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ABSTRACT

This study fabricates an hBN-encapsulated monolayer graphene nano-device and uses
Lorentzian-Gaussian fitting of its gate-dependent four-probe resistance to extract quantitative metrics
describing the charge neutrality peak. Method papers provide best practices for graphene device
fabrication, however fewer works connect these procedures to quantitative resistance-peak metrics that
can be compared across hBN-MLG-hBN devices; the specific question addressed here is whether such
metrics are reproducible and physically interpretable enough to serve as a comparative measure of
fabrication quality. The stack was assembled by mechanical exfoliation and dry-transfer, patterned into a
Hall-bar geometry with Cr/Pd/Au edge contacts, and measured in a four-probe lock-in configuration at 4
K while sweeping the silicon back gate. The device exhibited a clear resistance maximum rising from a
background of 0.4-1.0 kQ to 4.6-4.7 kQ. After smoothing and second-order baseline subtraction, the peak
was fit with both line shapes, yielding a peak center of —3.5382 V, a Lorentzian FWHM of 2.6528 V, and
a Gaussian FWHM of 2.8663 V. Converting the gate voltage axis to carrier density using the 300 nm
oxide gate dielectric gives a residual doping of =2.5 x 10" ¢m™ and a charge-inhomogeneity width of
=1.9 x 10" cm™, both roughly four orders of magnitude larger than the thermal scale at 4 K. This
establishes that the observed peak width is disorder-limited rather than thermally limited, and therefore
that the width is a legitimate descriptor of fabrication quality. The contribution of this work is
methodological: a fully scripted peak-metric procedure, reported together with the sensitivity of each
metric to the smoothing and baseline choices is identified, which can be applied unchanged to future
hBN-MLG-hBN devices.

1. INTRODUCTION
1.1 Background

Two dimensional graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has emerged
as an extraordinary 2D electronic material in modern times (Castro Neto et al., 2009). This material is
critical for electron manipulation at the quantum scale and has numerous real world applications. One of
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which is the development of faster and smaller electronics like transistors and interconnects which run at
a faster speed and require less power. Another is the development of efficient computers; these devices
rely on components that conduct electricity with little to no resistance—2D graphene (also known as
monolayer graphene or MLG) does precisely this at low temperatures. This also makes MLG crucial for
energy conservation and ultra-efficient data centers; Quantum technologies, fast optical and photon
devices, as well as supercapacitors rely on this novel material as well [high capacity electrical storage
devices which bridge the gap between conventional capacitors and rechargeable batteries (Zhang et al.,
2023)]. Quantum technology is highly reliant upon controllable quantum states which can be created with
tunable graphene devices [these states enable the fundamental units of quantum computing (qubits) to
exist in multiple states simultaneously (superposition) allowing for more processing power (Mad¢o et al.,
2025)]. Faster optical and photon devices require tunable materials whose optical response can be
modified after interactions with light, and supercapacitors need electrodes with high surface area and
good conductivity (Liu et al., 2022; Castro Neto et al., 2009; Cao et al., 2018).

N

3D visualization of gapless band structure in 2D graphene

Figure 1: Castro Neto et al., 2009

The two cones meet at a single point, the Dirac point, so that the energy of a charge carrier
depends linearly on the magnitude of its wavevector rather than quadratically as in a
conventional semiconductor. Gating raises or lowers the Fermi level into the upper cone (electron
conduction) or the lower cone (hole conduction).

Graphene’s band structure [allowed energy levels for electronics within a solid (Lamontagne et al.,
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2021)] is gapless (as can be seen in Figure I). This means that its valence and conduction bands meet at
discrete Dirac points in the Brillouin zone (corners of specific hexagonal areas in which electrons behave
massless and relativistically), where the energy dispersion is linear (Castro Neto et al., 2009). Three
terms used throughout this paper follow directly from this band structure. The Dirac point is the energy at
which the valence and conduction bands touch. The charge neutrality point (CNP) is the gate voltage at
which the Fermi level sits at the Dirac point, so that electron and hole densities are equal and the total
carrier density is at its minimum; in an ideal undoped device the CNP would occur at zero gate bias. A
Dirac fermion is a charge carrier whose energy varies linearly with momentum, so that it propagates at a
fixed velocity independent of its energy in the same way a massless relativistic particle does. As a result,
low-energy charge carriers in graphene behave as massless Dirac fermions [the quantum number which
plays the role of spin in the governing equation is a pseudospin arising from graphene’s two-atom unit
cell rather than the electron’s real spin (Pal & Maslov, 2013)] which means their density can be
continuously tuned by external gating. In the foundational experiments of Geim and Novoselov, a
back-gate applied to graphene on silicon dioxide (SiO,) induced carriers up to ~10" ¢cm™ with room
temperature mobilities on the order of 10%cm?/V-s (Novoselov et al., 2004). This strong demonstrated
ambipolar field effect, where the conductance minimum (Dirac point) occurs near zero gate bias and rises
symmetrically for electrons and holes, is a hallmark of graphene’s unique band structure (Novoselov et
al., 2004; Castro Neto et al., 2009). Overall, because of its linear dispersion and high intrinsic mobility,
graphene is an ideal platform for studying 2D transport physics and exotic quantum phenomena (Zhang
et al., 2009).

In extremely clean graphene samples, the electronic mobility can approach the material’s intrinsic limits.
Suspended graphene devices (removing the substrate) have been seen to achieve mobilities exceeding 2 x
10°cm?/V-s at low temperature (Bolotin et al., 2008). In devices such as this, the characteristic Dirac
conductance minimum is very sharp, indicating minimum charge inhomogeneity. By contrast, graphene
on conventional SiO, substrates typically have mobilities of only ~10°-10%*cm?/V-s at room temperature
(Novoselov et al., 2004), due to scattering from charged impurities, surface roughness, and phonons. In
particular, scanning probe experiments have shown that trapped charges beneath graphene create spatial
electron hole “puddles” near the neutrality point, broadening the Dirac peak and limiting conductivity
(Zhang et al., 2009). These observations underline that substrate and environmental disorder often
dominate transport in practical graphene devices—these effects are precisely what this paper primarily
aims to minimize.

1.2 Fabrication and Measurement of Graphene Devices

Typical graphene transport devices are fabricated by first depositing (exfoliated or CVD-grown) graphene
onto an insulating substrate (most often 285-300 nm SiO, on doped Si). For higher performance,
researchers now routinely encapsulate graphene in hexagonal boron nitride (hBN) using van der Waals
stacking techniques. hBN provides an atomically flat and chemically inert wide-band gap dielectric
environment that preserves graphene’s crystal quality and screens charge traps. In such heterostructures,
room-temperature mobilities often exceed 10*cm?/V-s (this is roughly 20% higher than SiO, devices).
Metal leads, (typically Cr/Au or Ti/Au) are patterned by e-beam lithography in order to make
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multi-terminal contacts. The doped Si substrate is used as a global back-gate (top-gating using hBN or
Al O; dielectrics is also common to increase carrier modulation range) (Martini et al., 2023).

Electrical transport within these devices is measured in a four-terminal configuration to remove contact
resistance effects. A typical measurement sweeps gate voltage at fixed temperatures (usually ultra-low)
while recording longitudinal and Hall voltages under small AC or DC bias. At these low temperatures,
transport also reveals quantum coherent effects including weak localization/antilocalization and universal
conductivity at the Dirac point which have been discussed in literature. These transport metrics allow for
a direct comparison to theory on Dirac fermions (Castro Neto et al., 2009; Zhang et al., 2009).

