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Novel liquid–liquid interface deposition method
for thin films of two-dimensional solids

Amy R. Smith, Muhammad Zulqurnain,†‡ Angus G. M. Mathieson,‡
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Thin films and van der Waals heterostructures (vdWHs) derived from two-dimensional solids offer enor-

mous potential for a broad range of novel, energy efficient devices, however their use is currently ham-

pered by slow, labour-intensive fabrication methods often employing hazardous chemicals. We demon-

strate a liquid–liquid interface technique for rapid, low-cost, and low environmental impact production of

ultra-thin films and vdWHs of two-dimensional solids from aqueous surfactant-stabilised suspensions.

The approach is generic to two-dimensional materials which can be stabilised in aqueous suspension by

a surfactant and the resulting films can be transferred to an arbitrary substrate by a range of approaches.

The wide applicability of this technique is demonstrated through production of thin films on a variety of

substrates, deposition of transparent, highly conductive few-layer graphene films with conductivities

between 7.7 × 103–1.26 × 105 S m−1 and transmittances of 55–75%, and by the fabrication of a vdWH of

MoS2, WS2, and few-layer graphene.

1 Introduction

Thin films of two-dimensional (2D) solids and van der Waals
heterostructures (vdWHs) derived from them offer enormous
potential for a broad range of applications, including
transistors,1–5 solar cells,6,7 and functional devices and
coatings.8–13 vdWHs leverage the lack of dangling bonds at the
surface of a 2D solid to produce atomically-abrupt and defect-
free interfaces without the constraints of lattice-matching
demanded by conventional heterostructures.14 Novel struc-
tures based on 2D building blocks can, in principle, be
assembled arbitrarily. However, in practice, methods of produ-
cing thin films and vdWHs of 2D materials are often difficult
to scale and can be environmentally unfriendly.

Micromechanical exfoliation is frequently used to produce
very high quality materials particularly suited to fundamental
studies. However, the need to mechanically ‘peel’ monolayer or
few-layer platelets from the corresponding bulk solid, transfer
to a solid substrate through direct contact3 and identify15 the
monolayer/few layer material present among unwanted multilayer
flakes is inherently time consuming. In addition this technique
requires considerable skill, can be difficult to reproduce and is
impractical to scale to large area films.16 These issues become

even more pronounced in producing vdWHs.17,18 Chemical
vapour deposition (CVD),19 another commonly reported
approach to producing high-quality thin films of two-dimen-
sional layered materials (2DLMs), is more rapid but suffers from
a high energy budget and requires specific process parameters
for each film composition. Moreover, CVD possesses a limited
ability to produce vdWHs due to intermixing between layers
which often occurs during growth,20 has applicability only to
certain substrates which must be robust enough to be able to
withstand the growth temperatures employed, and often requires
pre- or post-treatment of substrates.21

Solution processing is a particularly attractive route,
however many liquid suspension based fabrication approaches
require chemical modification of the 2D materials.6,22,23 Such
modification, even if ‘reversed’, usually results in a high con-
centration of defects.24 Moreover, chemical modification
routes have a lack of generalizability across the various
different 2DLMs.25 Film and heterostructure deposition by
solution processing5 is, in principle, applicable to a wide range
of 2DLMs and substrates. Film formation may be achieved
through inkjet printing,26 spin-coating27 or previously reported
liquid–liquid interfacial film assembly approaches.28–36

However, many of the previously reported methods suffer from
multiple steps and the use of often harmful chemicals associ-
ated with the production of 2DLM inks/suspensions, coupled
with the need to tailor the precursor ink/suspension formu-
lation approach to each specific 2DLM used.

