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Abstract

Modulation of electronic properties of bilayer
materials through the strain and doping mis-
match between layers opens new opportunities
in 2D-materials straintronics. We present here
a new approach allowing to generalte asym-
metric strain or doping between layers, and
a method to quantify it using supported iso-
topically labeled bilayer graphene studied by
in situ Raman spectroscopy. Strain differences
up to ~ 0.1% between the two graphene layers
have been obtained by applying pressures up
to 10 GPa with non-polar solid environments.
However, when immersed in a liquid polar en-
vironment, namely a mixture of ethanol and
methanol, a piezo-doping mismatch between
layers is observed. This asymmetrical doping
increases with pressure, leading to charge con-
centration differences between layers of the or-
der of 10 em™2. Our approach thus allows
disentangling strain and doping effects in high
pressure experiments evidencing the asymme-

tries of these phenomena and comforting iso-
topic bilayer graphene as a benchmark system
for the study of asymmetric effects in devices
or composite surfaces.

Introduction

Fine-tuning the electronic properties of
graphene and other 2D-systems is at the fore-
front of both fundamental and applied research
in nanoscience and nanotechnology. Two com-
monly methods used in view of the optimization
of 2D-systems properties are doping and strain
application.™2 In bilayer graphene asymmet-
rical doping or strain, ¢.e. a different doping
level for the two graphene layers, has been ex-
plored as a function of the system temperature?®
and it has been predicted that such asymmetry
should depend on the twist angle.* Asymmet-
rical doping or strain has never been observed
in the study of bilayer graphene submitted to
high mechanical constraints. In this work we
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show that such asymmetries can be extraordi-
nary important in supported bilayer graphene
submitted to high pressures. Such asymmetries
need to be considered to correctly interpret ex-
periments and we show how to quantify them.
The observed effects offer new opportunities
for the developments of an asymmetric strain-
tronics able to modulate electronic properties
taking advantage of induced asymmetries be-
tween 2D-system layers.

Here, we have studied supported isotopically-
labeled bilayer graphene (BLG) using Raman
spectroscopy under high pressure conditions.
Raman spectroscopy is a very powerful tech-
nique allowing probing both mechanical and
chemical perturbations.”® The use of isotopi-
cally labeling is interesting as it allows separat-
ing the Raman signal of the top graphene layer
(in contact with its environment) from the one
of the bottom graphene layer — in contact with
the substrate and supposedly screened from the
interaction with the environment.?*? Combin-
ing isotopically labeled BLG with Raman spec-
troscopy has proven to be particularly useful to
explore the effect of the sample environment.t

In high pressure experiments, by submitting
the whole supported 2D-system to high pres-
sures, it is possible to explore a large domain
of compressive biaxial strain due to the vol-
ume reduction of the substrate on which the
2D system lays.22"14 This biaxial strain is then
transmitted to the bottom graphene layer lay-
ing on the substrate. At the same time, pres-
sure also enhances any potential chemical in-
teraction between the surrounding media and
the top layer. Consequently, the isotopic se-
lectivity in BLG would not only allow mea-
suring mechanical or chemical effects on the
system, but also any mismatch of these ef-
fects between the two graphene layers. Pres-
sure application allows progressively increas-
ing strain and chemical interactions with the
isotopically labeled 2D-system and thus con-
stitutes a benchmark application to separate
chemical and mechanical effects as well as spec-
troscopic signatures. This separation of effects
between the 2D-system layers can be compared
to the analogous separation between mechani-
cal and chemical response in double-walled car-

bon nanotubes, probed in high pressure exper-
iments. 546

In this work, we have studied the pressure
response of supported BLG immersed in three
different media: argon and nitrogen, which
are supposedly non-doping media, and a 4:1
methanol:ethanol mixture. When using wa-
ter or alcohol as pressure transmitting media
(PTM), there has been a number of claims of
chemical effects, doping or covalent function-
alization, associated to strain ones,® 18 while
other studies show no evidence of such effects
for experiments in similar conditions.?4249

By exploring the pressure evolution of the
Raman signal, our work not only shows that
the alcohol PTM leads to a piezo-doping effect,
but also allows measuring and characterizing
doping and strain mismatches between the two
layers. Such differences allows exploring new
paths for the straintronics tuning of the opto-
electronic properties of graphene-based devices
and composites.2?

