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Abstract

Metals have been increasingly used as substrates in devices based on two-dimensional
(2D) materials. However, the high reflectivity of bulk metals results in low optical contrast
(<3%) and therefore poor visibility of mono- and few-layer transparent 2D materials on these
surfaces. Here we demonstrate that by engineering the complex reflectivity of a purpose-
designed multilayer heterostructure composed of thin Au films (2 — 8 nm) on SiO2/Si substrate,
the optical contrast graphene and graphene oxide (GO) can be significantly enhanced in
comparison to bulk Au, up to about 3 and 5 times, respectively. In particular, we achieved
~17% contrast for monolayer GO, the highest to date, and even 2 times higher than that on the
bare SiO2/Si substrate. The experimental results are in good agreement with theoretical
simulations. Although this concept is demonstrated for Au, the methodology is applicable to
other metals and can be adopted to design a variety of high-contrast metallic substrates. This
will facilitate research and applications of 2D materials in a broad range of areas, such as

plasmonics, photonics, catalysis and sensors.



Introduction

Underlying substrates are critical to the functionality of two-dimensional (2D) materials
and have been shown to affect their optical, electrical and chemical properties, as manifested
in spectroscopy, electronic transport, and electrochemistry [1-4]. Metals are popular substrates
in 2D material-based devices, which are central to a wide range of applications, including
photonics, plasmonics, catalysis, and sensors [5-9]. A variety of 2D materials have been grown
on various metallic substrates (Ni, Cu, Au) by chemical vapour deposition [10-12]. Metals also
have been effectively used in doping of 2D materials to achieve tuneable electronic and optical
properties by shifting the Fermi level, which greatly extends their applicability [13, 14].
However, many 2D materials, in particular the highly transparent ones, such as graphene and
graphene oxide (GO), are hardly visible on bulk metallic surfaces. Monolayers of these 2D
materials have only a modest optical contrast, generally less than 3%, as a consequence of the
low light absorption of the transparent 2D material and high reflectivity of the metal surface
underneath [15]. This poses a significant practical challenge in device preparation, fundamental
research, and technology development. It is therefore essential to develop innovative strategies
to improve the optical visibility of 2D materials on metallic surfaces, however, little research
effort has been spent in that regard. The majority of past investigations have focused on
dielectric substrates such as silicon oxide/nitride or metal oxides [16-19], and only a few studies
have considered 2D materials on metal surfaces [15, 20-22].

Here we show that the optical contrast of graphene and GO on metals can be
significantly enhanced by engineering the complex reflectivity of the underlying substrate. We
demonstrate this on one of the most popular metal: gold. Au is widely used in many
optoelectronic devices due to its excellent chemical stability and superior plasmonic, catalytic,
and doping properties [5, 6, 23]. Instead of a bulk Au surface, we designed and fabricated

heterostructures composed of thin Au films of various thickness (2.1, 4.6, 7.5, 10.1, and 13.0



nm) on 93 nm Si02/Si substrates (figure 1), which allows for tuning of the optical properties
by varying the thickness of the Au film. Optical contrast of ultrathin 2D materials is solely
determined by the complex reflectivity of the underlying structure [24]. Hence, by purpose-
designing the optical properties of the underlying heterostructure, one can achieve
extraordinary optical contrast of graphene and GO on Au. We found that ultrathin Au films (2
— 8 nm) in such stratified heterostructure can remarkably enhance the optical visibility of
graphene and GO in comparison to bulk Au film, by up to 3 and 5 times, respectively. In
particular, with 4.6 nm Au film, we achieved a maximum positive contrast of (16.6 + 0.4)%
and a minimum negative contrast of —(15.2 £ 0.5)% for monolayer GO. To our knowledge, this
is one of the highest optical contrast achieved to date for GO [25], even 2 times higher than
that on the bare SiO2/Si substrate. Our experimental results are in excellent agreement with
theoretical simulations averaged over the transverse-electric (TE) and transverse-magnetic
(TM) polarisations and the range of incident angles, an essential approach when a high
numerical aperture (NA) objective is used [15]. The identification of the number of layer of

