (Chen and Liu, 2019; Peltonen et al.,
2016; Thiruraman et al., 2018). The Tescan S8252X ion beam was
operated at 30 kV and 10 pA and the scanning electron beam was
operated at 5 kV and 30 pA during patterning.

2.2. Viscoelastic transfer

2.2.1. Exfoliation

HBN crystal (HQ Graphene) was mechanically exfoliated onto a 1-
inch-wide strip of Nitto SPV 224 tape, with its short edges folded over
to create makeshift handles. This tape was placed adhesive side up on a
glass microscope slide and referred to as the “mother tape,” as shown in
Fig. 1(1). A second 1-inch-wide strip of Nitto SPV 224 tape was prepared
with makeshift handles. This was referred to as the “daughter tape.”
Shown in Fig. 1(2), the daughter tape was adhered to the exposed ad-
hesive of the mother tape, and a cotton swab was applied to the back of
the daughter tape to ensure contact. After the daughter tape was care-
fully peeled from the mother tape (Fig. 1(3)), a glass microscope slide
carrying two, 4 x 3 arrays of rectangular PDMS blocks (GelPak 3 Gel-
Box) on double-sided tape was prepared, as shown in Fig. 1(4). Each
individual block roughly measured 4 mm x 2.5 mm. Utilizing rectan-
gular blocks of PDMS instead of square blocks was deliberate, as rect-
angular blocks allowed for faster and more accurate determination of
block orientation, which became important for subsequent steps (see
Section 2.2 .B and 2.2.C). With the PDMS arrays prepared, the daughter
tape was then placed into contact with one of the two arrays (see Fig. 1
(5)). Afterwards, the daughter tape was gently removed from the PDMS,
leaving the PDMS blocks with hBN on the surface.

2.2.2. Flake selection

The PDMS blocks were surveyed under an optical microscope (Nikon
ECLIPSE 80i) to identify thin flakes of hBN. Extremely thin flakes
exhibited very little optical contrast with the PDMS, whereas thicker
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Fig. 1. Schematic of viscoelastic transfer method with PDMS. (1) Mechanically exfoliated hBN flakes (pink) on tape are secured to a glass slide. This tape is referred
to as the “mother tape.” (2) A cotton swab is used to gently apply pressure to a second piece of tape mutually adhered to the mother tape, yielding a “daughter tape.”
(3) Mother and daughter tapes, side by side. (4) Prepared PDMS block arrays on a glass microscope slide. (5) HBN flakes are transferred from the daughter tape onto
pre-cut PDMS blocks on top of a glass slide. (6) Flakes are then transferred onto target substrates by raising the target until contact is made. Here, the desired
substrate is a SiNy (orange) membrane that has been patterned with a hole. (7) Optical micrograph of Sample A showing transferred hBN flake, outlined with a

dashed line.

flakes were easily identifiable. Once an ideal hBN flake was found, its
position on the PDMS block was recorded so that the flake could be
easily avoided when handling the PDMS block during the transfer pro-
cess. In general, due to the surface area of a PDMS block being similar in
magnitude to that of a target substrate, a single PDMS block usually
yielded only one hBN transfer. However, if two hBN flakes of equal
desirability were sufficiently separated (i.e. two flakes located at
opposite ends of a PDMS block), then two hBN transfers from a single
PDMS block could be achieved.

2.2.3. Transfer

The transfer of hBN onto a target substrate was carried out under a
different optical microscope, using a micromanipulator and motorized
XYZ stage to move the hBN-carrying PDMS block and substrate,
respectively. Prior to a transfer, substrates were piranha cleaned
together at 200 °C for 30 min and subsequently submerged in deionized
water. For a single transfer, a substrate was taken out of the deionized
water, thoroughly dried with Ny, and adhered to the motorized stage
using double-sided carbon tape. The other substrates remained in the
deionized water until they were used in subsequent transfers. Substrates
were left in the deionized water for up to two hours with no noticeable
impact on the ease or quality of the transfer. The substrate was brought
into focus in the microscope, and the FIB hole on the SiNy window was
centered. With the substrate ready, an hBN-carrying PDMS block was
carefully removed from the glass microscope slide with tweezers, taking
care not to disturb the desired flake, and attached to the “transfer arm.”
The transfer arm refers to a 0.25-inch x 1-inch x 11.75-inch acrylic bar
with a glass microscope slide secured with Scotch tape to one of the 1-
inch x 11.75-inch faces, leaving a 1-inch x 1-inch area of the micro-
scope slide protruding beyond the length of the bar. A 1-inch x 1-inch
cut of transparent double-sided tape was then placed on the exposed
area of the microscope slide, and the hBN-carrying PDMS placed atop
the tape. The transfer arm was flipped upside-down such that the
exposed hBN faced downward and was secured to the micromanipulator
with a large binder clip. Under the microscope, the PDMS block was
brought into focus and the desired hBN flake was located and centered.
Next, the substrate was slowly raised towards the PDMS block (see Fig. 1

