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Advances in Engineering Toolkits for Construction of
Ultralow Disordered Van der Waals Heterostructures

Zhujun Huang and Davood Shahrjerdi*

The exploration of emerging quantum phenomena by stacking dissimilar
atomic layered materials into van der Waals (vdW) heterostructures has driven
the development of layer assembly techniques. Achieving ultralow disorder
within these heterostructures is crucial for unlocking their novel physical
properties. However, current fabrication methods for designer
heterostructures have limitations in throughput, yield, and scalability. Over
the past decade, engineering toolkits have evolved to address some of these
challenges, but their adoption for fabricating designer heterostructures
remains limited. In this review, an overview of these emerging engineering
toolkits is provided, and examine their utility and limitations in achieving
ultralow disordered heterostructures. It is hoped that the insights from this
review article can help guide future research directions on advancing the

fabrication process of designer heterostructures.

1. Introduction

Two-dimensional (2D) atomic layered materials have attracted
much attention due to their utility in realizing novel electronic
systems through arbitrary assembly of various 2D layers into de-
signer van der Waals (vdW) heterostructures. Excitingly, these
heterostructures offer unique degrees of freedom such as verti-
cal integration order and horizontal rotational alignment, which
are unavailable in conventional heterostructures made through
epitaxial growth methods. Such properties make designer het-
erostructures a versatile experimental platform for fundamen-
tal condensed matter physics studies!™>! and the exploration of
novel electronic device concepts.!61%

To assess progress, previous review articles have docu-
mented various aspects of advancements, broadly categorized
into three categories: materials production,!''!*! fundamental
physics discoveries,[?>21 and technological applications.[2“28]
On one hand, designer structures have significantly advanced
in both quality and complexity, driven by their remarkable
electronic transport properties. These heterostructures have led
to fundamental science discoveries with potential applications
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in unconventional electronics. Recent re-
view articles have discussed the progress
on physics of synthetic electron quan-
tum metamaterials.’”) Moreover, a com-
prehensive review by Rhodes et al. un-
derscores the crucial role of disorders
within the heterostructure in dampen-
ing the desired carrier transport neces-
sary for inducing exotic electronic quan-
tum effects.””) However, progress in this
field largely relies on a limited subset of
fabrication methods characterized by low
throughput, yield, and scalability in dimen-
sions. Critically, only a small area within
these heterostructures typically achieves
the ultralow disordered quality necessary
for revealing novel physical properties.

On the other hand, the improvement
of material engineering toolkits has
primarily focused on scaling up the dimensions of 2D materi-
als and improving the production yield and throughput of vdW
heterostructures. As such, review articles on materials produc-
tion have mostly delved into various synthesis approaches for
2D materials!'' 41l and methods for layer assembly.'>-18] While
these articles offer valuable guidance on available methods for
producing 2D materials and their heterostructures, they often
lack extensive assessment of various methodologies for applica-
tion in creating ultralow disordered heterostructures.

Importantly, the limited adoption of emerging material en-
gineering toolkits in current demonstrations of designer het-
erostructures with exotic quantum electronic effects indicates
both an opportunity and a necessity for advancing material qual-
ity. Our review article aims to provide an extensive assessment of
various methodologies for application in creating ultralow disor-
dered heterostructures. We discuss both the potentials and cur-
rent limitations of these emerging 2D material toolkits, provid-
ing insights into their strengths and weaknesses through critical
analysis. By highlighting the limitations of emerging toolkits, we
will suggest potential research directions for improving the fabri-
cation process of ultralow disordered heterostructures. We hope
that aspects of this review could also benefit research on scalable
fabrication of heterostructures as they hold the potential for re-
alizing unconventional electronic technologies enabled by exotic
quantum effects.

This article is organized as follows: Section 2 provides an
overview of the vdW stacking technique, focusing on graphene as
amodel system, which represents the current practice in produc-
ing ultralow disordered heterostructures. It also addresses the
limitations of this technique, which guides the discussions on
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Figure 1. State-of-the-art graphene heterostructures and their performance. a) Schematic of the conventional exfoliation of graphene onto a SiO,/Si
substrate. The inset shows the optical image of a typical monolayer graphene flake obtained via conventional exfoliation. b) Schematic of a BGB het-
erostructure. c) Schematic of moiré superlattices created by the alignment of graphene and hBN layers. d) Graphene resistance was measured in a van der
Pauw structured BGB device at both room and cryogenic temperatures.[>'] Negative resistance at 1.7 K indicates ballistic transport over the device’s di-
agonal. e) Magnetoresistance measurement in a Corbino-structured BGB device characterized quantum scattering time and Landau level broadening.[®]
f) Magnetoresistance measurement shows the Hofstadter spectrum in a BGB heterostructure where graphene and hBN form superlattices.[3?] Inset in
(a) reprinted with permission from Ref. [43] Copyright 2015, American Chemical Society. (d) from Ref. [31] Reprinted with permission. Copyright 2013,
AAAS. (e) Reprinted with permission from Ref. [6] Copyright 2019, American Physical Society. (f) from Ref. [32] Reprinted with permission. Copyright

2015, AAAS.

the emerging engineering toolkits in Section 3, as they promise to
address some of these limitations. However, the emerging toolk-
its have their own limitations and can generate disorders, which
we critically review in Section 4. Section 5 covers techniques for
cleaning interfaces, which are instrumental for improving the
fabrication process of ultralow disordered heterostructure. Sec-
tion 6 delves into toolkits for construction of heterostructures in-
volving air-sensitive 2D materials. Section 7 reviews progress on
fabricating moiré superlattices. Finally, we conclude by providing
our perspective on future research opportunities.

2. Current Practice for Building Ultralow
Disordered Heterostructures

2.1. Approach and Benefit

In principle, the construction of vdW heterostructures consists
of two main steps. One is the isolation of mono- or few-layer 2D
flakes from their bulk parent crystals. Due to the low structural
defect density in the bulk crystals compared to their synthetic 2D
counterparts, mechanical exfoliation is by far the most practiced
method to obtain 2D flakes that exhibit state-of-the-art quantum
properties. Figure 1a shows the conventional exfoliation using an
adhesive tape on a SiO,/Si substrate.

The second step is the layer transfer of individual 2D flakes
to build heterostructures with designed vertical, lateral, and
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angle alignment. The discovery of hexagonal boron nitride (hBN)
marked the boom of research on designer heterostructures. By
minimizing substrate-induced Coulomb scattering and potential
fluctuation, the use of hBN as the insulating substrate for other
2D materials such as graphene enabled the realization of coher-
ent 2D electron gas systems.[?12%3% Moreover, the use of hBN
flakes as the handle layer atop a polymeric handle layer (discussed
in Section 3) has enabled a layer assembly technique, known as
vdW stacking. By using an hBN handle layer to transfer 2D flakes,
this technique reduces the exposure of the 2D flakes to polymeric
stamps, thus enhancing interface cleanliness. Encapsulation in
hBN is now the standard practice for modern heterostructures, as
illustrated in Figure 1b with the schematic of hBN-encapsulated
graphene (BGB) heterostructure.

With vdW stacking technique, the BGB devices have shown
carrier mobility on the order of 10° cm? V! s7!, correspond-
ing to a mean free path exceeding the device dimensions.!l
Figure 1d illustrates ballistic transport over 20 ym in a BGB
device.3!l This fabrication technique has also resulted in signif-
icant improvement in the scattering mechanisms in graphene
(see Figure 1e).l°) Another remarkable achievement of this tech-
nique is the demonstration of the synthetic electronic band struc-
ture in graphene/hBN superlattices (see Figure 1c,f).??] The re-
alization of correlated states in moiré superlattices relies on the
strong interlayer coupling at the pristine interface within the
heterostructure.
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2.2. Limitation

Despite its significant success in enabling numerous scientific
discoveries, the vdW stacking technique is not without its prac-
tical limitations. As the primary objective of emerging materials
toolkits is to overcome these limitations, we now delve into the
current fabrication challenges associated with this technique.

