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This article reports the first results on piezo-Hall effect in single crystal

p-type 3C–SiC(100) Hall devices. Single crystal p-type 3C–SiC(100)

was grown by low pressure chemical vapor deposition, and Hall

devices were fabricated using the conventional photolithography and

dry etching processes. An experimental setup capable of applying

stress during Hall-effect measurements was designed to measure the

piezo-Hall effect. The piezo-Hall effect is quantified by directly

observing the variation in magnetic field sensitivity of the Hall devices

upon an applied stress. The piezo-Hall coefficient P12 characterized by

these measurements is found to be 6.4 � 10�11 Pa�1.
The piezo-Hall effect in silicon (Si) has been widely studied over
the past few decades and it has been used to compensate the
magnetic eld sensitivity dris in Hall devices. The dri in
magnetic eld sensitivity of Hall devices results from several
fabrication and post fabrication factors, with stresses intro-
duced by encapsulation being the most important factor.1–7

These stress variations can seriously affect the magnetic eld
sensing measurements and signal processing on chip by
affecting the design parameters, temperature behavior and
offset voltage.1 The piezoresistive effect and piezo-Hall effect
both are important for magnetic eld sensors and a large
number of studies on Si can be found in the literature.1–7

However, the low energy band gap of Si limits its use for high
temperature applications. Silicon carbide on the other hand has
a wide band gap, high thermal conductivity, low thermal-
expansion coefficient, better mechanical strength, good
thermal-shock resistance and chemical stability, which make it
a promising material for applications in harsh environ-
ments.8–10 SiC can be found in various polytypes, including 4H–

SiC, 6H–SiC, and 3C–SiC. The compatibility of 3C–SiC with the
existing process of micro-electro-mechanical systems (MEMS)
makes it a favorable polytype over other polytypes. Its hetero-
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epitaxial growth capability over Si substrates of different
crystal orientations, e.g., (100), (110) or (111),11–13 make it
a material of choice for harsh environment applications.

Various polytypes of SiC have been explored for piezor-
esistive effects and it has been found that the SiC is a promising
material for strain or stress sensing applications in harsh
environments.14–20 Phan et al.21–24 presented a comprehensive
study on the piezoresistive effect in single crystal p-type 3C–SiC
grown by low pressure chemical vapor deposition (LPCVD). A
gauge factor (GF) upto 30 has been reported in p-type 3C–SiC
which shows its potential for stress sensing applications.
Fundamental piezoresistive coefficients of p-type 3C–SiC have
also been reported. It has been found that the piezoresistive
effect depends upon the crystal orientation and it can also be
affected by the defect density in the crystal.21–24 Piezojunction
effects in p-3C–SiC/p-Si and n-3C–SiC/p-Si heterojunctions has
also been reported, which shows that the applied stress can vary
the current–voltage characteristics of the heterojunctions.25,26

The pseudo-Hall effect (variation of offset voltage of Hall devices
with applied stress without magnetic eld) in LPCVD grown p-
type 3C–SiC(100) and p-type 3C–SiC(111) Hall devices has
been reported.27–30 The offset voltage of the Hall devices varies
signicantly even without application of the magnetic eld.
This pseudo-Hall effect also depends upon the device geometry
and crystal orientation and it can be minimized for certain
crystallographic orientations. The pseudo-Hall effect is also
important for magnetic eld sensors because this effect must be
subtracted in order to get the real magnetic eld sensitivity of
the Hall device.

To the best of our knowledge, there has been no report on
the piezo-Hall effect in single crystal p-type 3C–SiC(100) Hall
devices. Therefore, this paper aims to investigate the piezo-Hall
effect in single crystal p-type 3C–SiC(100) Hall devices grown by
LPCVD. The results achieved in this study can be used to
understand the stress related dris in the magnetic eld
sensitivity of Hall devices.

The growth of 3C–SiC thin lm on Si(100) was performed
using the LPCVD process at low temperature (1000 �C) utilizing
RSC Adv., 2016, 6, 31191–31195 | 31191
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Fig. 2 (a) Microscopic image of the fabricated rectangular Hall device;
(b) experimental setup for piezo-Hall measurements; (c) ohmic
behavior of the contacts and leakage currents; (d) schematic presen-
tation of the Hall effect in the fabricated device.
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SiH4 and C3H6 precursors as the source of Si and C atoms.31