1.3 Role of Substrate and Encapsulation

As described in 1.2 Fabrication and Measurement of Graphene Devices, the substrate plays an extremely
important role in graphene transport. SiO, is widely used for its convenience, however it introduces
disorder and charge traps which can distort measurement results [excess/lack of charges within samples
will result in high error for voltage measurements (Zhou et al., 2023)]. Encapsulating graphene in hBN
has become the standard in order to improve device quality. hBN’s large bandgap (of ~6 eV), high
dielectric strength, and matching lattice to graphene (of ~1.8% mismatch) allow it to preserve graphene's
intrinsic properties (Martini et al., 2023). As already noted in /.2, encapsulated heterostructures reach
higher room-temperature mobilities than SiO,-supported devices. An additional benefit of utilizing such
heterostructures is that hBN greatly reduces charge inhomogeneity. Experiments have shown that
hBN-encapsulated graphene exhibits much smaller spatial carrier fluctuations than SiO, graphene.
Comparatively, hBN graphene yields at a sharper neutrality point. Also, hBN’s large breakdown field (of
~21 MV/cm) and moderate dielectric constant (of ~3.4) make it an excellent gate dielectric (Martini et al.,
2023).
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Monolayer graphene (MLG) sandwiched between two hBN layers on top of a Si/SiO, substrate
(connected to voltage suppliers and a voltmeter)

Figure 2: Wang et al., 2013

Cross-section of the layer structure used in this work. The degenerately doped silicon acts as a
global back gate; the SiO, and the lower hBN flake together form the gate dielectric, so their
capacitances add in series. This series combination is what sets the conversion from gate voltage
to carrier density used in §2.7.1. Not to scale.

In Figure 2 above, an entire hBN-MLG-hBN stack can be seen on top of a Si/SiO, substrate. This device
essentially acts as a capacitor with the hBN and SiO, layers acting at the dielectric material. The two hBN
layers act as barriers shielding the 2D graphene from environmental factors (dust, debris, and other
particles in the air). The Si layer at the bottom and the hBN layer at the top of the stack protect the
dielectric materials, SiO, and hBN, from environmental factors (same as those being shielded from the
2D graphene).
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suspended

Suspended graphene device separated from dielectric materials and Si/SiO, substrate
Figure 3: Dorgan et al., 2010

A suspended device removes the substrate beneath the graphene channel entirely, eliminating
substrate-induced disorder at the cost of mechanical fragility and a restricted gating range. The
colour scale indicates local temperature under high-field operation.

The most common substrate strategy other than direct stacking is to use suspended graphene away from
any dielectric materials as can be seen in Figure 3 above. Using this technique, mobility can exceed 2 %
10°cm?/V's in suspended devices. This is also a demonstration of graphene’s exceptional intrinsic
qualities. However, there are drawbacks to using this technique. Suspended devices are fragile and
limited in gating range. Therefore, the use of hBN encapsulation offers a practical compromise: intrinsic
performance is nearly achieved whilst robust gating is still possible (Bolotin et al., 2008).

1.4 Multilayer Graphene and Stacking Effects

Additionally, graphene devices are not limited to single layers. Few-layer graphene (FLG) can be made by
stacking exfoliated layers, and their transport differs significantly depending on stacking order (Castro
Neto, et al., 2009). A more recent frontier of work in multilayer-graphene devices is the study of twisted
graphene layers. Here, multiple graphene sheets are misoriented by a small twist angle (as can be seen in
Figure 4 below).
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—_— W

Graphene Layer #

Twisted trilayer graphene (tTLG) sandwiched between two hBN layers
Figure 4: Zhang et al., 2009

Three graphene sheets, each rotated relative to its neighbour by a small twist angle, encapsulated
between hBN. The relative rotation produces the moiré superlattice discussed below.

Then, a moiré pattern forms and radically alters the band structure. A moiré pattern is the large-scale
periodic interference pattern that appears when two lattices of similar spacing are overlaid at a small
relative rotation; its period is much longer than that of either lattice, which creates a superlattice potential
and correspondingly narrow electronic bands. A famous example is “magic-angle” twisted bilayer
graphene (of ~1.1° twist), which exhibits nearly flat bands at charge neutrality (Cao et al., 2018). Similar
effects for twisted trilayer graphene devices are currently being examined in ongoing research such as the
hBN-encapsulated graphene trilayer investigated in Ren et al., 2024 in which the device exhibited highly
tunable strong electron correlation phenomena.

The device studied in this paper is a monolayer and therefore has no twist degree of freedom; this
subsection is included to situate the work within the wider field, and moiré physics is not invoked
anywhere in the analysis that follows.

1.5 Context for the Present Device and Research Gap

Despite the numerous advances within the field in recent times, key gaps still remain in the subject.
Method papers provide best practices, however fewer works connect these procedures to quantitative
resistance-peak metrics that can be compared across hBN-MLG-hBN devices. This makes Resistance vs.
Voltage data for various nano-fabricated devices highly inconsistent. The practical consequence is that a
peak may be described as “sharp” or “clean” with no number attached, and where numbers are given, the
smoothing and background-subtraction steps that produced them are usually not specified. Two devices
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reported as equivalent may therefore have been analyzed in ways that differ by more than the devices
themselves do. This study addresses that gap by developing a reproducible fabrication procedure and by
using Lorentzian-Gaussian fitting to extract transport metrics such as peak center, peak width, skewness,
and kurtosis from the gate dependent resistance response of an hBN-encapsulated monolayer graphene
device.

In essence, the research question at hand here is the following: can Lorentzian-Gaussian analysis of
gate-tunable quantum transport in an hBN-encapsulated monolayer graphene nano-device yield peak
metrics that are reproducible and physically interpretable enough to inform the effectiveness of device
fabrication methodologies?

Three hypotheses follow from this question and are tested in the Results.

H1. A device fabricated by the procedure described in the Methods will show a resistance maximum near
charge neutrality whose amplitude is several times the off-peak background, confirming that the
field-effect transport signature survives exfoliation, stacking, etching, and metalization. This is tested
against the measured peak-to-background ratio in §3.1.

H2. The peak will be describable by a single smooth line shape, with the Lorentzian and Gaussian forms
bracketing the data, so that the two fitted widths agree to within a factor of order unity and the choice
between them can be made on goodness-of-fit grounds rather than by assertion. The first part is tested
against the two fitted widths in §3.2; the second part cannot be settled from the present analysis, for the
reason given is §4.2.

H3. The width of the peak, expressed as a carrier density, will exceed the thermal broadening scale at 4 K
by orders of magnitude, so that the width reports on static disorder within the device rather than on the
measurement temperature, and can therefore legitimately be used as a fabrication-quality metric. This is
tested in §3.3.

It should be stated plainly at the outset that this is a single-device measurement. It is not a claim of new
physics, a new phase, or a new material property, and it does not establish that the fabrication procedure
used here is superior to any other. What it aims to establish is that a specific, fully disclosed analysis
pipeline turns one gate sweep into a small set of numbers whose meaning and whose sensitivity to
processing choices are both known.