Naturally occurring bulk crystals are typically on the order of
millimeters. However, the obtained 2D flakes via tape exfoliation
are much smaller in size, typically tens of micrometers (see the
inset in Figure 1a). In addition to the limited flake size, direct ex-
foliation onto SiO, /Si substrates typically results in a small num-
ber of mono- or few-layer flakes per exfoliation trial (i.e., low yield,
see direct comparison in Ref. [43] and Ref. [47]). Therefore, the
production of desired 2D flakes typically requires multiple itera-
tions (i.e., low throughput). These limitations of the conventional
exfoliation method have been attributed to the surface roughness
of the host substrate and the presence of absorbents on the SiO,
surface, which weakens the interfacial interactions between 2D
flakes and the substrate.

Beyond the limitations of the exfoliation method, another crit-
ical issue of the stacking process is the formation of blisters at
the newly formed interfaces within the heterostructure. Although
hBN as a featureless dielectric protects graphene devices from
environmental charged impurities, the construction of atomic-
sharp interfaces is not always guaranteed. Surface absorbents
could form on 2D flakes during the material preparation and
fabrication process. The gaseous, liquid, and solid molecules
are likely to be trapped at the vdW interfaces and form nano-
or micro-scale bubbles (i.e., blisters) due to the “self-cleaning”
mechanism in vdW materials.?33* We will return to this topic
later to elaborate on the formation of interfacial disorders and
the engineering efforts to address this issue in Sections 4 and 5.

3. Engineering Toolkits for vdW Heterostructures
Assembly

The above-mentioned limitations pose major barriers to scaling
up the dimensions and the fabrication throughput of ultralow
disordered heterostructures. Advancing these aspects of the het-
erostructure fabrication is crucial for promoting new fundamen-
tal studies and technological applications by reducing the sub-
stantial time and manual labor required to achieve high-quality
structures. Therefore, engineering toolkits developed in the past
decade share common objectives in one or more aspects of easy
production, high throughput, and pristine interfaces for building
designer structures.

Drawing from the historical evolution of graphene devices to-
ward quantum coherence, we outline three essential elements for
selecting material engineering toolkits to construct low disorder
heterostructures. Two key elements include producing ultralow
disordered 2D materials and creating pristine interfaces for quan-
tum confinement. The latter is also crucial for promoting inter-
facial coupling, which enables the interaction of Coulomb fields
between charged carriers induced by the proximity of adjacent 2D
layers. The final element is the capability to implement designer
band structures by creating superlattice heterostructures. These
considerations underscore the complexity and precision required
in choosing an appropriate fabrication technique for advanced
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heterostructures. Using these three elements as success metrics,
we assess the capabilities and limitations of emerging fabrication
techniques in the subsequent sections.

One of the challenges in enhancing the fabrication process of
ultralow disordered heterostructures relates to the conflicting in-
terfacial energy requirements between exfoliation and layer as-
sembly. The exfoliation step requires the interfacial energy be-
tween the outermost layer of 2D material and the host substrate
to exceed the vdW bonding energy within the bulk crystal. In con-
trast, the subsequent layer transfer step requires the interaction
of the exfoliated 2D flake with the host substrate to be smaller
than that of the transfer handle layer.

To improve the limitations of the fabrication process, most
studies in the literature have generally focused on optimizing
either exfoliation or layer assembly, largely independently of
each other. Moreover, interface cleaning has gained increased
attention in recent years. In the following sections, we will re-
view the emerging engineering toolkits based on their functions,
which we classify into three categories: enhancing exfoliation
outcome, enabling high-yield layer assembly, and improving in-
terface cleanliness.

3.1. Exfoliation Toolkits

Improving the desired outcome of mechanical exfoliation in-
volves enhancing the interfacial interaction between the outer-
most layer of vdW materials and the exfoliation surface (e.g., host
substrate or exfoliation tape). Key factors for maximizing interfa-
cial interactions include both formation of high interfacial energy
and homogeneous contact area. Below we discuss recently devel-
oped exfoliation toolkits to improve the exfoliation outcome by
engineering these two factors.

3.1.1. Metal-Assisted Exfoliation

Approach and Benefit:  Metal films have been implemented as
alternatives to adhesive tapes for exfoliating 2D flakes from their
bulk crystals.*>38] To enhance their interfacial energy with 2D
materials, the metal-assisted exfoliation techniques employ two
different mechanisms. In the first mechanism, a metal film is
directly evaporated onto the bulk crystals, serving as a stressor
for exfoliating 2D flakes. This metal evaporation process results
in a strong binding energy that facilitates the “spalling” in the
bulk crystals.3®3’] Subsequently, a backing layer, such as adhe-
sive tape or polymeric film, is deposited onto the metal film to
separate 2D flakes from the bulk material (see Figure 2a). More-
over, by leveraging the difference in the binding energy between
metal and 2D materials, the number of layers within the exfo-
liated flake can be adjusted by the type or the thickness of the
metal film.’”] The resulting flakes exhibit large dimensions on
the order of millimeters (see optical image in Figure 2b). This
technique has also been used for detaching synthetic 2D layers
from their growth substrates, where the 2D layers were produced
by epitaxy or chemical vapor deposition (CVD).3%4"]

The other mechanism involves utilizing the smooth surface
of a metal film to exfoliate 2D layers from their bulk crys-
tals. In this approach, the metal film is initially deposited

© 2024 Wiley-VCH GmbH

85U8017 SUOLILLOD BAFea10 3[edldde aup Aq pausenob afe sajoie YO ‘8sN JO Sa|nJ Joj A%eiq1T8ulUO A8]IM UO (SUOTHPUOO-PUB-SWLBY /W0 A8 | 1M ARIq 1 BU1UO//:SdNL) SUORIPUOD pUe SWe 1 84} 885 *[120Z/TT/20] Uo ARiqiTauliuo AB|IM ‘AISeAIUN 110 A MBN AQ 6E7YTEZ0Z WIPR/Z00T OT/I0P/WO0 A8 | 1M AleIq 1 U1 UO//:SANY WOy pepeojumod ‘62 ‘20 ‘8Z0€9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202314439&mode=

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

° Tape/Au film/Graphene

Au film/Graphite

o ’ i
- ¥ »

Tape/Au film

° 4
Au ﬁlm/’

Bulk’ f \—i t
‘:IIIHHIHIIIHII“IHlllll‘lllI|IHI|kI

Figure 2. Metal-assisted mechanical exfoliation. a) Schematic of metal-assisted exfoliation of graphene by direct deposition onto graphite crystals. b)
Optical image of a representative graphene flake after transferring onto a SiO, /Si substrate. c) Schematic of metal-assisted exfoliation of TMDs using
smooth Au tape. d) Optical image of representative monolayer WSe, flakes after transferring onto a SiO,/Si substrate. (b) reprinted from Ref. [37] CC
BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/). (d) from Ref. [35] Reprinted with permission. Copyright 2020, AAAS.

onto a Si or SiO, substrate. Subsequently, a polymeric han-
dle layer is used to peel off the metal film from its host sub-
strate (see Figure 2¢).*®] The schematic in Figure 2d shows
the exfoliation process of WSe, crystal using a gold (Au)
film, producing millimeter-size monolayers. Alternatively, this
metal-assisted exfoliation can also be performed directly on a
metal/SiO,/Si substrate.*®] The enhanced exfoliation on the
metal surface is attributed to the enhanced hybridization be-
tween Au atoms and single crystals of transition metal dichalco-
genides (TMDs), which exhibits covalent-like quasi-bonding.
Theory predicts that the polarized electron density of the no-
ble metal can generate a large dispersion attraction to various
2D materials other than TMDs.[*8] However, this same process
has minimal impact on improving the exfoliation outcome of
graphene and hBN due to their limited adhesion energy with
Au.38

Limitation: ~ Although metal-assisted exfoliation methods can
produce macroscopic-size 2D flakes, they have potential draw-
backs. To access the surface of 2D layers for constructing het-
erostructures, a chemical wet etching process is required to se-
lectively remove the metal film. However, both wet etchants, as
well as residual metal particles, can become sources of contam-
ination on the surface of 2D layers. For example, Raman spec-
troscopy on graphene exfoliated by Au film shows evidence of
doping.I*”! Lastly, the energetic metal particles generated through
evaporation may induce local structural defects within 2D layers
during deposition.[*1*] The unintentional incorporation of these
disorders can adversely affect the electronic properties of the final
heterostructures.

