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ABSTRACT: Hall probes play a critical role in industrial
applications such as electrical compasses, current sensors, and
motion detectors; however, their performance often deteriorates at
high temperatures. This study presents a magnetic-field probe with
an ultrahigh sensitivity of 880 Ω/T at 150 °C, achieved using a
graphene Hall bar integrated into a field-effect transistor (FET)
architecture. To attain this exceptional sensitivity at elevated
temperatures, careful control of doping, passivation, and
manufacturing defects is essential. The doping level is optimized
by adjusting the gate voltage to maintain the carrier concentration
near the charge neutrality point (CNP). Further improvements in
sensor response at high temperatures, as well as nearly a 2-fold
increase in sensitivity at room temperature, are realized through polymer passivation of graphene. In contrast, it is demonstrated that
patterning graphene into a narrower channel can increase the number of defects, which reduces the Hall probe’s sensitivity. These
findings demonstrate the potential of CVD graphene as a durable and high-performance material for Hall probes in challenging
environments.
KEYWORDS: graphene, Hall probe, field-effect transistor, sensitivity, high temperature

1. INTRODUCTION
Hall probes represent a versatile type of sensor widely used in
manufacturing, automotive, and communication systems.1−4

Their operational principle is based on the well-known Hall
effect, in which an applied magnetic field induces a potential
difference across an active element with current flowing
through the material. The Hall effect does not impose
restrictions on the temperature or magnitude of the magnetic
field, in contrast to sensors based on the giant magneto-
resistance effect (GMR), which struggle at high temperatures
due to the limited thermal stability of the multilayer thin films.5

As such, the Hall probes are also suited for applications
requiring an operation at high temperatures and/or strong
magnetic fields, for example, for monitoring of conditions
inside nuclear fusion research reactors,6 speed sensing of
engine rotors, safety position sensors in steel and metal
tempering plants, or current sensing in electronic circuits with
limited cooling options.
In order to maximize sensitivity, most Hall probes utilize

thin layers of semiconductors with a low charge carrier density
(e.g., Si,7 InAs/GaSb,8 InSb9) as the sensing material.
Following this approach, graphene is an ideal candidate for
Hall effect sensors due to its atomical thickness and low carrier
density near the charge neutrality point combined with
relatively high carrier mobility and low electronic noise.

Furthermore, the electronic properties of graphene can be
tuned by electrostatic gating in a field effect transistor
configuration to optimize the sensor performance. Graphene
Hall probes have already been studied extensively from low to
room temperature, with and without gating effects,10−15 and
these sensors were shown to exhibit a current-related
sensitivity defined by the Hall coefficient as high as 6840 Ω/
T at room temperature for ultraclean exfoliated graphene
encapsulated in hBN.12 Dai et al. demonstrated the possibility
of integrating a graphene Hall probe with CMOS processing
circuits in order to increase the sensitivity over 60×.16
Nonetheless, few studies have tested graphene Hall probes at
elevated temperatures, so far with inconsistent results.
Hall probes fabricated from epitaxial graphene were

thermally stable from room temperature up to 300 °C with
sensitivities of 80 Ω/T17 and 100 Ω/T,6 respectively. Similarly,
Hall probes based on chemical vapor deposition (CVD)
graphene exhibited a stable sensitivity of 40 Ω/T from room
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temperature to 200 °C.18 Nevertheless, given the low
sensitivity values and the lack of any gating mechanism, it is
highly probable that these studies were operating in a high
charge carrier density regime of graphene, which often shows
different behavior compared to the low charge carrier density
regime near the charge neutrality point. He et al.19 used
molecular doping on epitaxial graphene Hall probes and found
that only heavily doped devices were thermally stable, whereas
devices doped closer to the charge neutrality point showed a
linear decrease in sensitivity from room temperature to 120
°C.19 However, molecular doping is an imprecise technique
with insufficient control over the results. Consequently, the
study was limited only to a few selected charge carrier densities
and the molecules were desorbing from graphene at increasing
temperature.
This work presents a systematic study of the performance of

graphene Hall probes in the temperature interval ranging from
room temperature up to 150 °C. The devices have been
designed as field effect transistors (FETs) with a solid-state
bottom gate for electrostatic doping, and the graphene Hall bar
structures enable simultaneous measurement of the Hall effect
and transport properties of graphene. In addition to doping,
the effect of a passivation layer applied on top of graphene and
the influence of defects in the graphene channel induced by
channel constriction have also been studied. By combining the
passivation layer with the FET-based design, we have achieved
the highest reported sensitivity values for graphene Hall probes
at 150 °C. Finally, the presented results offer a comprehensive
insight into the operation of graphene Hall probes at elevated
temperatures, as well as their prospects and limits in potential
applications.

