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Introduction

Wafer-scale integration of monolayer MoS, via
residue-free support layer etching and angular
strain suppression
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A crack-free and residue-free transfer technique for large-area, atomically-thin 2D transition metal
dichalcogenides (TMDCs) such as MoS, and WS is critical for their integration into next-generation elec-
tronic devices, either as channel materials replacing silicon or as back-end-of-line (BEOL) components in
3D-integrated nano-systems on CMOS platforms. However, cracks are frequently observed during the
debonding of TMDCs from their growth substrates, and polymer or metal residues are often left behind
after the removal of adhesive support layers via wet etching. These issues stem from excessive angular
strain accumulated during debonding and the incomplete removal of support layers due to their low solu-
bility. In this study, we developed a novel debonding strategy along with an optimized etching protocol to
address these challenges. Characterization using Raman spectroscopy, photoluminescence (PL), X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and optical microscopy (OM)
confirmed that the optimized process enables clean, crack-free, and morphologically intact MoS, films.
The success of the crack-free and residual-free transfer is attributed to two key factors: (1) the suppres-
sion of mechanical bending during debonding, which eliminates bending-induced crack formation; and
(2) the precise control of etchant concentration, reaction duration, and post-etch rinsing steps, which
ensures the complete removal of the support layer without damaging the MoS, film. Using commercially
available fab tools such as wafer bonders and debonders, we successfully demonstrated the clean transfer
of a 2-inch monolayer MoS; film with a high transfer yield of 95%, highlighting the practical applicability
of this process for scalable device fabrication.

In this context, large-area 2D material transfer technologies
have become critical for integrating TMDCs into 3D-integrated

Leveraging their unique thickness-dependent properties, atom-
ically-thin two-dimensional (2D) transition metal dichalcogen-
ides (TMDCs) have emerged as promising channel materials
for ultra-scaled electronics, with potential to replace tra-
ditional silicon."™ Semiconducting 2D TMDCs are also being
explored for back-end-of-line (BEOL) devices in 3D-integrated
nano-systems built on CMOS platforms. According to the IEEE
International Roadmap for Devices and Systems (IRDS) -
2021,"° high-volume manufacturing of 2D electronics is antici-
pated within the next decade.
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electronics, especially since high-quality TMDCs are typically
grown on lattice-matched substrates (e.g., c-plane sapphire) at
elevated temperatures incompatible with BEOL processes.
Successful integration therefore hinges on two key prerequi-
sites: (1) high-yield, damage-free detachment of TMDCs from
its growth substrate, and (2) seamless, residual-free release
onto the target substrate.

Among the various strategies, polymer-assisted transfer has
gained widespread adoption for its conformal contact capa-
bility, substrate compatibility, and process simplicity. Poly
(methyl methacrylate) (PMMA) is one of the most commonly
used polymers in this approach.®® However, standalone
PMMA often results in contamination due to its strong adsorp-
tion onto TMDC surfaces."® Even after multiple lift-off or post-
treatment processes,'' " radical sites generated during PMMA
removal continue to interact strongly with TMDC surfaces,
leaving behind persistent organic residues.’® Additionally,
PMMA'’s relatively low Young’s modulus (~22 MPa)'* provides

This journal is © The Royal Society of Chemistry 2025
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insufficient mechanical support, making TMDCs vulnerable to
strain-induced damage during delamination, thus reducing
transfer yield."> The resulting cracked surfaces and increased
roughness'® caused by residual contamination have become a
primary challenge in PMMA-assisted transfer,"’>° ultimately
degrading device performance due to screening effects.>*

In this study, we address the limitations of PMMA-only
assisted transfer by introducing a 30 nm thick bismuth (Bi)
interlayer between PMMA and the TMDC, denoted as the
PMMA/Bi-assisted transfer method. Bismuth offers sufficiently
strong adhesion for detaching 2D materials and, with its high
stiffness (Young’s modulus ~34 GPa),** provides structural
support that helps preserve the integrity of the transferred
TMDC. Serving as an interfacial buffer, Bi is hypothesized to
minimize mechanical stress during transfer. Meanwhile,
PMMA remains essential as a compliant layer, ensuring con-
formal contact with the Bi/TMDC. Although Bi has previously
shown promise as a support layer for TMDC transfer,’ a sys-
tematic understanding of how Bi etching conditions affect the
preservation of 2D material quality remains underexplored,
leaving underlying chemical interactions ambiguous. In this
study, we leveraged a commercially available wafer debonder to
facilitate a controlled peeling process, in which the growth
substrate is detached from the carrier/support layer/TMDC
stack firmly mounted on the rigid bottom chuck of the debon-
der, while the propagation of separation front is well con-
trolled by a programmable roller. This debonding process sup-
press the bending on TMDC layer, and thus substantially sup-
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pressing the angular strain imparted on the bending-free 2D
TMDC to eliminate the bending-induced crack formation. This
strain-minimized approach enables the preservation of mono-
layer crystallinity and morphology across wafer scales. Based
on using this method, we demonstrate the clean transfer of a
2-inch MoS, film with a high yield of 95% and no observable
residues.