3.1.2. Surface-Enhanced Exfoliation
Approach and Benefit: An alternative approach to enhance

conventional exfoliation involves modifying the surface of
the SiO,/Si substrate. Specifically, a previous study has
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demonstrated that pretreating the SiO,/Si substrate with oxygen
plasma, along with an annealing step during the exfoliation by
heating up the host substrate, improves the size of the exfoliated
flakes to hundreds of micrometers (see Figure 3a,b).[*}] This
improvement is attributed to the removal of organic absorbents
from the SiO, surface by oxygen plasma cleaning and the for-
mation of a homogeneous contacting area between 2D materials
and SiO, during the annealing step.

Plasma cleaning
Si0,/Si

PVA/SIO,/Si -

Figure 3. Other exfoliation methods by surface modification. a) Schematic
of O, plasma treatment to remove small molecule absorbents from SiO,
surface. b) Optical image of a representative graphene flake. c) Schematic
of PVA-assisted exfoliation of graphene. d) Optical image of a representa-
tive graphene flake on a PVA-coated SiO, /Si substrate. (b) reprinted with
permission from Ref. [43] Copyright 2015, American Chemical Society. (d)
reprinted from Ref. [47] CC BY 4.0.
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Limitation: Despite these improvements, the enhanced
graphene interaction with the SiO, surface hinders the subse-
quent pick-up of graphene to construct heterostructures.

3.1.3. Polymer-Assisted Exfoliation

Approach and Benefit:  One approach to achieve versatile layer
transfer involves exfoliating onto a polymer-coated substrate that
can later function as the layer transfer handle layer. The imple-
mentation of this approach generally involves coating the host
substrate with a polymeric stack, consisting of a hydrophobic
polymer layer atop a sacrificial polymer layer.*®) When designing
these polymer-modified substrates, two factors should be consid-
ered. One factor is the polymer concentration, influencing sur-
face smoothness and hydrophobicity to ensure the reliable exfo-
liation of dry and clean 2D flakes.[**] Another consideration is the
thickness of the polymeric stack that should allow optical identi-
fication of the exfoliated mono- or few-layer flakes.[*>4°]

Previous studies have used polymethyl methacrylate (PMMA)
and polypropylene carbonate (PPC) as the hydrophobic layer.
Additionally, water-soluble polymers, such as polyvinyl alcohol
(PVA) and aquaSAVE, were chosen as the preferred sacrificial
layer. Following the exfoliation of 2D flakes onto PMMA or PPC,
the sacrificial layer is selectively removed in a water bath, result-
ing in polymer-supported 2D flakes ready for constructing het-
erostructures in subsequent layer transfer steps.*"]

It was later discovered that a slight modification of the sacri-
ficial layer could significantly enhance the outcome of the exfo-
liation step. Figure 3c shows the schematic of this approach, in
which exfoliation was directly performed onto an ultrathin PVA
film coated on the SiO, /Si substrate.l*’] The substrate underwent
a brief annealing process at the glass transition temperature (T,)
of PVA before the exfoliation step, resulting in an improved ex-
foliation outcome (see Figure 3d). While the exact origin of this
phenomenon is unknown, this improvement is attributed to the
enhanced interface adhesion between the PVA coating and the
graphene layers upon annealing at T, of PVA. This approach ad-
ditionally offers the advantage of using the PVA as a sacrificial
layer, demonstrating that 2D flake can be directly transferred onto
a stamp by locally dissolving the PVA coating underneath the tar-
get 2D flake.[*’]

Limitation: Although the use of exfoliation of 2D flakes
onto PMMA or PPC with water-soluble sacrificial layers facili-
tated the fabrication of new heterostructures (i.e., graphene/hBN
heterostructurel*®)), it did not improve the outcome of the ex-
foliation step when compared to the conventional method.
In contrast, the use of the PVA-assisted exfoliation sig-
nificantly improves the dimensions of the 2D flakes and
their production yield. However, this technique poses an
additional challenge for achieving ultralow disordered het-
erostructures by contaminating the 2D flakes with polymeric
residues.

In this section, we provided an overview of several alterna-
tives to the conventional exfoliation approach. While these new
methods have expanded the exfoliation toolkit, the exposure of
2D flakes to polymer or metal raises concerns about the in-
corporation of additional disorders that can adversely affect the
performance of the resulting vdW heterostructures. Hence, a

Adv. Funct. Mater. 2024, 34, 2314439

RIGHTS L1 N Hig

2314439 (5 of 18)

www.afm-journal.de

crucial question to investigate is whether heterostructures cre-
ated from these 2D layers can achieve comparable performance
to their state-of-the-art counterparts. We will revisit this question
in Section 5.

3.2. Layer Assembly Toolkits
3.2.1. Approach and Benefit

The choice of the material production method often influences
the optimization process of layer assembly. In the case of exfo-
liated flakes, the vdW stacking is the typical method for assem-
bling individual 2D layers into a heterostructure. Alternatively,
2D flakes, obtained using metal-assisted exfoliation, can be di-
rectly transferred onto the target substrate via the metal tape, fol-
lowed by the chemical wet etch of the metal layer. This step is re-
peated multiple times to construct the designer heterostructures.

Figure 4a illustrates the simplified schematic of a layer trans-
fer setup, where a polymer stamp is produced for transferring
and manipulating 2D flakes. An important consideration of the
stamp design is the choice of the polymeric handle layer based on
its T,. Specifically, the handle layer at T, undergoes a transition
from a glassy state to a rubbery state,[*8] enabling the temperature
control of the viscoelastic property. This attribute serves as a de-
sign parameter to facilitate the pick-up or drop-down of a target
2D flake by the stamp.[*>#%30 Figure 4b,c illustrate this concept
using PPC as an example of the polymer handle layer, where T, of
PCCis 40 °C. The polymer handle layer is dissolved in an organic
solvent upon the completion of the layer transfer process.

To eliminate the exposure of individual 2D layers to solvents,
kinetically switchable adhesion of elastomers can be used in the
layer assembly process.[>'~3 To separate the 2D flake from a sub-
strate, a high lifting velocity of the elastomer is preferred, leading
to favorable adhesion of the 2D flake to the elastomer. Conversely,
a low lifting velocity of the elastomer promotes favorable adhe-
sion of the 2D flake to the substrate, completing the flake drop-
down. Figure 4d shows the measured velocity-dependent adhe-
sion to the elastomer in a rolling experiment.>*] This transfer
process is referred to as “all-dry transfer” as it eliminates the need
for an organic solvent.5!]

Engineering the shape and geometry of the stamp presents
another rich opportunity for enhancing the versatility and ef-
fectiveness of the layer transfer process. Stamp designs that re-
duce the contact area to the substrate could improve the con-
trol of the 2D flake manipulation. For instance, a hemispherical-
shaped stamp was employed to perform the “tear-and-stack” of
a graphene flake (Figure 4e, see Section 7 for details).** Other
studies have demonstrated the use of a lens-shaped stamp center
to facilitate pinpoint accuracy in the “pick-and-place” process,>’!
and pyramids-shaped corners to control the contacting area dur-
ing the “all-dry transfer” process.[*?!

Another potential application of stamp design lies in control-
ling the lamination process. For instance, the hemispherical-
shaped stamp permits the engineering of the contact angle at
the circumference of the contact area (Figure 4f). The value of
the contact angle influences the lamination speed and pressure,
which are crucial parameters in the interface cleaning process
to squeeze out the air bubbles and other trapped substances at
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Figure 4. Layer assembly. a) Schematic of the layer assembly setup, which consists of a glass slide, a PDMS base, a PPC handle layer as the stamp,
and hBN flake on SiO,/Si substrate on a transfer stage. b) The hBN layer pickup happens at a stage temperature of 40 °C. c) The hBN layer dropdown
happens at a stage temperature of 70 °C while leaving the PPC handle layer together onto the substrate. d) The rate-dependent adhesion as a function
of separation speed is measured by a cylinder rolling down an inclined PDMS base. e) Tear-and-stack of monolayer graphene. The tear of graphene is
defined by the shape of the handle layer. f) Formation of the contact angle (B) at the lamination front of a hemispherical stamp. (d) reprinted from Ref.