The remainder of the paper is organized as follows. §2 describes the fabrication sequence from wafer
cutting through nanofabrication (2.1-2.5), the cryogenic four-probe measurement (2.6), and the MATLAB
analysis pipeline, including the conversion from gate voltage to carrier density (2.7). §3 reports the
gate-tunable resistance response (3.1), the fitted peak metrics (3.2), and their interpretation in
carrier-density units (3.3). §4 separates what the measurement establishes directly from what is inferred
by comparison with the literature (4.1), records three corrections to the analysis as originally
implemented (4.2), and sets out the limitations (4.3). §5 summarizes the findings and the broader
contribution. §7 contains the analysis scripts.
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2. METHODS
2.1 SiO, Wafer Cutting

A 4-inch Si/SiO, is used, consisting of a n"" doped Si substrate and a 300 nm thermal oxide layer. Before
cutting, the wafer (a thin, mass-produced, disk-like material) undergoes a solvent clean: it is sonicated for
5 minutes in acetone, then 5 minutes in isopropanol (IPA), rinsed in deionized water, and dried with N,
(standard wafer cleaning procedure, Ren et al., 2024). After, the wafer is cut into smaller chips with
square dimensions of roughly 10 mm x 10 mm utilizing a diamond scribe and rotational torque. Each chip
is oriented such that its scored corner (point in which the chip was scratched for cutting) is in the bottom
right-hand position. Finally, chips are heated on a hot plate for 5 minutes at a temperature of 120°C -
180°C in order to bake out any moisture for improved physical properties and microscope visibility prior
to being stored in 3 x 3 cartridges (FerroTec, 2025). Below are some additional details on the wafer
cutting process:

FlexScribe being used to cut SiO, wafer into precise chips (done by hand in this study)
Figure 5: LatticeGear, 2026

A commercial scribe-and-cleave station of the type used to define the cleave lines on a 4-inch
wafer. In the present work the equivalent operation was performed by hand with a diamond
scribe, as described in the text; the figure is included to illustrate the geometry of the operation
rather than the specific apparatus used.

Wafer details:
Orientation; < 100 >, Resistivity; 1 - 10 Q - cm

Diamond scribe / cleave method:
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A diamond scribe tool is used to essentially scribe a very shallow grid on the wafer surface; the wafer is
then flexed to cleave along the scratches (since the lattices of these wafers are engineered to be
perpendicular to the primary flat, clean cuts can be made easily). In order to avoid contamination during
this process, carbon tipped tweezers are used on only the edges of chips preventing chipping (in between
transfer steps, chips are stored beneath petri dishes to prevent atmospheric contamination like dust and
debris).

Outcome:

This technique yields roughly 10-20 chips per wafer for exfoliation. In this case, a total of 17 10 mm x 10
mm SiO, chips were obtained. No reference layer is needed, since the native 300 nm oxide will later
serve as the gate dielectric.

2.2 SiO, Chip Exfoliation

Graphene flakes are produced via mechanical exfoliation, as it is very accessible and uses minimal
resources [more commonly known as the “Scotch-tape method” (nanowerk, 2014)], directly upon the
previously prepared SiO, chips. First, a clean work bench area is defined by using fresh tape to pick up
loose dust. Nitrile gloves are worn, carbon-tipped tweezers are used, and chips are all placed with their
shiny surface facing upwards.

Graphite flakes

“Scotch-tape method” for chip exfoliation in action

Figure 6: Adapted from DOI:10.1016/j.mattod.2014.06.001, CC BY-NC-ND 4.0

Graphite flakes are repeatedly cleaved between layers of adhesive tape until thin flakes are
distributed across a chip-sized area of the tape, which is then pressed onto the prepared SiO, chip
to transfer them.
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Next, a “mother tape” is prepared (~15 cm) with a ~2 cm handle for easy manipulation. A graphite flake
is placed on the mother tape and repeatedly folded and separated until thin flakes are visible on the tape
in a chip sized (10 mm x 10 mm) square formation. Clone tapes are then made from the mother tape
(with each mother tape able to make ~8 clones) by pressing and peeling once over the region of graphene
flakes.

For exfoliating these flakes onto the SiO, chips themselves, the clone tape carrying the graphene flakes is
carefully but tightly pressed against the baked chip in order to transfer. A small amber glass is rubbed
against the tape on the chip for a duration of ~3 minutes to ensure effective adhesion. To maximize yield,
the tape is slowly peeled from each chip surface and re-peeled with new tape 5-10 times per chip.
Afterwards, chips are stored in covered petri dishes to avoid airborne contamination once again (once this
process is completed, chips can then be safely stored in 3 x 3 cartridges).

All of the procedures followed in SiO, Chip Exfoliation are also carried out in the same way for
producing hBN flakes needed to encapsulate the graphene later on.

2.3 Graphene & hBN Flake Characterization

The first step in characterizing graphene and hBN flakes is to do a first pass of optical inspection.
Underneath the optical microscope, monolayer graphene (MLG) can be identified by its characteristic
interference color on the 300 nm SiO,. If the calculated percent of light absorbed by the flake is 3 - 5%,
the flake can be classified as monolayer. Then, the following naming convention is applied to organize
files:

Flake photo — (X, y) Flake Type
Gamma photo — (X, y) G
Background photo — (x, y) B
Edge photo — (x, y) E

These flakes are also examined for uniformity and impurities to ensure they are suitable for device
fabrication. This can be done by noting discolorations and layer distinctions under gamma mode with the
optical microscope (OM). hBN flakes of thickness 30 - 50 nm appear a greenish blue under the OM and
must also be scanned for impurities to ensure a uniform coverage of MLG when encapsulating MLG with
hBN. For both materials, the same naming convention is used except graphene flakes are categorized by
type (monolayer MLG, bilayer BLG, trilayer TLG, contact Ge(s), and long gate LGG) and hBN flakes
are categorized by size (small S, medium SL, or large L).
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Screenshot of computer file organization for observed graphene flakes

Figure 7: Author, 2025

Each candidate flake is recorded under a fixed naming convention giving its stage coordinates
and image type: B (background), E (edge), G (gamma mode), and the flake classification (GC T
for contact graphene, LGG for long gate graphene). The gamma-mode images in the third
column are used to judge layer number from interference colour.

To further characterize, selected flakes undergo AFM scanning in a tapping mode over a 5 x 5 um? area.
Monolayer graphene shows a step height of ~0.4 nm on SiO, ; this exceeds the 0.34 nm graphite
interlayer spacing because of tip-surface interaction and trapped adsorbates, which is why step height is
used as a screening criterion rather than as a primary identification. (Novoselov et al., 2016). hBN flakes
are verified by their respective step heights (typically ~10 - 50 nm depending on the amount of layers).
Measurements of surface roughness (RMS) are also recorded. Flakes with RMS values > 0.5 nm indicate
polymer residues or contamination—these flakes are discarded.

Raman spectroscopy, a chemical analysis technique that identifies molecules based on how they
inelastically scatter laser light, is also performed with a 532 nm excitation (standard for graphene, Ren et
al. 2024) in order to confirm that the graphene flakes are indeed monolayer based on 2D peak shape
(single-Lorentzian 2D peak, /(G)/I(2D) ratio < 0.5) and a small D peak (defect indicator). MLG flakes
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should expect a Raman peak at ~2680 cm™' and hBN flakes should expect a Raman peak at ~1366 cm ™.
The MLG and hBN flakes selected for this study meet the aforementioned quotas. This ensures that only
chips which contain at least one large area high quality graphene flake as well as suitable hBN flakes
advance for stacking.

2.4 Encapsulating MLG with hBN

The technique used for encapsulation was a typical dry-transfer protocol. Stacks were assembled using
poly(bisphenol A carbonate) (PC) supported on a PDMS dome mounted on a glass slide as can be seen in
Ren et al. 2024. The transfer stage utilized micromanipulators, a stereo microscope for coarse alignment,
and a precision heated stage for controlled contact and release.

