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ABSTRACT

The half-integer quantum Hall effect in graphene, characterized by the quantization of Hall resistivity as a function of applied magnetic field,
offers opportunities for advancements in quantum metrology and the understanding of topological quantum states. While the role of disorder
in stabilizing quantum Hall plateaus (QHPs) is widely recognized, the precise interplay between the plateaus’ width, disorder, mobility, and
carrier density remains less explored. In this work, we investigate the width of the v = 6 QHP in epitaxial graphene, focusing on two distinct
regions of the device with markedly different electronic mobilities. Depending on the storage conditions, it is possible to modify the carrier
density of graphene QHE devices and consequently increase or reduce the mobility. Our experiments reveal mobility variations of up to
200% from their initial value. In particular, the sample storage time and ambient conditions also cause noticeable changes in the positions and
extension of the QHPs. Our results show that the QHP extension for v = 6 differs significantly between the two regions, influenced by both
mobility and disorder, rather than solely by carrier density. Transport simulations based on the Landauer-Biittiker formalism with Anderson
disorder in a scaled model reveal the critical role of impurities in shaping graphene transport properties, defining the extension of the QHPs.
This study provides valuable insights into the interplay between mobility, disorder, and quantum transport in graphene systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0279212

I. INTRODUCTION Hall Effect (HI-QHE) (p,, = h/[4 x ¢*(N+1/2)] = h/(vé®) for
Opver the last decade, graphene has been one of the most widely N=0,1,...orv=2,6,.. .).1‘:“ The possibility to induce this state
studied 2D van der Waals materials due to its unique properties in graphene opens a plethora of possibilities not only as a new plat-

and broad range of applications.' ™ In particular, the relativistic form to study the QHE or related phenomena’ ™’ but also in the field
electronic nature, Berry phase, together with its sub-lattice degree of quantum metrology for the development of a quantum resistance
of freedom, leads to the appearance of the half-integer Quantum standard based on graphene.'’"
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The QHE has been extensively studied since its discovery,
leading to promising research areas such as the role of k-space
topology in condensed matter systems.'”'* Theoretical efforts have
been dedicated to the description of QHE characteristics reproduc-
ing experimental results at finite temperatures.”” '’ However, key
aspects of the QHE remain unresolved, particularly the dependence
of QHP width on parameters such as mobility, carrier density, and
disorder,'” " especially in the case of large samples (hundreds of
pm). While disorder is known to be essential for plateau forma-
tion by pinning the Fermi level in mobility gaps between Landau
levels (LLs),”” the precise role and extent of disorder in stabilizing
QHPs are not yet fully understood, largely due to the experimental
difficulty of controlling and characterizing it.

In this work, we study how mobility, disorder, and carrier den-
sity affect the v = 6 quantum Hall plateau (QHP) in an epitaxial
graphene Hall bar. Using oxygen absorption/desorption to modu-
late carrier density without gating, we track changes in QHP width
over time in two regions with different mobilities. These variations,
up to 200% in mobility, reveal that QHP width depends not only
on carrier density but also on disorder. Transport simulations using
the Landauer-Biittiker formalism”’ with Anderson disorder support
our findings, reproducing the observed trends.

This study provides a detailed examination of the interplay
between mobility, disorder, and carrier density in stabilizing the
QHPs in epitaxial graphene. These findings pave the way for
future research into controlling QHPs through tailored disorder
and mobility engineering, with potential implications for quantum
device optimization and metrology applications.

Il. EXPERIMENTAL METHODS

We used commercial single-layer graphene (SLG) grown epi-
taxially on 4H-SiC (0001) from Graphensic AB to fabricate Hall bars
via a two-step optical lithography process. The studied device had
a 100 ym channel width and length (L = W), ensuring Ru = p, .
It was mounted on a chip carrier inside a *He flow cryostat with
a 9 T superconducting coil. Magnetotransport measurements were
performed in a four-probe Delta configuration with a 1 yA current,
probing different regions of the device [see Figs. 1(a) and 1(b)].