[53] with permission. Copyright 2006, Springer Nature.

heterostructure interfaces.[**%] Nonetheless, an alternative strat-

egy is to employ an inclined substrate to create the contact angle
during the layer assembly process.>]

4. Material Disorders in Heterostructures Built by
Engineering Toolkits

Disorders in vdW heterostructures can significantly degrade elec-
tron transport. Therefore, it is crucial to understand the sources
of disorders and implement strategies for their mitigation to
achieve advanced vdW heterostructures. We follow the terminol-
ogy of a previous review article!?”! and categorize various mate-
rial disorders into two groups: intrinsic and extrinsic. Broadly
speaking, intrinsic disorders include the atomic defects within
the structure of 2D materials while extrinsic disorders include
non-idealities on the surface of 2D layers or interfacial imperfec-
tions within the heterostructure. Next, we provide a critical re-
view of disorders that commonly occur when utilizing the recent
engineering toolkits discussed in the previous sections.

4.1. Intrinsic Disorders

Scanning tunneling microscopy (STM) has been used to char-
acterize intrinsic atomic defects in exfoliated 2D materials. Ex-
foliated graphene flakes obtained from commercially available
graphite crystals contain mostly point-like defects with a den-
sity on the order of 10® cm™ (see Figure 5a).! For exfoli-
ated hBN flakes, STM studies indicate a charged defect den-
sity on the order of 10°-10° ¢cm=? (see Figure 5b).°¥] Un-
like graphene and hBN, exfoliated TMDs from single crystals
show a significantly higher defect density on the order of 10"
cm™? (see Figure 5¢).[°!) This higher defect density is attributed
to the lower defect formation energy in TMDs compared to
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graphene and hBN. Due to its low intrinsic disorder, graphene
has served mostly as a model system for studying the effects of
extrinsic disorders within heterostructures on electronic carrier
transport.

Besides intrinsic atomic defects formed during material syn-
thesis, structural damage can occur during the fabrication pro-
cess of heterostructures. To be specific, when using a polymeric

Evaporated Au

Diffusion and Glassy
Defects + layer broken layer

Figure 5. Intrinsic disorders. a) STM topography of point-like defects in
graphite. b) STM dl/dV measurement shows charged defects in hBN.
c) Annular dark-field scanning transmission electron microscopy image
shows vacancies in the mechanically exfoliated monolayer of MoS, flake.
d) Cross-sectional TEM image shows the bombardment of Au atoms
creates structural damage to the MoS, layers, including interface diffu-
sion, chemical bonding, and atomic disorders. (a) reprinted with per-
mission from Ref. [59] Copyright 2021, American Chemical Society. (b)
reprinted from Ref. [60] with permission. Copyright 2015, Springer Na-
ture. (c) reprinted from Ref. [61] CC BY 4.0. (d) reprinted from Ref. [41]
with permission. Copyright 2018, Springer Nature.
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handle layer, wrinkles, cracks, and folds are often observed af-
ter the layer transfer step. To pick up an exfoliated 2D flake,
the handle layer must overcome the interfacial adhesion be-
tween the 2D material and the host substrate. However, the
lack of sufficiently strong mechanical support can compromise
the structural integrity of the 2D layer during the layer trans-
fer process, leading to the formation of wrinkles, cracks, and
folds. Moreover, a polymeric handle layer operating at differ-
ent substrate temperatures undergoes various levels of thermal
expansion, potentially contributing to similar structural dam-
age, as well as inducing significant strain variations within the
2D layer.®?] These types of defects can be largely mitigated
through careful considerations in the design of experimental
procedures.

Another source of process-induced damage is the creation of
atomic defects when employing metal-assisted exfoliation. Re-
cent transmission electron microscopy (TEM) studies provide di-
rect evidence that complex defects can form during metal evap-
oration onto 2D materials (see Figure 5d).[*1*2] Hence, caution
should be taken when using a metal-induced toolkit for produc-
ing 2D layers.

4.2. Extrinsic Disorders

2D materials are susceptible to surface contaminants, posing a
significant challenge in producing high-quality vdW heterostruc-
tures. These contaminants can get trapped at the interfaces
within the heterostructure, resulting in the formation of blis-
ters. Figure 6a shows the atomic force microscopy (AFM) im-
age of graphene on hBN heterostructure, illustrating blister
formation at random locations. Blisters in heterostructures ex-
hibit diverse characteristics, with sizes ranging from tens of
nanometers to a few micrometers and different shapes such
as round or pyramidal, suggesting variations of the trapped
substances.[**%3-66] Through a combination of topography mea-
surements and elasticity theory predictions, researchers have
identified the trapped content mostly as gaseous, liquid, and
solid molecules.[3>¢567:68] [n this section, we aim to examine the
different sources of contaminants and their interaction with 2D
materials.

Layer assembly of vdW heterostructure commonly occurs in
an ambient environment. The prevalence of absorbed small
molecules in the ambient air is intuitively expected to increase
the likelihood of their trapping at the heterostructure inter-
faces. Observation of blisters deflating in a vacuum environ-
ment over time or rupturing after a needle jab indicates the pres-
ence of gaseous molecules in the blisters.[**] Moisture can be an-
other source of airborne absorbents. In Figure 6b, an AFM im-
age measures the microscopic structure of absorbed water on
a graphite surface templated by a graphene film.[®] The den-
sity and size of the blisters exhibit a monotonically increasing
trend as the relative humidity increases during sample prepa-
ration, indicating water vapor as a possible source of blister
formation.

Absorption of small hydrocarbon molecules on graphene
surfaces due to air exposure has also been studied through
high-resolution transmission electron microscopy (HRTEM).
Figure 6c¢ illustrates a noticeable surface coverage of
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hydrocarbon molecules on a pristine graphene surface.”"!

In another study, the cross-sectional TEM analysis confirmed
the formation of solid blisters due to the aggregation of trapped
hydrocarbons at the interfaces.[’!! Moreover, this TEM study also
revealed that contamination-free regions exhibit an atomic-sharp
interface (see Figure 6d).

In addition to the airborne contaminants, 2D materials
are likely to be exposed to organic solvents, polymer resists,
and metal layers during the fabrication process. For exam-
ple, PMMA is commonly used for lithographic patterning, and
as a handle layer for transferring 2D flakes. Therefore, ex-
posure to PMMA can be a potential source of contamina-
tion. In Figure 6e, scanning electron microscopy (SEM) cap-
tured a continuous film of polymeric residues on a graphene
membrane which was transferred prior by a PMMA handle
layer.[7!

Exposure to other polymers can also result in residual con-
tamination. The use of graphene produced via PVA-assisted ex-
foliation for fabricating BGB heterostructures has revealed a
more intricate picture of residual contaminations. Detailed el-
emental analysis of the HRTEM data not only detected car-
bon and oxygen elements in the blistered regions but also indi-
cated the presence of silicon elements (see Figure 6f).°°/ These
findings underscore the strong tendency of 2D layers to ab-
sorb various contaminants during the fabrication process of vdW
heterostructures.

As discussed earlier, exposure to metals and wet etchant when
using metal-assisted exfoliation methods can also introduce ad-
ditional sources of contamination. Although material charac-
terizations such as Raman spectroscopy and AFM indicate the
prospects of these methods, detailed studies investigating the
process-induced disorders to an atomic scale within the material
and interfaces are still lacking. Further optimization and gener-
alization of the metal-enabled toolkit require a comprehensive
understanding of material properties at the atomic level and a
thorough evaluation of the electronic transport properties in the
resulting heterostructures.

In addition to direct experimental observations of trapped con-
taminants, computational research has been instrumental in pro-
viding new insight into the interactions between 2D materi-
als and various contaminants. Theoretical findings from these
studies can serve as a powerful guide in designing the fab-
rication process by making informed choices regarding the
materials for implementing the various engineering toolkits.
Figure 6g shows the density functional theory (DFT) simulation
results, studying interactions between several small molecules
and graphene.”?l These simulations found that small organic
molecules such as ethanol, acetone, toluene, and many oth-
ers mostly exhibit low affinity to graphene surfaces.[”?! While
bound to the graphene surface, the surface-molecule distance
suggests the nature of these interactions is physisorption,
which implies easier removal compared with chemisorption
molecules.