(6)) until contact was made to transfer the flake onto the target sub-
strate. The hBN-containing substrate was then brought back to the op-
tical microscope to verify a successful transfer, with an example of such
shown in Fig. 1(7). For further information, see Keneipp et al., (2024).

2.3. Heated PC transfer

2.3.1. Exfoliation

HBN crystal was mechanically exfoliated into few-layered flakes by
repeated folding in Nitto SPV 224 tape. Silicon wafers with a 285 nm-
thick SiO, surface layer were cleaved into ~ 1-cm x 1-cm pieces and
cleaned in piranha solution at 200 °C for 20 min, followed by 5 min of
oxygen plasma cleaning (PSDP Pro, Novascan Technologies, Inc.) This
cleaning step removes adsorbates from the oxide surface, improving
exfoliation performance and mitigating contamination (Huang et al.,
2015). Furthermore, this oxide thickness was used because it has been
shown to provide high optical contrast for thin 2D materials (Wang
etal., 2012). Tapes containing the flakes were immediately brought into
contact with the clean Si/SiO; wafer pieces and pressed down to remove
air bubbles at the tape-substrate interface. The Si/SiOy/tape pieces were
then annealed at 100 °C for 2 min on a hot plate, cooled to room tem-
perature, and the tape kept pressed down across the entire Si/SiO,
surface for one minute to remove any trapped gases at the
flake-substrate interface (Huang et al., 2015). The tape was subse-
quently removed from the Si/SiO; pieces by gently pulling ata 15 ° to 30
° angle. This process yielded exfoliated flakes of hBN on the Si/SiO4
pieces, which are hereby referred to as the “exfoliation substrates.”
Desirable hBN flakes were identified by surveying the exfoliation sub-
strate under an optical microscope.

2.3.2. Transfer slide preparation

Transfer slides were assembled by affixing small (~
2mm x 2mm x 2mm) PDMS blocks onto clean glass microscope
slides. These PDMS blocks were each patterned with a ~ 50 pm square
region by soft lithography. This was done to ensure accurate placement
of flakes onto target substrates. We found this step to be critical to the
success of the transfer, since thin hBN flakes are virtually invisible when
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adhered to the transparent transfer slide. A PC film was prepared by
spincoating 8 wt% PC : 92 wt% chloroform solution at 4000 rpm for
60 s onto a piranha cleaned Si/SiO, wafer piece. A piece of hole-
punched office tape was used to remove the PC film from the Si/SiOy
spincoating substrate and affix it to the transfer slide such that the
patterned face of the PDMS block was covered with the suspended PC
film, as shown in Fig. 2(1).
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2.3.3. Flake selection & transfer

The exfoliation substrate and target substrate were loaded onto the
sample stage, the transfer slide was loaded onto the transfer arm, and the
stage temperature was set to 40 °C (Fig. 2(2)). The desired hBN flake was
brought into view through the PDMS block and the transfer slide was
lowered until contact with the exfoliation substrate was established. The
stage temperature was then increased to 60 °C, and passively cooled to
30 °C (Fig. 2(3) and 2(4)). After cooling, the transfer slide was removed
from the exfoliation substrate, resulting in the adhesion of hBN flake to
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Fig. 2. Schematic of heated transfer method with PC. (1) Mechanically exfoliated hBN flakes (pink) are prepared on an Si/SiO, substrate; this is the “exfoliation
substrate.” A PDMS block on a glass slide is coated with PC (red); this is the “transfer slide.” (2) With the heated stage set to 40 °C, the transfer slide is lowered onto
the exfoliation substrate. (3) Once the transfer slide has made contact with the desired hBN flake, the stage temperature is raised to 60 °C. (4) Upon reaching 60 °C
the stage is allowed to cool to 30 °C and the transfer slide is lifted from the exfoliation substrate with the desired flake adhered to the PC film. (5) The flake is aligned
with the target substrate and slowly lowered until contact is made. Here, the target substrate is a SiNy membrane (orange) that has been patterned with a hole. (6)
Once contact is made, the stage temperature is raised to 180 °C to melt the PC. (7) The PDMS block is raised from the interface, leaving the desired flake and a film of
PC on the target substrate. (8) Optical micrograph of Sample B with the transferred flake outlined with a dashed line. This micrograph was taken after rinsing away