FIG. 1. (a) Optical microscope image of a W = L = 100 um graphene Hall bridge.
The SLG is indicated by the dotted area; blue contrast corresponds to the SiC
substrate, and black regions correspond to the Ti/Au (10/90 nm) contacts. The
green shaded area corresponds to the high mobility region in the SLG, and the
red area to the low mobility one. (b) Schematics of the configuration used for the
longitudinal (V) and Hall (V) voltage measurements presented in this work.
The green (red) color corresponds to the configuration used to measure the high
(low) mobility region.
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Numerical calculations of the transport properties of a
graphene Hall bar were performed considering a tight-binding
model with nearest neighbor hopping (see Sec. 1 of the
supplementary material for more details on the model employed).
By including onsite Anderson disorder with strength w4, we stud-
ied the effect of impurities on the longitudinal and transversal
graphene resistance. The resistance was obtained via the conduc-
tance matrix calculated within the Landauer-Biittiker framework
employing Kwant.*’

I1l. RESULTS AND DISCUSSION

A. Carrier density modulation and QHE under
vacuum and air storage

The longitudinal and Hall resistances of graphene were char-
acterized as a function of the applied magnetic field at different
temperatures. The results at room temperature right after fabrica-
tion show a one order of magnitude difference in electron mobilities
between the green and red regions marked in Fig. 1(a). This dif-
ference is attributed to possible residues during fabrication and/or
intrinsic to the graphene/SiC sample (these are expected to be min-
imal due to the high quality of the commercial sample). To study
graphene’s electrical properties for different carrier concentrations,
we analyzed the evolution of the longitudinal and Hall resistances
under different storage conditions in the two different mobility
regions, high mobility (HM) (green) and low mobility (LM) (red)
[Fig. 1(a)]. As reported in previous studies,”" ' the carrier density
in epitaxial graphene can be tuned by adsorption or desorption of
different types of molecules at the surface.

Adsorbed oxygen, among other molecules present in the atmo-
sphere, can lead to a change in electron carrier density as it
can act as an electron acceptor, decreasing the electron carrier
concentration.”””” The results for the HM (LM) region as a function
of vacuum storage (air storage) are presented in Fig. 2, top (bottom)
panels. It is important to note that in our graphene Hall bar, the
transport is dominated by electrons for all the data shown in this
paper.

The graphene electronic properties are analyzed by extract-
ing the carrier density and mobility as a function of temperature.
First, the carrier density is obtained from the Hall resistivity, Py
at low magnetic fields, Fig. 2(a), following the Drude formalism
n = (dpsy/dB)~" e, where e is the electron charge and B is the
applied magnetic field. For the HM region, the as-fabricated sam-
ple presents a carrier density of 5.1 - 10" cm™ at 5 K (see Sec. 2
of the supplementary material for temperature dependences). The
sample was kept in vacuum conditions (~ 107> mbar), and the
carrier density evolution was studied as a function of the storage
time.

The slope dp, ,/dB at low magnetic fields decreases with storage
time, meaning carrier density increases when the sample is stored
in vacuum. The observed increase in #n can be explained in terms
of the removal of adsorbed molecules from the surface of graphene
when the sample is kept longer in vacuum conditions. Wang et al.*”
have demonstrated the photochemical control of the concentration
of adsorbed molecular oxygen in graphene using a UV laser. To con-
firm that the carrier modulation in our case is mainly driven by
the desorption of oxygen molecules, UV laser annealing was done
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FIG. 2. High mobility region: (a) Hall resistivity and (b) longitudinal resistivity as a function of the applied magnetic field for different vacuum storage times and for the UV
treatment (red line) at 5 K. (c) Evolution of carrier density (black circles) and mobility (blue squares) with vacuum storage time. Star shaped markers correspond to the UV
treatment (387 nm, 5 s, 60 W/cm=2). Low mobility region: (d) Hall resistivity and (e) longitudinal resistivity as a function of the magnetic field for different air storage times
at 5 K. (f) Evolution of carrier density (black circles) and mobility (blue squares) with air storage time. The black arrows in [(a), (b), (d), and ()] point in the direction of the

shift in the Hall plateaus due to aging in each storage condition.