The liquid–liquid interface assembly approach developed
by Woltornist and co-workers has successfully produced a
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range of few-layer 2DLMs stabilised at the interface between
immiscible organic and water phases without chemical modifi-
cation or the use of surfactants.12,29,31,36–41 The exfoliation and
segregation of 2DLM platelets to the interface of the solvents is
driven thermodynamically through reduction in the high inter-
facial surface energy associated with the pristine aqueous/
organic interface and the large energy cost associated with
motion of the 2DLM into either liquid phase.12,29 Assembly of
2DLMs at interfaces has also been exploited starting with pre-
prepared suspensions,28,32,34 by direct injection of 2DLMs34 or
through a ‘bottom up’ process using precursor reagents at the
interface.42 Such interfacial trapping approaches have been
employed to produce composite foams and gels,12,38,39,41 mem-
branes,40 and thin films.29,31–33,35,36,43 However, there has been,
to the best of our knowledge, no previous demonstration of the
deposition of vdWHs, as opposed to heterogeneous single layer
films32 by liquid–liquid interfacial deposition.

Here we report a novel modification to liquid–liquid inter-
face deposition, distinct from previously reported
methods,29,30,32,34,44 for the controllable formation and depo-
sition of monolayer and few-layer films of 2D solids and van
der Waals heterostructures derived from them. The complete
end-to-end process, which we term ‘Liquid Interface
Deposition’ (LID), is simple and rapid, taking approximately
7 hours from starting solid bulk ‘parent’ raw materials to de-
posited film (see SI Table S1 for comparison with other
methods). The process of deposition from precursor materials
typically takes of order one hour. LID is scalable, removes sur-
factants/thicker material, minimises the use of hazardous
chemicals, and recycles process chemicals. LID enables depo-
sition of films of 2D materials on substrates without prior
surface treatment, employing a surfactant-stabilised aqueous
suspension of thin platelets of the 2D solid as a precursor.
Moreover, by successive deposition vdWHs may be rapidly pro-
duced, which, to the best of our knowledge, is the first demon-
stration of the deposition of vdWHs by liquid–liquid interfacial
deposition. We include data from a vdWH fabricated by our
method as a proof-of-principle demonstration of hetero-
structure production. The technique reported here is appli-
cable to any 2D solid which can be dispersed in surfactant-
stabilized aqueous suspension and therefore includes the vast
majority of those materials which do not require a substrate or
other external ‘scaffold’ or support for stability (e.g., two-
dimensional layered materials (2DLMs) such as graphene,
transition metal dichalcogenides (TMDCs), hexagonal boron
nitride (hBN) etc.5,14).

The LID method performs three roles: first, the assembly of
a thickness-controlled film of platelets of a 2D solid at the
interface of two immiscible liquids, which can then be readily
transferred onto a substrate through dipping, as discussed
here (other transfer approaches such as horizontal dipping,
pouring, or freeze transfer are discussed in the SI, section S1,
Fig. S1–3); second, the removal of platelets of undesirable (i.e.,
multilayer) thickness from the film, if present in the initial sur-
factant-stabilised suspension; finally and crucially, the removal
of surfactant from the platelets, forming a ‘clean’, uncontami-

nated film of the 2D solid(s). Vertical vdWHs are formed by
repeating the process multiple times using different 2D solids
without measurable disruption to previously deposited layers.
The LID approach reported here has significant advantages over
previously reported liquid–liquid interfacial assembly and depo-
sition mechanisms,29,30,32,34 with its rapidity, the capacity to
remove surfactants/contaminants, and broad applicability (see
SI Table S1 for comparison with other methods). Moreover,
both the production of precursor suspension and the deposition
method are readily scaled to mass production,45,46 have a low
energy budget (estimated to be a few percent of that required
for CVD, for example), require little specialised equipment or
technical know-how, can be adapted to minimise waste and
environmental impact, and no direct chemical modification is
made to the 2D solids in any part of the process.