The bottom hBN flake is first picked up on the PC/PDMS stamp. Then, the stamp carrying the hBN is
aligned and brought into contact with the target graphene flake on the SiO, chip in a way which the
graphene adhered to the hBN upon the retraction of the stamp (Ren et al., 2024). After, a top hBN flake is
then picked up (using the same technique) in order to form a hBN-graphene-hBN (graphene is
monolayer—MLG) sandwich on the stamp. This multilayer stack is transferred to the SiO,/Si chip by
heating the sample to 180 °C and slowly peeling the stamp, depositing the stack on the substrate (Ren et
al., 2024).

Monolayer graphene (MLG) sandwiched between two hBN layers on top of a Si/SiO,
substrate Figure 8: Wang et al., 2013

Exploded view of the same heterostructure shown in cross-section in Figure 2, indicating the
order in which the three flakes are picked up and released during the dry-transfer sequence
described in this section.
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Following the transfer, the PC membrane is dissolved in chloroform, followed by acetone and an [PA
rinse as specified in Ren el al. 2024. This solvent sequence is conducted within a fume hood and interface
cleaning is conducted using forming gas (Ar/H,) at 300 °C. For minimizing trapped bubbles and
wrinkles, release is done slowly and heating is localized (Ren et al., 2024).

2.5 Quantum Device Design & Nano-Fabrication

The hBN-MLG-hBN stack was patterned into a transport device designed to measure four-probe
longitudinal resistance whilst also minimizing the influence of contact resistance and local disorder. The
overall device geometry follows a Hall-bar style layout. This was chosen over using a simple
two-terminal device because a Hall-bar style layout allows for a more clean separation of carrier density,
channel resistance, and contact behavior (Ren et al., 2024).

Device contact patterning (at a micrometer scale)

Figure 9: Ren et al., 2024

Optical image of an edge-contacted Hall-bar device, illustrating the layout adopted here. Metal
leads make one-dimensional contact to the exposed graphene edge at each terminal, while the
channel between them remains encapsulated. In the four-probe configuration described in §2.6,
an outer pair of leads carries the excitation current and an inner pair is used for voltage detection.

Another benefit of this design in particular is that the graphene channel remains fully encapsulated by
hBN except at the regions of contact; at these positions, the top hBN was locally opened and the
graphene edge was exposed for metalization. This edge-contact approach is especially useful in graphene
heterostructures because it drastically improves electrical coupling while concurrently preserving the
cleanliness of the active channel (Wang et al., 2013; Ren et al., 2024). The device geometry also allows
for the doped silicon substrate to serve as a global back gate. This made it possible to tune the carrier

density as well as observe the gate-dependent resistance response of the graphene channel (Ren et al.,
2024).
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Nanofabrication is then performed following the stacking by using standard cleanroom processing: the
encapsulated chip was coated with a bilayer resist system, patterned by electron-beam lithography, and
developed to define contact windows and metal leads. After, a short plasma etch is used to open the
contact regions via the top hBN and expose the graphene edge prior to metalization (Ren et al., 2024).
The contact stack itself consists of Cr/Pd/Au, the thin Cr layers serve as adhesion, Pd improves the
contact interface, and Au provides low resistance wiring and high quality bonding pads (Ren et al.,
2024).

Proceeding metal deposition, the sample is lifted off (and rinsed) and inspected under the optical
microscope in order to ensure that the contact geometry was well-defined and that the channel remains
free of any obvious residue or tearing. This fabrication sequence is quite consistent with the standard
graphene-device procedures in Ren et al. 2024 for obtaining high quality transport data (Wang-lab SOP).

The channel width and the voltage-probe spacing were not recorded for this device. Their ratio sets the
number of squares of the conducting channel, and without it the measured four-probe resistance cannot
be converted into a sheet resistance. No mobility, sheet conductivity, or minimum conductivity is
therefore quoted anywhere in this paper; the transport response is reported and analysed as a measured
resistance throughout.

2.6 Back Gate-Voltage and 4-Probe Resistance Measurements

Electrical measurements are taken after fabrication using both room temperature checks and cryogenic
transport measurements. Prior to ultra low temperature testing, the device is verified on the probe station
to make sure the contact network is electrically functional. After this, the chip is then wire bonded to a
carrier and loaded into the cryostat for transport measurements at low temperature (Wang-lab SOP).

The resistance measurements are performed in a four-probe configuration such that the measured
longitudinal resistance is dominated by the graphene channel (as opposed to contact resistance or lead
resistance). This was chosen instead of 2-probe resistance measurements because 2-probe measurements
include the non-linear resistance of the metal-graphene contacts whilst 4-probe measurements only
include that of the MLG (IEST, 2026). A small AC excitation current is applied to the outer contacts and
the resulting voltage drop across the inner probes was measured with lock-in detection. This method was
selected because it provides a more reliable measure of the intrinsic sample resistance than a two-probe
measurement (Ren et al., 2024; Wang-lab SOP).

The gate voltage is swept through the particular region of interest whilst the four-probe resistance was
recorded. In adjacent research studies, this procedure produced a resistance vs. gate voltage function with
a pronounced peak near the charge neutrality point (Dirac Point). This is the signature expected for
graphene devices whose carrier density is being tuned electrostatically (Castro Neto et al., 2009;
Novoselov et al., 2004). The measurement temperature used was 4 K. This reduces thermal broadening
and allows for the resistance peak to be observed with greater clarity than at room temperature.

This same measurement protocol is repeated consistently across the device in order to produce a high
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quality resistance vs. voltage dataset suitable for future analysis in MATLAB. Since the goal of this
research is to study quantum transport in a well defined graphene heterostructure, lots of emphasis is
placed upon preserving low noise, stable temperature, as well as repeatable sweep conditions rather than
a variable measurement geometry in between trials.

The parameters of the device and of the measurement that were recorded are collected in Table 1.

Table 1. Device fabrication and measurement parameters for the device reported in this study.

Parameter Value
Substrate n™" Si/ 300 nm thermal SiO,; orientation < 100 >; 1 - 10 Q - cm
Chips obtained from wafer 17, each roughly 10 mm x 10 mm
Graphene monolayer, mechanically exfoliated
hBN flake thickness 30 - 50 nm
Raman excitation 532 nm
AFM scan area 5 x 5 um?, tapping mode
Stack hBN / monolayer graphene / hBN, PC/PDMS dry transfer
Stack release temperature 180 °C
Interface cleaning forming gas (Ar/H,) at 300 °C
Device geometry Hall bar, one-dimensional edge contacts
Contact metallization Cr/Pd/ Au
Measurement four-probe, AC lock-in detection
Excitation current 10 nA
Gate degenerately doped silicon substrate, global back gate
Gate range -15Vto+15V
Temperature 4K
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Several quantities that would be needed to reproduce the measurement in full were not recorded at the
time and are therefore absent from Table 1. These are the thickness of the lower hBN flake, which sets
the series gate capacitance discussed in §2.7.1; the channel width and voltage-probe spacing, discussed in
§2.5; the lock-in excitation frequency; and the number of points in the gate sweep, which fixes the
gate-voltage step. Their absence is carried through the analysis explicitly rather than estimated over, and
the consequences are set out in §4.3.

The results reported in §3 are from a single device, measured in a single cooldown. The number of stacks
assembled and of devices that survived nanofabrication was not logged, so no fabrication yield is quoted.

2.7 Plotting Quantum Transport & Lorentzian-Gaussian Fitting

After electrical measurement, the raw transport data were imported into MATLAB for both plotting and
peak analysis. This process converts voltage traces into resistance vs. gate voltage curves as well as
additional extracted quantitative descriptors of the charge-neutrality feature. The MATLAB workflow in
this study followed the provided script in which the resistance trace is loaded directly from the .mat file,
smoothed, baseline corrected, and fit with both Lorentzian and Gaussian line shapes.

