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Cleaning interfaces in layered materials
heterostructures

D.G. Purdie!, N.M. Pugn02'3'4, T. Taniguchi5, K. Watanabe® °, A.C. Ferrari' & A. Lombardo® '

Heterostructures formed by stacking layered materials require atomically clean interfaces.
However, contaminants are usually trapped between the layers, aggregating into randomly
located blisters, incompatible with scalable fabrication processes. Here we report a process
to remove blisters from fully formed heterostructures. Our method is over an order of
magnitude faster than those previously reported and allows multiple interfaces to be cleaned
simultaneously. We fabricate blister-free regions of graphene encapsulated in hexagonal
boron nitride with an area ~ 5000 pm?, achieving mobilities up to 180,000 cm? V151 at
room temperature, and 1.8 x109cm2V~1s~1 at 9K. We also assemble heterostructures
using graphene intentionally exposed to polymers and solvents. After cleaning, these samples
reach similar mobilities. This demonstrates that exposure of graphene to process-related
contaminants is compatible with the realization of high mobility samples, paving the
way to the development of wafer-scale processes for the integration of layered materials in
(opto)electronic devices.
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he process of creating materials with pre-determined

properties has been one of the key element of success of

modern solid-state electronics and opto-electronics. Het-
erostructures, ie., heterogeneous structures built by combining
two or more different materials, were introduced in the fifties!?,
enabling the engineering of complex structures with tailored
properties such as superlattices®. Semiconductor-based hetero-
structures play a major role in modern integrated electronics and
optoelectronics, enabling applications such as solid-state lasers?,
high electron mobility transistors® and quantum cascade lasers®.

More recently, another class of materials by design has arisen
due to the possibility of stacking single layer graphene (SLG) and
other layered materials into heterostructures’~13. By varying the
layered materials used, and the angle between them!*12, this gives
rise to a virtually infinite set of options for creating different
heterostructures, not previously produced in the field of semi-
conductor based super-lattices. However, a number of challenges
remain before such heterostructures can be widely applied, such
as the need to use layered materials prepared by scalable tech-
niques, like chemical vapor deposition (CVD)1%17, and to achieve
clean interfaces over the entire heterostructure.

The most widely studied layered material heterostructure is
SLG encapsulated in hexagonal boron nitride (hBN)18-24, Room
temperature (RT) charge carrier mobility (4) in hBN-
encapsulated SLG can reach values over an order of magnitude
higher than SLG on SiO,'®!°. Furthermore, encapsulation iso-
lates SLG from sources of contamination, such as lithographic
polymers and solvents used during device processing!®, or
ambient air?’, which can otherwise degrade mobility?>>> and
increase doping?’. Thus, hBN encapsulated SLG could enable
state of the art performance for a range of applications in high-
frequency electronics!'32627 and (opto)electronics?®2°.

Encapsulated SLG and other layered material heterostructures
are assembled by first producing the individual layered materials
on separate substrates, typically Si + SiO,!°, or polymers, such as
Polymethyl methacrylate (PMMA)!'#30, followed by transfer and
stacking to achieve the desired heterostructure!®1%30 During
stacking, contaminants such as hydrocarbons®!, air?3, or
water233, can become trapped between the layers, aggregating
into spatially localized pockets with typical lateral sizes from a few
nanometers®® up to micrometers’>, known as blisters?> or
bubbles!®2%:31 which form due to the interplay of the layered
material elastic properties and van der Waals forces®*. This
aggregation of contaminants into blisters leaves the regions
located between them with clean interfaces’!, and devices can
therefore be fabricated exploiting these areas’®. However, the
device size is constrained by the blister spacing, typically 1-10 um3°.
It is therefore paramount to develop cleaning techniques capable
of removing blisters over the entire dimensions of a
heterostructure.

Blister-free areas >10 um can be obtained by using a hot pick-
up technique?3, where adsorbates present on the layered material
surface can be removed during encapsulation by bringing the
layers together in a conformal manner at 110 °C%. The cleaning
in this process is due to higher diffusivity of the contaminants at
110 °C than at room temperature®3, allowing them to diffuse out
of the sample during encapsulation. Blister-free regions were also
reported in ref. 19, although no explanation of how blisters are
avoided was given. In refs. 1923 residual blisters sometimes
remained within the heterostructure due to incomplete cleaning
during transfer, which could not then be removed. Furthermore,
the technique of ref. 23 only achieves clean interfaces when the
encapsulation is performed slowly, with lateral speeds <1 pm s~
The required cleaning time would further scale with the total
number of interfaces within the heterostructure. Therefore, while
refs. 1923 are in principle capable of cleaning interfaces over

areas larger than the ~20 pum reported to date!®23, their suitability
to cleaning wafer-scale sized samples is limited. There is therefore
a critical need to develop techniques allowing rapid, parallel (i.e.,
independent from the number of layers forming the hetero-
structure) and repeatable assembly and cleaning of hetero-
structures. Ref. 2> also produced heterostructures using SLG
intentionally contaminated with PMMA residuals left from
lithographic processing, suggesting that the hot pick-up technique
could be used to exclude these polymer residuals. However, no
comparison was given of the mobility of samples produced using
clean and polymer contaminated SLG.

Here we show how to remove contamination trapped within
already assembled heterostructures. This is achieved by laminat-
ing the heterostructure onto a SiO, substrate at ~180 °C. At this
temperature the blisters become physically mobile, enabling them
(and the contaminants trapped inside) to be pushed to the sample
edges, where they are eliminated. We achieve blister-free hBN-
encapsulated SLG with areas up to ~5000 pm?, limited only by the
size of the exfoliated flakes. We manipulate blisters at speeds
>10 um s, over an order of magnitude faster than ref. 23. Our
approach also allows the heterostructure interfaces to be cleaned
simultaneously, unlike existing techniques, where the interfaces
need to be cleaned sequentially!®23. Furthermore, our cleaning
method also works for heterostructures based on different
materials, such as hBN/MoS, and hBN/SLG/MoS,, indicating the
general suitability of our approach.

We fabricate hBN/SLG/hBN Hall bars with widths W up to
24 um achieving mobilities up to 180,000 cm? V—1s~! at room
temperature. The mobility is consistently high across all samples,
with an average ~160,000 cm? V—!s™1 across 15 Hall bars. We
also report mobilities up to ~1.8x10°cm?V~ls~1 at 9K
Moreover, we show that our approach works on SLG intentionally
exposed to PMMA, acetone and isopropyl alcohol (IPA) before
encapsulation, achieving mobilities up to ~150,000 cm? V—1s~!
at room temperature after cleaning, i.e., there is no mobility
degradation compared to non-contaminated SLG. We show
micro-meter scale ballistic transport in our initially contaminated
SLG through bend-resistance measurements, therefore demon-
strating that with appropriate cleaning the mobility of polymer
and solvent contaminated SLG can be equivalent to the highest
quality encapsulated samples in which the interfaces are
clean®192030 " The mobility we achieve is around an order of
magnitude higher than in other polymer and solvent con-
taminated SLG/hBN samples reported in literature!®30. Our
approach paves the way to the optimization of scalable techniques,
such as wet?® and (or) polymer assisted transfers’37, for the
fabrication process of high mobility encapsulated SLG and other
heterostructures.

