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Global strain-induced scalar potential in graphene
devices

Lujun Wang 128 Andreas Baumgartner 12 péter Makk'3, Simon Zihimann® !, Blesson Sam Varghese1,
David I. Indolese!, Kenji Watanabe® 4, Takashi Taniguchi® ° & Christian Schénenberger @ 12

By mechanically distorting a crystal lattice it is possible to engineer the electronic and optical
properties of a material. In graphene, one of the major effects of such a distortion is an energy
shift of the Dirac point, often described as a scalar potential. We demonstrate how such a
scalar potential can be generated systematically over an entire electronic device and how the
resulting changes in the graphene work function can be detected in transport experiments.
Combined with Raman spectroscopy, we obtain a characteristic scalar potential consistent
with recent theoretical estimates. This direct evidence for a scalar potential on a macroscopic
scale due to deterministically generated strain in graphene paves the way for engineering the
optical and electronic properties of graphene and similar materials by using external strain.
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raphene is a model system on which a large variety of

new and prominent physical phenomena have been

discovered! 4. A particularly promising topic is the con-
trol of its electronic properties by external strain, which has been
extensively studied theoretically. The predicted strain effects in
the low-energy band structure of graphene can be summarized as
changes in the magnitude and isotropy of the Fermi velocity and
thus in the density of states®-8, shifts in the energy of the Dirac
point, which is typically incorporated as a scalar potential®8?,
and changes in the position of the Dirac cone in the two-
dimensional Brillouin zone, often described by a pseudo-vector
potential acting on the valley degree of freedom”~!4. Previous
experiments explored some of these strain effects on a local scale
using scanning tunneling microscopy!®>~23, Kelvin probe force
microscopy?42°, or angle-resolved photoemission spectroscopy2°.
However, studying strain effects in transport measurements and
on a global scale is still challenging due to the lack of in situ strain
tunability?!2728 or ambiguities resulting from simultaneous
changes in the gate capacitance 29731,

Here, we demonstrate the formation of a scalar potential
generated by systematically tuning the strain in a micrometer
sized graphene electronic device and investigate its effects on two
fundamental electron transport phenomena, quasi-ballistic
transport and the quantum Hall effect (QHE). We find that all
investigated transport characteristics are shifted systematically in
gate voltage, qualitatively and quantitatively consistent with the
expectations for the scalar potential generated by the applied
strain, where the strain values are confirmed by separate Raman
spectroscopy experiments.

Results

Device and strain generation. The work function (WF) of a
material, i.e., the energy required to remove an electron from the
material, is defined as the difference between the vacuum level
Eyc and the Fermi level Eg of the material®2. For undoped gra-
phene, Eg. coincides with the Dirac point energy Ep!, therefore the
WF of undoped graphene is Wg = E,,. — Ep,. A strain-induced
scalar potential shifts Ep, which therefore leads to a change in
W&. With increasing tensile strain, the scalar potential shifts Ep
to lower values, resulting in an increase in W03, as illustrated in

Fig. 1a. Quantitatively, strain shifts Ep, to Er, = Ep, + S, where S is
the scalar potential, and can be written as®%9:

S(xay) =S (sxx + Syy), (1)

with e, and e,y the diagonal components of the strain tensor, and
S a constant defined for small strain values. The value of s, is not
well established and theoretical values are reported in the range
between 2.5 eV and 4.1 eV89.

How we generate strain in our experiments in an on-chip fully
encapsulated graphene device is illustrated in Fig. 1b: in a three-
point bending setup a 24 mm x 9.5 mm x 0.3 mm flexible sub-
strate with the devices fabricated in the center is bent by pushing
a central wedge against two fixed counter supports by a
displacement of Az3!. The schematics of the device configuration
are shown in Fig. 1c. The edge contacts to graphene act as clamps
for the strain generation and at the same time as electrical
contacts for transport experiments!. A metallic global bottom
gate is used to tune the charge carrier density in the device. The
on-chip hBN encapsulation ensures that the geometrical
capacitance between the gate and the graphene is not changed
in the straining process. Here, we investigate strain effects on
devices with a rectangular geometry, which results in an
essentially homogeneous uniaxial strain field. Details of the
device fabrication and the strain field pattern are discussed in a
previous study3!.