Plotting Resistance Peak:

The resistance used in the plots was obtained from the four-probe voltage drop as well as the known
excitation current:

R = Vdmp / Idrive

This is the same conversion used in the MATLAB analysis code to create the transport curve.

Lorentzian Gaussian Fitting:

To improve the clarity of the plotted function, smoothing was implemented as the following
equation: Ry,,,,(1) = (I/N) - X, R(j), j =i — [N/2] ... i+ [N/2]
This is done with N=7 points corresponding to the movmean(R,7) command in the MATLAB script. This
smoothing was done to improve visualization and to stabilize the peak-fit procedure while still preserving
the underlying transport trend.
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Figure 10: Author, 2026 (MATLAB)

Four-probe longitudinal resistance of the hBN-encapsulated monolayer graphene device as a
function of back-gate voltage, measured at 4 K with AC lock-in detection. The resistance rises
from a background of 0.4-1.0 kQ to a maximum of 4.6-4.7 kQ near —3.5 V, marking the charge
neutrality point. The displacement of the maximum from zero bias indicates residual doping, and
the difference in background level either side of the peak indicates an electron-hole asymmetry in
the off-neutrality transport. The x-axis of the plot is labelled V7r,,; as the title of the figure and
§§2.5 and 2.6 make clear, the voltage swept is that of the degenerately doped silicon back gate.

The central feature of the transport curve is the resistance peak near the charge neutrality point (as can be
seen in the figure above). To isolate it, the baseline is removed via fitting a low-order polynomial to the
smoothed trace outside the peak region and subtracting it from the data. If R,,u(V,) is the smoothed
curve, the baseline corrected signal can be represented as the following:

Rbc(Vg) = Rsmooth(Vg) - P2(Vg)

Here, P,(V,) is the second order polynomial used in the MATLAB script. The peak region is excluded
from the polynomial fit utilizing the same gate-window masking procedure implemented in the MATLAB
script itself. This allows for the background trend to be removed without distorting the central feature.
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Figure 11: Author, 2026 (MATLAB)

The baseline-subtracted resistance peak (solid) with the fitted Lorentzian (dashed) and Gaussian
(dotted) line shapes overlaid. Both models describe the core of the feature well and differ mainly
in the tails, the Lorentzian sitting above the data near the maximum and the Gaussian falling
away faster on the flanks. The baseline was obtained by fitting a second-order polynomial to the
smoothed trace outside a £2.5 V window about the peak. The vertical axis is labelled in kQ but
carries values of order 107°, which is inconsistent with the kilo-ohm scale of Figure 10; the cause
of this discrepancy is identified in §4.2.

The baseline corrected peak is then interpolated using interpol(...,"pchip’) in MATLAB script to 800
points and fit both Lorentzian and Gaussian models:

Lorentzian: L(V,) = A ([/2)° /[ (V, = Vo) + ([72)°]
Gaussian: G(V,) = A exp[ =1 (Vo= V) /)’ ]
Where A is the fitted amplitude, V is the peak center, and I" or 6 determine the peak width. Both of these

functions are fit via minimizing the sum of squared residuals utilizing MATLAB’s fminsearch, exactly as
done as can be seen in the appendix.

From the fitted peak, several quantitative metrics were extracted:

Lorentzian fit full width at half maximum: FWHM,,. =T’
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Gaussian fit full width at half maximum: FWHMg,, = 2N(2In 2) -6~ 2.355 o

Peak Sharpness: Q = |V,| / FWHM,,,

Q, or the quality factor, provides a compact measure of how localized the resistance peak is in gate
voltage. This definition should be read with caution, and is discussed further in §4.2: because Vj is the
doping offset rather than a property of the peak shape, an otherwise identical device with no residual
doping would return QO = 0. The peak asymmetry and tail structure were also quantified using the
skewness and excess kurtosis of the baseline corrected data (both computed directly in MATLAB with
built-in statistical functions via the provided fitting script). Overall, since the workflow is entirely
scripted in MATLAB, the same analysis can be repeated consistently across multiple sweeps and devices.
This makes this particular resistance peak analysis exceptionally reproducible and comparable.

2.7.1 Converting Gate Voltage to Carrier Density

The metrics above are expressed in volts, which makes them specific to the gate stack of this particular
device and therefore not directly comparable with devices built on different dielectric thicknesses. To
obtain quantities that can be compared, the gate voltage is converted to induced carrier density through
the parallel-plate relation

n=C,(Vy=Vy/e

where C, is the gate capacitance per unit area. Because the graphene sits above both the oxide and the
lower hBN flake, as shown in Figure 2, the two dielectrics add in series:

I/Cg =d,/ (eEor) + dppn/ (€0EnsN)
With d,, = 300 nm and ¢,, = 3.9, the oxide alone gives C,=1.15 x 10 F cm™, equivalent to 7.2 x 10"
cm 2 per volt of gate bias. The lower hBN flake reduces this figure. Taking ehBN = 3.4 as given in §1.3,
and the 30 - 50 nm flake thickness quoted in §2.3, a flake at the lower end of that range would reduce the
density scale by roughly 10% and one at the upper end by roughly 16%. Because the thickness of the
lower flake was not recorded, the carrier densities reported in §3.3 are computed from the oxide alone
and are therefore upper bounds, high by of order 10 - 16%

3. RESULTS
3.1 Gate-Tunable Resistance Response

The device exhibited a clear gate-dependent resistance maximum at 4 K as can be seen in the resistance
vs. gate voltage plot provided in the methods section (Figure 10). Away from this peak, the four probe
resistance remained near roughly 0.4-1.0 kQ, while near the maximum it rose to approximately 4.6-4.7
kQ, giving a several-fold enhancement in resistance near the charge neutrality region (Castro Neto et al.,
2009; Novoselov et al., 2004). Expressed as a ratio, this is a peak-to-background enhancement of roughly
5 on the hole side and 9 on the electron side. This behavior is consistent with electrostatic tuning of
carrier density in graphene in which resistance increases as the Fermi level approaches the Dirac point
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and decreases once again away from the location of neutrality (Castro Neto et al., 2009; Novoselov et al.,
2004). Hypothesis H1 is therefore supported.

The peak itself occurred at a negative gate voltage rather than exactly at zero. This is a strong indicator of
a shifted neutrality point. The background is also asymmetric, being roughly twice as large on the hole
side as on the electron side. Both of these are reported here as measurements; their interpretation is taken
up in §4.1. In the context of graphene quantum transport research, this offset is consistent with residual
doping or trapped charge in the device environment rather than the failure of proper measurement taking
itself (Zhang et al., 2009; Castro Neto et al., 2009).

3.2 Lorentzian-Gaussian Peak Analysis

After smoothing and baseline subtraction, the resistance peak was successfully fit with both Lorentzian
and Gaussian functions using the MATLAB script and formulae presented in the Methods. In the baseline
subtracted plot, both models capture the central part of the resistance feature well whilst differing slightly
in their tails. This suggests that the peak is smooth but not perfectly symmetric. The peak center, width,
quality factor, skewness, and kurtosis were all extracted as numerical descriptors of the transport
response. The two fitted widths agree to within 8%, and the line-shape ratio FWHMg,/FWHM, , =
1.0805 is close to unity, so the peak is intermediate between the two limiting forms and neither can be
rejected on width grounds alone.