graphene and GO was confirmed by atomic force microscopy (AFM) and Raman spectroscopy.
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Figure 1 | Schematic of the stratified heterostructures.
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All Au films were prepared by physical vapour deposition (Kurt J. Lesker CMS-A DC
magnetron sputterer) on 93 nm SiO2/Si diced wafers (or plain Si for bulk Au) (IDB
Technologies Ltd). A layer of Ti (1 and 10 nm for thin and bulk Au, respectively) was deposited
first to increase adhesion of Au to the substrate. Contamination of 2D materials with airborne
molecules is an issue affecting many research areas [26-29]. To minimise contamination at the
2D material/Au interface, graphene was mechanically exfoliated using the scotch-tape method
[30] from bulk graphite (NGS Naturgraphit GmbH) onto the freshly-prepared Au films within
2 min of their exposure to air, producing high-quality, clean, and uniform crystals. GO flakes
were drop-cast on the Au films from an aqueous solution (>95% monolayer, Graphenea Inc)

diluted to 0.4 pg mL™!.

Au film characterisation

ESM-300 ellipsometer (J.A. Woollam Co, Inc) was used to determine the optical constants n
(real part of refractive index) and x (extinction coefficient) of Au and Ti by Complete EASE
5.0 software (J.A. Woollam Co, Inc) as shown in Suppl. figure S1. X-ray reflectometry (XRR),
carried out using a Bruker D8 Discover diffractometer, DIFFRAC.Measurement Center, and

Leptos 7.8 software, were used to determine the thicknesses of Au and Ti layers (Suppl. figure

S2).

Characterisation of 2D materials

Quality and thickness of 2D materials were assessed by optical microscopy, AFM and
Raman spectroscopy. Optical images were taken using a BX51 microscope (Olympus Corp)
with an Infinity2-2 CCD camera and Infinity Capture 6.2 software (Lumenera Corp). AFM was
performed using Digital Instruments Veeco Dimension 300 in a tapping mode with 30 nm/80
kHz/4.5 N m!' Si-SPM tips (Nanosensors ™), Raman spectra were measured with a 532 nm
excitation laser of 1.0 mW power, focused through the 100x objective to ~1 pm? spot size and

collected through a back-reflection configuration by a Jobin Yvon HR640 Raman spectrometer
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operated by Andor MCD 2.6 software. Two-point probe was used to measure the resistance
and estimate resistivity of the Au films (not taking into account the thickness of the

discontinuous Ti sublayer).

Optical contrast measurement

Two different methods, optical reflectance spectroscopy and optical microscopy with a
selection of bandpass filters (10 nm bandwidth), were used to determine the optical contrast of
the 2D materials. The contrast spectrum, C(4) in percentage (%), was determined from the
reflectance measurements by a QE65 spectrometer and SpectraSuite software (Ocean Optics

Inc) using the following formula:

CO) =L 100% (1)

where Rs(1) and Rm(4) are the wavelength-dependent reflectance of the substrate and
2D material, respectively (examples of the reflectance spectra are shown in Suppl. figure S3).
All reflectance spectra were collected using a 50% objective (Olympus MPLN50xBD, NA =
0.75, ~4 um? spot-size), with the exception of figures 3c, 5c, and Suppl. figure S3, where the
100x objective (Olympus MPLN100xBD, NA = 0.9, ~0.8 pm? spot-size) was used.

The optical contrast was also determined from optical micrographs (50% objective)
taken with 10 nm bandwidth band-pass filters FB405-10, FB490-10, FB520-10, FB590-10

(Thorlabs Inc), and ZET690/10/X (Chroma Technology Corp), using the following formula:

c=5"m. 1000 )

Is
where Is and Im are the average intensities of the selected areas (typically ~100 um?) on the

substrate and 2D material, respectively.

