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Abstract— We report for the first time on an alu-
minum nitride/gallium nitride (AlN/GaN) heterostructure
as a microscale Hall effect sensor for current sens-
ing applications in extreme environments. The AlN/GaN
devices demonstrated high signal linearity as a func-
tion of the magnetic field across a temperature range
from −193 ◦C to 407 ◦C. The measured room temper-
ature (RT) supply voltage-related sensitivity (Ssvrs) and
supply current-related sensitivity (Sscrs) are 0.055 T−1

and 32 VA−1T−1, respectively. The supply power-related
sensitivity (Ssprs) is 1.4 VW−1T−1 above 40-mW input bias,
which is higher than that of the Al0.2Ga0.8N/GaN device. The
designed AlN/GaN micro-Hall sensor is further determined
to have a lower power consumption and higher temperature
sensitivity than equivalent Al0.2Ga0.8N/GaN Hall devices.
When operated in an ac bias mode, the rise time of the
Hall sensor was found to be 102 ns, corresponding to a
frequency bandwidth of 9.8 MHz. We also observed a phase
shift between an applied magnetic field and the Hall sensor
signal, which can potentially be helpful to monitor ac line
currents.

Index Terms— Aluminum nitride/gallium nitride
(AlN/GaN), bandwidth, Hall effect sensor, high-electron-
mobility transistor (HEMT), high frequency, offset voltage,
two-dimensional electron gas (2DEG).
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I. INTRODUCTION

HALL effect sensors are an excellent diagnostic tool that
are utilized to protect electronic devices by monitoring

current levels and fluctuations at the system level. Applications
to monitor the current in engines, motors, and power modules,
with rapid response, require Hall effect sensors able to operate
from dc to high frequencies above 20 MHz [1], [2] and at
high temperatures exceeding ∼800 ◦C. The available state-
of-the-art Hall effect sensors based on silicon, GaAs, and
InAs are currently limited to temperatures ≤150 ◦C and
frequencies around 200 kHz [3], [4], [5], [6]. Meanwhile,
wide bandgap semiconductor devices are demonstrated to
operate at temperatures as high as 1000 ◦C [7] and fre-
quencies higher than 100 MHz [7], [8], making them an
excellent choice of material for Hall sensors that function
at high temperatures, high frequencies, and within harsh
environments.

For this research, an aluminum nitride/gallium nitride
(AlN/GaN) two-dimensional electron gas (2DEG) was selected
as a Hall sensor due to a high breakdown field (∼3.3 ×

106 V/cm), mobility (∼1800 cm2/Vs), and electron saturation
velocity (∼2.5 × 107 cm/s), as well as a low dielectric constant
(∼5.3) [6], [7], [8]. Moreover, aluminum nitride possesses a
strong spontaneous polarization that enables the fabrication of
AlN/GaN heterostructures characterized by excellent electrical
properties. The high sheet density 2DEG, high mobility, and
subsequent low sheet resistance supported by the AlN/GaN
heterostructure are important to realize Hall sensor devices
with high switching speeds, low insertion losses [3], [4], [5],
[6], and low RC time constants.

Taking advantage of these properties, we report on
AlN/GaN micro-Hall effect sensors capable of monitoring
circuit currents operating at high temperature and high fre-
quency. The fabricated AlN/GaN micro-Hall effect sensors
exhibit high signal linearity under a wide range of current
(∼0.2–12 mA) and voltage (∼0.5–10 V) biases for a sig-
nificant range of applied magnetic field (50 mT–0.25 T)
amplitudes. The AlN/GaN micro-Hall sensor also exhibits low
power consumption and higher temperature sensitivity as well
as excellent temperature stability from −193 ◦C to 407 ◦C.
The sheet resistance of the AlN/GaN Hall sensor linearly
increases with temperature over a range of 30 ◦C–380 ◦C and
has a temperature coefficient of ∼9200 ppm/◦C, which enables
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Fig. 1. (a) Cross-sectional diagram of AlN/GaN heterostructure,
(b) optical micrograph showing planar view of Greek-cross Hall sensor
device, (c) measured carrier mobility and sheet density, as a function of
temperature, and (d) sheet resistance as a function of temperature.

a multifunctionality Hall sensor monitoring both current and
temperature. The frequency bandwidth of the AlN/GaN Hall
sensor, determined by the device rise time, is measured
at 9.8 MHz. We also report on the observations of a phase shift
between the measured Hall signal and applied magnetic field
that has potential as a novel method to monitor line current
and to eliminate the Hall offset.