2. METHODOLOGY
2.1. Sample Preparation. Graphene Hall probes were

fabricated using standard micro/nanofabrication techniques.
First, n-doped silicon (100) substrates with a 285 nm layer of
dry thermal SiO2 were patterned with metal contacts in two
lithographic steps combining UV lithography and electron
beam evaporation. The two-step design reflects considerations
for the subsequent transfer of graphene grown by chemical
vapor deposition (CVD) and the need for electrical
connections to measure transport properties. In the first step,
thin Ti(5 nm)/Au(25 nm) electrodes were fabricated around
the intended Hall bar positions to minimize the possible
tearing of the graphene layer in these areas. In the second
fabrication step, thick Ti(5 nm)/Au(100 nm) electrodes and
bonding pads were connected to the thin electrodes. Next,

CVD graphene grown on a copper foil (purchased from
Graphenea) was transferred onto the prepatterned substrates
using a standard PMMA-assisted wet transfer method.20

Afterward, the graphene layer was patterned by electron
beam lithography (EBL) and reactive ion etching (RIE) in
oxygen plasma into graphene Hall bars contacted by the thin
Ti/Au electrodes. Additionally, selected samples were covered
by a 500 nm protective layer of SU-8 photoresist to protect the
graphene Hall bar from air adsorbents and to stabilize the
behavior of the Hall probe during the experiment by
suppressing hysteresis caused by adsorbed water. Finally, the
prepared chips were glued with conductive silver paint and
wire-bonded onto printed circuit boards.
The main dimensions of the graphene Hall bar are the width

of the main channel (w = 10 μm), width of the side channels
(a = 3 μm), distance between the side channels (l = 30−60
μm), and distance between the side channel and the gold
current electrode (b = 60 μm), where the dimension ratios
comply with the rules of the American Society for Testing and
Materials standard.21 Furthermore, some Hall bars are
constricted in the middle of the main channel to 1 μm width
to enhance the influence of edges and defects in these devices.
Scanning electron microscope (SEM) images of a standard 8-
contact Hall bar and a constricted 6-contact Hall bar are
shown in Figure 1a,b. The quality of the fabricated graphene
Hall bars was also assessed by Raman spectroscopy measure-
ments (Supporting Information, Figure S1).
2.2. Experiment. Transport properties of graphene and the

Hall effect were measured simultaneously under ambient
conditions (25 °C, 35% relative humidity) by a four-probe
method on the prepared graphene Hall bars with an option to
heat the samples from room temperature up to 150 °C. The
sample was placed in a holder between a pair of large ferrite
magnets with an area of 5 × 5 cm2 to ensure a uniform external
magnetic field across the whole sample. The assumption of the
field uniformity was supported by COMSOL Multiphysics
simulations (Supporting Information, Figure S6). Furthermore,
the distance between the magnets could be adjusted to alter
the magnitude of the magnetic field. To facilitate heating
during experiments, the sample was placed onto a thin
aluminum holder with a heating element (a planar series
resistor) on the backside. The temperature was then measured
by a Pt100 sensor inserted and affixed by a thermal paste inside
the aluminum holder. The assumption was made that the
temperature distribution was relatively uniform across the
individual parts (the silicon chip, aluminum chip expander, and
aluminum holder). Consequently, the temperature sensed by

Figure 1. Images of the fabricated graphene Hall bar and a schematic of the electronic measurement setup. SEM image of an 8-contact Hall bar (a)
and a constricted 6-contact Hall bar (b). The electronic setup (c) enables simultaneous measurement of the Hall effect and transport properties of
the graphene Hall bar.
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the Pt100 sensor has been considered a representative value for
the graphene Hall probe.
In the electronic measurement (as shown schematically in

Figure 1c), a constant current I = (1−10) μA was supplied to
the main channel of the graphene Hall bar by a Keithley AC
and DC Current Source 6221. The longitudinal voltage V and
the transverse Hall voltage VH were measured by a pair of
Keithley 2182A Nanovoltmeters on the side channels of the
graphene Hall bar. Another Keithley AC and DC Current
Source 6221 was used to apply the gate voltage VG between the
silicon substrate and the graphene layer by flowing gate current
IG through a gate resistor RG. During each transport and Hall
effect measurement, the magnetic field and temperature were
held constant, only the gate voltage VG was swept from 0 to 80
V and back to 0 V.