Experimental

BLG was produced from two independent
chemical vapor deposition (CVD) growths on
copper substrate, using either 12CHy or *CH,
as precursors. The obtained '2C and '3C
isotopically-labeled graphene layers are then
transfered on a Si/SiO, silicon substrate (50
pm Si thickness covered with a 300 nm SiOs
layer), with '2C graphene on the bottom and
130 graphene on the top (Fig. [L(a)). Details
on the synthesis and transfer method on the
Si/SiO, substrate are given in reference.?! Ra-
man profiles at ambient pressure clearly indi-
cate that our samples are turbostratic.”? The
twist angle between layers cannot be deter-
mined due to the polycrystalline nature of both
graphene layers combined with high pressure
experimental constraints.

Pieces of SiOy/Si substrate (side ~ 40 pm)
supporting the BLG sample were cleaved
and placed in the diamond anvil cell (DAC)
which allows generating multi-GPa range pres-
sures. The fluorescence of a small ruby was
used for pressure calibration.?® Three differ-
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41 Figure 1: (a) Experimental set-up used in the Raman experiments showing the sample loaded in the
diamond anvil cell. The applied force (red arrows) on the diamonds compresses the experimental
44 cavity delimited by the two diamonds and a metallic gasket — opened to show the sample volume.
45 The laser light illuminates the sample and the Raman signal is collected in backscattering mode.
46 The sample volume is shown below and consists in a supported isotopically-labeled BLG immersed
47 in a PTM. A ruby chip (red crystal) is used for in situ pressure calibration. (b) Evolution of the
Raman G-bands of isotopically-labeled BLG as a function of pressure using nitrogen PTM. The
50 spectra are background corrected and normalized to the G-band height, and the baseline height
51 corresponds to the applied pressure (right axis). x(P) is the difference between G-bands positions.
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ent PTM were used: argon, nitrogen and a
4:1 methanol:ethanol mixture. All PTM were
loaded in their liquid state. While all three
PTMs are considered as providing hydrostatic
or quasi-hydrostatic conditions in the 0-10 GPa
range,?* only the alcohol mixture remains liq-
uid (and thus perfectly hydrostatic) over this
whole pressure range — argon and nitrogen crys-
tallize around 1.15 GPa and 2.4 GPa, respec-
tively.25"27 Pressure application was controlled
by a deformable membrane applying the driv-
ing force on the DAC piston.?® Finally, we note
that at ~ 11 GPa the silicon substrate follows
a phase transformation towards its tetragonal
B-Sn phase with a 21% volume reduction,??
leading to substrate damage and usually signal
loss.

The Raman spectra were recorded using
two LabRAM HR spectrometers (Horiba Jobin
Yvon) and a homemade Raman set-up. The ex-
citation laser line was 2.33 eV (532 nm) for ni-
trogen and alcohol PTM experiments and 2.41
eV (514.5 nm) for the argon PTM measure-
ments. In all cases, the scattered light was col-
lected in back-scattering geometry through the
diamond anvil with a long-working distance ob-
jective (50x magnification with numerical aper-
ture between 0.4 and 0.5 depending on the set-
up used). The spectral resolution is ~ 1 cm™!.
We cannot observe the in-situ D-band evolution
as it is masked by the prominent Fy, diamond
Raman peak up to at least 15 GPa.®" The ex-
perimental set-up is sketched in Fig. with
more details available in the Supplementary In-
formation (SI).

Results

Fig. shows the Raman spectra of the iso-
topically labeled-BLG at different pressures us-
ing nitrogen as PTM. Differences between the
raw spectra using the different PTM are dif-
ficult to appreciate without further analysis.
Raw spectra for argon and the alcohol mix-
ture PTM are nevertheless presented in SI.
The two visible peaks correspond to the G-
band for each isotopically-labeled layer, with
the 12C bottom layer at w%! ~ 1582 cm ™!, and

the 3C top layer at wiy? = 1/12/13 x Wi ~
1520 cm ! at ambient pressure. The two peaks
blue-shift with pressure increase, and their po-
sitions and width could be extracted by fit-
ting either with Lorentzian or Voigt functions
(see SI for details). We define the difference
in G-band positions between the two layers,
Y(P) = Wl (P) — ().

The fitted G-band shifts as a function of pres-
sure, Awg(P) = we(P)—wa(0), are gathered in
Fig. [} (a) for the three PTM. In graphene, the
G-band position is very sensitive to the strain
in the system, but also to electron concentra-
tion changes (electron or hole doping) through
electron-phonon coupling.”™ The representation
Awg(P) = we(P) — we(0) allows comparing
different experiments.