Results

Encapsulation, cleaning, and device fabrication. Figure 1 shows
a schematic representation of our approach to produce hBN/SLG/
hBN heterostructures. Flakes of hBN and SLG are prepared by
micro-mechanical cleavage (MC)3® on Si+285nm SiO, (see
Methods). Suitable SLG and hBN flakes are identified prior to
transfer by a combination of optical microscopy®® and Raman
spectroscopy?9=43, We fabricate heterostructures with a range of
hBN thicknesses, #,gy (2-300 nm), and widths, Wygy (up to
~200 um), observing blister manipulation and cleaning in all
cases.

In order to pick up and transfer the flakes we use a stamp
consisting of a layer of polycarbonate (PC) mounted on a block of
polydimethylsiloxane (PDMS) for mechanical support, Fig. la.
The stamp is similar to that used in ref. 1%, however we use PC
instead of poly-propylene carbonate (PCC) as our cleaning
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Fig. 1 Scheme of the cleaning process. a A stamp, consisting of a PC film (yellow) mounted on a PDMS block (white-translucent) is brought into contact
with a hBN flake (blue) exfoliated on SiO, + Si (purple/light gray). b The stamp is withdrawn, picking up the hBN. ¢ The hBN is lowered into contact with an
exfoliated SLG (black), and then withdrawn, d picking the SLG portion in contact with hBN. e hBN and SLG are brought into contact with another hBN flake,
forming the encapsulated stack. f Encapsulated stack is picked up from the SiO, + Si substrate. Steps a-f are performed at 40 °C. g The temperature is
raised to 180 °C and the encapsulated stack is laminated onto SiO, + Si. The contact front (CF) is defined as the interface between the portion of the

heterostructure suspended and that in contact with the SiO, + Si. Control over the stamp height determines the CF lateral movement. This is achieved by
tilting the PDMS block, such that the stamp first contacts the substrate on one side. As the CF encounters blisters, these are manipulated and removed. h
The stamp is withdrawn. The PC adheres to the substrate, PDMS is peeled away. i PC is dissolved in chloroform. j-m: optical images of the process. j

Encapsulated sample suspended on the PC stamp above Si+ SiO,. One blister is highlighted with a dashed white circle. Other blisters are seen as dark
spots. k The sample is laminated onto Si + SiO,. The CF between PC and substrate is marked with a white dashed line. Above the CF, the PC is in contact
with SiO,, while below it is suspended. I as the CF advances it pushes the blisters. The blister in j, originally in the position marked by the white circle, has
now moved, as marked by the black circle. The arrow shows the direction of movement. m hBN/graphene/hBN heterostructure after removal of PC. The

dashed black line marks the SLG location. Scale bars 20 pm

requires a temperature of ~180°C, well above the PPC glass
transition Ty~ 40 °C*%.

The stamp is placed on a glass slide attached to a micro-
manipulator (resolution ~1 pm) under a microscope. The Si-+
SiO, substrates, with the flakes to be transferred, are positioned
underneath the micro-manipulator, on a heated stage, enabling
temperature control from room temperature up to 300 °C.

The process begins by placing the PC into contact with a
selected hBN flake, then withdrawing, while keeping the
substrate at 40 °C, Fig. 1a. This temperature is chosen because
it allows us to pick both hBN and SLG flakes with a success
rate ~ 100% (as compared to room temperature, where this is
<90%). The hBN adheres to the PC surface and is removed
from the Si+ SiO, as the stamp is lifted, Fig. 1b. We then
position the hBN over a chosen SLG flake and bring the two
into contact, before again withdrawing while still at 40 °C. The
portion of the SLG in contact with hBN delaminates from the
Si+ SiO,, while that in contact with the PC remains on the Si
+ 8iO,, due to the preferential adhesion of SLG to hBN??
Fig. 1c, d. hBN and SLG flakes are then aligned and brought
into contact with another (bottom) hBN flake, Fig. le,
encapsulating the SLG.

We next withdraw the stamp with the heterostructure still
attached to the PC, suspending it above the Si + SiO,, Fig. 1f. The
stage temperature is increased to 180 °C, following which the
stamp is brought into contact with the substrate, Fig. 1g. During
this step the PDMS block is tilted ~1°, so that contact with the
substrate first occurs on one side of the stamp, and then advances
horizontally across it. Control over the stamp vertical position
also defines the position of the contract front (CF) in the
horizontal direction. The CF is the interface between the portion
of the stamp in contact with Si+ SiO,, and that suspended, as in
Fig. 1g. At 180°C the PC is above T,~ 150 °C*, resulting in
decreased viscosity?®, allowing greater control over its lateral
movement. Below T, the CF can move laterally in uncontrolled,
discrete jumps.

As the CF approaches the encapsulated SLG, we observe the
aggregation of numerous blisters, Fig. 1j. An example of typical
blister coverage is reported in Supplementary Fig. 1. We attribute
this to the heterostructure approaching the Si+ SiO, surface,
resulting in its temperature increasing to ~180°C. At room
temperature, trapped contaminants cover the sample interfaces?3,
but become increasingly mobile, segregating into spatially
localized blisters as the temperature rises above ~70 °C?3,
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When the CF passes across the encapsulated stack, the stack is
laminated onto the Si+ SiO,, Fig. 1g. This pushes any blisters
within the heterostructure in the direction of the advancing CF
(see Supplementary Movies 1 and 2). As blisters are swept
through the heterostructure they collide and aggregate. They
continue to move until they reach the heterostructure edge, at
which point they are eliminated, or until they reach a physical
discontinuity, such as a crack or wrinkle in the hBN or SLG,
which may pin them. Once the CF has fully passed across the
encapsulated stack and the blister removal is complete, the stamp
is withdrawn, Fig. 1h. At 180 °C the PC preferentially adheres to
the SiO,, allowing the PDMS to be peeled away, leaving the PC
adhered to the SiO, + Si surface, Fig. 1h. The PC is then removed
by rinsing the sample in chloroform for ~10 min, Fig. 1i. In the
hot-pick up method a 15 min bake at 130 °C is used to promote
adhesion between the stack and substrate following transfer?3.
Here no post transfer bake is necessary, as the 180 °C used during
transfer (maintained for ~2-3 min to allow the PC to melt) is
sufficient to promote adhesion between stack and substrate.

Figure 1j-1 show the movement of blisters in response to the
advancing CF. Figure 1j is the sample before cleaning, suspended
on the PC stamp above Si + SiO,. Numerous blisters can be seen.
In Fig. 1k the CF (marked by the white dashed line) is advancing
across the heterostructure. Above the CF (yellow optical contrast)
the PC is in contact with Si + SiO,. In Fig. 11 the CF has advanced
further. One blister is highlighted, with its initial location marked
by a dashed white circle in Fig. 1j-1, and by a dashed black circle
in Fig. 11 after being moved by the advancing CF. Figure 1m is the
same sample after cleaning. One blister (highlighted by a dashed
black circle) remains, pinned by a wrinkle. A second hetero-
structure also encapsulated and cleaned using the same method is
shown in Fig. 2a, with optical dark field shown in Fig. 2b, and
atomic-force microscopy scan in Fig. 2c. This is blister-free over
~100 pm x 45 pm. Further examples of hBN/SLG/hBN hetero-
structures are shown in Supplementary Fig. 2.