Table 2. Yielded peak metrics from the Lorentzian-Gaussian fitting of the baseline-subtracted
charge-neutrality peak. Skewness and excess kurtosis are the sample moments returned by the
MATLAB script of §7.2; §4.2 discusses what these two quantities do and do not describe.

Peak Metric Yielded Value
Peak center —3.5382V
Lorentzian FWHM 2.6528 V
Gaussian FWHM 2.8663 V
FWHMg,, / FWHM,, 1.0805
Q 1.3338
Skewness (sample moments) 0.0424
Excess kurtosis (sample moments) —1.5026
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The ratio of the two fitted widths, FWHMg,, / FWHM, . = 1.0805, is the one metric added to this table
beyond those reported by the fitting script. It follows directly from the two widths above and is a compact
indicator of how heavy the tails of the peak are: the Lorentzian falls off as the inverse square of the offset
from the centre while the Gaussian falls off exponentially, so a ratio near unity indicates a peak whose
shape lies between the two limiting forms. Hypothesis H2 is supported in its first part, since the two
widths agree to within 8%. Its second part, which requires the choice between the two line shapes to be
made on goodness-of-fit grounds, is not settled here: the fitting script reports no residual statistics, and as
§4.2 explains, the statistics it could report would not be meaningful without a change to how the fit is
performed. This is identified in §4.3 as the first improvement the analysis requires.

The most useful quantitative outcome of this Lorentzian-Gaussian analysis is not the claim of new
physics or quantum phenomena, but rather a reproducible description of the resistance peak itself as well
as informative metrics describing effect of a proposed methodological approach on the quality of a
hBN-encapsulated monolayer graphene heterostructure nano-device. This information also serves as a
consistent way to compare future hBN-MLG-hBN devices using the same fabrication and measurement
procedures [this applies to past devices as well such as the hBN-encapsulated CVD graphene in
Shautsova et al., 2016 which yielded an ultra-high mobility on the order of 10°cm?/V-s indicating high
cleanliness].

3.3 Peak Metrics Interpretations

The fitted peak center of -3.5382 V corresponds to a charge neutrality point shifted below zero implying
residual doping (resulting in the entrapment of charges) in the graphene (Shautsova et al., 2016). The
FWHM values (~2.65-2.87 V) as well as the quality factor (Q = 1.33; see §4.2 for the limits of this
metric) indicate a relatively broad Dirac peak. This implies that the device studied has either moderate
disorder or limited mobility which is quite consistent with known graphene behavior (Shautsova et al.,
2016).

Converting these metrics to carrier density with the gate capacitance derived in §2.7.1 places them on a
scale that can be compared with published devices. The peak offset of —3.5382 V corresponds to a
residual doping of

ny=2.5x 10" cm™

and the Lorentzian full width at half maximum of 2.6528 V corresponds to a width in carrier density
of An=1.9 x 10" cm™

Both figures are computed from the 300 nm oxide alone and are therefore upper bounds; including the
lower hBN flake reduces them by of order 10 - 16%, as set out in §2.7.1.

This width is the quantity usually denoted n* and interpreted as the residual carrier density set by charge
inhomogeneity, that is, by the electron and hole puddles described in §1.1 which prevent the carrier
density from reaching zero anywhere in the sample.

The comparison that matters for the interpretation is with thermal broadening. At 4 K the thermal energy
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kpT 1s 0.345 meV. Setting the Fermi energy equal to this and taking the Fermi velocity of graphene as 1 x
10° m/s, the corresponding carrier density is only 8.7 x 10° cm ™, equivalent to a gate-voltage scale of
about 0.1 mV. The measured width exceeds the thermal width by more than four orders of magnitude.
Hypothesis H3 is therefore strongly supported: whatever sets the width of this peak, it is not the
measurement temperature. This is the most direct evidence in the dataset that the width reports on static
disorder within the device, and it is established without reference to any other published measurement.

4. DISCUSSIONS
4.1 Interpretation of the Transport Response

It is worth distinguishing clearly between what the measured peak demonstrates directly and what is
inferred from comparison with the literature. The two are separated below.

Established by this dataset alone

The appearance of a clear resistance peak in the data strongly indicates that the fabricated
hBN-encapsulated monolayer graphene device preserved a meaningful field-effect transport signature
after exfoliation, stacking, and metalization. Because the measurement is four-probe, this conclusion does
not depend on the quality of the contacts, and because the peak is several times the off-peak background
it does not depend on any particular choice of baseline. It is a statement about the device that the data
support fully.

Second, the charge neutrality point is displaced from zero gate bias by —3.5382 V, equivalent to a residual
carrier density of about 2.5 x 10" cm™. This is a direct reading of the fitted centre against the gate
capacitance and requires no external comparison. Third, and most importantly, the peak width is not set
by temperature: as shown in §3.3, the thermal carrier density at 4 K is four orders of magnitude below the
measured width, so whatever broadens this peak is static and internal to the device. This is the strongest
single conclusion the dataset supports, and it is what licenses the use of the width as a fabrication-quality
metric at all. Fourth, the peak is close to symmetric and intermediate in shape between a Lorentzian and a
Gaussian, since the two fitted widths differ by only 8%.

Inferred by comparison with published devices

The following statements are inferences, and are weaker than those above because they depend on the
comparability of measurements made elsewhere on different devices.

The survival of the transport signature is significant because hBN encapsulation is widely used
specifically to reduce disorder, suppress charge inhomogeneity, and improve graphene quantum transport
quality relative to bare SiO,-supported devices (Wang et al., 2013; Martini et al., 2023). The fact that a
recognizable Dirac-like peak is still present following fabrication suggests that the device retained the
essential graphene transport behavior expected from the literature, further enforcing current findings
(Castro Neto et al., 2009; Wang et al., 2013).
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The gate offset of the peak is also informative in a different manner. As mentioned prior, a shifted
neutrality point is common in graphene devices and usually is the result of residual charge puddles,
trapped adsorbates, or substrate related doping rather than the actual breakdown of the heterostructure
design approach itself (Zhang et al., 2009; Castro Neto et al., 2009). The present data are consistent with
that attribution but do not by themselves distinguish among these sources; doing so would require, for
example, measuring the offset before and after a vacuum anneal, or comparing several devices from the
same stack. In this sense, the peak measured in this study still supports the main experimental goal to
verify that the reproducible fabrication and encapsulation sequence produced a measurable and
analyzable quantum transport signal rather than a new phase or physical principle.

A further inference concerns what the width of the peak implies about device quality. The one external
comparison available from the sources cited in this paper is the hBN-encapsulated CVD graphene of
Shautsova et al. (2016), which achieved a mobility on the order of 10°cm*V-s and correspondingly
sharper charge-neutrality features. Read against that, the relatively broad peak measured here points to a
lower mobility and to more residual disorder than encapsulation was intended to suppress. This inference
is weaker than the conclusions of the preceding subsection for two reasons. It sets a peak width against a
mobility, which are different quantities related through the channel geometry, and the geometry of the
present device was not recorded. And it compares an exfoliated device against a CVD-grown one
processed differently. A quantitative comparison would require published values of »n* or of the
charge-neutrality width for devices of the same kind, which the sources cited here do not report;
obtaining such values is identified in §4.3 as necessary future work.

4.2 Interpretation of the individual metrics, and three corrections

Peak center. A direct measure of residual doping, and the most robust of the metrics, since it is a location
rather than a shape parameter and is largely insensitive to the smoothing window.

Full width at half maximum. The primary quality metric. Expressed as a carrier density it gives n*, the
residual density floor set by charge inhomogeneity, and is directly comparable across devices once the
gate capacitance is accounted for. This is why §3.3 reports it in cm 2 and not only in volts.