Similarly, the DFT simulations have been performed to ex-
amine the interactions between pristine and defective graphene
with PVA molecules (see Figure 6h and Ref. [56]). Remark-
ably, these simulations found that PVA molecules interact
only non-covalently with graphene, even in the presence of
highly chemically reactive defects such as monovacancies.
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Figure 6. Extrinsic disorders. a) AFM topography of blisters formation at graphene/hBN interfaces. AFM window size is 15 gm by 15 um. The inset
window size is 1.5 um by 1.5 um. b) AFM topography of moisture absorbents trapped at the graphene/graphite interfaces. c) HRTEM image of airborne
contaminants absorbed onto the graphene surface. d) Cross-sectional TEM image of a blister at graphene/hBN interface indicating hydrocarbons are the
main component. €) An SEM image shows a film of PMMA residues on the graphene surface. f) HRTEM image and elemental analysis show that blister
consists of hydrocarbons and Si components. g) DFT calculation of interactions between small organic molecules and graphene, including acetone,
acetonitrile, dichloromethane, ethanol, ethyl acetate, and toluene. h) DFT calculation of the highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) between PVA molecule and graphene. i) DFT calculation of HOMO and LUMO between PMMA molecule and
single vacancy graphene. (a) reprinted with permission from Ref. [34] Copyright 2014, American Chemical Society. (b) reprinted with permission from
Ref. [69] Copyright 2011, American Chemical Society. (), (e) reprinted from Ref. [70] CC BY 4.0. (d) reprinted from Ref. [71] with permission. Copyright
2012, Springer Nature. (f), (h) reprinted with permission from Ref. [56] Wiley. (g) reprinted with permission from Ref. [72] Copyright 2013, American
Chemical Society. (i) reprinted from Ref. [74] CC BY 4.0.

In contrast, other theoretical studies have demonstrated that 5§, Engineering Toolkits for Cleaning
PMMA radicals form covalent bonds with defective graphene  Heterostructures
(see Figure 6i).737*] These findings support the experimen-
tal observation that PMMA residues cannot be fully re- In this section, we review the methods to reduce the surface con-
moved from graphene surfaces even after excessive thermal taminants of individual 2D 1ayers. We will also describe current
annealing.[”’] methods for cleaning interfaces within the heterostructures.
In this section, we covered the potential challenges associated
with the emerging engineering toolkits for producing ultralow
disordered heterostructures. Both intrinsic and extrinsic disor-  5.1. Thermal Decomposition of Contaminants
ders were discussed, given their significant impact on access-
ing intrinsic physics properties of 2D materials. Hence, careful  5.1.1. Approach and Benefit
attention to these pitfalls is essential when selecting an engi-
neering toolkit for realizing advanced heterostructures. In the  Annealing 2D layers at elevated temperatures is a common
following section, we discuss potential remedies for mitigating ~ method for decomposing organic contaminants and removing
extrinsic disorders. surface impurities. The effectiveness of this cleaning method
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Figure 7. Cleaning heterostructures. a) Raman spectroscopy of hBN before and after annealing in Ar/O,. b) Optical images of a BGB heterostructure
before and after vacuum annealing. c) SEM image of PMMA residues on graphene surface after thermal annealing. d) In situ SEM imaging of mechanical
cleaning of PMMA residues on graphene using a fine-metal tip. e) Optical images of a BGB heterostructure before and after AFM ironing. f) Schematic
of lamination cleaning of a fully formed BGB heterostructure, and recordings of the interface cleaning process. h) Schematic of the interface cleaning
mechanisms. i) Optical image of the fully cleaned BGB heterostructure built using polymer-contaminated graphene. j) Electrical measurement of BGB
heterostructure built using polymer-contaminated graphene showing ballistic transport at 1.5 K. (a) reprinted with permission from Ref. [75] Copyright
2012, American Chemical Society. (b) reprinted from Ref. [47] CC BY 4.0. (c) reprinted with permission from Ref. [73] Copyright 2012, American Chemical
Society. (d) reprinted from Ref. [70] CC BY 4.0. (e) reprinted from Ref. [81] CC BY 4.0. (f), (g) reprinted from Ref. [57] CC BY 4.0. (h)-(j) reprinted with

permission from Ref. 56] Copyright 2022, Wiley.

strongly depends on the annealing ambient. For example, a
study has shown that prolonged annealing in Ar/H, is ineffective
in removing polymeric residues from exfoliated hBN flakes.!””]
Raman spectroscopy shows a broad photoluminescence back-
ground, originating from the remaining organic residues (see
Figure 7a).””! In contrast, a modified annealing recipe in an
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O, ambient was shown to be effective in removing the organic
residues from hBN flakes.

Beyond cleaning the surface of individual 2D layers, anneal-
ing has been employed to remove blisters in fully formed het-
erostructures both pre- and post-device fabrication.[23247.76-78]
Figure 7b illustrates the reduction of Dblisters in a BGB
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heterostructure upon annealing.!*’! The annealing process ap-
pears to have activated the movement of blisters, resulting in the
interfacial cleaning of the heterostructure.

5.1.2. Limitation

The annealing approach to clean individual 2D flakes requires
careful consideration of the annealing ambient. For example, al-
though an O, ambient is efficient for removing organic contam-
inants, it cannot be used on some 2D materials like graphene,
TMDs, and air-sensitive materials, as these materials are prone
to oxidation. Annealing in an inert environment like the ul-
trahigh vacuum (UHV) is more suitable for cleaning such 2D
layers.[737980]

Moreover, the outcome of the cleaning process is also in-
fluenced by the strength of molecular interaction between the
organic contaminants and the 2D materials. The experimen-
tal results of using thermal annealing for removing PMMA
residues from the graphene surface are far from satisfactory (see
Figure 7c). The PMMA residues undergo a two-stage decomposi-
tion during which the PMMA radicals react with graphene defect
sites and form covalent bonds.[”3! Such interactions permanently
compromise the quality of 2D layers and limit their use in fabri-
cating advanced heterostructures.

The annealing method is also unsuitable for cleaning inter-
faces within heterostructures. The random movement of blisters
within the stack is a limitation of this approach. To be specific,
blisters could either segregate into bigger bubbles or move out of
the heterostructure. This randomness limits the yield of the an-
nealing outcome and prevents the production of clean interfaces
across the entire dimensions of the BGB heterostructure.

5.2. Physical Removal of Contaminants
5.2.1. Approach and Benefit

Applying mechanical force to contaminants has been shown to be
effective in cleaning the surface of 2D layers and interfaces within
heterostructures. Figure 7d shows the mechanical removal of
PMMA residues on a suspended graphene film using a fine metal
tip.l”%! It was confirmed by in situ imaging that one can achieve
complete cleanliness of monolayer graphene film by this me-
chanical cleaning method. However, the contaminants are almost
immediately formed on the surface again upon exposure to air
(see Figure 6c).

Other studies implemented an AFM-based technique,
called AFM ironing, for cleaning fully fabricated BGB
heterostructures.®82] The stack topography showed improved
surface roughness, suggesting enhanced interlayer coupling
and heterostructure homogeneity (see Figure 7e). The superior
quality of the heterostructures was also confirmed by enhanced
carrier mobility in graphene in these studies.

5.2.2. Limitation
The mechanical cleaning approach is limited to small areas, mak-

ing it challenging to scale up to produce large-area atomic-sharp
heterostructures.
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5.3. Directional Blister Removal
5.3.1. Approach and Benefit

Achieving blister-free interfaces across the entire dimension of
BGB heterostructures requires a method for directional removal
of blisters. A combination of thermal and mechanical actuation
has proven to be effective in heterostructure interface cleaning.
Two independent studies have demonstrated the large-area in-
terface cleaning in BGB heterostructures by integrating a high-
temperature lamination step into the standard layer assembly
process.

The first study employed high-temperature lamination on fully
fabricated BGB stacks by the vdW stacking method where only
airborne contaminants were incorporated.>’] Figure 7f shows the
schematic of the cleaning process, performed at 180 °C. The op-
tical images in Figure 7g demonstrate the directional movement
of blisters in the fully formed BGB stack, being pushed out of
the heterostructure. This approach produced a BGB heterostruc-
ture with clean regions approaching 5000 pm?. Graphene trans-
port characterization shows carrier mobility on the order of 10°
cm*V-lstat9 K.