Optical contrast simulation
The complex reflectivity coefficient was calculated using the transfer matrix method

[31] and the averaged optical contrast was calculated based on the method introduced in [24],
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by integrating the reflectance over the incident angles between 0 — Omax (sinfmax = NA), taking
into account the appropriate angular contributions of light intensity and averaging an equal
contribution from the TE and TM polarisation. All simulations considered the 50x objective
(NA = 0.75). The complex refractive indices of SiO2 and Si are taken from [32] and [33], and
those of Ti and Au were either determined by ellipsometry or taken from [34]. The optical
thickness of d =0.34 nm for used for monolayer graphene [35]. Different values of the complex
refractive index of graphene, 7i = n — ix, are reported in literature, ranging from n = 2.0 — 3.0
and x = 0.41 —2.03 [16-18, 36]. We found that 7i = 2.0 — 1.1, which was used throughout this
work, provides the best fit for most experimental results on thin Au. The effect of using
different complex refractive indices of graphene is demonstrated in Suppl. figure S4. There is
also a variation of monolayer GO 7 and d in literature: n =1.2-2.0,x=0.1 — 0.7, and d = 0.7
— 1.5 nm [37-40], most likely caused by the variability of the oxygen-containing groups of GO.
In our case, a good match between the experiments and simulations was found for 77 = 1.65 —

0.2iand d=1.3 nm.



Results and discussion

First, we simulated the optical contrast spectra of monolayer graphene deposited on the
heterostructure to get a guiding idea on how it depends on Au thickness in the range of 0 — 20
nm (thicker films have only modest contrast <2%). Optical properties of thin Au films vary
with their thickness (Suppl. figure S1). In the initial simulation, we used the experimentally
determined complex refractive index of 13 nm Au film as a compromise between the ultrathin
films (<5 nm) and the bulk film (>100 nm). The simulated contrast map in figure 2a provides
a practical overview of how the optical contrast can be tuned by varying the thickness of Au
film. A high-contrast region is found for thin Au films below 10 nm in thickness, with
maximum positive contrast of 12.6% for ~3 nm Au at 460 nm and a minimum negative contrast
of —9.3% for ~7 nm Au at 410 nm. Thick Au films beyond 13 nm provide only a low optical
contrast of less than 3%.

To test the simulation predictions, we fabricated the heterostructures (figure 1) with a
range of Au film thickness (2.1, 4.6, 7.5, 10.1, and 13.0 nm, respectively, as measured by XRR)
and exfoliated graphene onto them. Au films of 2 — 8 nm in thickness were found optimal for
high graphene visibility as indicated by the optical contrast data shown in figure 2b—d. The
black contrast curves are experimentally determined from the reflectance spectra using Eq. (1),
and the diamond markers are optical image contrasts determined using a range of band-pass
filters and Eq. (2) (Methods). The insets are optical micrographs taken with a 520 nm band-
pass filter with the monolayer graphene region marked (1L). The two sets of experimental
contrast data show consistent spectral profiles, with slight deviations accountable within the
experimental uncertainties, which are likely to be caused by a combination of several factors,
such as instrumental differences between the two methods, surface contamination, and surface
roughness of Au (see discussion of Suppl. figure S5). The reflectance-derived contrast

maximum and minimum were found to be 5.0% for 2.1 nm Au at 502 nm and —8.0% for 4.6



nm Au at 452 nm. In contrast, the optical image contrast of monolayer graphene without any
filter (blue mark in figure 2b—d) is much lower (2.2 — 2.7%), since it is averaged across the
whole visible spectrum.

