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This article reports the first results on the strain-induced pseudo-
Hall effect in single crystal 3C-SiC(111) four-terminal devices.
The impact of crystal orientation and the direction of strain on this
effect has been presented. A single crystal p-type 3C-SiC(111)
was grown by low pressure chemical vapor deposition and four-
terminal devices were fabricated using conventional photolithography
and dry etching processes. It has been observed that the pseudo-
Hall effect in p-type 3C-SiC(111) is the same in [110] and [112]
crystal orientations and is smaller than the pseudo-Hall effect of
3C-SiC(100) four-terminal devices due to the defects associated
with the growth of 3C-SiC(111).

Silicon carbide has attracted considerable attention in recent years
for strain sensing applications in harsh environments." SiC has
superior mechanical properties, high thermal conductivity, a low
thermal-expansion coefficient, good thermal-shock resistance, as
well as chemical stability and electron affinity.® SiC exists in many
polytypes, including 4H-SiC, 6H-SiC, and 3C-SiC, but 3C-SiC is the
most cost effective and favorable polytype due to its compatibility
with the existing Si MEMS process. 3C-SiC can be readily grown
on Si wafers due to its capability for hetero-epitaxial growth on
Si substrates of different crystal orientations e.g. (100), (110) or
(111).”° A large number of studies have been carried out on
different polytypes of SiC and it has been established that SiC
has a high potential for strain sensing applications in harsh
environments.'>'"1*

Most of the research on the strain sensing applications in
SiC has been focused on 4H-SiC, 6H-SiC and 3C-SiC(100)
two-terminal resistors, which normally suffer from several
drawbacks, such as the requirement of a Wheatstone bridge
and lateral diffusion during the fabrication process.'>"®
When compared to two-terminal resistors, four-terminal devices
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are preferable because they are more thermally stable as they do
not rely on any external Wheatstone bridge and can be made as
small as possible.">?° In Si, Kanda et al. found that the offset
voltage of four-terminal devices without a magnetic field varies
significantly with the applied strain and it can be used as
a measure of strain or stress sensing. This offset voltage is
dependent upon the crystal orientation and also on the shape
of the four-terminal devices. For Si based four-terminal devices a
large number of studies on the offset voltage dependence have
been carried out,"”*' " and in fact, the effect (called pseudo-Hall
effect) has been utilized commercially in pressure sensors and
force sensors.’®® The strain sensing behavior of 3C-SiC(100)
four-terminal devices has also been investigated recently®**® and
it has been found that the offset voltage of the four-terminal
devices depends upon the crystal orientation and the device
geometry.

To the best of our knowledge, to date, there has been no
report on the pseudo-Hall effect in p-type 3C-SiC(111). Therefore,
this paper aims to investigate the pseudo-Hall effect in single
crystal p-type 3C-SiC(111) four-terminal devices. The strain was
applied in two different orientations in the (111) crystal plane and
the effect of the direction of the input current was also
investigated.

A single crystal p-type 3C-SiC(111) was grown to a thickness
of 245 nm on a Si(111) substrate by low pressure chemical vapor
deposition. Precursors SiH, and C;He were employed as
sources of Si and C atoms respectively. Trimethylaluminium
(TMAI) was used as a source of Al (p-type dopant) for in situ
doping of the 3C-SiC film.*"*> The epitaxial relationship of
grown SiC to the Si substrate was investigated using X-ray
diffraction (XRD) in 6 — 20 scan mode, the result is shown in
Fig. 1(a). It can be confirmed from Fig. 1(a) that the single
crystal 3C-SiC(111) was grown on Si(111). Fig. 1(b) shows the
rocking curve of the 3C-SiC(111) peak and the observed FWHM
value is 1.42°, which is reasonable for such a thin SiC film.**
Atomic force microscopy was used to measure the roughness of
the grown thin film (Fig. 1(c)) which showed a root mean
square (RMS) roughness of 8.59 + 0.5 nm for a scan area of
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Fig. 1 (a) The XRD pattern of 3C-SiC(111) grown on Si(111); (b) FWHM of
3C-SiC(111) peak; (c) AFM image of 5 pm x 5 pm.

5 um X 5 um. The electrical properties of the grown film were
characterized using Hall effect measurements. The carrier
concentration of the p-type single crystalline 3C-SiC was found
to be 8 x 10'® em >, while the carrier concentration of the Si
substrate was 5 x 10" cm™>. The resistivity of the SiC thin film
was measured to be 0.44 Q cm and the hole mobility of the single
crystalline 3C-SiC thin film was found to be 1.88 cm®> V™' s~
Four-terminal devices were fabricated in three different orien-
tations in the (111) plane by conventional photolithography
and dry etch processes (Fig. 2(a)) to investigate the influence of
crystal orientation on the strain-induced pseudo-Hall effect.
Aluminum was used for depositing Ohmic contacts to the
device. After fabrication of the device, the wafer was diced into
strips with dimensions of 60 mm x 9 mm x 0.625 mm to apply
strain using the bending beam method. The strips containing
four-terminal devices were aligned in [110] and [112] orienta-
tions by rotating the mask during the photolithography process
with respect to the reference orientation of the wafer and diced
after the fabrication process.

