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Due to their unique dimensionality, the physical properties of two-dimensional materials are deeply

impacted by their surroundings, calling for a thorough understanding and control of these effects. We

investigated the influence of the substrate and the pressure transmitting medium on bilayer graphene in a

unique high-pressure environment where the sample is partially suspended and partially supported. By

employing Raman spectroscopy with a sub-micron spatial resolution, we explored the evolution of strain

and doping, and demonstrated that they are both similarly induced in the suspended and supported

regions of the bilayer graphene within the studied pressure range. Almost full strain and doping transfer

between the supported and suspended regions are concluded. We observed that charge carrier density

saturates quickly at low pressures (2 GPa) while biaxial strain continuously increases with pressure.

Additionally, Raman spatial mapping highlights a rather uniform doping and strain distribution, yet with

significant local variations revealing a more complex scenario than previously documented by single-

point studies at high pressure.

1. Introduction

In the era of rapid scientific advancements, two-dimensional
(2D) materials have emerged as a captivating field of study,
revolutionizing our understanding of fundamental physics,
enabling novel device functionalities and promising break-
throughs in various technological applications. Their success
resides in their outstanding electronic,1,2 optical3,4 and
thermal5 properties derived from their 2D nature. This thril-
ling mix is complemented by their nanometric thickness
resulting in extremely light materials, while preserving excep-
tional mechanical properties.6,7 Extensive studies have also
been directed into the possibility of tuning 2D material
properties through external variables. Temperature8,9 and
magnetic10,11 and electric fields12–14 are commonly used whilst
pressure is often overlooked. The latter can act on those

materials in various ways. With pressure application, the elec-
tronic structure can be extensively altered leading to modifi-
cation of the optical properties,15,16 with closing and opening
of the band gap.17 When critical densities are reached,
phase transitions occur, drastically modifying the material
properties.17,18

While those considerations are quite general and may also
apply to bulk materials, when looking at 2D systems, further
effects can result from their reduced dimensionality. By con-
struction, the majority or totality of their atoms constitute
surface atoms. They are, thus, extremely sensitive to the sur-
rounding environment. Pressure affects the environment
increasing the electronic density and amplifying the inter-
actions between the 2D system and its local environment.
Environmental effects on 2D materials in high-pressure experi-
ments are thus thoroughly studied focusing on two main
elements: the substrate and the so-called pressure transmitting
medium (PTM). The substrate is a fundamental element of 2D
materials providing their support. Additionally, it is a source
of mechanical strain19,20 and doping.21–23 The second
element, the PTM, is an essential component of high-pressure
experiments as it is used to transfer pressure from a com-
pression system to the sample. It therefore surrounds the
studied sample and interacts with it.24–26 High-pressure experi-
ments in 2D materials allow for highly amplified interactions
between the 2D system and both the substrate and the PTM, in
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contrast to bulk materials. Due to these intensified inter-
actions, entirely new physical phenomena can emerge. Thus, it
appears fundamental to quantify or separate the effect of each
contribution.

Driven by these principles, we focus in this work on investi-
gating the effect of the two mentioned environmental
elements, the substrate and the PTM, on the pressure response
of 2D materials. As a benchmark material, we chose graphene
as it has been shown to strongly interact with these elements
when compressed.18,25–27 In particular, major attention was
given to the investigation of their strain and doping contri-
butions in compressed graphene. In order to achieve this, we
introduced a novel configuration for high-pressure experi-
ments, in which the same sample is found both suspended
and supported on a substrate. This binary system opens up the
opportunity to study, within the same pressure run, the same
sample subjected to different environmental conditions and
allows for the disentanglement of substrate and PTM contri-
butions in the evolution of graphene’s features. To probe the
graphene response at high pressure, we used Raman spec-
troscopy. This technique is widely exploited for measuring
doping and strain in graphene both under ambient conditions
and at high pressure.25–28