2 Experimental
2.1 Production of surfactant-stabilised aqueous 2DLM
suspensions

Surfactant-stabilised aqueous suspensions of 2DLMs were pro-
duced by a common approach through high shear exfoliation
of a ‘parent’ layered 3D solid in ultra-pure water (Milipore-Q,
18.2 MΩ cm) in the presence of a surfactant. For the work pre-
sented here either Triton X-100 (Sigma Aldrich) or Tween 20
(Sigma Aldrich) was used, although any surfactant which
meets the criterion of having a high partition coefficient into
the non-aqueous phase should be suitable. Shear exfoliation of
the 2DLM parent material was performed using a Silverson
L5M shear mixer at speeds between 2000–9000 rpm, corres-
ponding to shear rates of 23–104 kHz. The resulting suspen-
sion was then centrifuged (Eppendorf 5804) to eliminate
thicker and larger platelets from the suspension.47,48

Surfactant-stabilised aqueous suspensions of graphene, MoS2,
and WS2 were produced from their as-received bulk parent
materials (Alfa Aesar, Sigma Aldrich).

2.2 LID thin film deposition

For thin film and vdWH deposition, an aqueous precursor sur-
factant-stabilized suspension (approximately 2 ml) was added
to a 50 ml centrifuge tube containing approximately 22.5 ml of
a ‘separation solvent’, dichloromethane (DCM). An emulsion
of the surfactant-stabilised aqueous suspension and DCM
(Fisher Scientific, 99.8+%) was produced by shaking, using a
vortex mixer (Vortex-Genie 2). The colour of the emulsion was
dependent on the precursor material (e.g., grey for graphene,
green for MoS2). The emulsion was placed in an ultrasonic
bath until a clear separation between the immiscible liquids
was observed. The sample was then centrifuged for 25 minutes
at 11 000 rpm (corresponding to a relative centrifugal force of
16 639g),49 leading to the formation of a thin continuous film
at the interface between the two immiscible phases. The pre-
viously coloured aqueous suspension which lay above the
interface became clear and consisted only of pure water, to the
limit of detection with UV-vis (Cary 5000 UV-Vis-NIR
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Spectrophotometer, Shimadzu UV-3600 UV-Vis-NIR
Spectrophotometer) and Raman (ASEQ RM1, 532 nm, 10×
objective, power ∼18 mW cm−2) spectroscopies. Below the
interface the phase consisted of a solution of Triton X-100 in
DCM with small aggregates of thick 2DLM platelets at the
bottom of the centrifuge tube. The centrifuging step is not
essential but accelerates the surfactant removal and liquid–
liquid interface film assembly: if the centrifuge tube contain-
ing the DCM and aqueous suspension is left to settle over
approximately 24 hours, the surfactant will migrate across the
interface into the DCM and a film will form at the interface
between the two liquids. Scaling of the process can therefore
be achieved via using larger centrifuges or large tanks for grav-
itationally-driven assembly.

Once formed at the interface between the two immiscible
liquids the film was transferred to a variety of substrates, both
hydrophobic and hydrophilic, by dipping, or by other methods
discussed in the SI. Analysis using Raman spectroscopy of the
thin films and heterostructures showed no evidence of the
presence of the surfactant, separation solvent, or any other
contaminants, indicating that the film formation process sim-
ultaneously removed the surfactant and other sources of gross
contamination. There was also no evidence of surfactant when
performing scanning electron microscopy (Zeiss Sigma 300
VP) or TEM analysis of samples. Deposition through dipping
was found to be the most versatile and effective approach and
is hence discussed in detail here, with the results of the other
techniques reported in the SI section S1.

The 2DLM platelets used for the production of films have a
maximum area of ∼60 μm2 and a maximum lateral extent of
∼7 μm (a typical size distribution is shown in SI, Fig. S4 and
S5). Platelet size distributions were determined by vacuum fil-
tering an aliquot of the surfactant-stabilised aqueous suspen-
sion onto cellulose nitrate (Whatman, pore size 0.1 μm) filter
membranes. The few-layer 2DLM platelets were thoroughly
washed in ultrapure water and then imaged with a scanning
electron microscope using backscattered electrons. The resul-
tant images were then analyzed to determine metrics related
to platelet dimensions, including the distribution of area and
lateral size, using custom-developed code. Typically, >3500
platelets were used to determine size distributions. Full details
of the semi-automated platelet characterization method will be
reported elsewhere (in preparation, A. R. S., M. S., M. R. C. H.).