This work showcases the residual-free TMDC transfer after
the complete removal of the PMMA/Bi stack (with molyb-
denum disulfide, MoS,, as a model system), emphasizing the
importance of optimizing etchant concentration, etching dur-
ation, and post-treatment steps. Comprehensive characteriz-
ation using Raman spectroscopy, photoluminescence (PL),
X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and optical microscopy (OM) confirms that
the optimized PMMA/Bi-assisted process yields MoS, films
that are clean, crack-free, and morphologically intact. Finally,
wafer-scale transfer with minimal folding and wrinkling is
demonstrated using existing automated fab tools (wafer
bonder and debonder), highlighting the industrial compatibil-
ity of this approach.

Results and discussion

Fig. 1 shows the schematic drawings of the PMMA/BI assisted
transfer process of CVD-grown MoS, and the sample photos
captured along different steps in the transfer. The detailed
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Fig. 1 Schematic drawings and photographs of samples in PMMA/Bi assisted transfer process for monolayer MoS,.
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growth and transfer procedures of MoS, are described in the
Experimental section. Briefly, the entire process is consisted of
the following steps: (1) annealing of sapphire growth substrate
(SAP) at 1100 °C to promote the epitaxial growth of continuous
MoS,.>* (2) Growth of MoS, on annealed SAP using a low-
pressure CVD process. (3) Deposition of Bi film (30 nm) on
MoS,/SAP using e-beam evaporation. (4) Spin coating of
PMMA solution (PMMA, 495 K A4, MicroChem Corp.) onto Bi/
MoS,/SAP. (5) Wafer bonding of Thermal Release Tape (TRT)
with high Young’s modulus (~1 GPa for the backing polyester
layer of the TRT)*® onto PMMA/Bi/MoS, under vacuum (~10~°
mbar). (6) Mechanical detachment of entire stack structure of
TRT/PMMA/Bi/MoS, from SAP growth substrate using the
wafer debonder. (7) Bonding of TRT/PMMA/Bi/MoS, stack onto
a UV-ozone treated SiO,/Si. (8) Removal of TRT at a tempera-
ture of 120 °C, followed by removal processes for PMMA and
Bi layers via wet etching in acetone and nitric acid solutions,
respectively, resulting in the wafer-scale transfer of MoS, on
SiO,/Si.

In this study, PMMA served as a compliant interfacial layer
for establishing conformal contact with the underlying Bi
layer,®® as well as to alleviate adhesion issues commonly
observed between rigid Bi and TRT. As such, the stack struc-
ture consisting of PMMA/Bi support and TRT carrier layers
ultimately facilitates a more controlled and precise transfer
process, which is particularly beneficial for scaling-up the
transfer of delicate TMDCs for industrial processing.

This study achieved debonding by detaching the growth
substrate from the MoS, monolayer, effectively reducing the
angular strain on 2D material - the key technical challenge
commonly encountered in previous reports.>”*® A key distinc-
tion between our approach and the laser-assisted transfer
methods reported in the literature lies in the choice of
mechanical support. Instead of relying on a rigid glass carrier
to support the TMDC, we mounted the carrier/support layer/
TMDC stack on the bottom vacuum chuck during debonding.
The high rigidity of the vacuum chuck suppresses angular
deformation of the MoS, during debonding, thereby preser-
ving its structural integrity and enhancing transfer yield.

During debonding (step 5 in transfer process flow in Fig. 1),
the TRT/PMMA/Bi/MoS, stack was firmly supported from
below by the vacuum chuck, while the top side of the SAP sub-
strate was attached to a flex plate. A blade was first inserted
beneath the SAP substrate to initiate delamination.
Subsequently, the flex plate and SAP substrate were gradually
lifted from one side under the guidance of a program-con-
trolled roller. This roller precisely modulates the propagation
of the separation front, minimizing mechanical bending and
ensuring that stress on the MoS, remains minimal throughout
the process. In addition, unlike conventional laser-assisted
methods that rely on localized heating, the wafer debonder
provides uniform temperature control during debonding, sig-
nificantly reducing the risk of thermal gradients and defect
formation in delicate 2D material. Furthermore, in contrast to
laser-assisted methods that require rigid glass carriers for
mechanical support and thermal expansion control, the wafer
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debonder-assisted process eliminates the need for such rigid
carriers. This enables the use of non-rigid and flexible sub-
strates, thereby broadening the applicability of the transfer
technique to a wider range of device architectures, including
those in flexible and wearable electronics.