(a) increasing tensile strain

pushing V\{gdge hBN/Gr/hBN ==
polyimide mmm

Cr/Au

IAZ

Fig. 1 Schematic representation of inducing scalar potential by strain.

a lllustration of the strain induced shift of the Dirac point. The vacuum level
is labeled with E,,., and the Dirac point and the work function of unstrained
(strained) graphene with Ep (ED) and Wg (\7v2>, respectively. b Schematics
of the three-point bending setup and ¢ the encapsulated graphene device.
The displacement Az of the pushing wedge controls the bending of the
substrate and thus the induced strain in the graphene.

In our devices, the grounded graphene sheet and the metallic
gate essentially form a plate capacitor. The detailed diagram of
energy level alignment and its modification by strain is given in
Supplementary Note 1. The strain-induced scalar potential shifts
the Dirac point, resulting in a systematic change in the charge
carrier density of the device at a given gate voltage, which we
detect in transport experiments.

Measurements at zero magnetic field. To investigate the strain
effect, we perform transport experiments at liquid helium tem-
perature (T'=4.2K) using standard low-frequency lock-in tech-
niques. The two-terminal differential conductance G = dI/dV of a
square device is measured as a function of V for different
bendings Az of the substrate. An overview measurement is plotted
in Fig. 2a, on the scale of which no significant strain effects can be
observed. The charge neutrality point (CNP) occurs at a positive
gate voltage. From a linear fit near the CNP we find a field-effect
charge carrier mobility of ~130,000 cm? V—! S~1, independent of
Az, suggesting a high device quality and that random strain
fluctuations are probably not dominating scattering processes
here®3. The additional conductance minimum at Vy~—12V
may originate from a large contact doping due to the overlap of
the electrodes with the graphene region near the edge contacts4,
or from a super-superlattice effect in encapsulated graphene when
both the top and the bottom hBN layers are aligned to the gra-
phene lattice?.

The zoom-in to the CNP plotted in Fig. 2b shows very regular
oscillations in conductance, which we tentatively attribute to
Fabry-Pérot resonances in the regions near the electrical contacts
with different doping compared to the graphene bulk30-3° (see
Supplementary Note 2 for a detailed discussion). With increasing
Az and therefore increasing tensile strain, these conductance
oscillations are shifted systematically to lower gate voltages. This
effect is fully reversible with decreasing Az, which is demonstrated
in Supplementary Note 3. The strain-induced shift is best seen by
following the CNP: in the inset of Fig. 2b we plot the gate voltage
of minimum conductance, Vnp as a function of Az, which shows
a linear decrease with increasing Az, consistent with the picture
described in the Supplementary Note 1. To demonstrate that the

2 COMMUNICATIONS PHYSICS| (2021)4:147 | https://doi.org/10.1038/s42005-021-00651-y | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00651-y

ARTICLE

014 0.16 018 020 022 024

0.12 0.26
Vg (V) n (10" cem?
©) d_3-2-10 123
Az (mm)
101, -0 —08

shifted

G (e%h)

012 0.16 020 0.24
Vg (V)

012 0.16 020 0.24
Vg (V)

Fig. 2 Low-temperature transport measurements. a Two-terminal
differential conductance G as a function of the gate voltage V for different
displacement Az. Inset: optical image of the measured device, scale bar:
2 pm. b Zoom-in on the charge neutrality point (CNP). Inset: position of the
CNP (Vcnp) as a function of Az. Venp is extracted as the gate voltage of
minimum conductance. The error bars are estimated from half of the
measurement step size in V. Red line is a linear fit with a slope of about
—10 mV per mm. ¢ Zoom-in on the CNP for Az=0 and Az=0.8 mm.

d Same data as in (¢) with the Az = 0.8 mm curve (red) shifted to the right
by +8mV in V4. The corresponding carrier density is shown on the

top axis.

complete conductance curves are shifted with strain, we plot in
Fig. 2c the two curves with the lowest (Az=0) and the highest
(Az=0.8 mm) strain values, and in Fig. 2d the same data, but with
the Az=0.8mm curve (red) shifted by +8mV in V, We find
that all conductance curves merge to the same curve as at Az=0
(blue) when shifted by a constant gate voltage offset. This shift we
attribute to a strain-induced scalar potential in the graphene sheet.