II. GROWTH AND FABRICATION OF AlN/GaN
MICRO-HALL SENSORS BY MBE

To realize Hall effect sensors at high frequency and high
temperature, we utilized AlN/GaN high-electron-mobility tran-
sistor (HEMT) structures. The heterostructures were grown
using a nitrogen plasma-assisted Veeco Gen II molecular beam
epitaxy (MBE) system. The HEMT structures consisted of
a 1.5-µm GaN buffer, a 3.5-nm AlN barrier, and a 1.5-nm
GaN cap layer [Fig. 1(a)], which were deposited on top
of a sapphire substrate having hydride vapor phase epitaxy
(HVPE) grown 5-µm-thick, Fe-doped, semi-insulating (SI),
GaN template.

During the growth of the epitaxial heterostructure, the
substrate temperature was kept at 796 ◦C. Active nitrogen was
supplied by radio frequency plasma with power maintained
at 350 W and a flow rate of 0.50 sccm, which corresponded
to a 0.25-mL/s deposition rate. For the growth, the flux of
Ga/N ratio is greater than 1; during AlN deposition, the
“Ga” shutter was always kept open to enhance “Al” atom
diffusion kinetics to achieve a smooth surface morphology.
After completion of the growth process, the excess “Ga”
metal droplets present at the sample surface were removed by
rinsing in HCl bath for approximately 20 min. The interface
and structure quality of the as-grown HEMT heterostructure
were investigated by using high-resolution X-ray diffraction
(HR-XRD). To process the Greek-cross Hall effect sensor
devices, we employed a Cl-based inductively coupled plasma
(ICP) dry etch. Ohmic contacts were formed by depositing a
Ti (25 nm)/Al (100 nm)/Ni (50 nm)/Au (150 nm) multilayer

metal stack, followed by rapid thermal annealing (RTA) at
800 ◦C for 30 s, in 5-sccm flow of N2 atmosphere. A planar
image of the fabricated Greek-cross Hall effect sensor device
is shown in Fig. 1(b). The fabricated Hall effect sensors were
mounted on a nonmagnetic chip carrier and wire bonded.
The frequency response experiments on the Hall effect sen-
sor were conducted using a pulsed voltage bias via wave
generator (Rigol DG2041A) at 0.5-V peak voltage with a
rise time of 5 ns. The preamplified (SRS model SR560 low-
noise preamplifier) output Hall voltage with respect to applied
magnetic field was monitored using a digital oscilloscope
(Rigol DS1202Z-E).

III. BEHAVIOR OF THE AlN/GaN MICRO-HALL SENSOR

After fabrication of the Greek-cross Hall effect sensor, the
output voltage of the sensor was investigated. The measured
voltage from contacts C1 to C2 in Fig. 1(b) consists of the
magnetic field-induced Hall voltage VH and an added offset
voltage α due to the difference in contact resistance, geomet-
rical asymmetries, and thermal gradients from contacts C3 to
C1 and C3 to C2; the output signal of the Hall effect sensor
can be described as [9]

Vout = G H
rH

q N2DEG
Ib B⊥ + α (1)

where G H is the device geometrical factor, and rH represents
the influence of material-based scattering factor, which is
approximated to (rH = 1), Ib is the Hall effect sensor bias
current from contacts C3 to C4, B⊥ is the applied magnetic
field, α is the Hall offset, q is the elemental charge, and
N2DEG is the sheet carrier density of the 2DEG at the AlN/GaN
interface. Note that when Hall offset α = 0, (1) defines only
the Hall voltage (VH ) of Hall effect sensor. In our previous
report [10], we introduced a new method to remove the
offset voltage. The bias current of Hall effect sensor can be
represented as