As previously discussed, a key prerequisite for an ideal 2D
material transfer is the complete detachment of MoS, film
from its growth substrate without inducing damage. Prior
studies have shown that a continuous graphene film with com-
plete coverage and well-stitched grain boundaries can signifi-
cantly facilitate clean delamination without breaking the
film.>® To achieve a facile detachment, the SAP growth sub-
strate was annealed at 1100 °C to promote the growth of con-
tinuous MoS, with high coverage. As reported in our work,**
high-temperature annealing results in atomically thin and
well-defined terraces on SAP (Fig. S1, SI), serving as nucleation
sites to enhance epitaxial growth of continuous and uniform
MoS,.2°7? The entire detachment/peeling of wafer-size MoS, is
completed within minutes via mechanical debonding. OM
images (Fig. S2, SI) confirm that the entire regions of the
2-inch MoS, film were successfully and fully transferred.
Although some cracks were observed near the edges of the
transferred MoS,, the overall transfer yield exceeds 95%.

Apart from promoting the growth of continuous MoS, film
via substrate annealing, we further replace the conventional
support layer made of standalone PMMA with a bilayer of
PMMA/Bi for achieving complete MoS, delamination. It has
been reported that a PMMA-only support layer, with a low
Young’s modulus of 22 MPa,'* is unable to provide robust
mechanical support for MoS,, thereby introducing strain and
thus structural damage (cracking and wrinkling) during the
transfer process (Fig. 2b)."> To overcome this, we employ an
additional layer of 30 nm Bi between MoS, and PMMA, hereon
denoted as the PMMA/Bi assisted transfer process. OM
images, Raman, PL and AFM analysis are performed to
compare the properties of the transferred MoS, using PMMA/
Bi and PMMA-only support layers. In contrast to the micron-
sized cracks and wrinkles observed in the PMMA-only trans-
ferred MoS, (Fig. 2b), the PMMA/Bi assisted transfer achieves a
wrinkle-free film without visible macroscopic cracks (Fig. 2a),
attributed to the high elasticity of bismuth (Young’s modulus
~34 GPa).33 The Raman spectra comparing MoS, samples
transferred by PMMA/Bi method (black solid curve) and
PMMA-only method (blue dashed curve) exhibit a peak separ-
ation (Ak) of 19.5 cm™" between characteristic E,; and A
modes of MoS, (Fig. 2¢). However, a significant suppression of
the PL emission at 1.87 eV is evident in the PMMA-only trans-
ferred MoS,, whereas a stronger PL emission is observed in the
PMMA/Bi transferred sample (Fig. 2d). These PL emission
peaks are attributed to the A-exciton transition associated with
the direct bandgap of monolayer MoS,, and the weaker PL
emission from PMMA transferred MoS, is due to the cracks
screening excitonic transitions or introducing local electric
fields that suppress radiative recombination.®

In an ideal 2D material transfer process, the second critical
requirement is the release of the 2D material onto the target

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a and b) Optical microscopy images with scale bar of 10 um. (c) Raman spectra, (d) PL spectra, (e and f) AFM topography images (1 x 1 pm),

and (g and h) cross-sectional profiles taken along the location marked in
and (b—d, f and h) PMMA-only assisted transfer.

substrate without introducing any residual contaminants. To
achieve residue-free transfer of MoS,, this study emphasizes
the importance of selecting appropriate support layer
materials and systematically investigates the effects of chemi-
cal etchants on the film’s properties. As previously discussed,
the conventional use of a single-layer PMMA support was
replaced with a bilayer structure comprising PMMA and Bi.
Complete removal of the PMMA support layer is typically
achieved by immersion in an acetone bath. However, post-
baking is often employed to stabilize the PMMA structure,
which can lead to polymer crosslinking and subsequently
reduce its solubility in acetone. Furthermore, during the dis-
solution of PMMA, radical sites may be generated that can
interact with sulfur vacancies or defects in MoS,, forming
covalent-like bonds and resulting in persistent residues on the
film surface.** As indicated from AFM images in Fig. 2f and h,
these residues left on PMMA-only assisted transferred MoS,
can be up to width of 30 nm and height of 3 nm which have
been found to degrade contact quality and carrier mobility in
2D transistors.>® To solve this issue, we must get rid of the
strong interaction at the interface of PMMA/MoS,. We leverage
the weak interfacial interaction between Bi and TMDCs,*
introducing a new configuration of PMMA/Bi/MoS,, where Bi
is used as an unique interfacial layer to enable transfer of
residue-free MoS, surface, as illustrated in Fig. 2e and g. By
replacing PMMA support layer with PMMA/BIi, the root mean
square roughness (R,s) of the MoS, surface is effectively
reduced from 0.431 nm to 0.213 nm.