the layer of PC in heated (60 °C) chloroform for 5 min.
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the PC-coated PDMS blocks. Finally, the hBN flake was aligned above
the target substrate Fig. 2(5) with the assistance of the lithographically
patterned PDMS. The stage temperature was then increased to 180 °C
until the PC film completely melted, disestablishing contact between the
hBN flakes and the PDMS (Fig. 2(6)). The transfer slide was raised from
the target substrate and the stage was allowed to cool to room temper-
ature. The target substrate was then soaked in heated (60 °C) chloroform
to remove residual PC from the transferred hBN.

2.4. Atomic force microscopy

The thickness of all flakes was measured using either a Bruker Icon
AFM or a Bruker Multimode 8 AFM. All AFM data was processed in
Gwyddion. For all AFM scans, background removal was performed and a
line profile was drawn over the edge of the flake to determine the
approximate flake thickness (see Fig. S1).

2.5. AC-STEM imaging & EELS

AC-STEM imaging and EELS were performed on a JEOL NEOARM
STEM operating at 80 kV with a ~ 37 pA probe current* and a 4 cm
camera length. AC-STEM imaging utilized a Gatan annular dark field
(ADF) detector. All images were captured with a 1024 x 1024 px? res-
olution and 32 ps/px dwell time, and subsequently processed in ImageJ.
EELS spectrum images were collected with a Gatan Quantum GIF
equipped with an Ultrascan camera. All spectrum images were captured
with a 0.25 eV/ch dispersion, 166.8 x 166.8 nm? size, 110 x 110 px>
resolution, and a 0.005 s per pixel dwell time, with the exception of
Sample H. The EEL spectrum image for Sample H was captured with a
0.25 eV/ch dispersion, 126.3 x 126.3 nm? size, 95 x 95 px2 resolution,
and a 0.001 s per pixel dwell time. All spectrum images were processed
in Gatan’s GMS software as follows: (1) when applicable, spurious x-rays
were filtered from spectrum images (Bosman and Keast, 2008); (2) a
first-order-log-polynomial background subtraction was applied to each
spectrum image, with a 19 eV-wide background fit window beginning at

(a) Sample A
(PDMS)

30 um

(e) B

(f) N

50 nm

Normalized Intensity Normalized Intensity
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75 eV; (4) when applicable, EELS maps were cropped to only include
regions of suspended hBN; (5) Elemental maps of boron, carbon, nitro-
gen, oxygen and silicon were produced by integrating the signal in-
tensity of the summed spectra from each spectrum image. Each map is
normalized with respect to its maximum intensity.

* The reported AC-STEM probe current was obtained from JEOL and
measured when the JEOL NEOARM was installed at the University of
Pennsylvania.

2.6. Sample storage

After the transfer of hBN, and in between AC-STEM, EELS, and AFM
characterizations, all samples were stored in GelPaks under vacuum.
Samples were exposed to air during transfer, AC-STEM specimen ex-
change, and AFM measurements. Note that when samples were in Gel-
Paks, they were stored with the hBN flake facing upwards at all times (i.
e., no contact with the PDMS film). Our substrate geometry is such that
there is a ~ 300 um gap between the bottom of the substrate and the
bottom surface of the hBN flake when samples are stored in this
orientation.

3. Results and discussion

We characterized hBN samples prepared either by PDMS stamping or
heated PC transfer using AC-STEM, EELS, and AFM (see Supporting
Information, Table S1). Fig. 3 shows Sample A, a 6-nm-thick flake pre-
pared by PDMS stamping, and its associated AC-STEM and EELS data.
The sample is covered in a non-uniform layer of residue (Fig. 3(c)) and
elemental maps taken from the same region indicate that the residue-
rich regions are primarily composed of silicon (Fig. 3(d)). Qualita-
tively, it appears that the oxygen and carbon signals are also spatially
correlated with the residue shown in Fig. 3. However, the overall
strength of the carbon and oxygen signals is much weaker in comparison
to that of silicon for Sample A. Similar results are observed for Samples
C, D, and E (Figs. 52-54), which were also prepared via PDMS stamping.