To provide a better comparison between the experimental and simulation results, we
calculated the contrast spectra using the experimentally determined optical constants of Au and
Ti (different to the values used in the figure 2a simulation). The simulated contrast spectra in
figure 2b—d (red curves) match the experimental results well, especially for the contrast
measured using the band-pass filters. The deviations observed between the measured and
simulated contrast spectra are also caused by the uncertainties in both methods (Suppl. figure
S5 discussion). The maximum experimental and simulated contrast of monolayer graphene on
bulk (100 nm) Au film are 1.8% and 1.5%, respectively (see Suppl. figures S6 and S7). The
heterostructures composed of thin Au films therefore increase the optical contrast of graphene
by up to 3 times. Optical contrast data of monolayer graphene on all thin Au films (2 — 13 nm)
are presented in Suppl. figure S5. Two-point resistance measurements show that only the
thinnest Au film (2.1 nm) suffers from increased resistivity (4.5 x 10”7 Q m) while the

resistivity of 4.5 — 100 nm Au (2.0 — 4.4 x 103 Q m) is similar to the literature bulk value [41].
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Figure 2 |Optical contrast of graphene on thin Au films. a, Simulated contrast map of
monolayer graphene as a function of Au thickness and wavelength on 1 nm Ti/90 nm SiO2/Si
substrate, using literature refractive indices for bulk Ti, SiO2, and Si, and experimentally
determined ones for Au (13 nm). The contours are annotated with their fractional
positive/negative contrast values (e.g., 0.02 indicates a positive contrast of 2%). b—d, Optical
contrast of monolayer graphene on 2.1, 4.6, and 7.5 nm Au films on 1 nm Ti/93 nm SiO2/Si
substrate (taken using 50x objective). The black curves are contrasts determined from the
reflectance spectra using Eq. (1). The diamonds are contrasts determined using Eq. (2) from
the optical images using band-pass filters (405, 490, 520, 590, and 690 nm, all 10 nm
bandwidth). The red curves are simulations based on the experimentally determined optical
constants and thicknesses of Au and Ti. The blue star symbols correspond to the optical image
contrast without a filter. Error bars are not shown as they are comparable in size to the markers
(0.0 — 0.7%). The insets show greyscale optical images of the graphene layers (using 520 nm
band-pass filter). Optical constants of » = 2.0 and x = 1.1 and thickness d = 0.34 nm were used
for graphene in all simulations. All scale bars correspond to 15 um.



In figure 3a, we further examine the optical contrast of graphene on 7.5 nm Au taken
without and with different band-pass optical filters (10 nm bandwidth). The images were
converted to greyscale and their substrate intensities adjusted to a similar level for ease of
comparison. It is evident that the 520 nm filter (the original optical image is in figure 3b)
provides the best visibility and distinctly reveals graphene layers of different thickness, in
accord with the results in figure 2d. Unlike the minimum negative contrast at ~450 nm, the
positive contrast maximum at 520 nm allows direct inspection of graphene under an optical
microscope due to the preferential sensitivity of the human eye to green wavelengths.
Processed and unprocessed optical images are shown in Suppl. figure S8.

The measured optical contrast spectra of few-layer graphene (1-5L) are shown in figure
3c. Here we used the 100x objective with a smaller spot-size to mitigate the uncertainties due
to small crystals size and sample drifting. The measured spectra demonstrate that: 1) the whole
spectrum slightly redshifts with increasing number of layers, 2) the absolute
maximum/minimum values of the contrast increase linearly with the number of layers (inset of
figure 3c) to the first approximation, consistent with previous reports on SiO2/Si substrates
[17]. The layer identification was further confirmed by Raman spectroscopy (figure 3d) and
AFM (figure 3e). The symmetric 2D mode (~2650 cm™') in the Raman spectra, redshifted in
respect to few-layer graphene and stronger in intensity than the G mode (~1580 cm™), is a
unique fingerprint of monolayer graphene. The intensity of the G mode linearly increases and
the 2D mode broadens and blueshifts with the increasing number of layers, a behaviour
characteristic for few-layer graphene [42, 43]. No D mode (~1360 cm™') was detected,
indicating high crystal quality. Figure 3e shows the AFM topography image of an area marked
in figure 3b. Although the scan was challenging due to variation in surface roughness, it
produced an average step height of ~0.34 + 0.10 nm between monolayer graphene and the