Measurements in the quantum Hall regime. To demonstrate
that our finding is a general phenomenon, independent of the
device and the origin of the transport characteristics, we have
investigated more than 5 devices, all of which exhibit shifts in the
discussed direction and of similar magnitude. However, the pure
shift of the complete conductance curve we find only in the device
with a high mobility (>100,000 cm? V—1s~1), while in samples of
lower mobility, the effect of the global scalar potential is super-
imposed on other effects (see the Supplementary Note 4-6 for
additional examples, one of which with opposite offset doping).
Here, we now focus on the impact of homogeneous uniaxial

0 — I | T e R S
022 024 026 028 030 032 034 036
Vg (V) n(10"%cm?
d)1 23 4567 8
S — W32 > 72
<
Ng 1 1M =
(O]
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022 026 030 0.34 022 026 030 0.34

Vg (V) Vg (V)

Fig. 3 Measurements in the quantum Hall regime. a Two-terminal
differential conductance as a function of gate voltage V, at three different
magnetic fields for different displacement Az. b Zoom-in to a small region
in (@), showing the shift of the curves in Vg with increasing Az. ¢ Same as in
(b) for Az=0 and Az=0.8 mm. d Same as in (¢) with the Az=0.8 mm
curve (red) shifted to the right by 8 mV in V,. The corresponding carrier
density is shown on the top axis.

strain on the QHE in the same device, and perform a similar
analysis as for the zero field measurements. Figure 3(a) shows the
two-terminal differential conductance as a function of the gate
voltage for three different quantizing magnetic fields, B, and for
different Az values. Typical quantum Hall plateaus of graphene
can be observed on the electron side, with small deviations of the
plateau conductances from the quantized values 2, 6, 10 ¢2/h due
to the contact resistance. The plateaus at the filling factors v =10
and v = 1 are well developed alreday at B = 2 T, and more broken
symmetry states and fractional quantum Hall states can be
observed at B = 8 T40-42, again highlighting the very good device
quality. In contrast, the plateaus on the hole side are not well
developed (see Supplementary Note 4) presumably due to a p-n
junction forming near the contacts*>*4. Comparing the mea-
surements for different Az on this scale shows no clear strain
effects. However, in the data near the CNP shown in Fig. 3b, we
again find a systematic shift in V, with increasing Az. The clear
offset between the Az= 0.8 mm curve (red) and the Az =0 curve
(blue) is shown in Fig. 3c. Shifting the red curve by + 8 mV, as
shown in Fig. 3d, the two curves are virtually identical, in the
same manner and with the same shift as discussed for Fig. 2 with
the device at zero magnetic field. Since the QHE is quite a dif-
ferent transport regime than quasi-ballistic transport, the
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observed effect is very general and we attribute it to a strain-
induced scalar potential.

Discussion

We now extract the scalar potential from the transport experi-
ments by evaluating the shift between the minimum (Az = 0) and
maximum strain (Az=0.8 mm). We assume that a specific
conductance feature, for example, the CNP, or a QHE transition,
occurs at a characteristic carrier density. Here we use the CNP as
an example for extracting the scalar potential. Figure 4 shows the
energy level alignment of the graphene gated to the CNP for the
cases with and without strain. Different gate voltages are needed
to gate the graphene to the CNP due to the strain-induced
changes in the Dirac point energy (see Supplementary Note 1 for
details). At the CNP, the strain-induced scalar potential at Az =
0.8 mm can be directly extracted from Fig. 4 and the inset of
Fig. 2b as:

§hz=08mm — _AWO = _eAV i ~ —8 meV. ()

To determine sy in Eq. (1), we need to estimate the applied
strain. This we achieve using spatially resolved Raman spectro-
scopy at room temperature on the same device31#>~4°. For small
uniaxial strain, a single Lorentzian describes the graphene Raman
2D peak, with the center frequency w,p redshifting linearly with
increasing tensile strain. Figure 5 shows the mean center fre-
quency ,p, averaged over the entire device area as a function of
Az. With increasing Az, @,p, shifts to lower values, indicating an
increasing average strain in the graphene3l. Since the displace-
ment Az is much smaller than the length of the substrate, the
strain increases linearly with Az, with a slope of ~14.3cm~! per
mm extracted by linear fitting. Using 0w,p/de = —54 cm™1/%
from the literature®>, which is based on a theoretical calculation
and agrees well with most of the reported experimentally extracted
values for graphene on a substrate?0-49, we obtain a value for the
induced tensile strain of &= ¢, +¢,,~021% at Az=0.8 mm.
With this calibration of the strain value, we now deduce the
characteristic scalar potential constant sy = —S/e = 3.8 eV, which is
within the range predicted by theory®®? and is consistent with the
most recent calculations®.