As previously noted, incomplete removal of the support
layer can result in residual contamination, which adversely
affects the PL emission and surface morphology of the trans-
ferred 2D material. Conversely, overly aggressive wet etching
procedures may compromise the structural integrity of the
atomically thin 2D layers.*®?” Therefore, a thorough investi-

This journal is © The Royal Society of Chemistry 2025

(e and f), of monolayer MoS; after (a, c—e and g) PMMA/Bi assisted transfer

gation into the effects of chemical etchants is essential to
ensure both the preservation of the material’s structure and
the elimination of contaminants. Indeed, it is essential to
select the mild etching conditions to ensure minimal damages
on 2D material during etching (Fig. S3, SI). While precise
control over etchant concentration and etching duration is
critical for removing the support layer without damaging the
MosS, film, detailed protocols for optimized etching conditions
—such as the selection of mild etchants, appropriate etching
times, and meticulous rinsing steps—remain scarce in the
current literature.

In addition to introducing PMMA/Bi as an effective support
layer for MoS, transfer, we present a refined etching protocol
designed to completely remove the PMMA/Bi bilayer without
leaving residual contamination. To evaluate the influence of
etchant concentration on the quality of the transferred films,
four samples consisting of PMMA/Bi/MoS, on SiO,/Si sub-
strates (each with an area of approximately 1 cm?®) were pre-
pared for systematic analysis. PMMA was firstly removed by a
conventional acetone soak (50 °C for 2 hours),'***™*° followed
by dissolving Bi in nitric acid (HNO;) with various concen-
tration (0.875 wt%, 1.75 wt%, 3.5 wt% and 7 wt%) in ambient
conditions for 30 minutes. Fig. 3a and b show Raman and PL
spectra of MoS, after the PMMA/Bi removal, together with the
spectrum of as-grown MoS, as a reference. Note that after the
removal of PMMA/BI, all transferred MoS, exhibit the E,,
peaks shift downwards by 0.1 cm™, whereas PL peaks red-
shift by 0.02-0.05 eV, compared with that of as-grown MoS,.
This can be explained with the AFM images (Fig. 3c-f), which
reveal substantial residue remaining on the MoS, surface after
the removal of the PMMA/Bi. R, of all transferred MoS,
samples ranges from 0.323 to 0.526 nm, significantly higher
than that of the as-grown MoS, (0.22 nm, Fig. 5d), suggesting
incomplete removal of the PMMA/Bi. The peak shifts in

Nanoscale, 2025, 17, 21554-21564 | 21557
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(a) Raman spectra, (b) PL spectra and (c)—(f) AFM topography images (1 x 1 um) of PMMA/Bi assisted transferred MoS,. PMMA were dissolved

in hot acetone for 2 hours, followed by the Bi etching process in nitric acid solution under various concentration (0.875 wt%, 1.75 wt%, 3.5 wt% and
7 wt%) for 30 minutes. Raman and PL properties of the as-grown MoS, are indicated as a reference (dashed curve in (a) and (b)).

Raman and PL of transferred MoS, can be caused by the
doping effect of PMMA"™ and Bi residues which introduce
strain into MoS, and thus reducing its bandgap energy.*' In
addition, we have observed that the MoS, being partly delami-
nated from the target substrate if soaking in etchant with high
concentration (3.5 wt% and 7 wt% HNO;). This observation
suggests that careful control in the etching rate is essential to
maintain the structural integrity of MoS,. According to the
eqn (1), Bi can react with HNO; to become bismuth nitrate
Bi(NO3); with the simultaneous release of nitrogen dioxide
(NO,) gas.

Bi(s) + 6HNO;(1) — Bi(NO3),(s) + 3NO,(g) + 3H,O(1) (1)

Under etching in high concentration of etchant (>3.5 wt%
HNO:;), the dissolution rate of Bi becomes too fast which will
release lots of bubbles to induce the localized high pressure
and disrupt the adhesion between MoS, and target substrate.
Consequently, the rapid etchant diffusion rate can introduce a
large mechanical stress at the interface of Bi/MoS, to delami-
nate the MoS,.