substrate (figure 3e inset), expected for monolayer graphene [44].
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Figure 3 | Characterisation of graphene layers on 7.5 nm Au film. a, Series of optical
images of graphene on 7.5 nm Au/1 nm Ti/93 nm SiO2/Si substrate, taken without and with a
range of band-pass filters (405, 490, 520, 590, 690 nm). b, Optical image taken using a 520 nm
filter, with the number of graphene layers indicated. ¢, Optical contrast spectra of the graphene
layers (1-5L) in b taken using a 100x objective. Inset: positive contrast maxima and negative
contrast minima as a function of the number of layers. d, Raman spectra of the graphene layers
in b with the main vibration modes, G and 2D, annotated (spectra are offset for clarity). e,
topographic AFM image of a portion of the sample, highlighted in b by a black dashed
rectangle. Inset: height profile of a monolayer-substrate step, highlighted in e by a white
rectangle. All scale bars correspond to 15 pum.
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GO is related to graphene since it is obtained by surface oxidation of graphene or
graphite. The extent and nature of the oxygen-containing functional groups in GO varies widely
and is dependent on the preparation method [45, 46]. GO applications include sensors,
composites, and ink-based technologies [47, 48]. Similarly to graphene, GO is also highly
transparent in the visible range, with the experimentally measured optical contrast of 3.6% on
300 nm SiO2/Si using a 100x objective [38]. Applying the same methodology as for graphene,
we found that the stratified heterostructures can also significantly enhance the optical visibility
of GO, across a wide range of Au thicknesses. The simulation in figure 4a shows that contrast
well above 4% can be achieved for 0 — 20 nm Au films, with the highest contrast found for 2 —
10 nm Au. The simulation reveals a maximum positive contrast of 14.8% for 5.0 nm Au at 465
nm and a minimum negative contrast of —14.7% for 5.5 nm Au at 405 nm. The experimental
optical contrast data for monolayer GO on 2.1 — 7.5 nm Au films are shown in figure 4b—d.
The black curves are the optical contrast spectra determined from the reflectance
measurements, the diamond markers are the optical contrast data determined from the optical
images using band-pass filters, and the red curves are the contrast spectra simulated using the
experimentally determined optical constants and thicknesses of Au and Ti layers. The
experimental and simulated data are in good agreement. The reflectance contrast maximum
and minimum were found experimentally to be 16.6% for 4.6 nm Au at 517 nm and —15.2%
for 4.6 nm Au at 440 nm. In comparison, the maximum optical contrast of monolayer GO on
bulk Au is only 3.3% (Suppl. figure S7). The stratified heterostructure therefore remarkably
improves the optical contrast of a monolayer GO on Au film by up to 5 times, in comparison
to bulk Au substrate, which is also 2 times higher than on the bare 93 nm Si02/Si substrate.
Optical contrast data of monolayer GO on all Au films (2 — 13 nm) are found in Suppl. figure

S9.
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Having identified the optimal Au thickness for the highest GO optical contrast, we
further characterised the optical visibility of multilayer GO. Figure 5a shows the optical images
of mono- and multi-layer GO flakes drop-cast on a 4.6 nm Au film, taken with different band-
pass filters. The images are processed the same way as in figure 3a for ease of comparison. The
520 nm filter provides the best visibility of the GO layers (figure 5a-b), which is consistent
with the measured contrast spectrum and simulations (figure 4c). The measured optical contrast
spectra of the GO layers (1-4L), shown in figure 5c, behaves similarly to that of graphene. The
whole spectrum slightly redshifts and the absolute maximum/minimum values of the contrast
increase linearly with the number of layers (inset of figure 5c). The Raman spectra of the GO
layers are shown in figure 5d. Unlike for graphene, there is no distinct 2D mode in the Raman
spectrum, instead, high-intensity D and G modes are present. The positions of the D and G
modes are not sensitive to the GO thickness but their intensities increase linearly with the
number of layers, which is consistent with previous studies [38, 39]. Figure 5e shows the AFM
phase image of a monolayer region marked in figure 5b. The monolayer-substrate step-height
extracted from the AFM topography mode was ~0.99 + 0.30 nm (inset of figure 5e), which is