2. Experimental methods

Our experiments were conducted by focusing on the investi-
gation of the local high-pressure response of graphene in the
chosen suspended/supported configuration. Thus, we per-
formed our measurements using a novel cell design developed
in our laboratory, designed to achieve a high degree of spatial
resolution.15 In conventional high-pressure experiments that
use diamond anvil cells (DACs), the aberrations introduced by
the diamond that are interposed between the sample and the
spectrometer severely worsen the optical resolution. Moreover,
the bulky nature of conventional DACs does not allow for use
of high magnification microscope objectives meaning that an
instrumental limitation is set to long-working-distance ×50
objectives. Our cell was specifically designed to allow the use
of a modified Mitutoyo ×100 magnification objective with
0.7 NA. This objective was conceived with a correction for
spherical aberrations introduced by the passage of light
through the diamond in the optical path. This setup allows us
to achieve sub-micron resolution in high-pressure experi-
ments.15 This allowed us to ensure that we investigated the
contributions from the suspended and supported regions of
graphene individually. Moreover, we performed detailed high-
pressure Raman spectroscopy measurements and spatial
mapping of our sample.

The experiments were conducted using a bilayer graphene
(BLG) sample. Initial tests with monolayer graphene led to the
breakage of the sample in the suspended region when sub-
jected to the high pressure environment. BLG, on the other
hand, showed a higher success rate in resisting the cell-
loading procedure, so it was chosen for our experiments. The

BLG sample we studied was supported by a small circular disc
with a diameter of ∼90 μm etched out using lithography from
a 50 μm thin Si/SiO2 foil, compatible with the DAC sample
area. A circular through-hole of ∼20 μm was drilled at the
centre of the disc in order to accommodate the suspended
region of the sample. The dimensions of the hole were initially
chosen in an attempt to spatially isolate the suspended and
supported regions of the sample and minimize border effects.
Moreover, a large hole compared to the probing laser spot size
would ensure the independent investigation of the two
regions. A linear channel was also carved in the disk to allow
the PTM to fill the volume below the suspended part of the
sample which otherwise would not fill (most likely due to the
glue attaching the substrate to the anvil and sealing access to
the hole). Bilayer graphene was deposited on the substrate by
two independent wet transfers of CVD-grown monolayer gra-
phene followed by carbon dioxide critical point drying using a
Tousimis Autosamdri®-815, Series B device. Finally, the
sample was deposited on the bottom anvil of our DAC (details
of the transfer procedure are given in section S1 of the ESI†).
In Fig. 1a and b, we can see the sample on the anvil before
and after PTM loading, respectively.

The choice of the PTM for our experiment is a critical
experimental aspect. We found that the alcohol mixture of 4 :
1 methanol : ethanol was the most adapted for our purpose. In
addition, by featuring outstanding hydrostaticity up to its soli-
dification at around 10.5 GPa,29 it induces doping effects on
graphene when compressed.26,30 This allowed us to probe its
chemical and physical interactions with graphene, without
introducing discontinuities in the PTM’s behaviour, such as
phase transitions, which may compromise the interpretation
of the results. A comparison between different PTMs was
attempted. In particular, the use of water has been shown to
produce interesting functionalization effects on graphene,
leading to PTM-induced phase transitions.17,18 Furthermore,
the use of gaseous PTMs such as argon or nitrogen has been
shown to mainly induce strain effects on graphene, without
affecting the charge doping distribution.26 However, from an
experimental point of view, we could not successfully prepare
an experiment using any PTM other than the alcohol mixture.
All the other PTMs led to the breakage of the suspended
region of the BLG.