By selecting the mild etchant (1.75 wt% HNO;), we further
optimize the etching recipe to tune the etching duration (10,
20, 40 and 60 min) in ambient as shown in Fig. 4. Under these
etching conditions, E,, and PL of MoS, still have notable peak
shift though no film delamination issue is observed. For
instance, extending the etching duration in 1.75 wt% HNOj; to
40 minutes results in a slight downward shift of the E,, peak
by ~0.1 em™" and a redshift of the PL peak by ~0.03 eV.
Simultaneously, the R.,s of MoS, decreases from 0.323 nm
(30 min in 1.75 wt% HNO;, Fig. 3d) to 0.288 nm (40 min in
1.75 wt% HNO3;, Fig. 4e), indicating improved surface cleanli-
ness by prolonging the etching duration. However, some resi-

21558 | Nanoscale, 2025, 17, 21554-21564

dues with sizes up to several tens of nanometers remain on
the transferred MoS,.

In order to further determine the origin of residues
observed on all AFM images, we compare the difference in
composition and morphology of as-grown MoS, and trans-
ferred MoS, by using XPS and AFM studies. As-grown MoS, is
denoted as sample (I) in Fig. 5. Transferred MoS, involves the
removal process of PMMA and Bi under acetone soaking and
HNO; soaking, respectively, followed by the DI water rinsing
and subsequently blown dried by N,, denoted as sample (II) in
Fig. 5. The relevant process steps used to prepare sample (II)
are illustrated in Fig. 6. As shown in Fig. 5a, two sharp peaks
at 229.6 and 232.7 eV corresponding to Mo 3ds,, and Mo 3d;.,
doublet peaks of MoS, are well-resolved in both samples (I)
and (II) in Mo 3d spectra, indicating the structural integrity of
MoS, can be preserved after the transfer. However, extra peaks
are observed from the XPS S 2p/Bi 4f of the transferred MoS,
(sample II). Here, we have noted that S 2p of MoS, and Bi 4f of
Bi-based compound fall along the same range of binding
energy from 157-170 eV. By curve fitting with Gaussian func-
tion, the S 2p/Bi 4f spectrum of transferred MoS, (sample II in
Fig. 5b) can be deconvoluted into four peaks: the peaks
located at 162.4 and 163.6 eV are corresponding to S 2ps/, and
S 2p;, doublet peaks of MoS,, while those located at 158.9
and 163.8 eV are referred to Bi 4f;,, and Bi 4f5;, doublet peaks
of bismuth oxynitrate (BiONO;).*> Apparently, the emergence
of BIONO; was caused by the transfer process, since the
characteristic XPS peaks of BiONO; are absent on the as-grown
sample.

As mentioned previously, Bi can be dissolved by soaking in
HNO; to become bismuth nitrate Bi(NOs); (eqn (1)). According
to eqn (2), we believe that the unstable by-product Bi(NO3); is
subsequently transformed into bismuth oxynitrate (BiONOj)

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03068d

Open Access Article. Published on 12 1404. Downloaded on 08/11/1404 06:52:13 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
a A
P Elg *
2 60min
£
= WW/\,//\'M"A,\ZQ\'\WV
= min
]
E "l l‘.
_,"‘-‘ S As-grown
300 350 400 450 500
Raman shift (cm'1)
3nm
-3 nm
Increasing etching duration ¢
Fig. 4

View Article Online

Paper

Intensity (arb.units) T~

16 17 18 19 20
Energy (eV)

3nm

-3 nm

(a) Raman spectra, (b) PL spectra and (c)-(f) AFM topography images (1 x 1 pm) of PMMA/Bi assisted transferred MoS,. PMMA were dissolved

in hot acetone for 2 hours, followed by the Bi etching process in 1.75 wt% nitric acid solution under various duration (10, 20, 40 and 60 minutes).
Raman and PL properties of the as-grown MoS; are indicated as a reference (dashed curve in (a) and (b)).

under the hydrolysis in water-based HNO; etchant bath as
shown from (II) in XPS Bi 4f spectrum.

Bi(NO;),(s) + 2H" (aq) + 0,(g) — BiONOs(s) + 5H,0(1) (2)

Although BiONO; is a water-soluble compound,*® rinsing
with DI water alone appears to be inadequate for its complete
removal (Fig. S4 and S5, SI). We believe that one of the reasons
for the incomplete removal of BiONO; is the presence of PMMA
residues, which may act as a cap and hinder its dissolution in
DI water. According to sample (I) in XPS C 1s (Fig. 5¢), only two
peaks located at 284.5 eV and 285.4 eV, which are corresponding
to the C-C/C-H and C-O bondings of the atmospheric hydro-
carbons respectively, can be detected from as-grown MoS,.**
However, an additional peak located at 288.5 eV was observed
from the transferred MoS, marked in (II), which is attributed to
0-C=0 bondings of PMMA residues (Fig. S6, SI). The AFM
images are consistent with the XPS data, revealing significantly
different surface morphologies between the as-grown MoS, and
the transferred MoS, (Fig. 5d and e). The transferred MoS, exhi-
bits a significantly higher R,,s of 0.288 nm compared to
0.22 nm for the as-grown MoS,, primarily due to residual
BiONO; and PMMA remaining on the surface.