after 250 days of storage in vacuum. We illuminated the sample
with a UV laser (387 nm) for 5 s with a fluence of 60 W/cm?
to minimize heating effects. Immediately after UV treatment, the
sample was mounted in the cryostat and measured. An increase in
the carrier density of An = 10" ¢cm™ was observed [star shaped
marker in Fig. 2(c)], suggesting that the modulation of carrier den-
sity for vacuum storage comes mostly from desorption of molecular
oxygen.’>

The electron mobility is extracted following the Drude formula:
= (L/W)[enpxx(B =0)]"", using the carrier density previously
obtained from the Hall resistivity slope and the values of the lon-
gitudinal resistivity at zero magnetic field p . (0), Fig. 2(b). The
as-fabricated sample has a mobility of 8500 cm?/Vs, in accordance
with other epitaxial graphene reported in Ref. 28. We observe that as
carrier density increases with vacuum storage time, this has a detri-
mental effect on the mobility, which decreases over time, reaching
87% of the starting value after 250 days. This effect has already been

33-35

reported in previous works.

In contrast, an increment of Ay ~ 50 cm®/Vs in the mobility
after the UV treatment was observed. In this case, the increase in
carrier density accompanied by an increase in mobility could be
attributed to thermal annealing effects due to laser heating.

In summary, a carrier density increase and a mobility reduc-
tion are observed with vacuum storage time. The observed variations
in the mobility within the sample are driven by the modulations of

. . 36-39 .
carrier density.””" In this case, when more oxygen adatoms are

desorbed over time, more carriers are present in the sample, and
the overall effect is to lower the mobility. This means that oxygen
adatoms only play the role of modulating the carrier density and
have a minor effect on the scattering times of the system (as we will
discuss below, the scattering times do not change significantly as a
function of storage time). This is reasonable, as molecular oxygen on
graphene should be weakly bound via physisorption,””*" and thus,
minimal changes are induced directly on the graphene lattice. Sim-
ilar effects with vacuum storage and UV radiation are expected to
occur in the LM region, as reversible modifications in carrier density
and mobility with adsorption/desorption of molecular oxygen have
been reported in low-mobility samples.*”

For high enough magnetic fields, the system enters the QH
regime. In the as-fabricated sample, we observe the appearance of
plateaus v=6 (N =1) around 3 T and v=2 (N =0) around 6 T,
and their corresponding Shubnikov de Haas (SdH) oscillations in
the longitudinal resistivity p_; see Fig. 2(b). The effect of remov-
ing oxygen from the surface via vacuum storage is also observed in
the location and extension of QHPs and SdH oscillations. As storage
time increases (and thus carrier density), the position of SdH oscil-
lations is shifted toward higher magnetic fields. This is expected as
carrier density is increasing, and therefore a higher magnetic field is
required to accommodate the gained extra carriers (electrons) due
to increased degeneracy of the LLs (see Sec. 3 of the supplementary
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material). In the case of UV treatment, the QHP v = 2 appears at
magnetic fields beyond the largest magnetic field available in our
setup (in agreement with a further increase in the carrier density).
However, the plateau v = 6 is still visible, and even a glimpse of
the plateau v = 10 can be discerned. In the LM region [red area
in Fig. 1(a)], the initial carrier density, after the measurements in
the HM region, was of the order of 10 ¢cm™ and the mobility
640 cm?/V's. Notably, QHE was also stabilized in this region despite
the difference in mobility of one order of magnitude; see Fig. 2(d). In
this case, the high initial electron carrier concentration (red curve)
does not allow the observation of the v = 2 plateau in the magnetic
field range accessible in our experimental setup, but the plateau v = 6
is located at a field similar to that of the last measurement pre-
sented for the HM region (250 days in vacuum + UV). For this
part of the study, we followed the evolution of graphene transport
properties as the sample was kept in the air. As time passed, the
electron density decreased due to the air exposure and consequently
re-adsorption of oxygen molecules. An increase in the longitudinal
resistance at zero magnetic field is also observed in these conditions;
see Fig. 2(e).