2.3 Film and heterostructure characterisation

The transmittance of thin films and vdWHs deposited on
transparent substrates was measured using UV-Vis-NIR spec-
troscopy, using the same apparatus used to characterise the
liquid phases, described above. The uniformity of deposition
was measured using a CanoScan LiDE 200 flatbed scanner, fol-
lowing the approach of De et al.,50 with transmittance cali-
brated using a range of neutral density filters and corrected for
the background absorption of the substrate through use of a
reference without the presence of the film. Raman spec-
troscopy was carried out using the spectrometer described
above, with appropriate background subtraction. The back-

ground signal from a Triton X-100/water mixture of the same
concentration as that used to form the surfactant-stabilised
aqueous suspension has been subtracted from the spectrum
from the suspension presented in Fig. 2(a). Likewise, back-
ground originating from a bare glass slide has been subtracted
from that of the few-layer graphene (FLG) and MoS2 (Fig. 2(c)
films deposited on glass and the vdWHs presented in
Fig. 3(b). Transmission electron microscopy was undertaken
on films deposited on holey carbon grids using a JEOL
3100 microscope operating at beam voltage of 200 kV.

Film sheet resistance was measured using a home-built
four probe device consisting of spring-loaded stainless steel
contacts arranged in a van der Pauw geometry. A Keithley 2420
3A Source-Meter was used as a current source with voltage
measured with a Keithley 2000 Multimeter. Transmittance
corresponding to the region probed in each four-point
measurement was found using the calibrated flatbed scanner,
as described above. The FLG films were annealed under inert
(argon) atmosphere in a tube furnace (Carbolite CTF 12/65/
550) at various fixed temperatures (100, 200 and 300 °C) for
24 hours in order to improve conductivity. Transmittance and
sheet resistance were measured after each anneal, with the
samples cooled to room temperature and under ambient atmo-
sphere. Conductivity data were derived from sheet resistance
with nominal film thickness determined by assuming 2.3%
light absorption per graphene layer51 and a turbostratic inter-
layer spacing52 of ∼0.35 nm.

2.4 Sustainability

Our technique is specifically developed for aqueous surfactant-
stabilised suspensions, eliminating the need for hazardous
organic solvents at this stage. It is also possible to use bio-
degradable surfactants to produce these suspensions. The sep-
aration solvent, DCM, used to obtain the data presented in
this paper, was recycled for further use using a rotary evapor-
ator (Heidolph Laborota 4001).

3 Results and discussion
3.1 Liquid interface deposition

Surfactant-stabilised aqueous suspensions of thin (predomi-
nantly monolayer to few layer) platelets of a chosen 2D
material were used as precursors for film and vdWH depo-
sition. The suspensions were produced by a common, rapid
approach for all the 2DLMs studied, as described in the
Experimental section, obviating the need for specific liquid
phases53 and protocols27 for each material. Triton X-100 was
chosen as a low-cost, readily available surfactant, although the
approach outlined can be readily modified to accommodate a
broad range of common surfactants (see SI, Fig. S6).

To facilitate the LID process, the precursor suspension of
2DLM platelets was added to a centrifuge tube containing a
‘separation solvent’. The separation solvent was chosen such
that: (1) it is immiscible with, and denser than, the aqueous
suspension; (2) it has a high partition coefficient such that the

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2026 Nanoscale

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 4
:3

4:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00608f


surfactant prefers to be in the separation solvent to the
aqueous phase; (3) the surfactant can be readily removed from
the separation solvent enabling it to be re-cycled and re-used.
In the experiments reported in this work, dichloromethane
(DCM) was selected as meeting these conditions, with the par-
tition coefficient, KD/W, of Triton X-100 between DCM and
water measured to be 220 ± 70 (in preparation, Finlay R. Dover,
A. R. S., M. S., M. R. C. H.). In principle, any solvent/surfactant
which meets the criteria described should be suitable for LID.
This mixture is then centrifuged or left to settle via gravity (SI,
Fig. S7), after which a thin film of 2DLM platelets is formed at
the interface of the DCM and aqueous phase.