As the last step, we exclude alternative explanations for the
observed phenomenon. First, it is conceivable that bending the
sample causes a redistribution of impurities (such as polymer
residues). However, one can expect that such rearrangements
would occur in a random manner and thus would not change the
conductance features systematically with increasing strain, nor
would the changes be reversible when decreasing the strain again.
In contrast, our experiments exhibit clear, systematic, and
monotonic shifts of the entire conductance curves with increasing
strain and, most importantly, this effect is reversible for several
increasing and decreasing straining cycles. In addition, we find
the CNP shifts to the same direction with strain for a device with
an opposite offset doping (see Supplementary Note 6), demon-
strating that the effect is independent of the offset doping, which
one would not expect for an impurity related mechanism. Second,
the strain might affect the contact resistance, which adds in series
to the total two-terminal device resistance. Therefore, a change in
contact resistance would change the magnitude of the measured
conductance values, but cannot lead to a constant shift of the
conductance features, such as the CNP or the QHE plateaus, with
respect to the gate voltage axis. Third, bending the substrate
might induce changes in the gate capacitance, as found in sus-
pended samples, resulting in a rescaling of the conductance
curves with respect to zero gate voltage?®3L. This is clearly not the
case in our experiments, because the gate capacitance is constant
while straining due to the encapsulation and the support by the

(a) no strain (b) tensile strain
E
=
Evac aed -
w?
WO
g W, w,
£, ‘E© E,
_eVCNP _eVCNP
eAV. ‘[ ----- Metallic
CNP
™ gate
" Metallic
gate

Fig. 4 Schematic energy level diagram. a Energy level diagram of the
device at the charge neutrality point (CNP) for unstrained and b strained
(green shaded) graphene. The Fermi levels of the graphene and the metallic
gate are denoted E© and EM (éM)), respectively. The work function (WF)
of the metallic gate is denoted W), assumed to be a constant. In our
measurements, the graphene is grounded and therefore E(FG) is fixed. The
gate voltages tuning the graphene to the CNP for the unstrained and
strained cases are denoted Vcpnp and VCNP, respectively. The WF difference
of undoped graphene between with and without strain is denoted AW%.

2689r slope: -14.3 (+ 0.6) cm”/mm

2688} o
2687}
2686}
2685}

2684} S

0 0.1 0.2 0.3 0.4
Az (mm)

Fig. 5 Raman measurements for extracting the strain value. Spatially
averaged center frequency w,p of the Raman 2D peak plotted as a function
of the displacement Az. Black circles are data points. The error bars from
the single Lorentzian fitting when extracting the center frequency of the
Raman 2D peak are smaller than the data points. The red line is a linear fit
to the data. The linear decrease with increasing Az indicates an increasing
average strain.

substrate3!. Instead of rescaling, our experiments show a shift of
the entire conductance curve with strain, consistent with a strain-
induced scalar potential.

In conclusion, we have demonstrated how large-scale homo-
geneous strain in a graphene electronic device results in a scalar
potential, which we detect using transport experiments in two
different regimes. Combined with strain values extracted from
Raman spectroscopy on the same device, we report the first sys-
tematically measured characteristic number for the scalar potential
strength, consistent with the most recent theoretical calculations.
This in situ strain tuning and the combination of transport and
Raman measurements thus confirms the scalar potential as the
origin of the observed strain effects. Our study forms the basis to
investigate strain effects in transport experiments, which is crucial
for future strain engineering in graphene and related 2D materials,
such as generating a strain-induced in-plane electric field for
observing the phenomenon of the Landau level collapse?, realizing
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graphene quantum strain transistors®’, creating a pseudo-
magnetic field with a non-uniform strain field>!!, or realizing
topological phases in van der Waals heterostructures!»>2,

Methods

Fabrication and Raman measurements. The hBN/graphene/hBN hetero-
structures were first assembled using the standard pick-up technique with a PDMS/
PC stamp and then deposited onto the metallic gate structure prefabricated on a
polyimide-coated phosphor bronze plate3!. The typical thickness for the top
(bottom) hBN is ~20 nm (~30 nm). The graphene flake was exfoliated from natural
graphite. One-dimensional edge contacts® (Cr/Au, 5nm/110 nm) were made to
electrically connect the graphene. A controlled etching recipe was employed to stop
in the middle of the bottom hBN and the remaining hBN acts as the insulating
layer between the metallic leads and the bottom gate3!.

The Raman measurements at room temperature were performed to determine
the strain after the low-temperature transport measurements. A commercially
available confocal Raman system WiTec alpha300 was used. The Raman spectra
were acquired using a linearly polarized green laser (532 nm) with a power of
1.5 mW. The grating of the spectrometer is 600 grooves/mm.

Data availability
All data in this publication are available in numerical form at: https://doi.org/10.5281/
2en0do.4794596.
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