The evolution of carrier density and mobility for this region
as a function of time is summarized in Fig. 2(f). During air stor-
age, the evolution of carrier density and mobility retraces back the
behavior seen in the previous case. The exposure to air allows us to
fully recover the initial carrier concentration present originally in the
HM region and to go even below that value, down to 3 - 10" cm™.
After 190 days in the air, the plateau v =2 is established within
the accessible field range, and after ~340 days, the quantization is

ARTICLE pubs.aip.org/aip/apm

observed by only applying 3 T [see Fig. 2(d)]. The corresponding
longitudinal resistivities for the different storage times depicted in
Fig. 2(e) show some modulation with the magnetic field correspond-
ing to the SdH oscillations. Nevertheless, none of them shows the
distinctive minima near zero resistance as it was observed in the
HM region when entering the v =2 QHP regime. The longitudi-
nal resistivity in the QHE is modified according to the evolution
of the density of states at the Fermi level with the applied mag-
netic field. When impurities are added to the system, the LLs start to
widen, increasing the number of localized states in the mobility gap.
At a certain point, this can lead to a finite longitudinal conduction
by means of thermally activated or hopping transport mechanisms,
thus reducing the expected quantized conductivity.*’

B. Role of mobility, carrier density, and scattering
time in the QHPs

We now discuss the relation between carrier density, mobility,
and scattering time for the results presented in Sec. III A and their
influence on the QHP extension. Figure 3(a) shows the behavior of
mobility as a function of the carrier density for both HM and LM
regions. As observed in Sec. ITI A, mobility is affected by the carrier
density modulation during storage time. In both regions, mobility
decreases as the carrier density increases. However, despite similar
carrier densities being obtained during the experiments, the mobil-
ity values differ significantly between the HM and the LM regions, as
shown in the inset in Fig. 3(a). This trend has been reported in pre-
vious works and aligns with various theoretical frameworks.””*"’

a) b)
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According to classical Drude’s transport model, the mobility in
graphene follows the relation p(n) = tevr/(\/nnh) , where v is the
Fermi velocity and 7 is the average scattering time, left as a con-
stant parameter in Drude’s original work.*’ This model captures the
observed behavior where mobility is inversely proportional to carrier
density (4 o< 1/y/n). Moreover, within this model, the difference
in mobility values can be attributed to variations in the scattering
times between the two regions. The Drude model can be extended, as
reported in the work of Gosling et al.,”” using Boltzmann transport
theory with Born approximation to lift the constraint of a constant
scattering time. This dependence now results in a more general
expression for mobility vs carrier density, as the scattering time is
dependent on the carrier density 7(n). This gives a more general
expression for mobility vs carrier density as u(n) o< ¥, where the
exponent f3 depends on the Fermi level position and the type of scat-
terers present in the system. In our case, we found that the exponents
By = —0.30 and B, = —0.57 fit reasonably well our experimental
data; see the inset of Fig. 3(a).