Our proposed mechanism for the assembly of 2DLM plate-
lets at the liquid–liquid interface is shown schematically in
Fig. 1(a). A detailed investigation into the mechanism is not
within the scope of this work, and forms part of a future study.
However, we note a key feature: removal of surfactant from the
platelets of two-dimensional material brought about by surfac-
tant partitioning into the separation solvent stabilizes assem-
bly at the high energy water–DCM interface. Evidence for sur-
factant removal is presented below, but it would be expected
that if it remained bound to the 2DLM platelets they would be
less likely to become pinned to the liquid–liquid interface.54 It
has been suggested that assembly of 2DLMs at organic/

aqueous interfaces is thermodynamically driven by interfacial
energy minimisation.12,29,54 In particular, interface stabiliz-
ation occurs when the surface energy of the few-layer platelets
exceeds that of the organic phase, with the sum of the inter-
facial energies between the 2DLM and each liquid phase being
lower than that of the pristine organic–aqueous interface.29

Assuming a universal surface entropy of ≈29 mJ m−2 at room
temperature,55 the (size and defect dependent56) room temp-
erature surface energies of the 2DLMs used in this study – FLG
(≈61–71 mJ m−2),55,56 MoS2 (≈71–80 mJ m−2),55 WS2 (≈82 mJ
m−2)57 – all lie between that of DCM (≈57 mJ m−2)58 and water
(≈101 mJ m−2)55 and lead to similar reductions in interfacial
surface energy upon their segregation to the DCM–water
interface.

Film deposition is shown schematically in Fig. 1(b). To
ensure reproducibility and consistency between films this
process was automated by using a custom-built programmable
dipping system (SI, Fig. S8 and video) such that insertion
angle, dipping speed etc. could be fully controlled. However, it
is also possible to carry out the process by hand. The dipping
cycle may be repeated multiple times with the same material
to build up thick films and with different materials to produce
vdWHs, with no measurable damage to, or visible loss of, pre-
viously deposited material on subsequent dips.

Fig. 1 (a) Proposed mechanism for formation of a 2DLM platelet film at the interface between the two immiscible liquids (water and dichloro-
methane for the data presented in this work) with the surfactant being removed from the 2DLM platelets into the denser liquid phase (dichloro-
methane). (i) State of system before centrifuging. (ii) Surfactant-stabilised 2DLM platelets migrate to the interface under the action of centripetal
forces generated during centrifuging. (iii) Surfactant molecules and thicker platelets preferentially move across the interface into the denser solvent,
while the 2DLM platelets assemble at the interface to minimise surface energy and form a film. (b) Illustration of the process used for the deposition
of thin films and heterostructures. A centrifuge tube containing a 2DLM platelet film assembled at the interface between two immiscible liquids (I)
(water and dichloromethane) was tilted, and the substrate inserted (II). The centrifuge tube was then returned to the upright (III). Further separation
solvent was added to the tube, raising the interface and depositing the film onto the substrate (IV), after which the water droplet was removed (V)
followed by the substrate (VI).
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3.2 Versatility

The applicability of the LID process to a broad range of sub-
strates is demonstrated in Fig. 2(a), which presents Raman
spectra and optical images of FLG films deposited on copper,
silicon, and (hydrophilic) glass. The films displayed a high
degree of uniformity both optically and between regions
selected for acquisition of the Raman spectra. Comparison
between the Raman spectra of the thin films and that of the
parent surfactant-stabilised aqueous suspension, also shown

in Fig. 2(a), indicates similar characteristic Raman peaks,
showing that no additional defects are introduced upon depo-
sition. The continuity of the FLG films is demonstrated in
Fig. 2(b), which shows a transmission electron microscopy
(TEM) image of a graphene film deposited on a holey carbon
grid (a TEM image for a MoS2 film is shown in SI, Fig. S9).
Although the film was produced using a single dipping cycle,
and is therefore thin, it can be seen to be largely continuous,
consisting of overlapping FLG platelets with very few pinholes
present. Further images showing the large scale continuity of