Alternating supply epitaxy (ASE) was employed to grow the
single crystal, 3C–SiC(100), on Si(100). The grown lm was in
situ doped with trimethyaluminium (TMAl) as a source of Al (p-
type dopant).31,32 The thickness of the grown lm (300 nm) was
measured by using a spectrophotometer Nanospec AFT 210.
Physical characterization of the thin lm was carried out by X-
ray diffraction (XRD) and selected area electron diffraction
(SAED) techniques. Fig. 1(a) shows the XRD pattern of the grown
lm in conventional q–2q scan mode. It can be conrmed from
Fig. 1(a) that the single crystal 3C–SiC(100) was grown on
Si(100). The inset of Fig. 1(a) shows the rocking curve of the 3C–
SiC(100) peak and the observed FWHM value is 0.80�. Fig. 1(b)
shows the SAED pattern of the grown thin lm which conrms
it is single crystalline. Atomic force microscopy (AFM) was used
to measure the roughness of the grown thin lm (Fig. 1(c))
which showed a root mean square (RMS) roughness of 20 � 0.5
nm for a scan area of 5 � 5 mm. The electrical properties of the
grown lm were characterized using Hall effect measurements.
The carrier concentration of p-type single crystalline 3C–SiC was
found to be 8 � 1018 cm�3, while the carrier concentration of
the Si substrate was 5� 1014 cm�3. The resistivity of the SiC thin
lm was measured to be 0.44 U cm and the hole mobility of the
single crystalline 3C–SiC thin lm was found to be 1.88 cm2 V�1

s�1.
Rectangular Hall devices (700 � 300 mm) were fabricated by

conventional photolithography and dry etch processes
(Fig. 2(a)) to investigate the stress-induced piezo-Hall effect. The
sputtering process was used to deposit aluminium for ohmic
contacts to the device. Aer fabrication of the device, gold wire
bonding was used for input and output signals from the device.
The wafer was diced into strips with dimensions of 60 � 9 �
0.625 mm to apply stress by the bending beam method. A
dedicated experimental setup capable of applying magnetic
Fig. 1 (a) The XRD pattern of 3C–SiC(100) grown on Si(100), the inset
shows the rocking curve; (b) SAED image of the thin film; (c) AFM
image of 5 � 5 mm area of grown thin film.

31192 | RSC Adv., 2016, 6, 31191–31195
eld and mechanical stress simultaneously was designed to
measure the piezo-Hall effect as shown in Fig. 2(b). Two
permanent magnets having a eld strength of 0.67 T with
opposite poles were xed in an aluminium box, leaving a space
to insert the sample in the magnetic eld between them. A
cantilever was designed within the box in which one end of the
beam with the devices was xed, while the other end was bent
by a known force in the presence of a magnetic eld. The bi-
layer model has been used to calculate the stress-induced to
3C–SiC Hall devices on Si beam. The method to numerically
calculate the stress-induced into the 3C–SiC layer on Si strip is
reported elsewhere.23 The applied stress induced in the SiC layer
was in the range of 0 to 343 MPa. The ohmic contacts were
conrmed by I–V measurements as depicted in Fig. 2(c). Hori-
zontal and vertical current leakage from 3C–SiC(100) through to
Fig. 3 Dependence of change in Hall voltage on applied stress at
different input currents to the Hall device. The directions of applied
magnetic field B, input current and applied stress are also shown.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Dependence of change in Hall voltage on applied stress at
different input currents with magnetic field B reversed. The directions
of magnetic field B, input current and applied stress are also shown.

Fig. 5 The dependence of magnetic field sensitivity and the relative
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the Si substrate (Fig. 2(c)) were also investigated to conrm that
the leakage does not contribute to the measurements. The Al
contacts showed good ohmic behavior and the total leakage of
current was less than 0.5% of the total device current. A large
valence band offset between p-Si and p-3C–SiC (1.7 eV) prevents
the leakage current going through the SiC/Si junction.25,26 A
schematic presentation of the Hall effect in the fabricated
device is shown in Fig. 2(d). The input current is applied
between terminals 1 and 2 and the Hall voltage is observed at
terminals 3 and 4. The contacts for current ow are strip-like in
order to have the uniform current ow in the structure and the
uniform effect of stress on the current ow. If the contacts for
current are point-like, the current lines will bend and introduce
a small source of error in the measurements. In the presence of
a constant magnetic eld, B, when stress is applied to the device
at constant input current, the Hall voltage across terminals 3
and 4 will change with the increase of applied stress, which is
the piezo-Hall effect.