3. RESULTS AND DISCUSSION
3.1. Results. The results of the simultaneous measurement

of the longitudinal voltage V and the transverse Hall voltage VH
in dependence on the applied gate voltage VG at room
temperature are shown in Figure 2a. The charge neutrality

point at VCNP ≈ 40 V indicates the initial p-doping of the
graphene layer which can be caused by residues from the
lithographic processes22 and by water molecules adsorbed
either on top of the graphene layer or trapped between the
SiO2 and graphene.23,24 Additionally, the presence of water
molecules introduces a hysteresis between the forward and
backward sweeps of the gate voltage VG into all measure-
ments.23 In the following text, only the data obtained from the
forward sweep of the gate voltage is presented, and the
hysteretic behavior is omitted for clarity.

Figure 2b depicts the response of the graphene Hall probes
to magnetic fields of varying magnitude and opposite polarities.
A larger magnetic field generates a larger response, but there is
also a nonzero response for a zero magnetic field. This so-
called offset Hall voltage can generally arise from heterogeneity
in the Hall element (local doping from adsorbents, electron−
hole puddles, and trapped charges between material inter-
faces25,26) and from the geometry of the Hall element (its
dimensions, contact size and placement, and potential
misalignment between the Hall element and contacts27). The
presence of this offset voltage explains the asymmetrical Hall
voltage response where VH ≈ 0.1 mV corresponds to VG ≈
VCNP instead of the expected VH = 0 mV. From the
dependence of the Hall voltage on the applied magnetic
field, we have been able to calculate the Hall coefficient RH =
I−1·∂VH/∂B as a function of the applied gate voltage VG across
the measured temperature range T = (25−150) °C, Figure 3.
The Hall coefficient RH, being proportional to the slope of the
linear fit of VH(B) (see the inset in Figure 3), is equal to the
current-related sensitivity SI which is sometimes used in the
literature instead. The transfer curves shift to higher positive
gate voltages with an increasing temperature (Supporting
Information, Figures S7−S9), which is also reflected in the
continual shift of the calculated dependence of the Hall
coefficient.
In this work, the performance of Hall probes based on three

graphene structures is compared: 10 μm wide graphene Hall
bars with and without an SU-8 passivation layer, and graphene
Hall bar constricted to 1 μm in the middle with the same
passivation layer. Figure 4a plots the maximum achieved Hall
coefficient in dependence on temperature for each of the three
Hall probe types. From room temperature up to T = 100 °C,
the passivated 10 μm Hall bar exhibits the highest Hall
coefficient, although both passivated Hall bar types show
higher response in the whole temperature range compared to
the uncovered Hall bars exposed to air. Only the Hall
coefficient of the passivated 10 μm Hall bar significantly
decreases with temperature, whereas the passivated constricted
Hall bar shows a slight increase, and the exposed 10 μm Hall
bar remains almost stable across the measured temperature
range.
Although each of the three Hall bar types performs

differently with an increase in temperature, their resolution
remains comparable independent of temperature, Figure 4b.
Here, we calculate the resolution as the mean deviation of VH
data points from the linear fit of VH(B).