well within the scope of reported monolayer GO thicknesses [38, 40].
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Figure 4 | Optical contrast of GO on thin Au films. a, Simulated contrast map of monolayer
GO as a function of Au thickness and wavelength on 1 nm Ti/90 nm SiO2/Si substrate, using
library refractive indices for bulk Ti, SiO2, and Si, and experimental for Au (13 nm Au). The
contours are annotated with their fractional positive/negative contrast values. b—d, Optical
contrast of monolayer GO drop-cast on 2.1, 4.6, and 7.5 nm Au films on 1 nm Ti/93 nm Si0O2/Si
substrate (taken using 50% objective). The data presentation adheres to the same scheme as in
figure 2. Error bars are not shown as they are comparable in size to the markers (0.1 — 1.3%).
The insets show greyscale optical images of the GO layers (taken with a 520 nm band-pass
filter). Optical constants of n = 1.65 and x = 0.2 and thickness d = 1.3 nm were used for GO in
all simulations. All scale bars correspond to 15 pm.
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Figure 5 | Characterisation of GO layers on 4.6 nm Au film. a, Series of optical images of
GO on 4.6 nm Au/1 nm Ti/93 nm SiO2/Si substrate, taken without and with a range of band-
pass filters (405, 490, 520, 590, 690 nm). b, Optical image using a 520 nm band-pass filter,
with the number of GO layers indicated. ¢, Optical contrast spectra of GO layers (1-4L) in b
taken using a 100x objective. Inset: positive contrast maxima and negative contrast minima as
a function of the number of layers. d, Raman spectra of the GO layers in b with the main
vibration modes, D and G, annotated (spectra are offset for clarity). e, phase AFM image of a
portion of the sample, highlighted in b by a black dashed rectangle. Inset: height profile of a
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um.
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We now proceed to summarise the results in figure 6, which shows the positive
maximum contrast for both 2D materials obtained from the reflectance spectra (full markers)
and simulations (empty markers) as a function of the Au film thickness. Contrast on bulk Au
film (100 nm) and bare 93 nm SiO2/Si substrate (0 nm) are also plotted for comparison. It is
clear that the thin Au films (2 — 8 nm) provide significant improvement in the optical contrast
for both 2D materials over bulk Au, up to about 3 times and 5 times for monolayer graphene
and GO, respectively, based on experimental results (or 5 and 6 times, based on simulations).
Moreover, the optical contrast of monolayer GO on thin Au films increases up to about 2 times
in comparison to the bare 93 nm SiO2/Si substrate. Positive contrast maxima exist for
monolayers of both studied 2D materials in the range of 500 — 530 nm. The use of blue/green
band-pass filters in this region increases the visibility of 2D materials on these films by ca. 2 —
5 times over the case without a filter. The negative contrast minima in the range of 400 — 440
nm can be exploited by the use of violet/deep-blue filters, which is however less practical due
to the poor sensitivity of the human eye and most cameras at these wavelengths. The contrast

data of figure 6 are summarized in Suppl. table S1.
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including the simulation for the bare 93 nm SiO2/Si substrate (0 nm Au). The average standard
deviations are estimated to be £(0.15 — 0.37)%.

The enhanced optical contrast of ultrathin 2D materials such as graphene and GO
originates from the modified complex reflectivity of the underlying heterostructure substrate
[24]. In general, the contrast increases with decreasing reflectance of the substrate, however,
the phase of the reflection coefficient is also essential. Furthermore, the contrast critically
depends on the conditions of light incidence, including the wavelength, incident angle and
polarisation. To illustrate this, we simulated contrast maps for monolayer graphene and GO
(figure 7) at several different conditions specified by polarisation and incidence angle (6),
namely: TE, 8= 0° (left column); TE, 8 =45° (middle column), and TM, # =45° (right column).
The vertical logarithmic axis denotes the absolute value of the complex reflection coefficient
(|7, where reflectance R = |r|?) of the bare substrate without a 2D material. The horizontal axis
is the phase of the complex reflection coefficient of the bare substrate. All the contrast maps