Blisters are manipulated at speeds >10 um s~!. They can also
be pulled by withdrawing instead of advancing the CF, i.e., they
can be continuously manipulated both forwards and backwards
(see Supplementary Movie 3). We find no effect of the tilt angle
on the cleaning process for angles in the range ~0.5-5°. The
presence of SLG in the heterostructure plays a significant role in
the ability to manipulate the blisters using the CF. Blisters are
always manipulated by the CF in the hBN/SLG/hBN portion of
the heterostructure. However we observe that, for the hBN/hBN
interface, blisters are mobile in some samples but not in others.
They can also be pinned at the SLG edge (see the right-hand edge
of the dashed white line in Fig. 2b and Supplementary Fig. 2).
This can result in samples where the SLG region is blister-free,
but surrounded at the edges by blisters. Such blisters would not

pose a limitation for large area heterostructure production, as this
edge contamination does not affect the quality of the material in
between, and can be removed by reactive ion etching!®.

We do not see evidence of defects created by the CF while it
moves across the heterostructure, as indicated by the lack of D
peak in Raman spectra and by the consistently high, up to 1.8 x
106 cm? V—1s71, mobility at T=9K of the cleaned samples.
Dissolving the PC film in chloroform post-cleaning would likely
leave PC residuals on the top hBN surface. However, these would
be isolated from the SLG by the top hBN, and therefore have no
effect on the SLG.

Our cleaning method also works for heterostructures based on
different materials, such as hBN/MoS, and hBN/SLG/MoS,, as
shown in Fig. 3, with blister manipulation and interface cleaning
observed in these samples (see Supplementary Movies 4 and 5).
Raman maps of these samples are reported in Supplementary
Figs. 6 and 7.

Ref. 23 reported that temperature plays a key role in the ability
to exclude contaminants from heterostructure interfaces. Thus,
we now consider the effectiveness of blister manipulation at 110
and 180 °C. In the cleaning step, we initiate the process at 110 °C,
until the CF has passed half way across the sample, then we raise
the temperature to 180 °C and advance the CF over the remaining
portion of the heterostructure. Figure 4a—c are optical bright field
and dark field images, and an AFM scan of the sample. In the
portion of the heterostructure cleaned at 110°C numerous
blisters can be observed, while the portion cleaned at 180 °C is
blister-free. This demonstrates the effect of temperature on the
cleaning process, and highlights the difference in blister coverage
between a cleaned and un-cleaned portion of sample. At 110°C
the mobility of the blisters is insufficient for them to be
manipulated, while at 180°C they are mobile and can be
removed from the heterostructure.

Analytical model. To understand the effect of temperature we

consider a model based on quantized fracture mechanics?’. In a

stack formed by PDMS, PC, hBN, SLG, and hBN, laminated onto

SiO, (as in Fig. 1g), we can evaluate the elastic energy per unit

length stored in the heterostructure around the zone of separation

from the substrate (i.e., the curved region in Fig. 1g). This can be
dL _ 1

written as: §: = 21%) where R is the radius of curvature of this zone

and EI is the heterostructure rigidity (i.e., the Young’s modulus
multiplied by the moment of inertia of the cross-section of the
stack, in N xm?). Considering the 5 materials in the stack
(PDMS, PC, hBN, SLG and hBN), each with Young’s moduli E;
and thickness ;, we first derive the position of the elastic neutral

— Zil Eiiy,

Zi\il Eih;

axis (i.e., where the stresses are 0)48: y, , where y; are

Fig. 2 Optical images and AFM scans of a heterostructure after cleaning. a Optical t-hBN: top hBN. b-hBN: bottom hBN. SLG: single layer graphene. b
Optical dark field image of the sample. ¢ AFM. The dashed lines show the location of the SLG within the heterostructure. Scale bars 20 pm
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Fig. 3 Blister manipulation in heterostructures containing MoS,. a-c Bright field, dark field, and AFM images of MoS,/hBN after cleaning. d-f Bright
field, dark field, and AFM images of hBN/SLG/MoS, after cleaning. In a, ¢, d, f the black dashed circles mark where the majority of blisters have been
pushed. The arrows indicate the direction of the blister cleaning. The white dashed line in d shows the location of the SLG within the heterostructure. Scale
bars 10 um

20 —
—_ 21 g
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Fig. 4 Effect of the temperature on blister cleaning. a Optical image of a sample partially cleaned at 110 and 180 °C. b, ¢ Optical dark field and AFM images
of the same sample. d FWHM(2D). The interface between the regions cleaned at 110 and 180 °C is marked by a dashed red line. The SLG location is
marked by a while dashed line. Scale bars 20 pm

the positions of the barycenters of each layers. We get*® EI=  thickness h = Zfi | h;, we have® EI= Eb1_hz3’ where I [m?] is the

LS [Eh? + 12Ehy(y; — y)°], where b is the width of the momentum of inertia of the layer. Equating the last two expres-
stack. For a homogeneous layer with Young’s modulus E and total ~ sions we get the homogenized Young’s modulus E,omog of the
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stack. During adhesion, the energy balance imposes?” %: 2I'b,
where T is the adhesion energy (in J/m?2) between the stack and
the substrate. The pressure generated at the interface is thus*’
3
ER
. . . - 50 ~ 2ay; ;£
radius a needed for its propagation is>" p. = 4 | 7oy where y;;
is the adhesion energy between two layers i, j (i.e., hBN and SLG)
forming the blister, « is a non-dimensional shape factor close to
unity?’, and q is the minimum value of blister advancement. The
condition for blister cleaning is p > p.. Noting that the adhesion
energies are T-dependent and present maximal values at a given T
(e.g., SLG’s adhesion to SiO, is maximum at ~250 °C°!), we get T

=TMma)AT) and Yij = yl(,;.’““)g(T), where 0<AT), g(T)<1.
Similarly, E(T) are T-dependent, thus E(T) = E(M®)e(T), where
0 <e(T) 1. Accordingly, for blister cleaning the following con-
dition must be satisfied:

aE(max)ZhS)}(Ilnax)

- 5 e
e(T)’g(T) ~ 24m(a + q/2)rmax)3

p=y=4 The pressure inside a circular-shaped blister of

o(T) =

where we introduced the dimensionless cleaning thermal driving
force C(T) and the blister resistance A. By increasing T we can
simultaneously increase C(T) and decrease A, e.g., by reducing
EM2%) jmposing a glass transition of a polymer layer. Thus, in our
case, well above the PC T, Epc becomes negligible. For perfect
cleaning a=0 and A is maximal. Considering AT) = g(T)
(same T dependence of y;; and I') and e(T) =1 (nearly T-inde-
pendent homogenized E), the blister cleaning requires T in the
range Ty — AT_<T<Ty— AT,, where T, is the T at which
surface energies are maximal, ie., f(Ty) =g(Ty) =1 (note that
AT_ = AT, if a symmetric function is assumed). In this case, the
condition for blister cleaning becomes C(T) Eg(T)2>A. Con-
sidering the T dependence of the adhesion energy for
SLG on SiO,*!, we can assume T, 22250 °C. Noting that for PC,
T,=150°C, we expect a 150-250°C range of minimal T for
blister cleaning, in good agreement with our observation of no
blister cleaning below 150 °C and good cleaning at 180 °C.