Line-shape ratio. FWHM,/FWHM,, measures how heavy the tails of the peak are, since the
Lorentzian falls off as the inverse square of the offset from the centre while the Gaussian falls off
exponentially. A value near 1.08, as found here, indicates a peak whose shape lies between the two
limiting forms.

Definition of the shape moments. The skewness and excess kurtosis in Table 2 were computed with
MATLAB's skewness(Rp) and kurtosis(Rp)-3, that is, as moments of the sample of resistance values
falling inside the mask window. These are not properties of the peak shape: they describe how the
resistance readings are distributed, and they change if the mask width changes even when the peak does
not. The quantities that do describe the shape are the intensity-weighted central moments taken along the
gate axis, u =X R_bc(V,)(V, — V)k/ Z R_bc(V,), with skewness = ps/p2"(3/2) and excess kurtosis = pus/p12>
— 3, where V is the intensity-weighted mean gate voltage. The excess kurtosis of —1.5026 in Table 2 is
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close to the value expected for a broad, flat sample distribution and is therefore largely an artefact of that
definition rather than a property of the peak. The corrected values should be substituted before any
interpretation is offered.

Skewness. On the corrected definition of §2.7.1, skewness measures the asymmetry of the peak about its
centre along the gate axis. A value near zero means electron and hole transport are close to mirror images
near neutrality; a significantly non-zero value would point to an electron-hole asymmetry, most
commonly from contact doping or from a doping gradient along the channel. Because the measured
background is itself asymmetric, the skewness is the metric most vulnerable to imperfect baseline
subtraction, and the value in Table 2 should not be interpreted until the analysis has been repeated with
baselines of different order, as §4.3 recommends.

Excess kurtosis. On the same corrected definition this compares the tail weight of the peak with that of a
Gaussian: positive means a sharper cusp with heavier tails, negative means a flatter top with faster decay.
It is a useful supplement to the FWHM because two peaks of identical width can have quite different
shapes.

The quality factor Q. As defined in §2.7, Q is the ratio of the doping offset to the peak width. The
doping offset is not itself a quality: a device with the same peak width but no residual doping would
return Q = 0, and a device with the same width but heavier doping would return a larger O, which inverts
the intended meaning. The quantity is retained in Table 2 for continuity with the metric set of §2.7, but
the width in carrier-density units is the metric recommended for comparing devices, and §5 is written
accordingly.

Three issues arise in the analysis as implemented by the script of §7.2. They are set out here because each
affects how a number in Table 2 should be read.

Units on the baseline-subtracted axis. The script in §7.1 converts the measured voltage to resistance in
kilo-ohms; the script in §7.2, which performs the baseline subtraction and fitting, reads a resistance
vector directly from the data structure without applying that conversion. Its vertical axis is therefore not
in kilo-ohms, which is why the peak amplitude in Figure 11 appears as =2.6 x 10~ while Figure 10 shows
a peak height above background of about 3.6 kQ. The fitted positions and widths are unaffected, since
they live on the gate-voltage axis, and so are the shape metrics; only the amplitude and the axis label are
wrong, and both should be corrected before the figure is reproduced elsewhere.

Fitting on interpolated data. Fitting the 800-point chip interpolant rather than the measured points does
not bias the fitted parameters appreciably, but it makes any residual-based goodness-of-fit statistic
meaningless, because neighbouring interpolated points are not independent. Refitting the measured points
directly would leave the fitted parameters essentially unchanged while making a goodness-of-fit statistic
meaningful.

4.3 Limitations

To further emphasize, this study was not aimed at claiming new quantum phases such as
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superconductivity or moiré-correlated states. Instead, a reproducible baseline for gate-dependent transport
in an hBN-encapsulated monolayer graphene device. This precisely matches the research gap identified
earlier in the introduction: the need for clearer practice-to-outcome datasets connecting fabrication quality
to transport behavior—this is precisely what the primary objective was, to have a better understanding of
the effects of fabrication quality (via specified procedures) on transport behavior in an hBN-MLG-hBN
nano-device.

The limitations are set out below in descending order of importance.

The result rests on a single device. Reproducibility is the central claim of the paper, and a single device
can demonstrate that the pipeline runs and produces defined numbers, but it cannot demonstrate that
those numbers are stable across nominally identical fabrication runs. That would require several devices
made by the same procedure, and it is the first thing future work should supply.

The metrics for the fitted peak strengthen the analysis. However, they still depend on the assumptions of
the MATLAB smoothing and baseline subtraction procedure. The extent of that dependence has not been
measured: three choices in the pipeline are free parameters — the smoothing window A, the order of the
baseline polynomial, and the half-width of the mask that excludes the peak from the baseline fit — and
the metrics in Table 2 are the output of one particular setting of all three. Until the analysis is repeated
across a range of each, those values should be read as the output of a pipeline rather than as intrinsic
properties of the device, and the four decimal places to which they are quoted are not defensible. It is for
this reason that the results of this study should be interpreted primarily as a device quality
characterization rather than as evidence of a new physical state (as mentioned in prior sections). In order
to truly determine how reproducible the transport response is across the full sample set, additional
devices and sweeps would need to be conducted.

No sheet resistance, mobility, or minimum conductivity can be quoted from this dataset, because the
channel aspect ratio L/W is not recorded. This prevents direct comparison with the large body of literature
that reports mobility, including the comparison with Shautsova et al. (2016) drawn in §5.1, and is a
straightforward omission to remedy.

Finally, the measurement was made at a single temperature and in zero magnetic field. Temperature
dependence would separate thermal from disorder broadening directly rather than by the estimate given
in §3.3, and a magnetic field would give access to Hall mobility and carrier density independently of the
gate capacitance model.

This study also does not establish that the fabrication procedure used here is better or worse than any
alternative. Establishing that would require the same analysis applied to devices made by deliberately
different procedures, which is precisely the comparison the method is intended to enable but does not
itself perform.

Four specific improvements to the analysis follow from the foregoing, and are the natural next steps.
First, the fit should be performed on the measured points rather than on the interpolant, so that a
coefficient of determination and a residual spread can be quoted for each line shape and the choice
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between them settled on goodness-of-fit grounds. Second, uncertainties should be attached to each fitted
parameter, for instance by resampling the fit residuals and repeating the fit. Third, the whole pipeline
should be repeated across a range of smoothing windows, baseline orders and mask widths, so that the
spread of each metric under those choices can be reported alongside the metric. Fourth, the shape
moments should be recomputed as intensity-weighted moments along the gate axis, for the reason given
in §4.2. None of these requires new measurement; all four can be applied to the existing trace, and
together they would convert the metrics in Table 2 from single numbers into numbers with stated
uncertainties.

5. CONCLUSION
5.1 Summary of Findings

This study produced an hBN-encapsulated monolayer graphene heterostructure nano-device which
exhibited a clear gate-tunable resistance maximum at 4 K that is consistent with electrostatic tuning
through the charge neutrality region of graphene (Castro Neto et al., 2009; Novoselov et al., 2004). The
resistance peak itself rose from a low bias background of roughly 0.4-1.0 kQ to a maximum of roughly
4.6-4.7 kQ. This provides a clear and measurable transport signature suitable for peak analysis; the raw
trace was converted into Lorentzian and Gaussian peak fits. This allowed for the production of
reproducible quantitative metrics via MATLAB script.

Expressed as carrier densities, the fitted centre and width correspond to a residual doping of =2.5 x 10"
cm? and a charge-inhomogeneity width of <1.9 x 10" ¢cm™, the latter exceeding the 4 K thermal scale by
more than four orders of magnitude. The width of the peak in this device is therefore set by static
disorder rather than by temperature, which is what makes it a legitimate fabrication-quality metric.