A schematic representation of the DAC and the sample
area is shown in Fig. 1c. A pair of 450 μm cullet size dia-
monds were used as anvils. A 200 μm thick steel T301 gasket
was interposed between the anvils and a 150 μm through-
hole was drilled at its centre to accommodate the sample
compression chamber. In the latter, ruby chips of few
microns in diameter were inserted to measure in situ the
chamber pressure.31

3. Results and discussion

We performed a pressure run up to 5.9 GPa monitoring the
evolution of the Raman features of the BLG sample. Above this
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Fig. 1 Optical image at ×50 magnification of the sample before (a) and after (b) loading in the DAC. A black dashed rectangle indicates the region
that has been mapped through Raman spectroscopy. In (a), the orange and blue regions show the points measured throughout the pressure cycle,
later referred to as supported and suspended, respectively. A red arrow in (b) points to the BLG edge to indicate a faint contrast that confirms the
presence of the sample in the suspended region after loading the cell with the PTM. (c) Schematic representation of the DAC system used in our
experiment. The two anvils (in light blue) compress the gasket (in brown). In the black rectangle, a zoomed-in view of the sample area shows a red
ruby chip and the BLG sample on the substrate. Green arrows on the substrate schematically indicate the biaxial strain applied to the BLG due to the
substrate’s compression under pressure. (d) Raman spectra of the suspended and supported BLG collected in the high-pressure run. The two
regions correspond to the G-band (below 1700 cm−1) and the 2D-band (above 2600 cm−1). The spectra are normalized to the G-band maximum
intensity for each pressure.
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pressure, the top diamond anvil touched the sample, so we
stopped the experiment. The evolution of the G and 2D bands
with pressure is shown in Fig. 1d. A similar trend is observed
in the evolution of the spectra in the two regions at low
pressure with a larger blueshift of the suspended features at
higher pressure. We observe a neat change in trend around 3.9
GPa, where the width and position of the spectra differ
between the suspended and supported regions. At this
pressure, the delamination of the SiO2 layer at the substrate
surface in contact with the sample is observed by optical
imaging (see Fig. S2 in the ESI†). This phenomenon has been
previously shown by other works26,32 and it has been attributed
to the difference of bulk modulus of silicon and silicon oxide
composing the substrate.

The spectra have been fitted using Lorentzian functions
and the extracted parameters are plotted in Fig. 2. A purple rec-
tangle highlights the pressure at which the SiO2 delamination
is observable by optical means. However, we also note that the
previous pressure point at 3.6 GPa largely diverges from the
trend at low pressure. This compels us to conclude that the
delamination might have started earlier but could not be
clearly observed in the optical images. The evolution of the
sample appearance throughout the pressure cycle can be
observed in Fig. S2.† The points above the delamination
pressure have faded as the interpretation of the experimental
results above this transition is beyond the scope of this work.
They will not be considered in the following analysis but they
have been retained for completeness. In the following, we will

Fig. 2 Pressure evolution of the fitted G and 2D band parameters for the spectra in Fig. 1d. A purple rectangle indicates the beginning of the dela-
mination of the oxide layer of the substrate. In correspondence with the purple dashed line, the transition is observed also by optical imaging. The
pressure points above this pressure have been lightened as they have not been taken into consideration in our analysis but they have been reported
for completeness. Each plot shows the measured value of the parameters (bottom side) and the difference between the corresponding parameters
measured in the suspended and supported regions (upper side). In (b), dashed lines have been added as a guide to the eye to help the visualization
of the evolution of ΓG.
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refer to ωi and Γi (i = G, 2D) as the frequency and the FWHM
of the bands, and to Δωi and ΔΓi (i = G, 2D) as the difference
between the respective parameters measured in the suspended
and supported regions.

We observe a similar pressure evolution of the frequencies
both for the G-band (Fig. 2a) and the 2D-band (Fig. 2c). A
larger blueshift is observed in the case of ω2D in the sus-
pended region above 2 GPa. ΔωG and Δω2D help the visualiza-
tion of the small variations between the two regions, which is
more marked in the case of ω2D. This first result is quite strik-
ing as, intuitively, we would expect a larger blueshift in the
supported graphene. In fact, the major contribution of the
G-band and 2D-band shift with pressure is introduced by a
biaxial strain originating from the compression of the
substrate.25–27 This result indicates that the strain is efficiently
transferred from the supported to the suspended part of the
sample. Besides strain, when using 4 : 1 methanol : ethanol as
a pressure transmitting medium, previous groups reported an
important doping effect of graphene upon compression.26,30