Ib = vd Aq
(

N2DEG

t

)
(2)

where vd = µE is the carrier velocity, µ is the charge
carrier mobility, E is the applied electric field, A is the cross-
sectional area, and t is the effective thickness of the current
carrying channel. These parameters can be found from Hall
measurements of the carrier mobility, sheet density, and sheet
resistance measured for the as-grown AlN/GaN heterostruc-
tures. For example, for the AlN/GaN heterostructure, Fig. 1(c)
gives the electron mobility and sheet density measured on
the Greek-cross Hall effect sensor structure across a wide
temperature range. The 2DEG electron mobility can depend
on electron scattering events due to many sources, such
as, dislocations, deformation potential, piezoelectric potential,
optical phonon, ionized impurities, and interface roughness
at the heterostructure interface [11], [12]. For the tempera-
ture range of −73 ◦C to 407 ◦C, the 2DEG mobility as a
function of temperature for the AlN/GaN heterostructure in
Fig. 1(c) follows a µ = AT −1.54 power law. This indicates
that optical phonon scattering plays the dominant role in
mobility as a function of temperature [13], [14]. Meanwhile,
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Fig. 2. Measured Hall voltage as a function of magnetic field operated
under (a) constant voltage and (b) constant current bias mode for the
AlN/GaN micro-Hall sensor at RT.

the observed change in electron mobility below −73 ◦C is also
expected and reflects the transition to the deformation potential
playing the dominant role on the mobility behavior [12].
Likewise, Fig. 1(d) shows the measured sheet resistance of
the AlN/GaN Hall sensor linearly increasing with temperature
over a range of 30 ◦C–380 ◦C, with the temperature coefficient
of 9200 ppm/◦C, which enables multifunctionality to Hall sen-
sor, such as both current and temperature sensing application
in a single chip.

IV. COMPARISON BETWEEN THE AlN/GaN AND
Al0.2Ga0.8N/GaN MICRO-HALL SENSORS

To put the performance of the AlN/GaN Hall effect sensor
in perspective, we compare it to a similarly constructed (cap)
5-nm GaN/20-nm Al0.20Ga0.80N/1.5-µm GaN/3.5-µm SI GaN
(HVPE)/c-sapphire Hall sensor [15]. For a practical Hall
sensor, the Hall voltage versus magnetic field relationship and
sensitivity must remain linear over a wide range of magnetic
field strength.

The AlN/GaN Hall sensor response follows a linear relation-
ship with magnetic field [Fig. 2(a)], while the sensor is biased
with a supply voltage of 1–10 V and magnetic field strength
sweeping from −0.25 to 0.25 T. Similarly, the Hall voltage
versus applied bias current from 1 to 12 mA also follows a
linear response [Fig. 2(b)] with magnetic field.

To have a better understanding of the AlN/GaN Hall effect
sensor specifications, the performance of the sensor can be
quantified by calculating absolute sensitivity (Sa), supply-
voltage related-sensitivity (Ssvrs), and supply-current-related
sensitivity (Sscrs). The Hall sensitivity is often estimated by
using the expression [15]

Sa =
dVH

d B⊥

. (3)

Fig. 3. Calculated “Sscrs” as a function of bias current for AlN/GaN Hall
sensor. Maximum standard deviation of data points is ±1%.

However, the sensitivity depends directly on the bias voltage
and current. For this reason, Ssvrs is calculated as Sa divided
by the bias voltage Vb and expressed as

Ssvrs =
1
Vb

dVH

d B⊥

(4)

which implies that

Ssvrs = µH G H
rH( L
W

) . (5)

Similarly, one can also define the bias current-related sen-
sitivity as

Sscrs =
1
Ib

dVH

d B⊥

(6)

which implies that

Sscrs ≈
1

q N2DEG
. (7)

For example, Fig. 3 gives the sensitivity Sscrs as a function
of bias current Ib. It is evident that Sscrs for the AlN/GaN
Hall sensor is almost constant to 1.1% for a wide range of
bias current at room temperature (RT).