Normalized Intensity

Normalized Intensity Normalized Intensity

Fig. 3. EELS map of Sample A prepared via PDMS stamping. (a) Optical micrograph showing suspended hBN flake on an SiNy membrane. (b) ADF image showing an
hBN flake suspended over a FIB hole. The region boxed in red corresponds to the next panel. (c) ADF image corresponding to the EELS elemental maps shown in the
remaining panels. (d-h) EELS elemental maps indicating the presence of silicon, boron, nitrogen, oxygen and carbon, respectively. Black corresponds to the absence of

an element, and color indicates its presence.
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Like Sample A, the silicon, carbon, and oxygen elemental maps for
Samples C, D and E appear to be qualitatively correlated with the
contaminated regions shown in their respective ADF images (Fig. S2(c),
Fig. §3(c), and Fig. S4(c)). For Samples C through E, the silicon maps
consistently display the strongest correlation with the residue, followed
by the carbon map, with the oxygen map having the weakest correlation
(Fig. S2(d-h), Fig. S3(d-h), and Fig. S4(d-h), respectively). The presence
of a particularly strong silicon signal, and more moderate carbon and
oxygen signals in the residue-rich regions of Samples A, C, D and E is
consistent with the composition of the PDMS blocks used to prepare
these samples. PDMS is comprised of a repeating silicon and oxygen
backbone, with two methyl groups branching off of each silicon atom.
Furthermore, it is not surprising that a thin layer of PDMS may adhere to
flakes during the transfer process given that the polymer’s adhesive
properties are in part what makes the material an effective viscoelastic
stamp (Jain, et al., 2018; Vlassov et al., 2018).

Similarly, we characterized four samples transferred using the
heated PC method. Fig. 4 shows Sample B, a 7-nm-thick flake prepared
in this way. We observed that Sample B is covered in residue (Fig. 4(c))
and that like the PDMS-transferred samples, this residue is strongly
correlated with the presence of silicon (Fig. 4(d)). This result was
somewhat surprising, given that in the PC-transfer method, the sus-
pended region of hBN did not have direct contact with any silicon-
containing materials (i.e., PDMS). Instead, the flake was shielded by a
thin layer of PC, which does not contain silicon (Kim et al., 2008). This
suggests that the residue observed is influenced by additional factors,
which may be worth further investigation. For example, silicon could
arise from the substrates themselves which contain SiNy and/or the
substrate milling process; storage methods (such as PDMS-lined Gel-
Paks); or environmental contaminants, given that all transfers were
performed in air using shared equipment, as opposed to inside a dedi-
cated glovebox or cleanroom environment. Another potential source of
silicon might be the diffusion of un-crosslinked PDMS oligomers through
the PC film to the surface of hBN flakes (Jain et al., 2018; Lee et al.,
2003; Regehr et al., 2009).

Normalized Intensity

Normalized Intensity
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The oxygen and carbon maps of Sample B (Fig. 4(g)-(h)) exhibit
qualitatively weaker spatial correlation with the residue shown in the
ADF image (Fig. 4(c)), which is similar to the PDMS stamped samples.
Here, the weaker carbon and oxygen signals may be attributed to the
final heated chloroform soak, which was intended to dissolve the melted
PC. Samples F, G and H replicate what was observed in Sample B
(Figs. S5, S6, and S7, respectively). Namely, Samples F, G and H are also
covered in a silicon-rich residue, with weaker contributions from carbon
and oxygen.

Fig. 5 summarizes the normalized EEL spectra across all eight sam-
ples, and shows no observable difference between PDMS and PC-
transferred samples. For all samples, the boron K-edge and nitrogen K-
edge signals are the strongest, followed by slight peaks corresponding to
the silicon Ly 3 edge. In the plot of all normalized spectra, it is difficult to
discern peaks corresponding to the carbon K-edge and oxygen K-edge for
any samples. This indicates that relatively few carbon and oxygen counts
were captured by the EELS detectors for all samples, in comparison to
those collected for silicon, boron, and nitrogen. For all samples, the
silicon signal is consistently the strongest (greatest intensity), followed
by the carbon signal, and the oxygen signal is the weakest, demonstrated
by the EELS maps and Fig. 5.