Another study focused on developing a high-temperature lam-
ination method for cleaning BGB heterostructures made from
polymer-contaminated graphene.>®! In this study, graphene was
prepared by exfoliating on a PVA-coated SiO,/Si substrate. This
study examined the interface cleaning from an energy stand-
point, considering that PVA molecules do not form covalent
bonds with graphene. It was hypothesized that the mobiliza-
tion of the polymer residues together with the mechanical ac-
tuation can result in the removal of contaminants during the
lamination. Figure 7h shows the schematic of the proposed
cleaning mechanism. The directional propagation of the lam-
ination front guided the removal of the interfacial contami-
nants, resulting in BGB heterostructures with a record clean
area of 7500 um? (see Figure 7i). Excitingly, this study demon-
strated that BGB heterostructures using this cleaning method
can achieve ballistic transport with a mean-free path of over
20 um (see Figure 7j). These results are equivalent to the state-of-
the-art BGB devices, fabricated using the vdW stacking process
(Figure 1d).

5.3.2. Limitation

The interface cleaning process in Ref. [57] is primarily ef-
fective for cleaning graphene prepared using conventional
exfoliation, i.e., graphene was not intentionally exposed to
organic solvents or polymeric contaminants. However, ap-
plying the same process (at 250 °C) to BGB heterostruc-
tures made from PMMA-contaminated graphene had lim-
ited success, illustrating the limitation of this technique in
cleaning heterostructures made from polymer-contaminated
graphene.

The current demonstrations of the above-mentioned direc-
tional blister removal techniques have so far focused on a limited
subset of heterostructures, such as BGB or hBN-graphene-MoS,
stacks.[*®l The utility of these techniques for fabrication of more
complex heterostructures like moiré superlattices is yet to be
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explored. As we will discuss in Section 7, these heterostructures
are susceptible to high-temperature processes as well as heteros-
train induced by the lamination process.

5.4. Fabrication in Controlled Environments
5.4.1. Approach and Benefit

Exposure of 2D layers during exfoliation and subsequent layer
assembly to ambient air can introduce residues like hydrocar-
bons, leading to blisters formation in heterostructures. There-
fore, a common approach is to prevent the exposure of 2D lay-
ers to airborne contaminants during heterostructure fabrication.
Many research labs achieve this by conducting layer assem-
bly in an inert gas-filled glovebox environment.¢8384 Recent
studies also demonstrated layer assembly in a UHV chamber,
effectively minimizing all potential airborne contaminants.!®
Furthermore, to utilize the UHV setup, researchers devel-
oped a layer assembly process by substituting a polymer
handle layer with an inorganic film.®! This aims to pre-
vent polymer outgassing and minimize potential organic
contaminants.

5.4.2. Limitation

These specialized layer-assembly chambers often integrate the
entire fabrication steps in situ, including mechanical exfolia-
tion, stacking, and material characterization like AFM or Ra-
man spectroscopy. As such, the implementation of these cham-
bers is costly and increases the complexity of the fabrica-
tion process. Additionally, fabrication in a glovebox or UHV
chamber also restricts the choice of stamp materials to anhy-
drous polymers and solvents or inorganic films. With their sig-
nificant cost and complexity, these systems have their high-
est impact on fabricating heterostructures from air-sensitive
2D materials (Section 6) or constructing moiré superlattices
(Section 7).

6. Air-Sensitive vdW Materials

In the broad library of 2D materials, many can be mechani-
cally cleaved down to the monolayer limit. Among these mate-
rials, only a handful of them in monolayer form are identified
as chemically inert and stable under ambient conditions, such
as graphene, hBN, and several TMDs.['?] Indeed, many 2D ma-
terials are air-sensitive, undergoing significant degradation of
their structural and electronics properties upon exposure to air.
A few prominent examples of such materials are black phos-
phorus (BP, direct bandgap 2D semiconductor),®-°l NbSe, (2D
superconductor),”*2l and MoTe, (rich 2D topology phases).[>-]
Understanding the degradation mechanisms of these materials
is essential for developing fabrication strategies that preserve
their inherent properties.

6.1. Degradation Mechanisms

The primary mechanism contributing to material degra-
dation upon ambient exposure is oxidation, which occurs

Adv. Funct. Mater. 2024, 34, 2314439

RIGHTS L1 N Hig

2314439 (11 of 18)

www.afm-journal.de

through interactions with oxygen, water, or alkyl segments
present in the air. Significant progress has been made
in understanding the oxidation mechanisms and its ef
fects using both theoretical modeling and experimental
studies.

TMDs are characterized by a chemical formula of MX,, where
M is a transition metal like Mo, W, and X denotes a chalco-
gen like S, Se, or Te. The choice of M and X significantly
impacts the susceptibility of TMDs to oxidation. Typically, se-
lenides are more susceptible to oxidation than sulfides. Exfo-
liated selenides have been reported to show surface protru-
sions after ambient exposure. Moreover, transistor study based
on WSe, has shown that short-term exposure to air gener-
ate reversible degradation due to physisorption of water onto
WSe, pristine surface. However, prolonged exposure to air re-
sults in permanent degradation due to chemisorption of O, at
Se vacancies.®®! Unlike sulfides and selenides, tellurides suf-
fer more severely from oxidation, where Te desorbs both on
basal and edge planes.”’] It has been observed that single layer
MoTe, degraded quickly within a few minutes of the exfoliation
process!®®! (see Figure 8a). Regarding the choice of M, theoreti-
cal studies indicate that oxygen gains more electron from WX,
than MoX,, thereby promoting its oxidative interactions with
WX,.[%]

Atomic defects also affect the oxidation process. Ex-
foliated sulfides such as MoS, and WS, are typically
air stable on their basal plane due to a low density of
defects.'™ However, CVD-grown MoS, and WS, are prone
to aging after long-term exposure to air, particularly at
sites rich in chalcogen vacancies, grain boundaries, and
edges.l”!

Another widely studied 2D material is BP. Upon exposure to
air, small bubbles appear rapidly on the surface with uniform
distribution. After a few hours to days, these small nucleation
sites accumulate into large droplets, eventually completing the
transformation into phosphoric acid (Figure 8b,c).187:101102] Fyr.
ther investigations have found that BP does not directly inter-
act with either dry oxygen or water. Under normal conditions,
light-induced excitons can initiate chemical reactions between
BP and oxygen.[*”] Alternatively, the water polarization effect can
assist electron transfer between BP and oxygen, causing the pris-
tine BP surface to transition from hydrophobic to hydrophilic, as
shown in Figure 8d.'%% Furthermore, water molecules attract O-
P bonds and eventually remove P by hydrogen bonding, result-
ing in the dissolution of the top layer and further oxidation.[*"]
Crucially, a similar mechanism (i.e., water-assisted oxidation) has
been observed on other 2D materials as well, such as InSe, 103104
WSe, %

The oxidation behavior of 2D materials varies. The mecha-
nisms described above primarily occur in a layer-by-layer man-
ner due to the absence of dangling bonds on the pristine mate-
rial surface. In contrast, some 2D materials are reported to ex-
hibit anisotropic degradation. For example, the degradation of
ferroelectric NbOI, is dominated by unstable dangling iodine
bonds on the (100) plane along c-axis (see Figure 8e).'%] De-
spite progress on this topic, further research is needed to explore
the full spectrum of oxidation behavior in various 2D materials,
which will be crucial for their practical applications in emerging
technologies.
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Figure 8. Air-sensitive materials. a) A typical STM image of a freshly exfoliated MoTe, flake. Randomly distributed protrusions are observed on the
surface, with an average height of 3 A. b) Optical images of freshly exfoliated BP and c) after exposure to air for a week. d) Contact angle of water
drops on the surface of BP, illustrating a transition from hydrophobic to hydrophilic upon aging. Scale bar 2 mm. e) Optical images of NbOlI, flake
shrinks on the (100) plane along c-axis after 3 h water exposure. f) hBN-encapsulated NbOI, flake shows no obvious change after 20 days. g) Partially
encapsulated bilayer BP by hBN shows no degradation in the encapsulated region and complete degradation in the exposed region. Right panels show
the corresponding photoluminescence measurements. (a) Reprinted with permission from Ref. [98] Copyright 2017, American Chemical Society. (b)-(d)
Reprinted with permission from Ref. [102] Copyright 2016, American Chemical Society. (e,f) Reprinted with permission from Ref. [105] Copyright 2024,
American Chemical Society. (g) Reprinted with permission from Ref. [89]. Copyright 2015, American Chemical Society.