From (7), Sscrs is inversely dependent on the 2DEG sheet
carrier density and is stable as a function of bias current.
This indicates that carrier fluctuations in the AlN/GaN 2DEG,
such as those caused by thermal or electrical activation of
traps, are negligible at RT. To put these results in perspec-
tive, Fig. 4(a) demonstrates that under voltage bias, AlN/GaN
shows superior performance compared to a similarly fabricated
Al0.2Ga0.8N/GaN Hall effect sensor. This result is due to a
lower sheet resistance along the 2DEG formed at the AlN/GaN
interface, and hence, for a given voltage bias, the sensor drives
more current through the 2DEG AlN/GaN interface relative
to the higher sheet resistance for the Al0.2Ga0.8N/GaN het-
erostructure Hall sensor (350 �/sq) [15], [16]. From (5), when
the Hall sensor is under voltage bias, the output Hall signal
is directly proportional to the electron mobility. However, this
points more generally to a difficulty in comparing Hall sensors.
Two AlN/GaN sensors, operating under the same bias current,
may be operating under a very different applied voltages and
are not equivalent. Perhaps for better comparison, the Hall
sensor performance should be measured in terms of applied
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Fig. 4. Hall voltage for AlN/GaN and Al0.2Ga0.8N/GaN Hall sensors as
a function of (a) voltage bias and (b) input power for a fixed magnetic
field of 0.1 T at RT. Maximum SD of data points is ±4.2%.

power at the same current. The output Hall voltage in terms
of dissipated power (P) can described as [17]

VH = µH G H
rH

L
W

VB B⊥ (8)

VH = G HrH P
1
2

[
µH

N2DEGq

] 1
2
[

W
L

] 1
2

B
⊥

(9)

then

P =
V 2

H N2DEGq
G2

Hr2
HµH B2

⊥

[
L
W

]
(10)

where VH is the Hall voltage, N2DEG is the 2DEG sheet
carrier density, µH is the Hall mobility of the electrons, and
L/W is the length-to-width ratio of the device conductive
channel. Fig. 4(b) shows the measured power-dependent Hall
response of both the AlN/GaN and Al0.2Ga0.8N/GaN micro-
Hall sensors. Results demonstrate that above ∼40-mW input
power, the AlN/GaN sensor output is a superior Hall sensor.
The supply power-related sensitivity (SPRS) for the AlN/GaN
sensor is ∼1.4 VW−1T−1, and for the Al0.2Ga0.8N/GaN sensor,
it is ∼0.9 VW−1T−1 above 40 mW of power supply. How-
ever, at power levels below 40 mW, the performance of the
Al0.2Ga0.8N/GaN Hall sensor appears slightly better.

V. AlN/GaN HALL SENSOR TEMPERATURE
DEPENDENCE

The AlN/GaN Hall sensor is designed to operate within
circuits at extreme high temperatures and for harsh environ-
mental applications; therefore, it is necessary to check Hall
sensor temperature stability and performance. To understand
the effects of thermal load on the AlN/GaN Hall sensor,
we have performed temperature-dependent Hall measurements
on the fabricated devices in a closed cryostat. Fig. 5(a) and (b)
shows the response of the Hall effect sensor as a function of
temperature subjected to bias with constant voltage or constant
current, respectively.

For practical applications, it is desired that the output volt-
age of the sensor should show a linear response to magnetic
field over a wide range of temperature. The AlN/GaN device
exhibits a linear response to magnetic fields in the range
of −0.25 to 0.25 T throughout the temperature range

Fig. 5. Hall voltage versus magnetic field in the range of −0.25 to 0.25 T,
in the AlN/GaN Hall sensor, over a wide range of temperature under
(a) 1.0-V constant voltage bias and (b) 0.5-mA constant current bias.

of −193 ◦C to 407 ◦C. Overall, the AlN/GaN sensor output
Hall voltage showed relatively stable performance over the
wide temperature range, while the device was operated in the
constant current mode. The temperature-dependent absolute
sensitivity (Sa) for these AlN/GaN micro-Hall devices was
found to be 64, 55, and 19 mV/T at −196 ◦C, RT, and
407 ◦C, respectively, for constant 1-V bias. Similarly, for
0.5-mA constant bias current, the absolute sensitivity (Sa) for
these AlN/GaN micro-Hall devices was found to be 16.4, 16,
and 12.5 mV/T at −196 ◦C, RT, and 407 ◦C, respectively.
However, low-temperature tests are also important to explore
the capability of Hall effect sensor in space atmosphere, for
example, the temperature on Mars can be as high as 20 ◦C
and as low as about −153 ◦C. Two better ways to quantify
the temperature-dependent Hall effect sensor efficiency, such
as supply voltage-related sensitivity Ssvrs (T ) and supply
current-related sensitivity Sscrs (T ), are calculated using (4)
and (6) and shown in Fig. 6(a) and (b), respectively. For the
AlN/GaN Hall sensor, Ssvrs values (T ) are estimated to be
0.064, 0.055, and 0.019 T−1, and similarly, Sscrs (T ) values
are calculated to be 32.8, 32, and 25 VA−1T−1 at −193 ◦C,
RT, and 407 ◦C, respectively. The observed slight decreasing
trend in Sscrs (T ) and the prominent change in Ssvrs (T )
as a function of temperature indicate a change in the sheet
density due to ionized impurities and/or a drop in the drift
velocity caused by phonon scattering at higher temperature.
From (5), Ssvrs is directly proportional to mobility, which
exhibits a substantial ∼87% change over the temperature range
[Fig. 1(c)]. From (7), Sscrs is inversely proportional to the sheet
density, which only decreased by ∼18% over the temperature
range and therefore supports a relatively stable Sscrs (T ). The
results indicate that the constant current mode is the preferred
mode of operation for high-temperature applications.