Although numerous studies have reported high perform-
ance in 2D material-based devices following PMMA removal
via acetone soaking during the transfer process,*>*° the effec-
tiveness of this approach remains highly debated.'®"” This
controversy arises from the fact that radical sites generated
during the PMMA cleaning process can strongly interact with
the 2D material surface, leaving behind persistent organic resi-
dues. The size of these PMMA residues leaving after soaking in
acetone can be up to micron-sized (Fig. 2f) that degrade device
performance.** In this regard, alternative approaches based on

This journal is © The Royal Society of Chemistry 2025

the post-treatments such as low-temperature annealing in an
inert atmosphere have shown promising effectiveness in
removing persistent PMMA residues from 2D materials.*® To
ensure the complete removal of PMMA, an additional anneal-
ing step at 300 °C in N, is hence applied on the transferred
MoS, followed by DI water rinsing for 30 seconds and sub-
sequent N, blow-drying. The annealed sample is hereafter
referred to as sample (III). Relevant process steps are depicted
in Fig. 6. As intended, the annealing post-treatment effectively
removes the PMMA layer and is expected to facilitate the dis-
solution of BiONO; during DI water rinsing.

To verify our hypothesis regarding the application of
annealing to remove PMMA residues for the facile dissolution
of BiONOj;, XPS, AFM, Raman and PL characterizations were
conducted to examine the variations in composition, surface
morphology, and optical properties of the transferred MoS,
with an additional annealing step, in comparison to as-grown
MoS,. As shown in the XPS spectra of sample (III) in Fig. 5a
and b, the characteristic Mo 3d and S 2p peaks of MoS,
involved 300 °C annealing are well restored, closely matching
those of the as-grown MoS, (sample I). The AFM image and
OM image (Fig. S7, SI) of the annealed MoS, sample (III)
further confirms the effective removal of support layer residues
from the MoS, surface upon annealing, revealing an atomically
smooth morphology with R, of 0.213 nm (Fig. 5f), which
closely resembles that of the as-grown MoS, (0.22 nm, as
shown in Fig. 5d). In terms of the optical properties of MoS,,
no significant variation is observed in the Ak of Raman peaks
(Fig. 52) and PL peak position (Fig. 5h) across the as-grown
MoS, (sample I) and the transferred MoS, (sample III).
Additionally, the unchanged full width at half maximum of
the E,, peak (~5.3 cm™'), detected in both sample I and
sample III, serves as a reliable indicator that the etching

Nanoscale, 2025, 17, 21554-21564 | 21559
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Fig. 5 Characterizations of transferred MoS, (sample (ll) and sample (lll)) after PMMA (>99.9% acetone at 50 °C, 2 hours) and Bi etching process
(1.75 wt% nitric acid, 40 minutes) with different post-treatments. XPS (a) Mo 3d, (b) S 2p, (c) C 1s, (d)-(f) AFM images, (g) Raman spectra and (h) PL
spectra detected from (l1) transferred MoS, after rinsing in DI water for 30 s, and (Ill) transferred MoS,, after annealing under 300 °C for 2 hours, fol-
lowed by rinsing in DI water for 30 s. Characterizations of the as-grown MoS; are indicated as (l) as a reference.
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Fig. 6 Schematic drawings depict the process flow during the removal of PMMA/Bi support layer from MoS,. After DI water rinsing, both samples
(1) and (Ill) were subsequently dried using N, blow-drying.

Rinsing
In DI
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process, post-annealing, and subsequent rinsing steps in our Lastly, we have demonstrated the high-quality transfer of
PMMA/Bi assisted transfer method do not compromise the wafer-sized MoS, based on our PMMA/Bi transfer process.
crystalline quality of the MoS,. Fig. 7a shows the photograph of 2-inch MoS, film transferred
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(a) Photograph of 2" MoS, transferred onto 4" SiO,/Si substrate under PMMA/Bi assisted transfer. (b) Raman and (c) PL spectra of MoS; film

measured from 9 different spots as indicated in (a). (d) Mapping image showing the uniformity of PL intensity captured from MoS; (30 x 30 um). (e)—
(j) AFM topography images and (k)—(p) corresponding phase images (10 x 10 um) of MoS, film measured from spots 1 to 6.