In our case, this is also observed by the strong decrease of ΓG

at low pressure. While the value of ΓG is lower in the supported
region, ΔΓG decreases with pressure. This indicates that, rela-
tively, the spectral width of the G-band becomes thinner at a
faster rate in the suspended region than in the supported one
with increasing pressure. This effect could be explained by a
larger number of charges injected into the suspended region
due to the presence of the PTM on both sides of the sample.
In addition, a local inhomogeneous strain field could be
present in the supported graphene due to the substrate’s
roughness. The observed G-band is thus averaged over the
probing laser spot size resulting in a widening of the width of
the G-band, which counters the doping effect. This second
option is backed up by the observed increase of ΓG above
2 GPa, which is not explainable through doping as we would
expect a flat evolution after charge saturation.33

When we look at the width of the 2D-band in Fig. 2d, we
observe a different trend in the two regions. The width of the
2D-band is fairly constant before delamination for the sus-
pended part of the sample. This result is compatible with the
observations of Froelicher et al. in electrochemically gated
samples where the width of the 2D-band is found to be scar-
cely affected by doping.33 On the other hand, the supported
part of the BLG features an increase of Γ2D, which is more
marked above 2.3 GPa in agreement with the hypothesis of an
inhomogeneous strain field introduced by the substrate. This
effect is marked also by the decrease of ΔΓ2D with increasing
pressure. In reality, the simultaneous contribution of both
effects is the most probable scenario.

Finally, the close observation of ΓG in Fig. 2b features an
initial widening at 0.2 GPa when compared to the ambient
pressure point (acquired without PTM). We can explain this
peculiar signature by the presence of an opposite-charge
doping of graphene under ambient conditions, which is neu-
tralized when the PTM is introduced and pressure is increased.
Several groups have reported the presence of partial doping of
graphene at ambient pressure principally due to impurities on

the substrate as well as to environmental pollution.21,22,34,35

Those groups report a predominant p-doping effect induced
by the substrate and the environment on the sample. We thus
conclude that an n-doping effect of the PTM is the most prob-
able scenario.

In order to clearly discern the doping and strain contri-
butions of graphene’s Raman features, we performed a pro-
cedure similar to that followed by Lee et al.,28 which will be
the objective of the following section.

3.1. Disentangling strain and doping contributions

The procedure proposed by Lee et al. for disentangling the
strain and doping contributions to the evolution of graphene’s
Raman features is based on the study of the correlation
between ωG and ω2D.

28 The plotted values for our experiment
are shown in Fig. 3. Each marker has been sized to show the
pressure at which the data were acquired. The slope ∂ω2D/∂ωG

is found to follow the black dashed line in the case of pure
strain applied to graphene. The latter corresponds to a slope
(∂ω2D/∂ωG)

strain = 2.228,36 crossing the suspended ambient
pressure point. We note that most of the points lay in the
region beneath. This evidence indicates that strain alone is not
sufficient to describe the pressure evolution of the G-band and
2D-band but doping must also be included. We consider here
the case of electron doping of graphene from the PTM follow-
ing our previous discussion on the evolution of ΓG. The com-
parison with the hole-doping scenario can be found in
Fig. S3.† While changing the absolute value of the strain and
charge in the sample, our subsequent considerations on the
observed phenomena are valid in both cases. For pure electron
doping, we expect a slope (∂ω2D/∂ωG)

doping = 0.2.33 We hence
calculated the strain ε and the charge carrier density n vari-
ations relative to the ambient pressure values.28,37 The evol-
ution of the two quantities is shown in Fig. 4.