Our model explains why the condition for blister cleaning
(i.e., the temperature at which blisters become mobile) depends
on the materials forming the heterostructure. Whereas a
temperature of 180° works well for all hBN/SLG/hBN hetero-
structures, this is not always true at the hBN/hBN interface. The
temperature needed for blister cleaning depends on E;, h;, and
vij- hBN interfaces requires/hBN interfaces, the difference in y
(assuming all the other parameters identical) would require a
different temperature. Ref. 32 gives y;;~84.7 meV/atom for
SLG/SLG, =85.9 meV/atom for hBN/hBN and =58.3 meV/atom
for SLG/hBN. Therefore the increment in y;; at hBN interfaces
requires/hBN interfaces requires larger temperatures, explain-
ing why blister manipulation is achieved when graphene is
sandwiched between two hBN, but not always at the hBN/hBN
interfaces.

Raman spectroscopy. The quality of the flakes is monitored both
before and after assembly by Raman spectroscopy. Figure 5a—c plots
the spectra of a typical sample, with 92 and 176 nm thickness top
and bottom hBN flakes. Figure 5a shows that the E,, peak for both
the bottom and top hBN are at 1366 cm™!, with full-width half
maximum (FWHM) = 9.2 and 8.6 cm™1, respectively, as expected
for bulk hBN4043.53, The SLG G and 2D peaks before transfer are
plotted in Fig. 5b. The 2D peak can be fit with a single Lorentzian,
with FWHM(2D) =26 cm™, and position Pos(2D) =~ 2687 cm™,
as expected for SLG*#2. No D peak can be seen,
indicating negligible defects*14254, The position of the G peak, Pos

(G) = 1590 cm ™!, FWHM(G) = 8 cm™ !, and the intensity and areas
ratio of the 2D and G peaks, I(2D)/I(G) = 1.3, A(2D)/A(G) = 3.9
indicate that the sample is doped with Ep3 300 meV>>%,
The spectrum of the assembled heterostructure is shown in black
in Fig. 5b. The hBN E,; peak is now a combination of those
of both top and bottom hBN. This yields a single peak with
Pos(E,g) = 1366 cm™! and FWHM(E,,) =~ 9.3, as expected con-
sidering both flakes are bulk?®43°3 For the encapsulated
SLG we have Pos(2D)=2693cm~!, Pos(G)=1583cm~},
FWHM(G) = 15cm™~ L, I(2D)/I(G) = 11.4 cm™! and A(2D)/A(G) =
129cm™ L, indicating Ep < 100 meV>>°°, FWHM(2D) decreases
to =17cm~! after encapsulation, indicating a reduction in the
nanometer-scale strain variations within the sample>’-60, We note
that the E,, peak of hBN may overlap the D peak. This is a general
issue in hBN-encapsulated samples. However, the D peak shifts
with excitation energy by*? =50 cm~1/eV due to a combination of
its double resonance activation?®#2 and a Kohn Anomaly at the
K point of the Brillouin Zone®!, while the E,, of hBN does not,
since hBN has a band gap and no Kohn anomalies nor double
resonances are present*®°l. Figure 5c compares the Raman spectra
at 457, 514, and 633 nm. No D peak is seen even at 633 nm, where
it should be well clear of the E,; of hBN, thus ensuring no extra
defects are introduced in the SLG by the transfer and cleaning
processes.

Following encapsulation and blister removal, we process our
heterostructures into Hall-bars for 4-terminal transport measure-
ments (see Methods for details). We fabricate Hall bars with W
up to = 24 pm, exploiting the entire heterostructure dimensions.
For comparison, for samples containing blisters W~ 1-3 pm is
typical20:2230,

We then perform Raman mapping after device fabrication. The
data in Fig. 6a-d are taken from a =20 um x 20 pm map on the
Hall bar in the inset in Fig. 7a. Pos(G) is sensitive to both
doping®® and strain®2, meaning that local variations in these
quantities manifest as a spread in the G peak position, i.e., APos
(G). From Figures 6a-d APos(G) = 0.6 cm~!. Figure 6a, b plot
A(2D)/A(G) and FWHM(G) as a function of Pos(G), showing no
correlation. This indicates that the contribution to APos(G)
due to doping is negligible®®061: and that the trend in Fig. 6d
is due to strain (). Figure 6d plots Pos(2D) as a function of
Pos(G). A linear correlation can be seen with slope APos(2D)/
APos(G) = 2.18. A similar trend was reported in ref. 93, with a
slope =2.2.

The rate of change of Pos(2D) and Pos(G) with strain is
determined by the Griineisen parameters®?, which relate
the relative change in the peak positions in response to strain, ie.,
[w — wo]/[2ew,], where w is the frequency of the Raman peak at
finite strain and w, the frequency at zero strain®2. For biaxial strain
the Griineisen parameters for G and 2D peak are yg=1.8 and
y2p = 2.6, resulting in APos(2D)/APos(G) = 2.5026465 T the case of
uniaxial strain yg=~1.8%%, however extraction of y,p is not
straightforward, as uniaxial strain shifts the relative position of
the SLG Dirac cones®>%4, which in turn effects the 2D peak as it is
activated by an intervalley scattering process*>62, Ref. 62 determined
an upper bound y,p=3.55 and theoretically calculated y,p=2.7,
consistent with experimentally reported APos(2D)/APos(G) =
2-3626366_ Biaxijal strain can be differentiated from uniaxial from
the absence of G and 2D peak splitting with increasing strain®?,
however at low (<0.5%) strain the splitting cannot be resolved®206,
Due to these factors the presence (or coexistence) of biaxial
strain cannot be ruled out in our samples. For uniaxial(biaxial)
strain, Pos(G) shifts®>6%% by APos(G)/Ae =23 (60) cm 1%L
For intrinsic SLG (Ep < 100 meV), the unstrained value of Pos(G)
is = 1581.5 cm~! for 514 nm excitation*!. For the sample in Fig. 6d,
APos(G) = 0.6 cm™! equates to Ae < 0.026%. The average Pos(G) =
1582 cm™! indicates an average strain € = 0.025%. Figure 6e plots
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Pos(2D) as a function of Pos(G) for 10 samples (S1-S10)
encapsulated using fpx > 10 nm. It shows a linear trend, with a
slope =2.19. APos(G) ranges from =0.5 to 2cm~!, indicating
differences in Ae up to a factor =4. The average Pos(G) for each
sample varies from 1580.8 to 1583.5cm™!, indicating different
strains. For example, since Pos(G)=1581.5cm™! for zero
strain*101, sample S2 has an average tensile ¢ ~ 0.03% while sample
$4 has an average compressive strain € =0.09%. The maximum
absolute strain is € =~ 0.1% in sample S4.
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Ref. °7 reported a Raman map of SLG encapsulated in hBN
containing blisters. Pos(G) and Pos(2D) varied by 25 cm~!
and >15cm™! across ~200 um?. Ac in ref. 22 was =0.2-0.3%,
around one order of magnitude larger than in our samples.
Ref. 57 detected FWHM(2D)>20cm™~! over blisters, as
compared to Dblister-free regions where they found
FWHM(@2D) <20 cm~!. A similar behavior can be observed
in Fig. 4d, where the blisters in the portion of the sample
cleaned at 110 °C appear as spots with increased FWHM(2D)
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in the Raman map, while FWHM(2D) in the portion cleaned
at 180°C is homogeneous (spread<1 cm~!) and narrow
(<17 cm™1).