onto 4-inch SiO,/Si substrate. Raman, PL and AFM measure-
ments were performed on different regions of the MoS, film to
assess the Raman modes, PL emission and surface mor-
phology on the corresponding positions and analyze their area
uniformity across the 2-inch MoS,. Fig. 7b and ¢ compares the
Raman modes and PL properties obtained on different regions
on the wafer, respectively. No noticeable variations in peak
positions and intensities are observed for the two signature
Raman peaks, E,, and A;,. Furthermore, the emission inten-
sity of the PL peak essentially remains the same for the
different positions on the wafer. Both Raman and PL pro-
perties indicate the excellent uniformity of the MoS, film
transferred on the SiO,/Si wafer. Fig. 7d shows the mapping
image of the PL peak intensity captured from central region of
the transferred MoS,. The homogeneous color contrast shown
from the mapping image suggests that the transferred MoS,
film maintains a high degree of integrity with minimum
defects. The high uniformity of MoS, film is further confirmed
by AFM topography images (Fig. 7e—j) where R, as low as
0.26 nm are obtained with minimal phase shifts in phase
images (Fig. 7k-p).

Conclusions

In summary, the PMMA/Bi-assisted transfer strategy effectively
overcomes the limitations associated with conventional
PMMA-only methods for transferring two-dimensional (2D)
MoS,. The introduction of a mechanically robust bismuth (Bi)
interlayer provides enhanced structural support during delami-
nation while simultaneously reducing interfacial adhesion to
MoS,, thereby minimizing polymer residue contamination.

This journal is © The Royal Society of Chemistry 2025

Besides, we have developed a new debonding process to
suppress the bending on TMDC layer, and thus substantially
suppressing the angular strain imparted on the bending-free
2D TMDC to eliminate the bending-induced crack formation.
Coupled with the systematic optimization of the Bi etching
parameters—including etchant concentration, etching dur-
ation, and post-transfer treatments—we demonstrate the excel-
lent preservation of the optical and morphological integrity of
the transferred MoS, films. This well-defined etching protocol
enables consistent and reproducible transfer quality across
different research laboratories and fabrication environments,
which is essential for benchmarking material performance.
The resulting wafer-scale MoS, films are crack-free and
residue-free, retaining the original optical, structural, and mor-
phological characteristics of the as-grown monolayer, as con-
firmed by Raman, PL, XPS, AFM, and OM. Notably, the suc-
cessful integration of automated wafer bonding tools into the
process highlights the scalability and manufacturing compat-
ibility of this approach, paving the way for reliable 2D material
integration in advanced electronic and optoelectronic
applications.

Method

Chemical vapor deposition growth of monolayer MoS, on
annealed c-plane sapphire

MoS, was grown on c-plane (0001) sapphire (SAP) based on our
previous optimized CVD process using Ni foam (NiO foam)
barrier.”* Prior to the growth, SAP was annealed at 1100 °C for
1 h in air to attain well-aligned atomically flat terraces (Fig. S1,
SI) on its surface which promotes the growth of epitaxial MoS,
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grains on SAP. The SAP substrate was then placed inside a
single open-end cylindrical tube containing the 3.5 mg of
MoO; precursor and sulfurized with 1.5 g of S precursor in a
two-zone CVD reactor at a temperature of 750 °C. The entire
growth process was undergone at a pressure of 6 Torr for
10 minutes under an argon gas flow of 50 sccm. The system
was allowed to cool naturally to 600 °C before opening the
furnace hatch for rapid cooling.

Dry transfer process of 2-inch MoS, using PMMA/Bi support layer

Debonding from sapphire using wafer debonder. First,
30 nm Bi was deposited on MoS,/SAP by e-beam evaporation at
~6 x 107° Torr (note: e-beam evaporation of Bi under a moder-
ate vacuum could suppress defect generation and preserve the
intrinsic properties of MoS,; see Fig. S8, SI). PMMA solution
(PMMA, 495 K A4, MicroChem Corp.) was secondly spin-coated
onto Bi/MoS,/SAP sample at a spinning speed of 500 rpm for
10 s, followed by 3000 rpm for 60 s. The PMMA adhered along
the edge of PMMA/Bi/Mo0S,/SAP stack was gently removed by a
cotton bud before drying. The sample was left to dry in a fume
hood overnight. To improve the adhesion at the interface, the
TRT (REVALPHA 3195MS) was pressed onto the PMMA/Bi/
MOoS,/SAP stack under vacuum (~1 x 10~° bar) by employing
the wafer bonder (EVG®510). Subsequently, the entire stack
structure of TRT/PMMA/Bi/MoS, was mechanically detached
from the sapphire by using the wafer debonder (DB12T) at a
controlled speed of 0.3 mm s™.