6.2. Fabrication Strategies

Various techniques have been developed to protect air-sensitive
2D materials from the reactive oxygen species and preserve
their intrinsic properties. Common practices include the appli-
cation of capping layers made of 2D material such as hBN or
graphene,[81%] ALD oxides,®®] anhydrous polymeric film such
as parylene-C,I¥1%7] or jonic liquid.[*”! However, the formation of
ALD oxides requires an oxidative precursor like water or oxygen
radicals, which can contribute to the oxidation of the 2D mate-
rial. Moreover, the use of oxide and polymeric film as an encap-
sulation layer could induce interface charges and degrade elec-
tronic properties. Alternatively, oxidation of the topmost layers
has been used to cap the underlying layers.[8$19819] Applying a
similar strategy to f-FeSe has been shown to enhance the su-
perconducting critical temperature, primarily due to the reduced
thickness.[1%8]
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Despite the achieved improvements, these techniques fall
short of fully harnessing the inherent properties of 2D materials.
This shortcoming outweighs the attempts by these techniques to
simplify the fabrication process. Currently, hBN encapsulation is
the most effective approach for preserving the intrinsic proper-
ties of air-sensitive materials (see Figure 8f,g).[88%103105] Fyrther-
more, fabrication under a controlled environment as described
in Section 5.4, such as a glovebox, remains the preferred toolkit
for this group of 2D materials.

7. Moiré Materials

This section gives a brief overview of the fabrication process
required to construct complex designer structures, specifically
moiré superlattices. It highlights key developments in the field
and the additional challenges involved in fabricating these struc-
tures due to their intricate nature, such as rotational alignment.
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Figure 9. Moiré materials. a) Schematic of moiré heterobilayer with rotational alignment and lattice mismatch of 6%. b) Schematic of moiré homobilayer
with 8° relative rotation and no lattice mismatch. c¢) Schematic and experimental realization of folding graphene nano-island (GNI). d) Schematic of a
graphene device on nanolithographically-patterned graphite gate electrode. €) STM topography of t-BLG with different moiré superlattices induced by
heterostrain. f) 2D map of the twist angle 6 and corresponding charge disorder map in the device area. g) TEM dark field image in t-BLG. The alternating
contrast shows AB/BA domains reconstructed from twist angle of 0.1°. h) Angle relaxation after thermal annealing that aligned the edges of graphene
and hBN. (c) from Ref. [125] Reprinted with permission. Copyright 2019, AAAS. (d) Reprinted with permission from Ref. [128] Copyright 2020, American
Chemical Society. (e) Reprinted from Ref. [132] Copyright 2018, American Physical Society. (f) Reprinted from Ref. [135 with permission. Copyright 2020,
Springer Nature. (g) Reprinted from Ref. [140] with permission. Copyright 2019, Springer Nature. (h) from Ref. [32] Reprinted with permission. Copyright

2015, AAAS.

7.1. Fabrication Strategies of Moiré Materials

Moiré materials occur in an electronic matter that shows peri-
odic structure comparable to the electron wavelength. The strong
interactions between electrons in the subwavelength structures
lead to various interesting physics, which drives the research on
the development of new moiré superlattices. 2D materials are
of significant interest in designing new moiré superlattices due
to their layer-by-layer structure, facilitating the manipulation of
electronic states in individual atomic layers. At present, experi-
mentalists engineer the spatial wavelength of moiré superlattices
using one of these strategies: the lattice mismatch (§) between
layers, rotational alignment (0) between layers, and lithographi-
cal patterned substrate. Following this classification, we discuss
in this section the strengths and limitations of each fabrication
strategy.

Category 1. A heterobilayer moiré superlattice forms when two
different 2D materials with a small lattice mismatch are stacked
while maintaining their angle alignment (see Figure 9a).
Prime examples of such superlattices include graphene
on hBN, which exhibits fractal Hofstadter spectra,l>*32110]
rhombohedral-trilayer graphene (r-TLG) on hBN,[111-113] and
heterobilayers of TMDs.[”*%] To fabricate the heterobilayer
structure, the edges of two different flakes are often aligned
optically. This approach relies on the tendency of 2D ma-
terials to fracture along the crystallographic direction.!}14115]
Although the optical method provides a good guide for
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the crystal axis, it may not offer sufficient precision when
extreme control of the alignment rotation is required. To
achieve high precision, an alternative approach is to pre-
determine the crystal axis or the preferred domain (ABC do-
main in 1-TLG) using non-destructive optical measurements
before layer assembly. However, this strategy requires spe-
cial instrumentation, such as angle-resolved second harmonic
generation, '] Raman spectroscopy,"'*!%] and scanning
near-infrared microscopy.!*2!!

Category 2. Homobilayer moiré superlattices are constructed by
introducing a small relative angle rotation between two layers
of the same material (see Figure 9b). A prominent example
within this category is twisted bilayer graphene (t-BLG), known
for exhibiting a flat band at a small rotational misalignment
of 1.1°.122123] The current practice for fabricating these struc-
tures involves the “tear-and-stack” method. In this approach,
an hBN flake partially contacts a graphene flake and tears the
contacted part. Then, the entire stamp with the hBN/graphene
stack moves over to the remaining graphene, with a small
relative angle created by the stage rotation and picks up the
second half of the graphene (as depicted in Figure 4e). This
method can, in principle, be extended to create relative twist
angles between any number of layers, for example, twisted tri-
layer graphene.'?*] This approach produces high-quality moiré
superlattices with excellent carrier transport properties. How-
ever, the reproducibility and homogeneity of small-angle rota-
tion pose challenges. We will discuss angle disorders in Sec-
tion 7.2. Another approach to creating t-BLG involves folding a
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single-layer graphene flake (see Figure 9c). This implementa-
tion utilizes an STM or AFM tip to pick up one side of the
graphene flake and fold it over to the other half, forming t-
BLG.['>] However, this method relies heavily on the availability
of the instrument and the experience of the human operator.

Category 3. Another category of moiré superlattices involves
inducing a nanoscale periodic potential within the 2D ma-
terial channel through nanolithography patterning of either
the dielectric substrates!!?6177] or the gate electrodel'?®] (see
Figure 9d). By replacing the nuanced process of creating small-
angle rotation with standard nanofabrication of patterned di-
electrics or electrodes, this strategy considerably improves the
reproducibility and yield of the fabrication process. Moreover, it
enriches the kinds of lattice symmetries to more than triangular
moiré superlattices.!126]

7.2. Disorders in Moiré Materials

The fabrication process for moiré superlattices largely follows
the same procedures outlined in Sections 1-3 for construct-
ing simple heterostructures. Therefore, similar material disor-
ders, such as intrinsic defects or extrinsic interfacial residues,
are expected to appear in moiré materials. Achieving atomically
clean interfaces is essential for moiré superlattices because it
promotes coherent carrier transport and facilitates strong inter-
layer coupling, both of which are vital for the emergence of cor-
related states linked to moiré physics. Experimental evidence
has demonstrated the crucial role of interlayer coupling in re-
vealing and enhancing moiré physics. This was achieved by ap-
plying external pressure as a means to adjust the extent of the
coupling.[129:130]

Furthermore, apart from the above-mentioned material disor-
ders, moiré materials are also affected by additional structural ir-
regularities. Due to the inverse relationship between moiré wave-
length and lattice mismatch (8) or twist angle (6), minor fluctua-
tions in strain and rotation can be magnified in moiré superlat-
tices. In the following discussion, we focus on these structural ir-
regularities and explore research efforts aimed at mitigating their
impact.

Strain variations can directly affect the local electronic band
structure by altering the size of the superlattice unit celll!31:132]
(see Figure 9e). In heterobilayer superlattices, the moiré band
structure is determined by the lattice mismatch between the two
constituent layers, making these structures highly vulnerable to
strain variations. In homobilayers, strain variations may arise
during the process of tearing a single graphene flake. To miti-
gate strain fluctuations resulting from tearing, the flake can be
pre-cut using a laser!1?#13%] or an AFM tip.[** Additionally, other
sources of strain disorder may occur during the layer transfer and
metallization steps.