In our experimental set-up, the BLG sample
is submitted to a compressive biaxial strain due
to the volume reduction of the substrate, i.e.
£ = €40 = &4y (n0 shear strain).’* Therefore,
the shift of the optical phonons as a function of
the biaxial strain reduces to Aw, = —2v,wo,
where Aw, is the strain-induced shift of the
s phonon mode s, w! its frequency at zero
strain, and 7, its Griineisen parameter.?* Con-
sequently, for purely mechanical response, the
Raman shift evolution is directly proportional
to the sample’s strain. It also depends on the
isotopic weight through the wy term.

The black solid line in Fig. [} (a) represents
the expected G-band shift for the bottom layer
in the ideal case of a total strain transfer from
the substrate. This line is calculated using
the high-pressure range of the silicon equation
of state given in reference®? and the G-band
Griineisen parameter 7o = 1.8 — the latter be-
ing deduced from measurements on mono-layer
graphene biaxially strained at high pressure
in perfect adhesion on diamond.22 Fig. [2](a)
shows that, in all cases, the data points are
below this ideal line, meaning that the defor-
mation of the substrate is never fully transmit-
ted to the BLG: we thus expect local buckling,
wrinkling, and sliding of the graphene, result-
ing in an inhomogeneous strain field in the sam-
ple.222 This in turn results into the G-band full
width at half maximum (FWHM) increase with
pressure (Fig. [2/(c)). The black dashed line in
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Figure 2: Pressure evolution of the G-band shifts (a) and FWHM (b), for the top (empty symbols)
and bottom (full symbols) graphene layers in argon, nitrogen and in a 4:1 methanol:ethanol mixture
(alcool). Panel (c) shows the corrected G-band shift difference between the graphene bottom and
top layers, Ax* = Awl' — \/13/12 x Awg? — where the 1/13/12 term allows correcting for the
isotope weight difference. When using alcohol PTM (right column), three different experiments are
presented. In panel (a), the expected ideal evolution in the case of perfect adhesion of the sample
on substrate is plotted for the bottom layer as a black solid line. The black dashed line in (a)
corresponds to the extrapolation of the low pressure data points for nitrogen and argon (before
solidification), also shown for comparison in the alcohol case. PTM solidification and crystalline
phase transitions pressures are indicated by vertical lines at 1.15 GPa for argon, and 2.4 GPa and
4.8 GPa for nitrogen.?"27 Vertical error bars are given by the fit standard error when larger than
spectral resolution. Pressure error bars are estimated at 5 % of the measured pressure.
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Fig. 2] (a) is the extrapolation of the low pres-
sure — ¢.e. liquid PTM — G-band evolution for
nitrogen and argon PTM. It is plotted consid-
ering a strain transfer efficiency of ~ 42% from
the substrate to graphene, deduced from the
liquid PTM pressure points for the two layers.
This projected evolution is also shown in the
alcohol PTM case in Fig. [2(a) for the sake of
comparison.

Fig. [2(¢c) shows the pressure evolution of
the G-band shift difference between the two
graphene layers corrected for the isotopic
weight, Ax* = Awl! — /13/12 x Awg?. In
the hypothesis where the BLG response is
purely mechanical, we then have Ax*(P)
et (P)| — |e'P(P)]. The evolution of Ax*(P)
in Fig. 2](c) shows two opposite behaviors de-
pending on the PTM nature: for the argon
and nitrogen cases, the bottom layer has its G-
band more blue-shifted than the bottom layer
(Ax* > 0), while we observe the opposite trend
in the case of alcohol PTM.

Finally, Fig. [2/(b) presents the pressure evo-
lution of the G-bands FWHM for the different
experiments. As a global trend, the G-band
FWHM increases with pressure application for
all PTMs, as expected for an increasing inho-
mogeneous strain field in the sample. However,
for the alcohol PTM, in the very low pressure
regime there is a strong drop in the G-band
FWHM - roughly 5 cm™! to 10 cm™! depending
on the experiment — that cannot be explained
by a purely mechanical response.

Discussion

In this section, we will split the discussion be-
tween results obtained with (i) argon and nitro-
gen PTMs, for which the response is governed
by pure mechanical effects; and (ii) results for
the alcohol mixture PTM, which, as it will be
seen, exhibits a prominent piezo-doping effect.