Transport. Figure 7 shows 4 terminal measurements of hBN/
SLG/hBN Hall bars. Figure 7a plots the resistivity (p) as a func-
tion of back gate voltage Vpg. Carrier density (1) as a function
of Vpg is extracted from a measurement of the Hall voltage
with a B=0.5T out of plane magnetic field. From a
linear fit of the dependence of n vs. Vg we get a gate capacitance

of Cox = 7 x 107> Fm~2. This is in agreement with that calculated
assuming a parallel plate capacitor with a bottom hBN flake in
series with 285 nm SiO,. The bottom hBN thickness is 156 nm
extracted from AFM. We take its dielectric constant e, =3,
considering that values between 2—4 are usually reported®’. This
gives C,=7.1x 107> Fm~2. We note that C,, is orders of
magnitude smaller than the quantum capacitance of SLG®,
which is therefore neglected in the calculations. The sample is
highly intrinsic, with a charge neutrality point (CNP) at Vg of
Vo= —0.2V, corresponding to a residual ny=(C,y/e)Vy=9 x
10°cm™2.
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The carrier density dependent mobility is extracted assuming a
Drude model of conductivity y = o/(ne), as shown in Fig. 7b. The
peak mobility close to the CNP is =180,000 cm?V~1s7]
decreasing at higher densities. Of 13 Hall bars with W ranging
from 3 up to 24 um, all exhibit peak room temperature mobilities
>100,000 cm? V~1 s~1. The conductivity (¢) of SLG is commonly
fit using o= (neuy + 0p) "' +p,, where u; represents the
contribution from long-range scattering, and p, the density
independent contribution from short-range scattering!2268. p_
results in a sublinear dependence of ¢ with n and therefore
decreasing y with increasing n. Fitting the data of Fig. 7a yields
gL = 217,000 cm? V1571 and p, = 33 Q. For encapsulated sam-
ples at room temperature, the dominant contribution to ps has
been attributed to electron-phonon scattering pe pn'%, which sets
an upper bound on the achievable yu = 1/(nepe_ppn). At 290K the
theoretically predicted pe pn ~32 Q%70 is consistent with our
extracted value p, = 33 Q. For n =9 x 1012 cm~2 we measure y ~
19,000 cm? V= 1s~! (see Supplementary Fig. 4), close to the
phonon limit ~21 000 cm? V~1s~! calculated for this density®.

The resistivity of the same sample at 9 K (corresponding to the
base temperature for our measurement system) is plotted in
Fig. 7c. u as a function on #n at this temperature is shown in
Fig. 7d, with a peak value ~1.8 x 10° cm? V—1s~1. We note that
for p-doping, y remains above 1.5 x 106 cm? V=1s~! even at n >
1 x 102 cm—2, in close agreement with ballistic measurements on
SLG encapsulated in hBN at similar n'9-21. Assuming diffusive
transport, i.e., L, < W20, we can write I, = (h/2¢*)o(1//nn)"},
meaning [,, o for a given n. As the lateral dimensions of the
sample constrain I,, S W2030, W sets an upper bound on the
achievable o0, and therefore y, for a particular value of n.
Achieving ¢ =1.7x10°cm2 V157! at n=1.5x102cm2 can
therefore be seen as a direct result of W> 20 ym.

The CNP FWHM, 4V, as a function of carrier density,
6n = (C,x/e)0V, places an upper bound on the disorder induced
charge inhomogeneity, n*>7%73, From the measurements in
Fig. 7c dn=10'"cm™2, almost an order of magnitude lower
than typical reports for SLG on hBN!830, A more precise n"
can be extracted by fitting the linear and plateau regions of o at
the CNP7%74 (inset in Fig. 7c), giving n° =3.5x 10°cm~2. n’
provides a measure of the spatial inhomogeneity of the carrier
density close to the CNP7>, which arises due to disorder (e.g.,
local variations in strain’, or chemical doping’”). Lower n" are
indicative of less disordered, more homogeneous samples. Our
n'=3.5x10°cm~? is approximately three times lower than
typical n* > 1x 1010 cm~2 for SLG encapsulated in hBN?2:30,

Figure 7e shows the mobility of seventeen different samples at
room temperature as a function of the bottom hBN thickness. A
clear increase in mobility with f,py is seen. The maximum values
of mobility are achieved for fpy = 15nm, above which the
mobility plateaus out. This can be attributed to screening of the
roughness and charged impurities of the underlying SiO,’%.
Indeed, the roughness of hBN on SiO, shows an equivalent trend,
with atomic flatness achieved only for gy 15nm!8. 1,
extracted from a Hall bar with W= 18 pm is plotted in Fig. 7f
between 9 and 290 K. The sample width is marked by a dashed
line, showing that I, < W for all carrier densities and tempera-
tures, indicating transport remains diffusive?’. The values of I,
are in close agreement with ref. 1° where a 15x 15 um square
sample free of blisters was measured. Transport properties of
encapsulated bilayer graphene are reported in Supplementary
Fig. 3.

Cleaning of polymer-contaminated samples. Our method also
works for heterostructures where the SLG surface is exposed to
polymers and solvent before encapsulation, which is a common

occurrence when the SLG undergoes lithographic processing?? or
wet and (or) polymer-assisted transfer used to process large-area
SLG films223%37 To demonstrate this, we spin coat PMMA onto
exfoliated SLG on SiO, + Si. PMMA is then removed by rinsing
in Acetone/IPA. SLG is then encapsulated following the same
procedure as in Fig. 1. The only modification is that cleaning
(Fig. 1g) is performed at 250 °C, as we find the blisters remain
immobile at 180 °C in these samples. This need for higher tem-
perature cleaning could be attributed to the increased amount of
contaminants trapped at the interfaces in these samples. This is in
agreement with the analytical model, which predicts optimal
cleaning at T ~ 250 °C.

Figure 8a show optical image of the cleaned heterostructure,
with the SLG indicated by a white dashed line. Figure 8b is an
AFM scan, with the SLG marked by a dashed black line, from
which it can be seen that the blisters have been pushed to the SLG
edge. A few blisters remain within the SLG, pinned by folds and
cracks. A FWHM(2D) map across the sample is shown in Fig. 8c.
The blister-free region exhibits homogeneous (spread <1cm™!)
and narrow (~17 cm~—!) FWHM(2D), consistent with unconta-
minated SLG (see Fig. 4d).