Another important physical parameter that describes the
Hall effect sensor performance with reference to temperature
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Fig. 6. Calculated (a) SVRS with a maximum standard deviation of
the data points is ±5.9% and (b) SCRS as a function of temperature for
AlN/GaN micro-Hall sensors (maximum SD of data points is ±1%).

is the temperature coefficient of the magnetic sensitivity, TCMS.
Heteroepitaxial grown AlN/GaN Hall sensor structures can
potentially undergo strain relaxation due to high operating
temperatures. To quantify the temperature stability of the
AlN/GaN Hall sensor, we calculated the TCMS by fitting to
Sscrs (T ) data across the tested temperature range using the
expression

TCMS =
1

Sscrs(T0)
×

1(Sscrs(T ))

1T
(11)

where Sscrs(T0) refers to the data acquired at the lowest
experimental temperature. The obtained temperature coeffi-
cient of magnetic sensitivity for the AlN/GaN Hall sensors
is ∼557 ppm/◦C up to 407 ◦C. This value is in between
previously reported AlGaN/GaN values that range from
103 to 1000 ppm/◦C and Si (800 ppm/◦C, for temperature
range −10 ◦C to 130 ◦C) Hall sensors, respectively [3], [5],
[15], [18]. The TCMS comparison discrepancy arises between
the Hall sensor due to the measurement taken at different
temperature ranges and activation of defect density, trap
states, unintentional doping, and contact nature. Therefore,
very stable sheet carrier density plays an important role in
achieving low TCMS of the Hall effect sensor. This result shows
that the AlN/GaN Hall sensor has potential high-temperature
stability over the measured range of −193 ◦C to 407 ◦C,
respectively, which is promising for high-temperature harsh
environment applications. A benchmark of the fabricated
AlN/GaN Hall sensor is presented in Table I, comparing it to
a previously reported state-of-the-art Hall sensor [3], [4], [15],
[19], [20], [21].

VI. FREQUENCY RESPONSE OF
AlN/GaN HALL SENSOR

Recent advancements in III-nitride and SiC high-power
devices enable operation in the megahertz regime. As a result,
Hall sensors designed to monitor high-power devices must
also be capable of monitoring the produced high-frequency

TABLE I
BENCHMARKING OF ALN/GAN MICRO-HALL SENSOR WITH

PREVIOUSLY REPORTED STATE-OF-THE-ART HALL SENSOR

Fig. 7. Comparison of sheet resistance and Hall offset rise time for
50-kHz square bias signal of 0.5-V peak as a function of temperature;
in the AlN/GaN Hall sensor, the maximum standard deviation data
are ±3.2%.

magnetic fields to sense potential catastrophic changes.
To investigate the frequency response of the Hall sensor,
we performed frequency-dependent Hall measurements. The
rise time of Hall sensor output voltage was estimated by using
the following expression:

V (t) = Vo
(
1−e−t/τ ) (12)

where Vo is the initial voltage and V (t) is the voltage at time t .
The rise time, τ (= RC), is the time taken to raise the voltage
across the components from 0% to 63.2%, i.e., (1−e−1) of its
final value.