It is also interesting to compare the annular dark field (ADF) images
obtained across samples. These images show that contamination does
not uniformly cover the suspended regions of hBN for either the PC or
PDMS samples. Moreover, ADF images indicate that where contamina-
tion is present on hBN flakes, the contamination itself is not of uniform
thickness. (This is justified because in ADF images, the intensity is
proportional to thickness, with thicker regions appearing more bright/
white, and thinner regions appearing more dark/black.) This qualitative
observation can be expanded upon, by quantifying the relative amount
of residue on all samples. A simple image processing routine (see Fig. S8
in the Supplementary Information) was performed on all ADF images
(Figs. 3(c), 4(c), S2(c)-S7(c)) to determine the average residue coverage
on PDMS transferred samples (31 % + 1 %) and PC transferred samples
(41 % =+ 4 %). This analysis reveals that there a statistically significant

Normalized Intensity Normalized Intensity

Fig. 4. EELS map of Sample B prepared via heated PC transfer. (a) Optical micrograph showing suspended hBN flake on an SiNy membrane. (b) ADF image showing
an hBN flake suspended over a FIB hole. The region boxed in red corresponds to the next panel. (¢) ADF image corresponding to the EELS elemental maps shown in
the remaining panels. (d-h) EELS elemental maps indicating the presence of silicon, boron, nitrogen, oxygen and carbon, respectively. Black corresponds to the

absence of an element, and color indicates its presence.
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Fig. 5. Normalized EEL spectra for all samples. Plotted spectra corresponding
to the EELS maps shown in Figs. 3, 4, and the SI. Each spectrum is produced by
summing the single spectrum collected at each pixel, over all pixels in the
spectrum image obtained for each sample. Samples prepared via PDMS
stamping are shown in shades of blue. Samples prepared via PC transfer and are
shown in shades of red. All spectra were normalized by dividing by the highest
signal intensity prior to plotting. The location of the silicon Ly 5 (99 keV), boron
K (188 keV), carbon K (284 keV), nitrogen K (402 keV), and oxygen K
(532 keV) edge onsets are marked with grey dashed lines.

difference in the relative amounts of residue for the two transfer
methods. Furthermore, the coverage varied slightly more within PC
samples than PDMS samples because the standard deviation is greater
for PC samples (4 %) than PDMS samples (1 %).

4. Conclusions

In conclusion, we report and evaluate two transfer methods for
preparing few-layer, suspended hBN flakes over holes in SiNy mem-
branes: viscoelastic stamping with PDMS and a heated PC transfer
technique. AC-STEM and EELS mapping revealed the presence of sig-
nificant residue regardless of transfer method. Qualitative interpretation
of EELS maps indicates that in both cases, the residue is composed pri-
marily of silicon, with weaker contributions from carbon and oxygen. In
the case of PDMS viscoelastic stamping, this observation is consistent
with the chemical structure of PDMS itself. However, for heated PC
transfers, the presence of silicon is somewhat counterintuitive and may
indicate that residue arises from alternative sources. This indicates that
further study is necessary to determine with certainty the source of the
silicon-rich residue on PC-transferred samples. In contrast, quantitative
analysis of AC-STEM images did reveal observable differences between
the two methods. Samples transferred via PDMS viscoelastic stamping,
on average, displayed relatively less residue in comparison to samples
prepared with the heated PC transfer method.

Multiple limitations exist within our study. First, our study includes
only eight samples, which necessarily limits the statistical significance of
our results. Second, our study exclusively focused on two dry transfer
methods: PDMS stamping and heated PC transfer. It would certainly be
of interest to explore contamination resulting from wet transfer methods
and additional dry transfer procedures with AFM, AC-STEM, and EELS.
Third, electron irradiation may modify the structure and quantity of
contamination (Egerton, 2019; Egerton et al., 2004). Care was taken to
acquire all AC-STEM data and EELS maps with the minimum exposure
necessary, but this effect cannot be altogether ignored. Furthermore, in
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the case of hBN, outstanding questions regarding the interplay between
contamination and the material’s desirable optoelectronic properties
may be better addressed by studies utilizing techniques, such as PL
and/or Raman spectroscopies in addition to AFM, AC-STEM and EELS
(Gusdorff et al., 2024). Finally, this study did not investigate potential
cleaning treatments for transferred flakes, which may remedy contam-
ination. Despite its limitations, this work employing a detailed elemental
analysis contributes to the growing body of literature on the effects of
contamination on 2D materials, and sheds light on the pervasive issue of
contamination in 2D materials sample preparation, with a focus on hBN.
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