We measure the mobility of our initially polymer contaminated
SLG samples by processing them into 4-terminal geometries.
Figure 8d, e respectively show a Hall bar and Hall cross processed
from the sample in Fig. 8a. Figure 8f plots the resistivity extracted
from the Hall bar at 290 and 9 K. We get p ~ 150,000 cm? V—1s~1
at 290 K and 1.3 x 10°cm? V~-1s71at 9K, and n" ~ 5.5 x 10° cm™2.
For comparison refs. 1718 used SLG on hBN (un-encapsulated)
where the SLG surface was also exposed to polymers and solvents,
and reported g ~ 50,000-100,000 cm—2V~1s~! at T< 10 K. Ref. 30
used encapsulated SLG in hBN, where the SLG was exposed
to solvent and polymer residue before encapsulation, achieving
#~150,000cm™2V~1s7! at T<10K. We achieve mobilities an
order of magnitude higher, demonstrating the effectiveness of our
technique.

In order to further confirm the cleanliness of the interfaces in
the heterostructure containing initially polymer contaminated
SLG we also investigate ballistic transport. To the best of our
knowledge, micrometer scale ballistic transport in SLG was only
reported in the highest quality SLG encapsulated in hBN
samples!®~21, where the interfaces are clean!®3!, and
> 100,000 cm2 V—1s~1, Ballistic transport is commonly
probed using bend resistance measurements'9-217%, where
current is applied around a bend in a sample and the
corresponding voltage developed measured. We perform
these measurements on the Hall cross shown in Fig. 8e, with
arm width H=2um. A current is passed from contact 1 to 2
(I1,2), while measuring the voltage drop between contacts 4 and
3 (V43). The bend resistance is defined as Rg = V, 5/I; ,%0. For
diffusive transport, where I, < H, carriers travel diffusively
around the bend, and Rg is positive and determined by the van-
der-Pauw formula?® Ry = pn/In 2. However if I, exceeds H,
carriers injected at contact 1 travel ballistically to contact 3,
resulting in negative Rg2%7°. A negative Ry therefore imposes
l,>H, from which a lower bound on the mobility can be
calculated from y = (2e/h)l,,\/n/n where I,,, > H'®?1. Figure 8g
plots Ry as a function of temperature. At 9 Kand n = 1.1 x 1012
cm~2 we estimate p>520,000cm?V~—ls~l At 290K the
mobility extracted diffusively from the cross is y ~ 150,000
cm? V15—l These measurements are consistent with those
on the highest mobility encapsulated SLG in literature where
room temperature mobilities ~150,000cm?V~ls~1 are
achieved!®2%30, demonstrating that exposure of the SLG
surface to polymers or solvents before encapsulation poses no
limitations once the appropriate cleaning procedure is used.
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Discussion

We developed a transfer method that allows blisters to be
mechanically manipulated, and removed from layered material
heterostructures. This enabled us to achieve blister-free regions of
SLG encapsulated in hBN limited only by the size of the exfoliated
flakes. We achieved mobilities up to =180,000 cm? V—1s~1 at
room temperature, and =1.8x10°cm?V~ls~! at 9K. Our
method can be used to clean encapsulated samples assembled
with polymer contaminated SLG, and these show equivalent
mobilities, up to =150,000 cm?V~!s~1 at room temperature,
indicating that the polymer and solvent residuals can be removed
from the SLG/hBN interface. Our method provides consistent
results, as shown in Supplementary Table 1, which summarized
transport and Raman measurements of 18 encapsulated SLG Hall
bars. Finally, our approach is general and can be used for other
heterostructures.

Methods

Layered material synthesis and micro-mechanical cleavage. hBN single crystals
are grown under high pressure and high temperature, as detailed in ref. 8. The
graphite is first cleaved using adhesive tape. The Si + SiO, substrate is then exposed

to an oxygen plasma (100 W, 360 s). The surface of the tape is brought into contact
with the SiO, substrate, which is then placed on a hot plate at 100 °C for 2 min,
before the tape is removed. Heating the substrate allows us to achieve large (>100
pum) SLG flakes, whereas flakes produced without heating are typically <50 pm in
size, in agreement with findings of ref. *°. For the exfoliation of hBN, no plasma
treatment of the SiO, surface is used, as we find this has no effect on the flakes’
lateral size. Polymer-contaminated samples are produced by first exfoliating SLG
and subsequently depositing PMMA (8% in Anisole, 495 K molecular weight) via
spin coating at 4000 rpm for 60 s. PMMA is then removed by acetone and iso-
propyl alcohol.

Stamp preparation. A PC film is prepared by drop casting a solution in chloro-
form (5% weight) onto a glass slide. A second slide is then used to sandwich and
spread the solution between the two slides. The slides are immediately slid apart,
and left to allow the chloroform to evaporate. After drying, the resultant film is
picked up and mounted on a PDMS block (a few mm thick) to complete the stamp.
A detailed description of the PC film preparation is reported in Supplementary
Fig. 5.

Device fabrication. The heterostructure is first dry etched, defining the geometry, as
well as exposing the SLG edge. Depositing metal onto the exposed edges results in

ohmic contacts between the SLG and metal'®. We first deposit an Al mask using e-
beam lithography, metal evaporation and lift-off. We then use a reactive ion etcher
(RIE), with a forward radio frequency (RF) power of 20 W and a =20 sccm flow of
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CF,. The etch rate is =0.2 nm/s, with the total etch time set depending on the
heterostructure thickness. After wet-etching to remove the Al mask, metal contacts
are patterned by e-beam lithography followed by either e-beam evaporation and lift-
off of 5/150 nm Cr/Au'®, or DC sputtering and lift-off of 5/150 nm of Cr/Cu. We note
that our contact success rate >90% is not affected by the thickness of the bottom hBN,
which in some cases exceeds the thickness of the metal film. This is due to the
anisotropic etching of the hBN when exposed to plasma, which consistently results in
edges with a slope of 45-60°'°. Upon evaporation or sputtering, the metal conformally
coats both hBN surface and edge, resulting in a good contact with SLG. Using a hard
(Al) mask increases contact yield, and lowers contact resistance, compared to con-
ventional polymer etch masks.

Characterization. Raman measurements are performed using a Renishaw inVia
microspectrometer equipped with 457, 514, and 633 nm excitation wavelengths.
AFM images are acquired using a Bruker Dimension Icon, operated in PeakForce
mode.

Transport measurements. Transport measurements are performed using a dual
lock-in amplifier (Stanford Research Systems SR810 and SR860), combined with a
low noise voltage pre-amplifier (Stanford Research Systems SR860) in a Lakeshore
cryogenic probe station at ~3 x 1078 Torr. A bias current of 100 nA and a lock-in
frequency ~13 Hz are used at all temperatures.

Data availability
Data supporting the findings of this manuscript are available from the corre-
sponding author upon reasonable request.

Received: 9 March 2018 Accepted: 5 November 2018
Published online: 19 December 2018

References

1. Kroemer, H. Quasi-electric and quasi-magnetic fields in non-uniform
semiconductors. RCA Rev. 18, 332-342 (1957).

2. Shockley, W. US Patent 2,569,347 (1951).

3.  Esaki, L. & Tsu, R. Superlattice and negative differential conductivity in
semiconductors. IBM J. Res. Dev. 14, 61-65 (1970).