are calculated at 500 nm wavelength using the same refractive indices and thicknesses of
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graphene and GO as in the previous simulations. Figure 7 reveals several general characteristics
about the contrast of graphene and GO, which also apply to other 2D materials: 1) The contrast
increases with diminishing reflectivity of the substrate and so a high contrast substrate should
normally have a low reflectivity. 2) Even on a substrate of a very low reflectivity, a phase
always exists for which the contrast is zero. 3) For every 2D material, specific phase conditions
are found for the contrast maximum and minimum, dependent on the polarisation and
wavelength of light. For graphene, the contrast maxima phases are about 32° and 153° for TE
and TM polarisation, respectively. For GO, the contrast maxima phases are about 71° and 116°
for TE and TM polarisation, respectively. The phases of the contrast minima are shifted by
180°. 4) The complex reflectivity and hence the contrast are dependent on the incident angle
of light. Therefore, when a high magnification objective with large NA is used, the overall
contrast has to be averaged over all incident angles.

Every substrate can be marked as a point on the contrast map, based on its complex
reflectivity coefficient, as shown in figure 7. Bulk Au (red diamond) has a high reflectivity, so
it only yields a modest optical contrast. Such a feature is shared by all reflective metals, such
as Ag, Cu and Al. The reflectivity of thin Au film structures is lower than that of bulk Au and
closer to the optimal phase conditions in most of the cases, therefore enhancing the optical
contrast for graphene and GO. If light were solely incident according to the optimal conditions,
a very high contrast exceeding 20% for both monolayer graphene and GO could be achieved
on various substrates. The details of the contrast data on these substrates are presented in Suppl.

table S2.
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Au thickness / nm Si0, thickness / nm
21 M46 ATS5 4100 ® 90 m29

TE, 6=0°

Log(lA)
Log(Ir)

graphene

0 ni2 n 3n/2 2n 0 ni2 n 3n/2 2n 0 ni2 n 3n/2 2n
Phase (radian) Phase (radian) Phase (radian)

BERE-EC

Log(|)
Log(Ir)

0 nf2 n 3n/2 2n 0 nl2 n 32 2n 0 n/2 n 3n/2 2n
Phase (radian) Phase (radian) Phase (radian)

Figure 7 | Simulated contrast maps under various incident conditions. Simulations for
monolayer graphene (upper panels) and monolayer GO (lower panels). Left column: TE
polarisation, normal incidence. Middle column: TE polarisation, 45° incidence. Right column:
TM polarisation, 45° incidence. All the contrast maps are calculated at 500 nm wavelength.
The contours are annotated with their fractional positive/negative contrast values. The different
substrates used in this work are highlighted in the maps by different markers. The same
refractive indices and 2D material thicknesses as in the previous simulations were used.

Conclusion

In summary, we demonstrate that the stratified heterostructures composed of 2 — 8§ nm
Au films on 1 nm Ti/93 nm SiO2/Si substrate can significantly enhance the optical visibility of
graphene and GO. In comparison to bulk Au, the experimentally determined optical contrast
of monolayer graphene and GO on these thin Au films is enhanced by up to 3 and 5 times,
respectively. Furthermore, thin 4.6 nm Au improves the optical visibility of GO up to 2 times

over the bare 93 nm Si02/Si substrate. Only the thinnest Au film (2.1 nm) suffers from

19



increased resistivity, which should be taken into account in the relevant device designs. The
experimental results are in good agreement with theoretical simulations, which take into
account the effects of different incident angles and polarisations. This concept is demonstrated
for Au, but the same methodology can be adopted for other metals. These results provide a
clear pathway for those who wish to utilise 2D materials on metallic films in research and

applications including, but not limited to, plasmonics, photonics, catalysis and sensors.
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