The data presented in Fig. 7 allow a comparison of the
Hall offset rise time and sheet resistance of the AlN/GaN Hall
sensor. It is evident from Fig. 7 that the Hall offset rise time
of the AlN/GaN sensor increases with temperature. A similar
trend is observed for the sheet resistance and Hall-offset
voltage change with respect to temperature. This phenomenon
of increase in sheet resistance with temperature is likely due to
decrease in carrier velocity, which highlights the importance
of low sheet resistance in Hall sensors designed for high-
frequency applications. Fig. 8 shows the output Hall voltage
obtained in response to a magnetic field of (−) 60 mT, with
an input bias of 0.5-V peak voltage at 50-kHz square wave,
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Fig. 8. Hall-offset and Hall voltage signal obtained at RT for 50-kHz
square wave of 0.5-V peak bias signal in the AlN/GaN Hall sensor.

Fig. 9. Phase response of Hall offset in the AlN/GaN micro-Hall sensor
measured at RT on various frequencies of applied bias (0.5-V peak
voltage).

applied to the Hall sensor using a waveform generator (Rigol
DS 1202Z-E).

Also, the rise time (τ) of Hall voltage for AlN/GaN
Greek-cross Hall sensor is determined by using (12). The
calculated rise time is ∼102 ns for an applied magnetic field
of (−) 60 mT. The frequency bandwidth of this AlN/GaN
Hall sensor is approximately 9.8 MHz, determined by taking
the inverse of the rise time. Furthermore, to investigate the
phase shift correspondence between the Hall output signal and
bias frequency, we conducted systematic frequency-dependent
Hall measurements on the AlN/GaN Hall effect sensor. The
main goal was to investigate the response of AlN/GaN Hall
effect sensor as a function of frequency. This study was carried
out in two steps as follows: 1) observing the Hall-offset
response by varying the frequency of input bias voltage and
2) examining the output Hall voltage response with respect
to the magnetic field as well as the frequency of input bias
voltage. Fig. 9 illustrates the phase shift in Hall offset in the
AlN/GaN Hall sensor as a function of the frequency of voltage
bias (without an output amplification circuit, the sensor output
directly connected to oscilloscope). Meanwhile, the output sine

Fig. 10. Representative phase response of Hall voltage and Hall
offset in the AlN/GaN micro-Hall sensor with respect to the frequency:
(a) 1 KHz, (b) 100 KHz, (c) 500 KHz, and (d) 1 MHz of voltage bias
(0.5-V peak voltage), respective data captured at RT (sensor output
voltage is captured using a signal amplification readout circuit).

waveform of Hall offset is comparable to the reference bias
signal without any distortion in waveform, which demonstrates
that the Hall sensor can operate up to 10 MHz and also reveals
that the Hall offset shows a phase shift as the frequency
of voltage bias increases. The observed phase shift as a
function of applied frequency of bias vintage can be attributed
to the time constant (τ) of Hall effect sensor. Furthermore,
to compare the phase shift between Hall offset and Hall voltage
for AlN/GaN micro-Hall sensor, we recorded the Hall voltage
phase shift as a function of the frequency of voltage bias
and the applied magnetic field, and the corresponding data is
shown in Fig. 10. There is a noticeable phase shift observed
in Hall voltage relative to Hall offset with the influence of
applied magnetic field.

As expected, we observed an opposite direction of phase
shift in the Hall voltage relative to the Hall offset while
changing the direction of applied magnetic field, as shown
in Figs. 10 and 11.

The observed phase shift in Hall voltage with applied mag-
netic field is mainly due to change in Hall-electric potential
across the Hall measurement contact terminals. Alternatively,
we can refer this to the change in time constant, τ (= RC),
of the Hall effect sensor. The Hall sensor resistance (R) and
capacitance (C) across the Hall voltage measurement terminals
C1 and C2 [as shown in Fig. 1(b)] can be described as
R = ρL/A and C = κ A/d, where ρ is the resistivity, κ is
the dielectric constant of the medium between the capacitor
plates, A is the area of capacitor plates, and d is the separation
between the capacitor plates. Here, the capacitance across
the Hall voltage measurement contacts C1 and C2 can be
treated as a conductive parallel plate capacitor, where Hall
voltage generated by magnetic field is equivalent to charging
a capacitor. According to the standard capacitance equation,
C = q/V , where q is the charge held across the contacts
C1 and C2 and V represents the developed electric potential.
Therefore, the capacitance due to Hall voltage across the
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Fig. 11. Phase shift of the output Hall voltage in the AlN/GaN micro-
Hall sensor as a function of applied magnetic fields (a) 0–300 and
(b) −300–0 mT, measured for various frequencies of voltage bias
(0.5-V peak voltage). Hall measurements were performed at RT and
maximum standard deviation of data points is ±2.9%.