To further analyze the dependence of the scattering time, we
examine the evolution of this parameter with carrier density for both
regions, Fig. 3(b). As shown, scattering time can slightly vary with
the carrier density of the system. In the HM region, the scatter-
ing time increases with carrier density, whereas in the LM region,
it remains nearly constant over the same range of carrier densities.
As discussed in the work of Gosling et al.,*” the scattering time can
have different dependencies on the carrier density depending on the
nature of the scatterers. An increase in the scattering time with car-
rier density could be due to long-range scatterers or, beyond the
model, due to strong defect scattering.**

Similarly to mobility, the scattering time values differ signifi-
cantly between the two regions by almost one order of magnitude,
suggesting that carrier density alone does not fully determine this
quantity. In fact, the scattering time is related to impurity density
Nimp and strength, Uy™ as 7 o< ni_nlp (A, UR) ™!, where A, is the effec-
tive cross section. As the scattering time presents minimal variations
with carrier density in each experiment, we conclude that the mech-
anism relevant for the modulation of the carrier density, namely, the
adsorption and desorption of molecular oxygen, alters minimally
7 (and thus minimally changes nimp and Up), aside from their
influence via carrier density modulation. This result is in accor-
dance with the physisorption of oxygen molecules aforementioned,
and therefore, the observed differences in scattering time can
be primarily attributed to the impurities already present in the
sample.

We estimate the difference in nimp and Uy between regions by
applying the aforementioned approximation for 7 in both regions.
As both nimp and Uy are modifying the scattering time, it is not
experimentally possible to disentangle the nature of the observed
mobility variation differences in the studied sample. However, in
our case, it is reasonable to consider that the types of scatterers
present in both regions of the sample are similar and, thus, have
comparable scattering strengths, Ug|um ~ Up|am. Consequently, the
primary factor contributing to the difference in mobility and scat-
tering times between the two regions is likely the impurity density.
An average scattering rate is extracted, obtaining a scattering rate of
Tum = 73.90 + 4.53 fs and 7im = 6.44 £ 0.67 fs for the HM and
LM regions, respectively. Then, we can estimate the following

ARTICLE pubs.aip.org/aip/apm

relation for the impurity densities in both regions: (nkff{,) / (nffnl\g
o< TaMm/Tm & 12 (see Sec. 4 of the supplementary material).

We now discuss how the width of the QHPs evolves with the
carrier density for the HM and LM regions. We focus on v = 6, since
this is the only plateau that was fully observed for all storage times
in the range of magnetic fields accessible in our experiments (see
Sec. 5 of the supplementary material for the details about the plateau
width definition). In Fig. 3(c), the plateau width for each region is
presented as a function of the carrier density in the system. The
plateau width shows a clear linear dependence on the carrier den-
sity, growing as the electron density increases for both regions (note
that the time evolution is the opposite for each region, as indicated
by the arrow directions in Fig. 3). For the HM region, the electron
density increases with time, and so does the plateau extension, from
an initial AB = 1 T to almost triple after 300 days plus the UV treat-
ment. In contrast, storage time reduces the number of carriers in the
LM region, and the QHP for v = 6 shrinks from 2 T until disap-
pearing at M ~23.10" em™. For comparison, the plateau in
the HM region disappears at a larger critical carrier density of
nf™ ~3.10" cm™ (obtained by extrapolating the experimental
points).

Even though both regions present similar carrier densities
along different stages of storage, the measured QHP widths are dif-
ferent. The HM region displays, overall, broader plateaus than the
LM one, suggesting that the main parameter that defines the width
of the QHPs (aside from carrier density as explained before, through
the LLs degeneracy) is the impurity density nimp and their strength
Up. To obtain further microscopic insight on the impact of disor-
der and carrier density in the QHP width, we numerically compute
the transport properties of a graphene Hall bar described by a scaled
tight-binding model® (see Sec. 1 of the supplementary material).
Disorder in the system is modeled by an Anderson on-site energy
where w4 quantifies the disorder strength (similar to Up).*® The
Anderson model can qualitatively describe the effect of uncorre-
lated and short-range disorder in the samples without resorting to
more sophisticated ab initio techniques. The results of the micro-
scopic calculations, averaged over 100 disorder realizations (see the
supplementary material), are reported in Fig. 4.