4. Kroemer, H. A proposed class of hetero-junction injection lasers. Proc. IEEE
51, 1782-1783 (1963).

5. Mimura, T. The early history of the high electron mobility transistor (HEMT).
IEEE Trans. Microw. Theory Tech. 50, 780-782 (2002).

6. Faist, J. et al. Quantum cascade laser. Science 264, 553-556 (1994).

7. Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto, A. H. 2D
materials and van der Waals heterostructures. Science 353, aac9439 (2016).

8.  Britnell, L. et al. Field-effect tunneling transistor based on vertical graphene
heterostructures. Science 335, 947-950 (2012).

9. Gorbachev, R. V. et al. Strong Coulomb drag and broken symmetry in double-
layer graphene. Nat. Phys. 8, 896-901 (2012).

10. Lee, C.-H. et al. Atomically thin p-n junctions with van der Waals
heterointerfaces. Nat. Nanotechnol. 9, 676-681 (2014).

11. Georgiou, T. et al. Vertical field-effect transistor based on graphene-WS,
heterostructures for flexible and transparent electronics. Nat. Nanotechnol. 8,
100-103 (2012).

12. Bonaccorso, F. et al. Production and processing of graphene and 2d crystals.
Mater. Today 15, 564-589 (2012).

13. Ferrari, A. C. et al. Science and technology roadmap for graphene, related two-
dimensional crystals, and hybrid systems. Nanoscale 7, 4598-4810 (2014).

14. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene
superlattices. Nature 556, 43-50 (2018).

15. Mishchenko, A. et al. Twist-controlled resonant tunnelling in graphene/boron
nitride/graphene heterostructures. Nat. Nanotechnol. 9, 808-813 (2014).

16. Li, X. et al. Large-area synthesis of high-quality and uniform graphene films
on copper foils. Science 324, 1312-1314 (2009).

17. Petrone, N. et al. Chemical vapor deposition-derived graphene with electrical
performance of exfoliated graphene. Nano. Lett. 12, 2751-2756 (2012).

18. Dean, C. R. et al. Boron nitride substrates for high-quality graphene
electronics. Nat. Nanotechnol. 5, 722-726 (2010).

19. Wang, L. et al. One-dimensional electrical contact to a two-dimensional
material. Science 342, 614-617 (2013).

20. Mayorov, A. S. et al. Micrometer-scale ballistic transport in encapsulated
graphene at room temperature. Nano. Lett. 11, 2396-2399 (2011).

21. Banszerus, L. et al. Ballistic transport exceeding 28 ym in CVD grown
graphene. Nano. Lett. 16, 1387-1391 (2016).

22. Banszerus, L. et al. Ultrahigh-mobility graphene devices from chemical vapor
deposition on reusable copper. Sci. Adv. 1, €1500222 (2015).

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Pizzocchero, F. et al. The hot pick-up technique for batch assembly of van der
Waals heterostructures. Nat. Commun. 7, 11894 (2016).

Dean, C. R. et al. Hofstadter’s butterfly and the fractal quantum Hall effect in
moire superlattices. Nature 497, 598-602 (2014).

Lin, Y. C. et al. Graphene annealing: How clean can it be? Nano. Lett. 12,
414-419 (2012).

Meric, L. et al. Graphene field-effect transistors based on boron-nitride
dielectrics. Proc. IEEE 101, 1609-1619 (2013).

Kim, K. K. et al. Synthesis and characterization of hexagonal boron nitride
film as a dielectric layer for graphene devices. ACS Nano 6, 8583-8590 (2012).
Woessner, A. et al. Highly confined low-loss plasmons in graphene-boron
nitride heterostructures. Nat. Mater. 14, 421-425 (2015).

Shiue, R. J. et al. High-responsivity graphene-boron nitride photodetector and
autocorrelator in a silicon photonic integrated circuit. Nano. Lett. 15,
7288-7293 (2015).

Kretinin, A. V. et al. Electronic properties of graphene encapsulated with
different two-dimensional atomic crystals. Nano. Lett. 14, 3270-3276 (2014).
Haigh, S. J. et al. Cross-sectional imaging of individual layers and buried
interfaces of graphene-based heterostructures and superlattices. Nat. Mater.
11, 764-767 (2012).

Ghorbanfekr-Kalashami, H., Vasu, K. S., Nair, R. R,, Peeters, F. M. & Neek-
Amal, M. Dependence of the shape of graphene nanobubbles on trapped
substance. Nat. Commun. 8, 15844 (2017).

Bampoulis, P., Teernstra, V. J., Lohse, D., Zandvliet, H. J. W. & Poelsema, B.
Hydrophobic ice confined between graphene and MoS,. J. Phys. Chem. C. 120,
27079-27084 (2016).

Khestanova, E., Guinea, F., Fumagalli, L., Geim, A. K. & Grigorieva, L. V.
Universal shape and pressure inside bubbles appearing in van der Waals
heterostructures. Nat. Commun. 7, 12587 (2016).

Suk, J. W. et al. Transfer of CVD-grown monolayer graphene onto arbitrary
substrates. ACS Nano 5, 6916-6924 (2011).

Wang, Y. et al. Electrochemical delamination of CVD-grown graphene film:
Toward the recyclable use of copper catalyst. ACS Nano 5, 9927-9933 (2011).
Gao, L. et al. Repeated growth and bubbling transfer of graphene with
millimetre-size single-crystal grains using platinum. Nat. Commun. 3, 699
(2012).

Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl Acad. Sci.
USA 102, 10451-10453 (2005).

Casiraghi, C. et al. Rayleigh imaging of graphene and graphene layers. Nano.
Lett. 7, 2711-2717 (2007).

Reich, S. et al. Resonant Raman scattering in cubic and hexagonal boron
nitride. Phys. Rev. B 71, 205201 (2005).

Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys.
Rev. Lett. 97, 187401 (2006).

Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for
studying the properties of graphene. Nat. Nanotechnol. 8, 235-246 (2013).
Arenal, R. et al. Raman spectroscopy of single-wall boron nitride nanotubes.
Nano. Lett. 6, 1812-1816 (2006).

Luinstra, G. A. & Borchardt, E. Material Properties of Poly(Propylene
Carbonates). Synthetic Biodegradable Polymers. 29-48 (Springer, Berlin,
Heidelberg, 2011).

Fan, C. F., Gagin, T., Shi, W. & Smith, K. A. Local chain dynamics of a model
polycarbonate near glass transition temperature: A molecular dynamics
simulation. Macromol. Theory Simul. 6, 83-102 (1997).

Yang, F. Viscosity measurement of polycarbonate by using a penetration
viscometer. Polym. Eng. Sci. 37, 101-104 (1997).

Pugno, N. M. & Ruoff, R. S. Quantized fracture mechanics. Philos. Mag. 84,
2829-2845 (2004).

Carpinteri, A. & Pugno, N. M. Extension of the de Saint Venant and Kirchhoff
theories to functionally graded materials. Strength, Fract. Complex. 5, 53-62
(2009).