For a cubic crystal such as 3C–SiC, the magnetic eld B,
current density J and the electric eld vector E can be repre-
sented by the following equation:1

E ¼ rJ � (RB) � J (1)

where the coefficient r is resistivity and R is the Hall coefficient.
The rst term in eqn (1) describes the resistance while the
second term describes the Hall effect. The coefficients r and R
are generally second rank tensors, which reduce to simple
scalars r0 and R0 in an unstressed case. The most general linear
dependence of Hall coefficient R on the applied stress s can be
represented by the following equation:1

DRij

R0

¼
X

j

Pijklskl (2)

where Pijkl is the piezo-Hall coefficient and skl is the stress
component. The directional indices i, j, k, and l can take values
This journal is © The Royal Society of Chemistry 2016
1, 2, 3. The magnetic eld sensitivity of the Hall device can be
described by the following equation:1

S ¼ VH/I/B ¼ RH(G/t)[VA
�1T�1] (3)

where VH is the Hall voltage observed at terminals 3 and 4, I is
the current owing through terminals 1 and 2 as shown in
Fig. 2(d) and B is the magnetic eld. RH is the Hall coefficient, G
is the geometrical correction factor and t is the thickness of the
3C–SiC thin lm. Fig. 3 shows the variation of Hall voltage of the
rectangular Hall plate when the stress is varied from 0 to 343
MPa. It can be observed from Fig. 3 that at a xed value of
current in the [100] direction, when stress is applied in the [100]
direction, the Hall voltage increases linearly with the increase of
applied stress. This increase of the Hall voltage at terminals 3
and 4 leads to a change in sensitivity of the Hall plate, i.e., the
piezo-Hall effect. As the value of the applied current is increased
the corresponding Hall voltage is also increased and its stress
dependency shows a smooth linear behavior. The offset voltage
of the device, Voff (the voltage at terminals 3 and 4 in the
absence of the magnetic eld B), was also calculated and sub-
tracted from the voltage measured at terminals 3 and 4 in order
to get the true Hall voltage. Similarly, Voff also changes with
stress and its variation with stress is also subtracted from the
voltage measured at terminals 3 and 4 in order to get the true
piezo-Hall effect which is different from the pseudo-Hall
effect.27–29

Fig. 4 shows the variation of change in Hall voltage on the
applied stress when the magnetic eld B was reversed. It can be
observed from Fig. 4 that the change in Hall voltage with
applied stress showed reversed behavior as compared to the
previous case. The Hall voltage VH showed a linear decrease
with the increase of applied stress, which veried the Hall effect
measurements. The change in VH is proportional to the change
in applied current at terminals 1 and 2. The change in the
sensitivity of Hall plates was measured by calculating the
change in Hall voltage while ignoring the small variations in the
dimensions of the Hall plate and very small variations in Hall
angle due to deection of the beam. Fig. 5 shows the
magnetic field sensitivity on the applied stress.

RSC Adv., 2016, 6, 31191–31195 | 31193
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dependence of magnetic eld sensitivity on the applied stress
and the relative change in the magnetic eld sensitivity. It can
be observed that the magnetic eld sensitivity linearly depends
upon the applied stress and the maximum relative change in
sensitivity of the device is 2.18% at a maximum stress of 343
MPa.

When the stress is always applied within the plane of the
Hall plate, i.e., perpendicular to the magnetic eld B, piezo-Hall
coefficients P12 can be determined.1 In the present experiment
when Bk[001], Ik[100], the Hall eld EHk[010] and the uni-axial stress
is sk[100], eqn (2) is reduced to the following relation:

DRH

RH

¼ P12s½100�; BtðI k s k ½100�Þ (4)

where P12 is the piezo-Hall coefficient and s[100] is the stress
parallel to the [100] direction. The relation between change in
magnetic eld sensitivity and the piezo-Hall coefficient P12 is
derived from eqn (3) and (4) and is given as:

P12 ¼ DS

S
� 1

s
(5)

where DS is the change in magnetic eld sensitivity due to the
applied stress. The piezo-Hall coefficient P12 calculated from the
above relation was found to be 6.4 � 10�11 Pa�1.

The piezo-Hall effect in LPCVD grown single crystal p-type
3C–SiC(100) thin lm has been observed. Aer the fabrication
of 3C–SiC(100) Hall plates, a dedicated setup capable of
applying magnetic eld and stress simultaneously has been
designed to observe the piezo-Hall effect. Variations in Hall
voltage with the application of applied stress have been used to
record the variations in magnetic eld sensitivities which is
then used to calculate the piezo-Hall coefficient P12 having
a value of 6.4 � 10�11 Pa�1. Variations upto 2.18% in relative
magnetic eld sensitivity of the fabricated Hall plates were
easily observed with the designed setup at the maximum
applied stress of 343 MPa. The results of this study can be
utilized to compensate for the piezo-Hall effect in the design of
p-type 3C–SiC(100) Hall sensors.
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