With respect to ε (Fig. 4a), a monotonic, almost linear,
increase with pressure is observed. The black dashed line rep-
resents the ideal behaviour, assuming that the graphene
sample behaves like bulk graphite compressed under hydro-
static conditions.38 Our experiments show higher strain values
throughout the pressure range. Indeed, when compressed at
high pressure, studies indicate that the substrate induces an
additional biaxial strain on supported graphene due to its
volume reduction.18,27 The ideal case of full adhesion and
strain transmission from the substrate to the sample, calcu-
lated according to Decremps et al.,39 is shown by the pink
dashed line in Fig. 4a. Our experiments show that the sup-
ported BLG attains intermediate strain values between the two
ideal cases, in agreement with the evidence of partial biaxial
strain transmission from the substrate to graphene previously
reported.27 Strikingly, however, no significant difference
between the suspended and the supported regions is observed
within our experimental resolution. This apparently counterin-
tuitive result indicates that our suspended BLG acts as a rigid
membrane, efficiently transferring the strain from the sub-
strate to the suspended region.
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The plot of the evolution of n confirms the hypothesis of
pressure-induced doping effects in graphene peaking at a
value of ∼1.4 × 1012 cm−2. Within the experimental uncertain-
ties, the doping levels are equivalent in the two regions, for
the majority of the data points. A small additional doping of
the suspended region is observed at low pressure, compatible
with the doping effect induced by the PTM sandwiching the

suspended BLG on two sides found in the previous section.
Above 2 GPa, n peaks at its maximum value maintaining see-
mingly constant behaviour until delamination of the substrate
occurs. It is interesting to note that, similar to what was
observed in the evolution of ΓG, we observe a decrease of the
charge density at 0.2 GPa. This initial observation, considering
that a charge injection of electrons and holes would result in a

Fig. 3 Correlation plot for the 2D-band frequency ω2D as a function of the G-band frequency ωG. A black dashed line indicates a slope of 2.2
corresponding to an evolution of the frequencies in the case of pure biaxial strain. The red dashed line shows the slope of 0.2 for the pure electron-
doping case. A pressure scale has been defined by sizing the markers proportionally to the pressure for each data point.

Fig. 4 (a) Calculated biaxial strain ε and (b) doping n of the suspended and supported bilayer regions as a function of pressure. The values are calcu-
lated with respect to the point at ambient pressure for each region. The upper part of the plot shows the evolution of the difference in strain and
doping between the suspended and the supported regions. In (a), dashed lines are added to show two ideal cases: the strain evolution with pressure
graphene would experience if it behaved like bulk graphite (black dashed line) and if it were in perfect adhesion with the substrate (pink dashed
lines).
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blueshift of the modes’ frequencies,33 is in agreement with
our hypothesis of an inversion of the type of charge carrier
from ambient conditions to the pressurized system.

3.2. Exploring local signatures by Raman spectral cartography

The results we have obtained until now refer to two selected
regions of the sample. Whilst providing a view on the evolution
of the sample’s properties throughout the pressure cycle, they
lack a description of local variations in the pressure response
of graphene’s features. We, therefore, performed spatially
resolved Raman spectral cartography of the sample in order to
complement the previous results. We characterized the sample
at ambient pressure and at 0.6 GPa, after the introduction of
the PTM. A black rectangle in Fig. 1a and b highlights the
regions that have been measured.

The fitted parameters for the G and 2D Raman peaks are
shown in the first four columns in Fig. 5a. A red line bounds
the limits of the suspended region for a clearer visual inspec-

tion. The first row shows the spectra acquired at ambient
pressure while the second row shows those acquired at
0.6 GPa. The data have then been processed in order to obtain
the values of strain and doping with a procedure similar to
that of the previous section. The values have been calculated
in the present case with respect to the averaged value of the
suspended region at ambient pressure. The strain and doping
levels we obtained are plotted in the last two columns in
Fig. 5a. In this case, we calculated the doping values for holes
at ambient pressure (substrate doping) and electrons at 0.6
GPa (PTM doping).