Bonding onto SiO,/Si using wafer bonder. Prior to the
bonding, the target substrate made of 300 nm SiO,/Si was
exposed to UV ozone for 10 minutes to eliminate any organic
residues. After the ozone treatment, the TRT/PMMA/Bi/MoS,
stack was placed on top of SiO,/Si inside the wafer bonder and
kept in vacuum (~1 x 107> bar) for 6 hours to remove any
moisture on the surfaces. The wafer bonder (EVG®510) was
then employed to apply vacuum bonding TRT/PMMA/Bi/MoS,
onto SiO,/Si for 1 hour. Afterwards, the TRT was released by
heating the sample on a hotplate at a temperature of 120 °C
under ambient conditions. The sample was then soft baked at
180 °C for 1 h to improve adhesion between MoS, and SiO,/Si.

Removal of PMMA/Bi support layer from PMMA/Bi/MoS,/
Si0,/Si. PMMA was removed from the delaminated PMMA/Bi/
MoS,/Si0,/Si using >99.9% acetone bath at temperature of
50 °C for 2 hours, followed by the IPA rinsing and blowing dry
with nitrogen gas. Subsequently, Bi was removed by immersing
the sample in 1.75 wt% HNO; etchant solution bath at room
temperature for 40 minutes. Afterwards, the sample was rinsed
under a gentle DI H,O stream, followed by blowing dry with N,
gun. The sample was then annealed at 300 °C for 2 hours in a
nitrogen atmosphere (flow rate of 100 sccm) at a pressure of
0.1 Torr. Finally, the sample was rinsed in DI H,O under
ambient conditions for 30 s and dried overnight.

Dry transfer process of 2-inch MoS, using PMMA support layer

PMMA solution (PMMA, 495 K A4, MicroChem Corp.) was
firstly spin-coated onto MoS,/SAP sample at a spinning speed
of 500 rpm for 10 s, followed by 3000 rpm for 60 s. The PMMA
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adhered along the edge of PMMA/MOoS,/SAP stack was gently
removed by a cotton bud before drying. The sample was left to
dry in a fume hood overnight. To improve the adhesion at the
interface, the TRT (REVALPHA 3195MS) was pressed onto the
PMMA/MOS,/SAP stack under vacuum (~1 x 10~° bar) by
employing the wafer bonder (EVG®510). A small portion
(approximately 10% of total area) of TRT/PMMA/MoS, was then
immersed into DI water at an angle of ~45° with respect to the
water surface for 1 hour, followed by blowing dry with N, gas.
Subsequently, the entire stack structure of TRT/PMMA/MoS,
was mechanically detached from the sapphire by using the
wafer debonder (DB12T) at a controlled speed of 0.3 mm s™".
Prior to the bonding, the target substrate made of 300 nm
SiO,/Si was exposed to UV ozone for 10 minutes to eliminate any
organic residues. After the ozone treatment, both of SiO,/Si and
the TRT/PMMA/MoS, stack was placed inside the wafer bonder
and kept in vacuum (~1 x 10~* bar) for 6 hours to remove any
moisture on the surfaces. The wafer bonder (EVG®510) was then
employed to apply vacuum bonding TRT/PMMA/MoS, onto SiO,/
Si for 1 hour. Afterwards, the TRT was released by heating the
sample on a hotplate at a temperature of 120 °C under ambient
conditions. The sample was then soft baked at 180 °C for 1 h to
improve adhesion between MoS, and SiO,/Si. PMMA was
removed from the delaminated PMMA/MoS,/SiO,/Si using
>99.9% acetone bath at temperature of 50 °C for 2 hours, fol-
lowed by the IPA rinsing and blowing dry with nitrogen gas. The
sample was then annealed at 300 °C for 2 hours in a nitrogen
atmosphere (flow rate of 100 sccm) at a pressure of 0.1 Torr.

Materials characterization

Raman and photoluminescence (PL) data were acquired with
laser excitation at 532 nm using a WiTEC system. With a 100x
objective lens (NA = 0.9), 1800 and 600 gratings per mm were
used for Raman and PL measurement respectively at room
temperature. Note that the Si peak at 520 cm™ was used for
calibration in the experiments. For other structural characteriz-
ation, Bruker dimension FastScan atomic force microscope
were used to capture tapping-mode AFM images of MoS,. XPS
measurements were achieved using a monochromatic Al Ko
source in an ultrahigh vacuum VG ESCALAB 220i-XL system.
All XPS spectra were aligned with the C 1s reference peak at
284.6 eV to compensate the sample charging effect.
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