In Fig. 4(a), the transversal resistance Ry, is represented for
three chemical potentials Er as a function of the applied magnetic
field B. The ideal cases without disorder are plotted with solid lines
and show perfectly quantized plateaus with sharp transitions. The
cases with Anderson disorder are represented with dashed lines,
the shadowed areas corresponding to the standard deviation of the
disorder realizations with respect to the mean value. A disordered
potential landscape destroys the quantization near the edges of each
plateau as the electrons can get from one side of the sample to the
other by impurity localized states. As a result, there is a smooth
transition between plateaus rather than the steps shown for the
ideal case. The loss of the quantization between the plateaus also
impacts the longitudinal resistance, represented in Fig. 4(b). In fact,
Ry develops large non-zero peaks for magnetic fields correspond-
ing to the Ry, plateau transitions, experimentally corresponding
to the SdH oscillations. The numerical calculations indicate that
the plateaus shift toward higher magnetic fields when the chem-
ical potential is increased, as already reported in Ref. 47 and in
accordance with the increments in the carrier density observed in
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FIG. 4. (a) Transversal resistance Ry, as a function of the magnetic field B for three different values of the chemical potential Er. The solid lines correspond to the case
without disorder, and the dashed lines show the mean value of the resistance over 100 realizations for wa /t = 0.3, with the shadowed areas indicating the standard deviation
over the disorder realizations. (b) Longitudinal resistance for the same parameters as in (a). (c) Mobility ¢ and (d) plateau width as a function of carrier density n for v = 6
and three different disorder strengths (the error bars represent the propagation of the standard deviation of the disorder realizations). [(e)-(g)] Scattering wavefunction
density distributions |1//S|2 for three different magnetic fields indicated by arrows in (a).

the experimental data. The simulations are thus consistent with the in the experiments) increases with diminishing disorder strength.
experimental results for the HM vacuum stored (LM air stored) sam- These calculations are consistent with the experimental observation
ple, where the carrier density increased (decreased) due to oxygen of the narrowing of the plateau width with time for the LM region
desorption (absorption). when stored in the air, as oxygen absorption reduces the carrier

Figure 4(c) shows the relation between mobility and carrier density. Conversely, in the vacuum-stored HM region, the carrier
density from the numerical simulations. The case without disorder density increases, resulting in a broader plateau. Moreover, the dif-
(purple dots) displays a Drude-like behavior in which the mobil- ferences in disorder between both regions provide an explanation for
ity is reduced with increasing the carrier density as  oc 1//n. The the observed overall differences in the plateau widths for the studied
effect of disorder, quantified by the Anderson disorder potential carrier density ranges. Therefore, our numerical calculations capture

w4, is to reduce the magnitude of the mobility. This reduction can the experimental observation of an enlargement of the plateau width
be close to an order of magnitude at high carrier densities. The  with increasing carrier density and a reduction of the quantized
presence of disorder also induces a small change in the slope of  region due to an increase in disorder; see Figs. 3(b) and 4(d).

the mobility-density ratio, which reduces slightly at higher disor- Finally, we analyze the microscopic effect of disorder on the
der strength. The effect of disorder in our numerical simulations is electronic transport by plotting the density of the space-resolved
thus consistent with the differences between HM and LM regions scattering wavefunction for some relevant cases. The scattering
shown in Fig. 3(a) by associating the HM (LM) region with a higher wavefunction ¥, is a valuable tool for examining the spatial dis-
(lower) wa value. We now focus on the experimentally relevant tribution of the electronic density of the scatterin states.””"* The
plateau for the filling factor v = 6 and resistance Ry, = Ro/3, with scattering wavefunction density, defined as |y,|°, is plotted in
Ro = h/(2x 10%). We characterize the plateau width by the quantity Figs. 4(e)-4(g) for the three magnetic field values marked in Fig. 4(a)
AB defined by the difference between the minimum and maxi- and for a disorder configuration corresponding to wa/t = 0.3 and
mum value of the magnetic field where the standard deviation of ~ chemical potential Er/t = 0.4. In panels (e) and (g), the magnetic
the transversal resistance, o(Ryy), is bigger than a given threshold field values considered correspond to a transition point between
[0(Ry) > 107>Ro/3]. For a fixed disorder strength in the system,  plateaus. Consequently, |y|* is affected by the landscape of the