Fig. 12. Absolute amplitude output Hall voltage in the AlN/GaN
micro-Hall sensor, obtained for various frequencies of voltage bias
(0.5-V peak) and magnetic field at RT, and maximum standard deviation
of data points is ±3%.

contacts C1 and C2 remains constant. However, the residual
Hall offset voltage across these contacts is added to the Hall
voltage for negative magnetic field and subtracted for positive
applied magnetic field. The observed phase shift with applied
magnetic field strength is directly related to the amount of
Hall-electric potential that is added or subtracted from the
Hall offset potential. This interpretation worked perfectly well,
as evidenced by the data presented in Fig. 11(a) and (b).
It clearly shows that the phase shift of the Hall voltage is
directly correlated with the strength of the applied magnetic
field.

Added to this, we also evaluated AlN/GaN micro-Hall
sensor’s Hall voltage as a function of magnetic field and
frequency, as shown in Fig. 12. The gradual increase of
output Hall voltage with the magnetic field can be under-
stood by the expression in (1). Hall sensors have a wide
range of applications; however, the current bottleneck for
Hall effect sensors operating at high frequencies lies in the

methodology of eliminating current-spinning Hall offset. Both
the literature and current market research reveal that com-
mercially available Hall sensors cannot exceed the frequency
of ∼200 kHz due to limitations associated with the current-
spinning circuit [6], [22].

Therefore, to address the high-frequency limitations of the
current spinning technique, we propose the utilization of
the magnetic field-induced phase shift in Hall voltage to
enhance the application of current sensing Hall sensors at high
frequency.

VII. CONCLUSION

In conclusion, we have grown AlN/GaN heterostructures
by MBE and fabricated Hall effect magnetic field sensors.
The AlN/GaN heterostructure was characterized as having a
2DEG sheet electron density of ∼2.15×1013/cm2, mobility of
∼1780 cm2/Vs, and achieved a record low sheet resistance
of ∼168 �/sq at RT. We have demonstrated the suitability
of the AlN/GaN heterostructure for Hall sensor applica-
tions in terms of 1) sensitivity, 2) temperature stability, and
3) frequency response. It was observed that the AlN/GaN
Hall sensor exhibits a supply voltage-related sensitivity (Ssvrs)

of ∼0.055 T−1 and current-related sensitivity (Sscrs) of about
∼32 VA−1T−1, respectively. The supply power-related sen-
sitivity (Ssprs) is 1.4 VW−1T−1 above 40 mW, which is
higher than that of tested Al0.2Ga0.8N/GaN device. The
AlN/GaN microscale Hall sensor exhibits high signal linearity
under a wide range of current (∼0.2–12 mA) and voltage
(∼0.5–10 V) biases for a significant range of applied magnetic
field (50 mT–0.25 T) amplitudes. The sheet resistance of the
AlN/GaN Hall sensor linearly increases with temperature over
a range of 30 ◦C–380 ◦C, with a temperature coefficient
of ∼9200 ppm/◦C, which enables multifunctionality to Hall
sensor, such as both current and temperature sensing appli-
cation in a single chip. Importantly, our results demonstrate
that above ∼40-mW input power, the AlN/GaN sensor output
is a superior Hall sensor compared to similarly prepared
Al0.2Ga0.8N/GaN. Furthermore, this study demonstrated the
frequency response of the Hall effect sensor, while it was
subjected to an ac bias mode. The frequency bandwidth of
the AlN/GaN Hall sensor can be determined by inverse of the
rise time and which is found to be ∼9.8 MHz. Meanwhile,
the observed phase shift of Hall voltage relative to the applied
magnetic field suggests the phase difference as a method
to detect line current. Therefore, we proposed a method to
detect ac line current by monitoring the phase shift of output
Hall sensor signal. This work supports the integration of the
AlN/GaN Hall effect material and device system into actual
harsh environment industrial systems (e.g., electrified heavy-
duty machines, motors, and trucks) for fault monitoring at high
speeds.
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