28 The resolution then
reflects the stability of the linear operation of the graphene
Hall probes with an increasing temperature.
3.2. Discussion. The majority of graphene Hall probe

research focuses on low- to room-temperature measurements.
Most of the Hall coefficient values reported in the literature for
Hall probes based on CVD graphene tuned by electrostatic
gating at room temperature fall into the range (1000−1550)
Ω/T, Table 1. Although some studies have shown lower
values, this can be attributed in most cases to the small
dimensions of graphene elements (w < 1 μm) due to an
increased edge disorder and electronic noise.14 The highest
Hall coefficient obtained at 25 °C from the fabricated graphene
Hall probes in this work was 1344 Ω/T, which is comparable
to the published values. Additionally, the devices with the SU-8
passivation layer fabricated in this study consistently exhibit
higher Hall coefficient than those exposed to air, which is in

Figure 2. Representative response of the passivated graphene Hall
probes to the application of the gate voltage at room temperature. (a)
Both the longitudinal voltage V and the Hall voltage VH exhibit
hysteresis between the forward and backward sweep of the gate
voltage VG. (b) Variation of magnetic field and polarity causes a
proportional response in the Hall voltage VH (hysteresis is omitted for
clarity and only forward sweeps are shown).
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agreement with reports for graphene Hall probes covered with
dielectric17,27 and polymer thin films.16,28−30

At 150 °C, the maximal values of the Hall coefficient
achieved for our devices ranged between (720−880) Ω/T
(Figure 4a), which are the highest values so far reported for
graphene Hall probes at this temperature (Table 2), although
other studies have also exposed graphene Hall probes to higher
temperatures (even up to 500 °C17). The main reason for
achieving such high values in this work is the combination of
the passivation layer and the use of the solid-state bottom gate
for tuning of the electronic properties of graphene, as can be

seen in Figures 3 and 4a. Even though the benefits of
passivation diminish with temperature, the option of tuning
graphene properties by gating is essential for maximizing
sensitivity regardless of the temperature. If we consider only
values measured at VG = 0 V in Figure 3, then the Hall
coefficient reaches only 193 Ω/T at 25 °C and 142 Ω/T at 150
°C. In this case, the decrease with temperature is primarily
caused by the shift of the transfer curves to positive gate
voltages. Without this shift, the Hall coefficient at VG = 0 V
would remain the same across the measured temperature
range, similar to the already observed results.6,17,18 However,
gate sweeping enables the measurement of extremes, which are
1344 and −1277 Ω/T at 25 °C in Figure 3, decreasing to 771
and −646 Ω/T at 150 °C. The maximum and minimum values
differ probably a result of the hysteresis effects present in the
device.
Each of the three Hall bar types demonstrates different

behavior with increasing temperature. The 10 μm wide
graphene Hall bar exposed to air exhibits almost a constant
Hall coefficient, whereas the Hall coefficient continuously
decreases for the passivated 10 μm Hall bar and even slightly
increases for the constricted Hall bar with the passivation layer.
It is assumed that adsorbents and air humidity do not affect
graphene passivated by SU-8. Consequently, the 10 μm
passivated Hall bar is affected only by temperature, and the
decrease in Hall coefficient can be attributed to the charge
carrier mobility decreasing with temperature as a consequence
of a charge carrier-phonon interaction. By constricting the
main channel of the Hall bar to 1 μm, the influence of edges is
amplified. As a result, the Hall coefficient of the constricted
and passivated Hall bar at 30 °C is significantly lower (705 Ω/
T) than that one for the 10 μm passivated Hall bar (1227 Ω/
T). Hence, we hypothesize that the higher presence of
structural defects (vacancies and grain boundaries) at the edges
and inside the lithographically narrowed graphene channel can
be a primary factor determining the mobility of charge carriers

Figure 3. Hall coefficient RH response of the passivated graphene Hall probe to the applied gate voltage VG in the temperature range T = (25−150)
°C and magnetic field B from −183.6 to 183.6 mT. The linear dependence of the measured Hall voltage on the applied magnetic field is depicted in
the inset for various temperatures and gate voltages. The gate voltages were selected to represent varying doping levels in graphene, in particular,
the low charge carrier density regime near CNP and higher carrier density regimes farther away from the CNP.