Ke, C. et al. Mechanical peeling of free-standing single-walled carbon-
nanotube bundles. Small 6, 438-445 (2010).

Huang, Y. et al. Reliable exfoliation of large-area high-quality flakes of
graphene and other two-dimensional materials. ACS Nano 9, 10612-10620
(2015).

He, Y., Yu, W. & Ouyang, G. Interface adhesion properties of graphene
membranes: thickness and temperature effect. . Phys. Chem. C. 119, 5420
(2015).

Signetti, S., Taioli, S. & Pugno, N. M. 2D material armors showing superior
impact strength of few layers. ACS Appl. Mater. Interfaces 9, 40820-40830 (2017).
Nemanich, R. J,, Solin, S. A. & Martin, R. M. Light scattering study of boron
nitride microcrystals. Phys. Rev. B 23, 6348-6356 (1981).

Cancado, L. G. et al. Quantifying defects in graphene via Raman spectroscopy
at different excitation energies. Nano. Lett. 11, 3190-3196 (2011).

Basko, D. M., Piscanec, S. & Ferrari, A. C. Electron-electron interactions and
doping dependence of the two-phonon Raman intensity in graphene. Phys.
Rev. B 80, 165413 (2009).

| (2018)9:5387 | DOI: 10.1038/541467-018-07558-3 | www.nature.com/naturecommunications 1


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Das, A. et al. Monitoring dopants by Raman scattering in an electrochemically
top-gated graphene transistor. Nat. Nanotechnol. 3, 210-215 (2008).
Neumann, C. et al. Raman spectroscopy as probe of nanometre-scale strain
variations in graphene. Nat. Commun. 6, 8429 (2015).

Yan, J., Zhang, Y., Kim, P. & Pinczuk, A. Electric field effect tuning

of electron-phonon coupling in graphene. Phys. Rev. Lett. 98, 166802
(2007).

Pisana, S. et al. Breakdown of the adiabatic Born-Oppenheimer approximation
in graphene. Nat. Mater. 6, 198-201 (2007).

Casiraghi, C., Pisana, S., Novoselov, K. S., Geim, A. K. & Ferrari, A. C. Raman
fingerprint of charged impurities in graphene. Appl. Phys. Lett. 91, 233108
(2007).

Piscanec, S., Lazzeri, M., Mauri, F., Ferrari, A. C. & Robertson, J. Kohn
anomalies and electron-phonon interactions in graphite. Phys. Rev. Lett. 93,
185503 (2004).

Mohiuddin, T. M. G. et al. Uniaxial strain in graphene by Raman
spectroscopy: G peak splitting, Gruneisen parameters, and sample orientation.
Phys. Rev. B - Condens. Matter Mater. Phys. 79, 205433 (2009).

Lee, J. E,, Ahn, G, Shim, J., Lee, Y. S. & Ryu, S. Optical separation of
mechanical strain from charge doping in graphene. Nat. Commun. 3, 1024
(2012).

Zabel, J. et al. Raman spectroscopy of graphene and bilayer under biaxial
strain: Bubbles and balloons. Nano. Lett. 12, 617-621 (2012).

Proctor, J. E. et al. High-pressure Raman spectroscopy of graphene. Phys. Rev.
B - Condens. Matter Mater. Phys. 80, 073408 (2009).

Yoon, D., Son, Y. W. & Cheong, H. Strain-dependent splitting of the double-
resonance raman scattering band in graphene. Phys. Rev. Lett. 106, 155502
(2011).

Xia, J., Chen, F., Li, . & Tao, N. Measurement of the quantum capacitance of
graphene. Nat. Nanotechnol. 4, 505-509 (2009).

Morozov, S. V. et al. Giant intrinsic carrier mobilities in graphene and its
bilayer. Phys. Rev. Lett. 100, 016602 (2008).

Park, C. H. et al. Electron-phonon interactions and the intrinsic electrical
resistivity of graphene. Nano. Lett. 14, 1113-1119 (2014).

Sohier, T. et al. Phonon-limited resistivity of graphene by first-principles
calculations: Electron-phonon interactions, strain-induced gauge field, and
Boltzmann equation. Phys. Rev. B - Condens. Matter Mater. Phys. 90, 125414
(2014).

Hwang, E. H. & Sarma, S. Das. Acoustic phonon scattering limited carrier
mobility in 2D extrinsic graphene. Phys. Rev. B 77, 115449 (2007).

Couto, N. J. G. et al. Random strain fluctuations as dominant disorder
source for high-quality on-substrate graphene devices. Phys. Rev. X 4, 1-13
(2014).

Bolotin, K. L et al. Ultrahigh electron mobility in suspended graphene. Solid
State Commun. 146, 351-355 (2008).

Du, X., Skachko, L, Barker, A. & Andrei, E. Y. Approaching ballistic transport
in suspended graphene. Nat. Nanotechnol. 3, 491-495 (2008).

Martin, J. et al. Observation of electron-hole puddles in graphene using a
scanning single-electron transistor. Nat. Phys. 4, 144-148 (2008).

Gibertini, M., Tomadin, A., Guinea, F., Katsnelson, M. I. & Polini, M.
Electron-hole puddles in the absence of charged impurities. Phys. Rev. B -
Condens. Matter Mater. Phys. 85, 201405 (2012).

Mayorov, A. S. et al. How close can one approach the dirac point in graphene
experimentally? Nano. Lett. 12, 4629-4634 (2012).

78. Burson, K. M. et al. Direct imaging of charged impurity density in common
graphene substrates. Nano. Lett. 13, 3576-3580 (2013).

79. Takagaki, Y. et al. Nonlocal quantum transport in narrow multibranched
electron wave guide of GaAs-AlGaAs. Solid State Commun. 68, 1051-1054
(1988).

80. Taniguchi, T. & Watanabe, K. Synthesis of high-purity boron nitride single
crystals under high pressure by using Ba-BN solvent. J. Cryst. Growth 303,
525-529 (2007).

Acknowledgements

We thank Duhee Yoon for useful discussions. We acknowledge funding from EU Gra-
phene Flagship, ERC grant Hetero2D, EPSRC grants EP/L016087/1, EP/K01711X/1, EP/
K017144/1, Wolfson College, the MIUR Departments of Excellence grant 1.232/2016, the
Elemental Strategy Initiative conducted by MEXT and JSPS KAKENHI Grant
JP15K21722.

Author contributions

A.L. and D.G.P. conceived and designed the experiments. D.G.P. performed the
experiment. A.L. and A.C.F. supervised the work and discussed and analyzed the results.
K.W. and T.T. prepared the hBN material. N.M.P. developed the analytical model. D.G.
P., AL, and A.CF. wrote the paper, with input from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07558-3.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:5387 | DOI: 10.1038/541467-018-07558-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cleaning interfaces in layered materials heterostructures
	Results
	Encapsulation, cleaning, and device fabrication
	Analytical model
	Raman spectroscopy
	Transport
	Cleaning of polymer-contaminated samples

	Discussion
	Methods
	Layered material synthesis and micro-mechanical cleavage
	Stamp preparation
	Device fabrication
	Characterization
	Transport measurements

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Electronic supplementary material
	ACKNOWLEDGEMENTS