By comparison, in adjacent literature, exfoliated hBN-MLG-hBN heterostructures have achieved
mobilities of ~1.4 x 10°cm?/V-s which correspond to much sharper Dirac peaks. Thus, the broader peak in
this study suggests a lower mobility (Shautsova et al., 2016). This remains an inference rather than a
measurement, since a mobility cannot be computed for the present device without its channel aspect
ratio; what can be compared directly is the peak width.

5.2 Broader Contribution & Future Implications

At a broader scope, this study addresses the research gap identified early in the paper: while numerous
studies describe best practices for graphene fabrication, few connect those procedures directly to
quantitative resistance peak metrics which can be compared across hBN-MLG-hBN devices. By
combining a reproducible fabrication procedure alongside Lorentzian-Gaussian fitting, this work provides
the aforementioned “practice-to-outcome” framework which can serve as a basis for future nano-devices
and be used as a methodology to compare the effectiveness of fabrication procedures on graphene device
quality across various studies. The value of reporting the sensitivity of each metric alongside the metric
itself, as §4.3 sets out, would be at least equal to the value of the metrics, since it is what allows two
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devices analyzed in different laboratories to be compared honestly. This is significant because high
quality graphene transport is highly relevant to not just condensed matter physics and materials science,
but to applications such as power electronics, quantum devices, fast photonic components, and high
performance energy storage systems (Cao et al., 2018; Liu et al., 2022; Zhang et al., 2023). In the industry
itself, this method yields clear quantitative parameters that can be used by graphene manufacturers to
evaluate material quality. In this sense, this research contributes both a device benchmark and a
methodological foundation. Future work can build on this by comparing multiple devices, making the
addition of temperature or magnetic-field dependence, and using the same peak analysis strategies
provided in this study to further determine how variations in fabrication affect transport quality across the
full graphene heterostructure field itself (Ren et al., 2024).
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7. Appendix

7.1 Resistance vs. Silicon Back Gate Voltage MATLAB Script

load_file = 'M_gate_Test';
load(load_file);
%[XX,YY] = meshgrid(topgatevolt, botgatevolt);

Voltage = data{l,2}; %unit V

Current = 10E-9; %unit A

Resistance = Voltage./Current*1E-3; %unit k\Omega
Yoko2 = data{1,6};

hl = figure;
plot(Yoko2, Resistance)
title(['Resistance vs Silicon back gate voltage'; 'Temperature T = 4 K'])

xlabel('Top gate voltage V_{top} (V)') % x-axis label
ylabel('4-probe resistance (k\Omega)') % y-axis label
axis([-6.5 -4 1 3])

filename=[load_file,".jpeg'];

saveas(hl,filename);

7.2 Baseline-Subtracted Peak and Fits & Peak Metrics MATLAB Script
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function lorentzfit

% Load data

[topgatevolt, botgatevolt, V,1] =
importdata('R_vs_Topgate_V(4K)');

V = topgatevolt;
I = 10E-9%*ones(1);
R = V./I;

Sm = smooth(R, 'sgolay’,21);

peak = Sm(1);

idx = 5:375;

Rstd = Sm - lorentz_generic;

pchip = smooth(smooth(Rstd, lowess’), 15);
R = R - (smoothing(5)+smoothing(10))/2;
R=()

invR = 1./smooth(Rstd);

A = max(invR);

for i = 2:length(idx)-3
Rain(i-1) = min(invR(idx(i):idx(i+3)))
Rind(i-1) = ...
idx(i+min(Rmin(i-1))-1);

end
for i=0:8
Vp(i) = Sm(Rind(i+1))%
vd = 3.8;
if lorentzwin(3)>3 && Sm(Rind(i)+3)>Sm(Rind(i))
w = 0.2;
else
w = vd;
end
end

if isempty(R)

error( 'Could not locate resistance vector inside data cell.');

end

R_smooth = movmean(R,7);
[~.peak_idx] = max(R_smooth);
V_peak = V(peak_idx);
exclude_width = 2.5; % adjust if needed
mask_peak = (V >= V_peak-exclude_width) &
(V <= V_peak+exclude_width);
p = polyfit{ V(~mask_peak),R_smooth(~mask_peak),2);
baseline = polyval(p,V);
R_bs = R_smooth - baseline;
Vp = V(mask_peak);
Rp = R_bs(mask_peak);
Viine = linspace(min(Vp),max(Vp),800);
Rfine = interp1(Vp,Rp, Vfine, pehip');
lorentz = @(b,x) b(1)*(0.5%b(3)). "2 /((x-b(2)). "2 + ...
(0.5%b(3)).72);
gauss = @(b,x) b(1)*exp(-(0.5%((x-b(2))./b(3)). "2);
A0 = max(Rfine);
[~,imax] = max(Rfine);
x0 = Vfine(imax);
gamma0 = (max(Vp)-min(Vp))/4;
sigma0 = gamma0/2.355;
lor_err = @(b) sum((lorentz(b, Vfine)-Rfine).*2);
gau_err = @(b) sum((gauss(b, Vine)-Rfine).*2);
b_lor = fminscarch(lor_err,[A0 x0 gamma0]);
b_gau = fminsearch(gau_err,[A0 x0 sigma0]);
FWHM_lor = abs(b_lor(3));
FWHM_gau = 2.355*abs(b_gau(3));
Q = abs(b_lor(2))/FWHM_lor;
sk = skewness(Rp);
ku = kurtosis(Rp)-3;

figure('Color', 'k');

ax = axe:

hold(ax,‘'on’);
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% --- curves ---

plot(Vfine, Rfine, ‘LineWidth',2, 'Color',[0 0.447 0.741])

plot(Vfine, lorentz(b_lor, Vfine), '--', 'LineWidth',2, ...
'Color',[0.850 0.325 0.098])

plot(Vfine, gauss(b_gau, Vfine), "', ‘LineWidth',2.5, ...

“Color',[0.929 0.694 0.125])

% --- FWHM markers ---
center = b_lor(2);

xline(center, 'k-', 'LineWidth',1.5);

xline(center-0.5*FWHM_lor, 'k--', 'LineWidth', 1.2);

xline(center+0.5*FWHM_lor, 'k--', 'LineWidth', 1.2);

ax.Color = 'k’ % black plot arca
ax.XColor ="w'; % white ticks
ax.YColor = 'w";

ax.GridColor =[1 1 1];

ax.MinorGridColor = [1 1 1];

% labels and title

xlabel('Top Gate Voltage (V) 'Color','w")

ylabel('Baseline-subtracted Resistance (k\Omega)', "Color',"w")

title('Baseline-subtracted peak and fits', 'Color’,'w")

% legend styling

lgd = legend('Data’,'Lorentzian fit','Gaussian fit', 'Location’, best');

Igd. TextColor = 'w';
Igd.Color = 'k';
lgd.EdgeColor ="w";
grid on

box on

set(gca, "FontSize',12)

set(gef, 'InvertHardcopy', 'off' )%%

&

= PEAK METRICS =

fprinffi"\

fprintf('Peak center: %.4f Vin'b_lor(2));
fprintf{'Lorentzian FWHM: % 4f V', FWHM_lor);
fprintf{'Gaussian FWHM: %.4f Vin',FWHM_gau);
fprinff{'Q = %.4f\n',Q);

fprinfi('Skewnes

% .4f\n',sk);

fprinff('Excess kurtosis: %.4f\n"\n', ku);
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