Strain mismatch between layers

We restrain our discussion in this section to the
argon and nitrogen PTM cases. In graphenic
systems, a shift of the G-band can arise from

(i) elastic strain, and/or (ii) a modification of
the carrier concentration in the graphene layer.
The Awsp vs. Awg correlation diagram is com-
monly used to decorrelate strain and doping in
graphene Raman scattering experiments.#334 In
our case, for nitrogen PTM we obtain values of
Owap /0w = 2.47 £ 0.03 for the top layer and
2.33 £ 0.03 for the bottom layer. In the argon
PTM case, we obtain dwyp/0we = 2.31 +0.09
and 2.14 4+ 0.05 for the top and the bottom
layer, respectively. All these values are close
to the reported value for pure biaxial strain in
single layer graphene, Owyp/Owg = 2.2 4 0.27
(see details in SI). As a consequence, the data
for nitrogen and argon PTM can safely be inter-
preted as a purely mechanical response to the
applied pressure.

The black dashed line in Fig. 2l(a) corre-
sponds to the expected projection of the biaxial
strain if it was transmitted by the sole substrate
to the bottom layer. Fig.[2](a) shows that, even
after PTM solidification, all data-points are rel-
atively close to the dashed line, which indicates
that the substrate-induced biaxial compression
is the dominant effect determining the observed
Raman response. Nevertheless, after PTM so-
lidification the data-points evolution is higher
than the dashed line extrapolation, which is
the signature of an additional stress from the
solid PTM. These findings are in very good
agreement with similar experiments with argon
PTM performed on exfoliated non-isotopically
labeled bilayer graphene.?

Fig. 2l (c) shows that in the solid PTM domain
Ax*(P) > 0 for argon and nitrogen, i.e. the
solidification of the PTM results in a differen-
tiation of the layers response. As || > |g!°P|,
despite of the larger compressibility of the solid
PTM, we conclude that the strain transfer from
the solid PTM is much weaker than from the
substrate. This is then explained by a weaker
overall adhesion of BLG on the solid PTM.

We observe a number of accidents in the evo-
lution of Ax*(P) and in the G-band FWHM
(Fig. 2l(b-c)). These events can be associated
with the discontinuous transformations of the
PTM. For nitrogen, we can highlight its crystal-
lization at ~ 2.4 GPa and the hexagonal to cu-
bic phase transformation at ~ 4.8.2 For argon,
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21 Figure 3: Strain difference |g*!| —|£!°P| between
22 the two graphene layers as function of pres-
;i sure for argon and nitrogen as PTM. Values are
25 given in %¢. On top are shown schematically the
26 two situations of the sample when the PTM is
27 liquid (P < P;) and when it is solid (P > F).
28 The solidification pressure, P, corresponds to
gg the first vertical dashed lines in both graphs.
31

gg we should underline its crystallization around
34 1.2 GPa, its hydrostaticity limit at ~ 1.9 GPa??
35 and its known recrystallizations at higher pres-
36 sures.?>3637 These changes in the vicinity of the
37 BLG surface should reflect strain variations or
gg relaxations in the system, leading to the ob-
40 served anomalies. Measuring the strain dif-
41 ference between the two graphene layers of an
42 isotopically labeled BLG system using Raman
43 spectroscopy thus appears as an extremely sen-
2;1 sitive probe of the mechanical characteristics of
46 different PTMs. In fact, our results are in quan-
47 titative agreement with the PTM hydrostaticity
48 limits of reference.®

gg It is worth quantifying the strain difference
51 between the two layers. This calculation is
52 straightforward since the strain difference is
53 proportional to Ay* through the relation || —
>4 eP| = Ax*(P)/ [2vew¥'(P = 0)]. The pres-
gg sure evolution of the strain difference is pre-
57 sented in Fig.

58 At its maximum, this difference is || —
59

60
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lgtP| ~ 0.1% for argon PTM, ~ 0.05% in
the case of nitrogen PTM. Consistently, in a
study of isotopically labeled BLG directly com-
pressed between two sapphire crystals,*® i.e.
|g%t| — |e!°P| = 0, Ax remained zero during the
whole compression experiment. Some of the dif-
ferences between the two experiments may arise
from different mechanical coupling of the two
graphene layers associated with differences in
the twist-angle.