60:1'GL G20C 4290100 0€

AB increases with the carrier density n almost linearly at high den- Anderson disorder potential and appears delocalized in the cen-
sities; see Fig. 4(d). The presence of disorder reduces the plateau tral part of the scattering region, indicating electron scattering from
width for all carrier densities. At low carrier density, the calculations ~ edge to edge, leading to non-quantized transversal resistance values.
show a nonlinearity of the plateau width with the carrier density. By contrast, Fig. 4(f) shows the density of the scattering wavefunc-
Still, extrapolating from low or high carrier densities, we observe tion \1//5|2 for a magnetic field corresponding to a perfectly quantized
that the intercept (related to the critical carrier density observed transversal resistance value. The density now peaks around the edges
APL Mater. 13, 071119 (2025); doi: 10.1063/5.0279212 13, 071119-6
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of the sample, displaying a perfectly transmitting edge state that is
resilient to the disorder.

IV. CONCLUSIONS

We have studied the evolution of the QHE characteristics in
epitaxial graphene for different carrier densities and different stor-
age conditions. By means of electrical transport measurements, we
obtain the mobility and the carrier density for two different regions
that differ strongly in their mobility. For the HM region, by stor-
ing the sample in vacuum, an increase in the carrier density was
observed together with a major decrease in the mobility. The QHPs
shift toward higher magnetic fields due to the LL degeneracy. By
UV illumination, we can conclude that the induced changes are
driven by molecular oxygen being desorbed from the surface with
a consequent increase in the carrier density due to its electronega-
tivity. For the LM region, the evolution of the carrier density and
QHE characteristics was studied as the sample was kept in air. The
results obtained showed that after around 350 days, the carrier den-
sity decreased almost by a factor of 10, the mobility increased up
to 200% of the initial value, and the QHP shifted toward lower
magnetic fields. Our experiments show that the difference in mobil-
ity and scattering time between the two studied regions can be
attributed to different local impurity densities. From the QHE, we
observe an increase in plateau width with increasing carrier den-
sity, attributed to larger energy spacing between LLs. Nevertheless,
a difference in plateau width between the HM and LM regions was
observed for similar carrier densities, indicating that the impurity
density is a crucial parameter in defining the plateau width. Trans-
port simulations based on a scaled tight-binding model for different
disorder strengths show a similar relation between mobility and car-
rier density as in the experiments. The effect of the disorder strength
in the simulations is to decrease the magnitude of mobility and
plateau width, in agreement with the experimental results. Micro-
scopically, the reduction in the plateau width is caused by edge to
edge scattering enabled by impurities, destroying the perfect ballistic
conductance.

This study contributes to the understanding of the effects of
disorder in the QH regime in graphene. The observation of the
evolution of QHP width for different carrier densities and their
dependence on the disorder in the sample highlights the important
role played by these parameters in the QH state. This is relevant not
only for an in-depth understanding of this quantum state but also
for applications of graphene, such as metrology, where disorder can
play a major role in the development and engineering of future stable
and reliable resistance standards operational in relaxed experimental
conditions.

SUPPLEMENTARY MATERIAL

The supplementary material contains descriptions of the the-
oretical model for tight binding calculations and of the relation
between scattering time and impurity concentration and strength. It
also includes results on the evolution of carrier density and mobility
with temperature for different storage times and the observed shifts
of the QHP center with carrier density. Finally, the method used for
the definition of QHPs and a summary of relevant parameters for
the high mobility and low mobility regions are presented.
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