Fig. 2 (a) Raman spectra of few-layer graphene films deposited on different substrates and the surfactant-stabilised few-layer graphene aqueous
suspension used as a precursor for deposition. Similar lineshapes between the few-layer graphene suspension and the films deposited on all sub-
strates indicate no detectable increase in defect density upon formation of the film and film deposition. The data have been normalised with respect
to the G peak, and offset vertically to allow for easier comparison. (b) Transmission electron microscopy (TEM) image showing a few-layer graphene
film deposited onto a TEM grid via the LID method. The film can be seen to be largely continuous with only a few pinholes. (c) Raman spectra of two
films of MoS2 of different thicknesses, with the thinner sample shown in green and the thicker shown in blue. The E2g

1 and A1g peaks characteristic
of MoS2 can be clearly seen in both spectra, as can the A exciton peak. The position of the A exciton peak shows that these films are not behaving as
in the bulk regime. The data have been offset vertically to allow for easier comparison.
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the films are shown in the SI, Fig. S10. We find the continuous
regions of the films produced by the LID process are substan-
tially larger than those produced by Langmuir–Blodgett depo-
sition from the same surfactant-stabilised suspensions by our-
selves (SI, Fig. S11 and S12), and similar to those produced by
other liquid–liquid interface deposition methods.44

The thickness of the films produced can be altered by alter-
ing the concentration of the surfactant-stabilised aqueous sus-
pension of 2DLM, by repeating the dipping process multiple
times, or both. The linear relation between number of dips
and film thickness is demonstrated by the data presented in
SI, Fig. S13. The minimum film thickness is, in principle,
limited by the minimum thickness of platelets in suspension
whereas the maximum film thickness which may be achieved
in a single dip is limited by the suspension concentration.
These factors are dependent on the 2DLM and the precise

preparation method (e.g., any size/thickness selection of the
platelets in the suspension prior to deposition), however the
LID method remains consistent for all 2DLMs and preparation
methods.

Raman spectra of films produced using the multiple
dipping approach are shown in Fig. 2(c) for two MoS2 samples
produced using different numbers of dips. No change in peak
separation or relative intensity of the E2g

1 and A1g modes is
observed (Fig. 2(c)). The separation of the E2g

1 and A1g lines is
found to be 24 cm−1 in both films, corresponding to platelets
of 4 to 5 layers,59 indicating a weak interaction between the
platelets as the film thickness is increased. A peak corres-
ponding to the A exciton60 can be seen at ∼4300 cm−1 (1.8 eV),
increasing in intensity in the thicker film.

It has previously been shown that exciton intensity
decreases rapidly with the number of layers in thin films/plate-

Fig. 3 (a) Sheet resistance and conductivity of few-layer graphene (FLG) films of different optical transmittance both as-deposited and after anneal-
ing for 24 hours at different temperatures. The dashed lines are guides to the eye. Error bars are standard errors. (b) Raman spectra of a FLG-MoS2-
WS2 van der Waals heterostructure (vdWH) deposited on glass at each stage of fabrication. The red (dashed) data correspond to the first (FLG) layer,
the green (dash-dot) data to a FLG-MoS2 vdWH, and the blue data to a FLG-MoS2-WS2 vdWH. The data have been offset vertically to allow for easier
comparison. Features from MoS2, WS2 and graphene are present in the Raman spectra of the final vdWH, indicating the vdWH fabrication has been
successful. The photographs of the vdWH in each stage of fabrication are from the same area of the sample.
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lets of MoS2.
60 This phenomenon originates from a change in

bandstructure as thickness increases due to interlayer coup-
ling, which leads to a transition from a direct to an indirect
band gap. Hence, in monolayer and few layer films in which
the MoS2 films are coupled sufficiently strongly, a decrease in
exciton intensity with increasing thickness might be expected
in the ultra-thin films studied here. The observed increase in
intensity therefore is likely to reflect not just the presence of
additional material but also that there is limited electronic
coupling between material deposited in each dipping cycle,
preserving few-layer behaviour.