Piezo-doping effects

In this section we discuss our results when using
the 4:1 methanol:ethanol mixture as PTM. This
mixture remains liquid up to its glass transition
at 10.5 GPa,? we may then expect similar re-
sults to the argon and nitrogen PTMs in their
liquid phase. Tt is not the case as for alcohol
PTM, Ax*(P) < 0 in the whole pressure range
(Fig. 2l(c)). The Ax*(P) < 0 observation sug-
gests that the BLG response to high-pressure
application is not purely mechanical. In the
case of alcohol PTM, the 2D-bands signal could
not be observed or only as a very weak signal
at low pressures, not allowing its use for doping
characterization (for more details, see SI).

It was shown that both n and p doping induce
a blue-shift of the Raman G-band, a narrowing
of its FWHM and the 2D-band intensity atten-
uation. ™35 These three effects are observed in
all our experiments using alcohol PTM, in favor
of a pressure induced doping effect. Indeed, (i)
the G-bands blue-shift on Fig. 2} (a) is stronger
than the dashed line extrapolation for liquid
PTM when pressure increase, (ii) a strong G-
band FWHM drop (equivalent for both layers)
is observed at the beginning of the compres-
sion, and (iii) the 2D-bands signal disappeared
at very low pressure (see details in ST).

Since Awg increases with doping, Ax*(P) for
the alcohol PTM probes the difference in charge
carrier concentration between the two graphene
layers. For all experiments, Fig. 2l(c) shows
that Ax*(P) < 0 with a monotonous decrease,
meaning that the top layer is more doped than
the bottom one, and that this difference in-
creases with pressure. Such pressure-induced
increase in the difference of charge concentra-
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tion is expected. Indeed, the graphene surface
exposed to the alcohol PTM is the most sus-
ceptible to interact with it, and this interaction
is increased by the pressure-induced reduction
in PTM-graphene distance. Such asymmetri-
cal doping has already been observed in gate
induced doping experiments on twisted bilayer
graphene immersed in an ion gel electrolyte.46

From the Awg(P) evolution, it is possible to
roughly evaluate the carrier concentration of
each layers with alcohol PTM. Considering the
black dashed line extrapolation on Fig. [2|(a)
as the pure mechanical contribution to the G-
bands shift, AwZ"(P), the doping-induced
Raman shift Awi?(P) = Awg(P)— Awlie(P)
can be translated in terms of charge carrier con-
centration through the DFT models proposed
by Lazzeri et al. either using LDA/GGA®*L
or GWHT functionals to evaluate the electron-
phonon coupling. Such type of approaches have
been successfully applied to determine the dop-
ing levels in chemically doped graphene and
graphite intercalated systems.“#48 We have cal-
culated the charge carrier concentration differ-
ence between the two layers, An = [n%!|—|ntr|
as function of pressure for our experiments us-
ing alcohol PTM. We have considered the two
different models of Lazzeri et al. 7 account-
ing for a lattice parameter evolution arising
solely from the biaxial strain partially trans-
ferred from the substrate? and not from dop-
ing due to substrate pinning.** The results are
presented on Fig. 4, where one can appreciate
that doping differences between layers of the or-
der of 10'3 cm~2 can be reached. In this graph
we have considered the non-adiabatic contri-
butions either using LDA/GGA*L or GW ap-
proximations,#” which define the shaded area
in the Figure Due to the high symmetry of
the charge concentration in the low G-band Ra-
man shift region (Fig. S7), it is not possible to
discriminate from the sole combination of ex-
periments and models between hole or electron
doping.

It appears clearly in Fig. [2[(c) that the
Ax*(P) difference is weaker in one of the al-
cohol PTM experiments (black symbols). This
particular behavior may be explained due to
the graphene-substrate unbinding"? in this par-
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Figure 4: Charge carrier concentration dif-
ference An = |nb'| — |nP| between the two
graphene layers as function of pressure using
alcohol PTM. Filled circles correspond to the
evaluated values using the model of Ref.*" for
hole carriers and the empty ones to electrons
with model of Ref.*! The areas in between cover
the other two combinations. The two colors cor-
responds to the two experiments in Fig. 2l The
inset schematically shows the situation in the
whole pressure domain where the alcohol PTM
remains liquid.