Local variations of the parameters are observed for all
the spectra. A clear identification of the variations due to
the sample in the supported and suspended region is not
straightforward from the plots due to the inhomogeneities in
the sample. We thus plotted the sample parameters to create
the histograms shown in Fig. 5b. The supported and sus-
pended regions have been treated individually and they are

Fig. 5 (a) Raman spectral mapping of the sample at 0 GPa and 0.6 GPa. A black scale bar corresponding to 5 μm is shown on the bottom right of
each plot. (b) Histograms of the parameters extracted from the maps in (a). Blue and orange dots are added above the histograms to locate
the points at 0 GPa and 0.6 GPa that have been measured in the single-point analysis for the suspended and supported regions, respectively (Fig. 2
and 4).
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represented by orange and blue histograms, respectively. The
identification of the two regions was possible thanks to the
use of the diamond’s Raman peak found around 1330 cm−1 at
ambient pressure. It was present only in the suspended region
at ambient pressure and with a considerably larger intensity in
the same region during the compression cycle. The averaged
values of the distributions are summarized in Table 1. We
found comparable values within the uncertainties for all the
distributions. A systematic blueshift of the G-band in the sus-
pended region is observed; however, it lies within the standard
deviation of the distributions. Moreover, we observe a decrease
of ΓG with pressure, in agreement with our considerations of
the previous section.

Importantly, both strain and doping show very similar dis-
tributions for supported and suspended configurations con-
firming that a high degree of strain and doping transfer
between the two regions occurs when compressing the sample.
Above each histogram, we show two markers corresponding to
the values of the parameters measured as single points as dis-
cussed in the previous section 3. This helps us visualize where
the studied regions are found with respect to the average distri-
bution of the values across the sample. We observe that while
single points do not perfectly match the quantitative average
values of the parameters, they reflect well their overall evol-
ution with pressure and between the two configurations. This
illustrates the relevance of a spatially resolved mapping and
calls for further studies making use of it.

4. Conclusion

We have reported a study on the spatially resolved pressure
response of a bilayer graphene sample that was partially sus-
pended on a drilled substrate.

Following the evolution of the Raman features at high
pressure, we identified the signatures of both doping and
strain induced on our sample. To disentangle the individual
effects of each contribution, we plotted the evolution of the
2D-band frequency against that of the G-band. Our result
shows that both strain and doping are not strongly affected by
the suspended geometry, attaining comparable values for the
supported configuration within the studied pressure range
and uncertainties. In the low-pressure regime, higher values of
charge transfer from the PTM are observed, indicating that the
presence of the PTM on both sides of the sample can slightly
enhance doping effects. Finally, the charge carrier density is
shown to saturate fairly quickly within the first 2 GPa from

where it becomes constant. We obtained its maximum value of
(1.4 ± 0.2) × 1012 cm−2 around this pressure.

The study was complemented by performing a spatially
resolved Raman mapping at ambient pressure and at 0.6 GPa.
To our knowledge, this is the first case of diffraction-limit-
resolved Raman cartography measurements at high pressure.
This allowed us to identify the G-band as the feature mainly
impacted by the suspension. However, the mean values of the
distributions of each parameter have revealed at both ambient
pressure and at 0.6 GPa that the response of graphene in the
two regions is comparable within one standard deviation.
Moreover, in agreement with the results of section 3.1, both
the average strain and doping values are comparable in the
two regions. However, large local variations of the evolution of
the Raman features emerge, revealing a much richer scenario
than the usual single-point characterization of graphene
experiments at high pressure.

These results motivate the possibility of pursuing novel
approaches for the study of those systems. In particular,
detailed characterization through Raman mapping in the low-
pressure regime may reveal the presence of doping gradients,
which could open up opportunities for the construction
of pressure-tuneable devices for energy harvesting40 and
electronics.41,42 Finally, the significant strain transfer
efficiency between the suspended and supported regions pre-
sents novel opportunities for studying samples under pre-
viously unattainable conditions necessitating strong biaxial
strain whilst mitigating substrate effects and enhancing inter-
actions with the environment.

Data availability

The data supporting this study are available from the corres-
ponding author upon reasonable request.
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