Figure 4. Calculated maximum Hall coefficients (a) and resolution
(b) across the temperature range T = (30−150) °C for three types of
graphene Hall elements: 10 μm graphene Hall bar exposed to air
(blue), 10 μm graphene Hall bar covered by SU-8 (green), and
constricted Hall bar covered by SU-8 (red).
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and prevailing over the effect of temperature. Therefore, the
Hall coefficient is approximately constant, and a moderate
growth with temperature could be attributed to the elimination
of defects by a higher diffusion of atoms and interstitials. For
the 10 μm graphene Hall bar exposed to air, desorption of
water molecules from graphene with increasing temperature
must be considered. In this case, the detrimental effect of
decreasing mobility with temperature might be compensated
by the removal of adsorbed water molecules, and the Hall
coefficient roughly remains constant in the measured temper-
ature range.
The hypothesis of a higher concentration of defects in the

constricted graphene Hall bar is further supported by a Raman
spectroscopy mapping performed before the application of the
passivation layer, Figure 5. Although both Hall bar types show
higher intensity of the D peak compared to the transferred
graphene layer before patterning, the constricted Hall bar is
characterized by higher values of the D peak intensity overall,
i.e., not only in the constricted part of the graphene channel.
This can be caused by differences in the lithographic
processing that can subsequently result in a varying adhesion
of graphene on the substrate or the presence of the resist on
graphene. Multiple lithographic steps also lead to successive
degradation of the graphene layer quality (Supporting
Information, Figure S2).
From the calculated values of the Hall coefficient RH, the

mobility of charge carriers in dependence on the gate voltage
VG and temperature T can be obtained according to the
formula μ = RH/ρs(B = 0), where RH is the Hall coefficient and

ρs is the sheet resistivity without an applied magnetic field B.
Figure 6a depicts mobility as a function of gate voltage for T =
30 °C where the mobility of holes steadily increases until a
maximal value of 2945 cm2 V−1 s−1 at VG = 46 V, which is

Table 1. Comparison of the Maximal Hall Coefficients RH Achieved in This Work and Reported in the Literature for CVD-
Grown Graphene Hall Probes Based on Field-Effect Transistors and Working at Room Temperaturea

ref. RH (Ω/T) I (μA) w (μm) μ (cm2 V−1 s−1) passivation

31 5030 1 6 12,000 240 nm PMMA
32 2745 100 15 7800 N/A
15 1550 100 2 5000 N/A
26 1270 N/A 7 5300, 4830 N/A
33 1230 100−1000 8 3423 ± 1045 N/A
29 1000 100 15 5100 1 μm SU-8
27 1076 500 25 2000 30 nm Al2O3

10 1200 3 5 N/A N/A
14 140 12 0.085 840 N/A
34 345 15 0.5 133 exfoliated hBN
35 464 1 30 2168, 2598 N/A
this work 1230 10 10 2216, 3496 500 nm SU-8

aOther parameters include the driving current I, the width of the graphene element w, reported mobility μ (separately hole and electron mobilities
μh, μe where applicable), and passivation of the sensor.

Table 2. Comparison of the Maximal Hall Coefficients RH Achieved in This Work and Reported in the Literature for Graphene
Hall Probes at 150 °Ca

ref. graphene RH (Ω/T) I (μA) w (μm) μ (cm2 V−1 s−1) at RT μ (cm2V −1 s−1) at 150 °C
17 epitaxial 80 1000 100 3344 2750
36 epitaxial 78 1000 100 1650 1500
37 epitaxial 74 1000 100 1900 1700
6 epitaxial 100 N/A 90 695 N/A
19 epitaxial 300 400 30−140 2300 N/A
18 CVD 40 300 N/A N/A N/A
this work CVD 700−900 10 10 2216, 3496 1193, 2080

aThe graphene layers used in the studies were either grown epitaxially by CVD directly on a SiC substrate (“epitaxial”) or grown by CVD on a
metal foil and then transferred onto the target substrate (“CVD”). Other parameters include the driving current I, the width of the graphene
element w, and mobility μ at room temperature and at 150 °C (separately hole and electron mobilities μh, μe where applicable).