ticular experiment leading to a lower value
of Aw@e"(P) (consistently with our data on
Fig. [2/(a)). We have clearly observed pressure
induced unbinding in experiments with thicker
samples. Such partial unbinding would in turn
involve a progressive exposure of the bottom
graphene layer to the PTM and hence allow for
the interaction of the PTM with the bottom
layer too, leading to a reduction of the absolute
value of Ax*(P) as observed. As Aw@e"(P) is
modified in this particular experiment with re-
spect to all others, we can not evaluate its dop-
ing evolution with pressure and the correspond-
ing points are not included in Fig. [4 Addition-
ally, we note that the G-band FWHM for one of
alcohol PTM experiments in Fig. [2(b) shows an
anomalous high value, in particular for the bot-
tom layer. We have systematically observed a
progressive delamination of the oxide layer at ~
4-5 GPa in all alcohol PTM experiments (see SI
for pictures), whereas it was absent for the ar-
gon or nitrogen PTM ones. This may be related
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to the well known favoured glass network break-
down by polar molecules.*? To avoid such spu-
rious contributions only data below that pres-
sure domain has been considered for the charge
carrier difference evaluation of Fig. [ There is
an overall good agreement between the two ex-
periments in Fig. 4| with some differences which
may arise from twist-angle dissemblance.

Values of dwg /0P were considered as a dop-
ing effect argument in an earlier work.® Nev-
ertheless, subsequent works in references?12:19
showed the difficulties to use such parameter
alone for doping characterization. Thanks to
the use of isotopically-labeled BLG samples and
through the observation of the inversion of the
Ax*(P) evolution, we are able to disentan-
gle doping and mechanical stress effects arising
from the PTM.

Our work does not provide direct informa-
tion on the piezo-doping mechanism associ-
ated with the use of alcohol PTM. Neverthe-
less we may discuss different possibilities. Pres-
sure studies of bilayer graphene in water PTM
have proposed the formation of sp® bonds on
the top layer with -OH groups leading at the
same time to an sp® hybridization between
the two graphene layers, a transition observed
around 5-10 GPa."™8 In our study, such a high-
pressure onset hybridization hypothesis can-
not be invoked since doping appears from the
earliest pressure stages. Electronic doping of
graphene by surface adsorbates® appears as a
more favorable scenario. In fact, it has been
shown that water, toluene or FATCNQ), i.e.,
polar molecules, show at ambient pressure such
type of doping, whereas the non-polar molecule
naphthalene, for instance, does not.”! The dipo-
lar nature of the molecule thus seems to be
a factor favoring graphene electronic doping
through surface adsorption. Pressure enhances
the surface environment interaction and may
lead to exalt such doping effect. We should
nevertheless underline that the graphene dop-
ing mechanism associated with the adsorption
of atoms or molecules may be complex including
red-ox interactions mediated by the presence
of other molecules® and may also be affected
by the incident Raman laser power.?* Asym-
metrical doping of graphene layers in BLG
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through molecular doping has been additionally
shown to lead to a gap opening:®* for p-doping
molecules containing m-electrons, the band gap
is estimated to evolve as 40 meV /10" ¢cm™2.

The extension of this type of pressure study
to other molecular fluids known to electroni-
cally dope graphene at ambient conditions®
could further enhance the piezo-doping effect,
thus bringing interesting outcomes both from
the fundamental point of view as well as for ap-
plications. Combining our approach with the
study of unsupported samples®%2 could allow
to better explore the physico-chemical origin of
piezo-doping effects.

Conclusions

Our work shows that the study of supported
isotopically-labeled bilayer graphene at high
pressure not only allows disentangling mechan-
ical and chemical effects in a remarkable way
but also evidence strong asymmetries. While
the bottom layer is mechanically strained by
the substrate compression, the top graphene
layer can exchange chemically or mechanically
with its environment. Experiments were done
using three different pressure transmitting me-
dia: argon, nitrogen and 4:1 methanol:ethanol.
We have shown that, as far as these media re-
main liquid, the measured mechanical strain is
transferred from the substrate to the two layers
of the system without asymmetry. Conversely,
the solidification of the pressure medium leads
to a slight decoupling of the layers, leading
to a strain mismatch of up to 0.1%. In the
case of the 4:1 methanol:ethanol medium we
have evidenced a remarkable piezo-doping ef-
fect on the graphene layer in contact with the
alcohol molecules which remain in their liquid
state. The piezo-doping is strongly asymmet-
rical, with the top layer showing a charge con-
centration of the order of 10'® cm™2 above the
lower one.

Asymmetric doping or strain between layers
can bring opportunities in band structure en-
gineering of two-layer systems*®3 with possible
applications including devices or composite ma-
terials optimization, paving the way for the de-
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velopment of asymmetric straintronics.
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