The spatial inhomogeneity of twist angle in homobilayers
persists as a prevalent disorder in existing fabrication tech-
niques. This issue is particularly pronounced in small-angle
moiré systems, which typically remain in a metastable state,
resulting in fluctuations in the measured charge density (see
Figure 9f).[13>-138] Furthermore, during the fabrication process,
small-angle rotations on the order of a few degrees in t-BLG tend
to relax to a Bernal stack configuration, as it represents the ther-
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modynamically stable state.[%! This challenge significantly con-
tributes to the low yield in constructing homobilayer twistronics.
Since the angle relaxation occurs toward the thermodynamically
stable state, the resulting homobilayers have smaller twist angle
than their initially twisted value. Therefore, a possible solution
has been to account for this angle relaxation when implement-
ing the tear-and-stack step.

Domain reconstruction also contributes to the inhomogeneity
in moiré superlattices with twist angles smaller than the critical
value ~1°, where heterostructures tend to maximize the area of
AB stacking instead of AA stacking, forming alternating domains
of AB/BA areas (see Figure 9g).[139140]

The above-mentioned issues associated with angle disorders
are less significant in heterobilayers because they naturally align
at angles that are thermodynamically stable. Therefore, to ad-
dress small-angle misalignments in heterobilayers, a common
practice is to perform thermal annealing, allowing the superlat-
tices to relax back to aligned anglesl32120141] (see Figure 9h). In
contrast and considering the metastability of homobilayers, it is
therefore essential to avoid high-temperature processing steps
during their construction, such as thermal annealing for inter-
face cleaning, or even resist baking for lithography.

8. Outlook

The success of the vdW stacking method in achieving ultralow
disordered BGB heterostructures has occurred by avoiding con-
taminations, such as polymers, organic solvents, and water dur-
ing the fabrication process. Over the years, research laborato-
ries have independently developed material production, cleaning,
and assembly protocols under the guidelines of minimizing ex-
posure to contaminants. To further improve the fabrication pro-
cess, the material exfoliation and layer assembly processes were
also performed in controlled environments, such as a glovebox
or a vacuum chamber. Despite these advances, scaling up the
dimensions and fabrication throughputs of ultralow disordered
heterostructures using the vdW stacking method remains chal-
lenging.

We presented recent advances in developing new engineering
toolkits for enhancing the outcomes of the exfoliation in terms of
dimension and production throughput. However, these advances
come with a trade-off: increased exposure to contaminants. This
drawback presents a challenge for creating ultralow disordered
heterostructures. This discussion leads to a fundamental ques-
tion: Can contaminated 2D layers achieve ultralow disordered
heterostructures on par with their state-of-the-art counterparts?

The short answer is “Yes.” Nevertheless, the types of contam-
inants and the details of the fabrication process will determine
the ultimate outcome. A survey of previous research showed that
exposure to PMMA polymer, for instance, can result in an irre-
versible contamination of graphene. Moreover, the direct evapo-
ration of metals onto 2D layers has been shown to create addi-
tional atomic defects. In contrast, PVA-contaminated graphene
has been successfully utilized in achieving record large-area BGB
heterostructures with state-of-the-art electronic transport proper-
ties. The full removal of interfacial contaminants in these BGB
structures represents an encouraging advance, opening several
new research directions.
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The first is performing computational studies to reveal the na-
ture of interactions between various contaminants and a target
2D flake. For instance, the current studies on PMMA, PVA, and
small organic molecules were instrumental in guiding the in-
terface cleaning studies of the contaminated heterostructures.
The desired contaminants are those that would interact non-
covalently with the 2D flakes, allowing the possibility for their
removal from the heterostructure through an interface cleaning
approach.

This brings us to the second research direction, which involves
the discovery of new polymers that can serve as handle layers
while facilitating the interface cleaning process. In the case of
PVA, it was found that mobilization of residues occurred only at
elevated temperatures (230 °C), coinciding with an increased en-
tropy of the PVA due to a phase transition.['*?} Building on the
success of PVA as a model polymer, we pose a question: Can a
new polymer be designed that retains the desirable properties of
PVA (e.g., enhanced exfoliation) while allowing the mobilization
of residues at significantly lower temperatures?

Stamp engineering has proven to be a powerful engineer-
ing toolkit. Building on those advances, the third direction in-
volves the design of new stamp geometry. Recent studies have
shown that the deformation energy and contact angle of the
stamp play a key role in the interface cleaning of polymer-
contaminated heterostructures.>®! However, computational stud-
ies are still lacking, linking the geometric properties of the stamp
and the dynamics of the layer transfer process to the elastic en-
ergy and evolution of the contact angle at the lamination front.
Conducting such studies will provide valuable insights into ad-
vancing the interface cleaning process.

The carrier transport results from the BGB heterostruc-
tures made from polymer-contaminated graphene are highly
promising.>®) However, high carrier mobility alone is insuffi-
cient to establish that the heterostructures obtained from emerg-
ing engineering toolkits are low disorder. Detailed quantum
transport measurements are necessary to reveal the underly-
ing scattering mechanisms in those heterostructures. These re-
sults will allow a comprehensive comparison with state-of-the-art
counterparts fabricated using the vdW stacking method. More-
over, the strong interlayer coupling to form moiré superlattices
is yet another compelling evidence for the ability of emerging
engineering toolkits to create ultralow disordered electronic sys-
tems. These experiments constitute the fourth research direction.

Fabrication of moiré materials presents additional research
challenges, detracting from the reproducibility and homogene-
ity of the superlattice heterostructures. In particular, angle and
strain disorders induce microscopic variations in the electronic
band structure within the same superlattice heterostructure.
Therefore, there is a critical research need to develop fabrication
techniques, such as improved alignment techniques, or innova-
tive handling and transfer methods, that ensure homogeneous
interfaces without contamination, along with minimal strain and
angle disorders.

A final and crucial research direction is to establish manu-
facturing pathways for production of ultralow disordered het-
erostructures, which encompasses two main aspects. One is the
need for wafer-scale fabrication processing of 2D materials. The
other aspect involves the fully automated fabrication process of
these heterostructures.
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The current prevalence of the exfoliated flakes for produc-
ing ultralow disordered heterostructures is due to their inher-
ently low intrinsic disorders. However, the existing parent crys-
tals used for mechanical exfoliation are typically millimeter-
scale, making them unsuitable for wafer-scale manufacturing
of such heterostructures. To develop manufacturable pathways
and facilitate the technological translation of ultralow disordered
heterostructures, fabrication methods based on large-area syn-
thetic materials like CVD films remain a crucial research di-
rection. Advances in various aspects of CVD materials have
been made, including the production of wafer-scale single-crystal
CVD films (e.g., Ref. [143]) and layer assembly (e.g., Ref. [144])
merits a comprehensive review of the significant advances in
this domain. We emphasize, however, that many aspects of the
emerging engineering toolkits discussed in this article, such as
cleaning of interfaces within heterostructures, fabrication of low
disordered moiré superlattices, and production of heterostruc-
tures from air-sensitive 2D materials, are applicable to CVD
materials.

The current practice for fabricating vdW heterostructure heav-
ily relies on the manual layer assembly setup. The reliability and
reproducibility of building high-quality heterostructures depends
on the expertise of the human operator. Recent efforts have been
made to build a programmed stacker for streamlining the pro-
duction of vdW heterostructures.['*14°l A recent study demon-
strated an automatic process for searching and assembling exfo-
liated 2D flakes in a glovebox environment.!'*] Fabricating vdW
heterostructures using a robotic operator can ensure consistent
process parameters, thereby improving the reproducibility of het-
erostructure construction. Moreover, to achieve accurate control
over small rotation while fabricating moiré materials, it is more
reliable to employ a motorized stage.

Lastly, it is important to emphasize that a fundamental un-
derstanding of various engineering toolkits is essential for their
successful translation into an automated process. Enabling the
nanomanufacturing of vdW heterostructures will require collab-
oration efforts across various disciplines, including materials sci-
ence, chemistry, and physics. We anticipate that a fully automated
fabrication process will not only accelerate scientific discoveries
but also facilitate their subsequent translation into technological
applications.
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