Figure 5. Mapping of the intensity of the D peak in the Raman
spectra of (a) graphene layer after its transfer onto the substrate, (b)
patterned 10 μm graphene Hall bar, and (c) patterned constricted
graphene Hall bar.
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followed by a sharp decrease to the minimum at VG = 53 V.
Similarly, electron mobility peaks at 2148 cm2 V−1 s−1 at VG =
62 V and slowly decreases with increasing charge carrier
density.
At any given temperature, mobility reaches its minimum

around the charge neutrality point and the sharp decrease
between the minimal and maximal values with an increasing
carrier density can be attributed to a nonlinear dependence of
resistivity on the charge carrier concentration resulting from
short and long-range scattering,38 Figure 6a. With an increasing
temperature, electron−phonon interaction becomes the main
contributor to inelastic scattering in graphene39 which causes
the decrease of mobility depicted in Figure 6b. The
temperature evolution of the mobility should follow the
predicted dependence in eq 1 for a constant charge carrier
density. Although this condition is not strictly fulfilled for the
mobility extracted at a constant gate voltage VG�since the
carrier density is affected by the temperature-induced shift of
the transfer curves toward more positive gate voltages � the fit
still provides a reasonably good agreement with the
experimental data in Figure 6b. Figure 6c shows the mobility
as a function of the gate voltage calculated in a measured
temperature range of (25−150) °C from the curves in Figure
3. The shift of the transfer curves to positive gate voltages with
increasing temperatures is also reflected in the shift of the
mobility extremes for charge carriers as illustrated by the dot-
dashed lines.
At low temperatures, the mobility of graphene is primarily

affected by scattering on impurities, structural defects, and
grain boundaries, all of which are characterized by temper-
ature-independent relaxation times τ. Additionally, scattering
by acoustic phonons intrinsic to graphene is relevant in this
low-temperature range, which exhibits an inverse temperature
dependence. As the temperature increases, charge carrier
scattering induced by the substrate becomes the prevailing
factor. In our case, surface optical phonons originating from
the SiO2 substrate and the SU-8 resist play the dominant role

in the high-temperature regime.40 The temperature depend-
ence of the charge carrier relaxation time from scattering on
SiO2 surface phonons can be modeled using the inverse Bose−
Einstein distribution e 1k T

SiO
/

2
B , where ω corresponds

to a surface optical phonon mode with an energy of 59 meV.
Due to the amorphous nature of the SU-8 layer, the relaxation
time associated with its surface phonons τSU−8 is assumed to
follow a 1/T dependence. The total mobility μtot is then given
by

= + = +
A e B T

1 1 1 1
( 1)

1
/k T

tot SiO SU 8
/

2
B (1)

where A and B are fitting parameters.41 It is worth noting that
the term μSU−8 may also implicitly include contributions from
acoustic phonons in graphene, which exhibit the same inverse
temperature dependence and are, therefore, indistinguishable
within this model. However, their contribution to the total
mobility is expected to be negligible in the measured
temperature range. The fit of this model is shown in Figure
6b for calculated mobility values at a constant gate voltage VG
= 43 V, where the fitting parameters are A = 1257 cm2 V−1 s−1

and B = 1.243 × 106 cm2 V−1 s−1 K.
In the case of the exposed sample, the mobility contribution

from the SU-8 layer is no longer present. Instead, a new
scattering channel related to the adsorbed water molecules
emerges, represented by a mobility term μHd2O. The water
molecules represent charged impurities, whose number
decreases with the temperature. The total mobility can be
then expressed as follows:

= +1 1 1

tot SiO H O2 2 (2)

where

Figure 6. Mobility of charge carriers in graphene as a function of the gate voltage VG and temperature T. (a) Dependence of the mobility on the
gate voltage at a constant temperature of 30 °C and (b) temperature evolution of mobility for constant gate voltage VG = 43 V with a fit of the
measured data based on the scattering model described in the text. (c) Calculated mobility as a function of both gate voltage and temperature. The
dot-dashed lines connect the experimental values of the maximum hole mobility, mobility minimum, and maximum electron mobility at each
measured temperature.
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=
T( )H O
0

2 (3)

where μ0 is the minimal mobility corresponding to the
complete coverage of the graphene surface by water molecules.
The surface coverage θ(T) is possible to describe using the
Langmuir adsorption isotherm42:

=
+

=b T P
b T P

b T b e(T)
( )

1 ( )
, ( ) E k T

0
/ads B

(4)

where P = 924 Pa is the partial pressure of water vapor
corresponding to the relative humidity, and b is the adsorption
equilibrium constant given by Boltzmann distribution, b0 is the
preexponential factor and Eads = −122.44 meV is the
adsorption energy of water molecule.43 Due to negative
adsorption energy, the coverage decreases with temperature,
which leads to an increase of the mobility limited by water.
Including the water contribution, the total mobility of the
exposed sample can be expressed as