3.3 Transparent conductive few-layer graphene films

To demonstrate the utility of the LID method, FLG films were
deposited onto glass slides to form continuous transparent
films with absorption which was found to vary weakly over
visible optical wavelengths.51 Sheet resistance was measured
and found to decrease with transmittance, Fig. 3(a), as would
be expected from the accompanying increase in film thick-
ness,61 and was found to range from 5–29 kΩ □−1 for transmit-
tances of 55–75%, which compares well to similarly produced
films.10 Films were annealed under an inert (argon) atmo-
sphere at temperatures between 100 and 300 °C which resulted
in an enhancement of conductivity, increasing with anneal
temperature, where the maximum conductivity achieved was
126 kS m−1 for a transmittance of 55%. This behavior may be
attributed to the removal of residual water and other contami-
nants which impede charge transfer between the FLG platelets
and/or structural re-arrangement within the film leading to a
greater contact between the platelets. Annealing films we pro-
duced by drop-casting surfactant-stabilised suspensions is
found to lead to decomposition and not removal of surfactant.
Hence, the presence and subsequent removal of residual
Triton X-100 cannot explain the observed improvement of
charge transport of the LID FLG films, and is consistent with
surfactant removal during film formation. The relationship
between transmittance and sheet resistance for these FLG
films does not follow the typical relationship for thin metallic
films, but instead shows percolative-like behavior as discussed
in the work of De et al.62 A detailed analysis is presented in the
SI, section S4, Fig. S14 and S15.

3.4 van der Waals heterostructures

In order to demonstrate proof-of-principle production of a
vdWH, Raman spectra were obtained at each stage in the fabri-
cation of a FLG-MoS2-WS2 vdWH deposited on a glass slide.
These are shown in Fig. 3(b) along with photographs obtained
from the same region of the slide at each deposition step,
which are indicative of a high degree of film uniformity. The
spectra, obtained from a pure FLG film (red dashed line), a
FLG-MoS2 heterobilayer (green dash-dot line) and a heterotri-
layer of FLG-MoS2-WS2 vdWH (blue line), can be understood to
be a linear combination of spectra from each individual
material. However, subtle changes can be observed to the gra-
phene-related modes upon deposition of the subsequent
TMDC layers. In particular, the deposition of MoS2 to form the

FLG-MoS2 heterobilayer leads to a measurable change in the
ratio between the FLG D and G peaks, ID/IG, from 0.48 to 0.77,
which recovers somewhat to 0.58 after further deposition of a
WS2 layer. Likewise, there is a decrease in the ratio of the G to
D′ peak intensities, which indicates that the cause is a loss of
G band intensity. Similar changes to Raman spectra of gra-
phene layers have been observed upon electrostatic doping63

and in the assembly of other heterostructures,64 which can
originate from strain and/or doping.65 The complex interplay
of the effects of strain, doping, and thickness make the origin
of the observed changes in Raman spectra difficult to isolate.
However, the (partial) reversibility of the change to the gra-
phene Raman spectrum would suggest that the origin of this
behaviour (also observed in a FLG-MoS2-FLG heterostructure,
SI, Fig. S16) does not arise from damage or modification to the
bottom FLG layer upon stacking of subsequent layers of
TMDCs.

4. Conclusions

It has been shown that an approach to liquid–liquid interface
assembly in which film assembly is coupled with removal of
surfactant from a stabilised aqueous suspension of two dimen-
sional material can be used to deposit thin films and van der
Waals heterostructures of 2DLMs. This generic technique may
be applied to 2DLM platelets which can be held in an aqueous
surfactant-stabilised suspension and to a broad spectrum of
solid substrates. The effectiveness of the technique has been
demonstrated through the deposition of films of FLG and
TMDCs on copper foils, natively oxidised silicon wafers, and
glass slides; the formation of transparent, conductive FLG
films with characteristics comparable to those reported in the
literature; and vdWHs of FLG, MoS2, and WS2. The simplicity,
scalability, generic nature, broad applicability and relatively
low environmental footprint of LID opens a route for the
routine use of 2DLM thin films and vdWHs in a range of
applications.
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