= +
·

· + ·A e

Pb e

Pb e
1 1

( 1) (1 )k T

E k T

E k T
tot

/
0

/

0 0
/B

ads B

ads B (5)

where A, b0 and μ0 are the fitting parameters. The fit of this
model is shown in Figure 7 (blue) for calculated mobility
values at a constant gate voltage VG = 43 V, where the fitting
parameters are A = 3043 cm2 V−1 s−1, b0 = 1.938 × 10−5 Pa−1

and μ0 = 1251 cm2 V−1 s−1.
For the constrained system, the graphene layer is already

significantly perturbed by defects. As a result, the graphene
lattice defects become the dominant scattering mechanism.
Since the impact of defects on charge carrier mobility is largely
temperature-independent,44 the total mobility of the con-
stricted sample can be expressed as

=1 1

tot def (6)

where μdef = 1580 cm2 V−1 s−1 is the defect contribution to the
mobility given by fitting the appropriate experimentally
observed mobility.
The presented models can completely describe the results of

measured mobility as seen in Figure 7. The decrease of
mobility of the passivated sample with the temperature can be
explained by the minority role SU-8 (green dotted line) and
the majority role of SiO2 phonons (green dashed line). The
exposed sample exhibits the increase of mobility as a function
of temperature since the main limiting scattering mechanism is
water adsorbed on the surface at room temperature that
gradually evaporates as the sample is heated up (blue dotted
line). From this point of view, the exposed sample, free from
the SU-8 photoresist-related scattering mechanisms and free
from water at high temperatures, could be a great Hall probe.
However, the measured Hall coefficients (Figure 4a) are lower
and constant due to decreased sheet resistance during water
evaporation. Finally, the mobility of the constricted channel is
entirely governed by a large amount of lattice defects
independent of temperature in the studied temperature range.
A critical question for graphene sensors is their long-term

stability in ambient conditions. Previous studies have shown
that graphene Hall probes without any passivation layer slowly
degrade over time. Iyer et al. measured the performance of
their sensors after 42 days on air and saw a decrease of the Hall
coefficient from 1.13 to 0.92 kΩ/T.26 In contrast, Tyagi et al.
observed a significant reduction in hysteresis and improved
stability over 10 weeks for a sensor passivated with a thin layer
of PMMA, compared to a sensor with the graphene layer
exposed to air.31 Other studies also demonstrated that
graphene encapsulated with CVD-grown hBN45 or parylene
C46 can exhibit excellent stability over several months. It
should be noted that in commercial electronics, the chips are
typically sealed with thick oxide layers to prevent degradation
of the semiconducting and metallic parts.

Figure 7. Summary of all the scattering mechanisms observed in performed experiments and their impact on charge carrier mobility: for passivated
sample (green), exposed sample (blue), and constricted sample (red). (a) Experimentally measured mobility (points) for constant gate voltage VG
= 43 V is interpolated by the corresponding model (solid curves). (b) Contribution of partial scattering mechanism to the overall model: SiO2
phonons (green and blue dashed lines), SU-8 phonons (green dotted line), H2O-induced scattering (blue dotted line). All the fitted parameters are
summarized in the Supporting Information.
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4. CONCLUSIONS
In this work, we have fabricated and tested Hall probes based
on CVD-grown graphene employing a field effect transistor
architecture. We have simultaneously measured the Hall effect
response and transfer characteristics of these sensors from
room temperature up to 150 °C. Our results show that tuning
graphene properties by the field effect is essential for
maximizing the sensitivity of the device and that adding a
passivation layer improves the sensor response even at higher
temperatures. Furthermore, the sensitivities in a range of
(720−880) Ω/T achieved in this work at 150 °C are, so far,
the highest reported values for graphene Hall probes at
elevated temperatures. Based on the obtained results, we have
calculated the temperature evolution of the charge carrier
mobility in dependence on the applied gate voltage and
developed models based on various contributions to mobility,
which completely describe the results for the three studied
sensor designs. Although the device performance slowly
deteriorates with increasing temperature, graphene Hall probes
are an excellent choice for high-temperature applications due
to their high sensitivity across a large temperature range.
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