The cantilever method in which a bending beam is used
to induce strain to the fabricated devices was employed for
analysis of the strain-induced pseudo-Hall effect. Fig. 2(b)
shows the experimental setup for inducing the strain to the
fabricated devices in which one end of the beam with the
devices was fixed, while the other end was bent by a known
force. The bi-layer model has been used to calculate the strain
induced in 3C-SiC devices on a Si beam. The method that is
used to numerically calculate the strain induced into the 3C-SiC
layer on a Si strip has already been reported.” The compressive
and tensile strains applied to the SiC layer were in the range
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Fig. 2 (a) Microscopic image of the fabricated four-terminal device;
(b) bending beam experiment to induce strain into the three SiC four-
terminal devices, which are arranged in three different orientations relative
to the applied strain; (c) Ohmic behavior of the contacts and the inset
shows leakage current; and (d) equivalent circuit model: the strain angle ¢
between the strain direction and the direction of current is also shown.

of —800 ppm to 800 ppm. The Ohmic behavior of the Al contacts
(Fig. 2(c)) and the leakage of current from 3C-SiC(111) to the Si
substrate (inset of Fig. 2(c)) were also investigated to confirm
that the leakage does not contribute to the measurements.
Good Ohmic contacts were confirmed and the leakage current
was less than 1.0% of the total current flowing through the
device which is negligible. This is due to the fact that a large
valence band offset between p-Si and p-3C-SiC (1.7 eV) prevents
the leakage current through the SiC/Si junction.*® Fig. 2(d)
shows the equivalent circuit diagram of the fabricated device.
The input current is applied between terminals 1 and 2
while the output voltage is measured at terminals 3 and 4.
When strain is applied to the device at a constant input current,
an output voltage or offset voltage across terminals 3 and 4 will
change with the increase of applied strain. This effect is
explained below.

From the equivalent circuit shown in Fig. 2(d), it is assumed
that the offset voltage V,,; can be presented using a Wheatstone
bridge type circuit consisting of Ry3, Ry1, Rz, and R,,. The resistors
Ri3, Ry1, R, and R, are variable resistances, which depend upon
the applied strain and these are part of a discrete constant circuit
called the square-type bridge circuit. Without strain, it is assumed
that Ry3 = Ry; = Rz, = Ryy = Rip. The output voltage of the device in
terms of these resistances can be represented as>

(Ri3R4 — RuRn)
(Ra1 + Roa)(Ri3 + Rap) "

Vou = (1)

With the application of strain, the symmetry of the device
will be disturbed leading to the change in offset voltage at
terminals 3 and 4. For example, when a tensile strain is
applied in the diagonal axis of the device (Fig. 2(c)), resistors
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Ri; and R,, are extended in the longitudinal direction, whereas
resistors R;, and R4, are extended in the transverse direction
leading to different resistance changes in these resistors and, as
a result, the offset voltage V. is shifted. The changes in these
resistance under strain ¢ are®

Ri3 = Roy = Rin[1 + (mcos?(¢ +45°) + msin® (¢ + 45°)) Y

Ry = R4y = Rin[1 + (m cos?(¢ +45°) + mysin® (¢ + 45°)) Ye]
(2)

where 7 and 7, are longitudinal and transverse piezoresistive
coefficients of 3C-SiC in the direction of the applied current,**
¢ is the angle between the direction of strain and the direction
of the input current as indicated in Fig. 2(d) and Y is the
Young’s modulus of 3C-SiC. From eqn (1) and (2), the ratio of
the output voltage generated at terminals 3 and 4 to the input
voltage is calculated as

Vou  (cos?(¢p +45°) —sin(¢ +45°))(m —m)Y 3
Vin 24+ (m + 1) (cos2(¢p + 45°) — sin2(¢h 4 45°))eY (3)
_ (=sin2¢)(m — my) Y

as cos’(¢p +45°) — sin*(¢p +45°) = —sin 2¢) and (m + 7;)(cos*(¢p + 45°) —
sin’(¢ + 45°))cY « 2. The strain sensitivity of the device can be
defined as

1

Vou
0l><_ (5)

Vin

Sensitivity = S =

Fig. 3 shows the ratio of the output voltage to the input voltage
of the fabricated 3C-SiC(111) four-terminal device under tensile
and compressive strain in the [110] and [112] directions and with
three different current directions in the (111) crystal plane. It can
be observed from Fig. 3 that the ratio of the output voltage to the
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Fig. 3 The ratio of the output voltage to the input voltage of the device
with varying strain in the [110] direction. The strain response of the devices
with ¢ = 0° and 90° is almost negligible.
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input voltage increases linearly with the applied compressive and
tensile strains when the angle between the applied strain and the
direction of the input current is equal to 45°. Eighteen devices were
tested and the variation in the output voltage was less than 5%.
The change in the output voltage is approximately 0 for other
directions of the input current (i.e. ¢ = 0° 90°). This is due to the
fact that the change in resistances of these devices cancels each
other leading to the null offset voltage change at terminals 3 and 4.
In the case of ¢ = 0° 90°, when a tensile stress is applied to the
square device for example in the [110] orientation, resistors Ry,
and R,; are stressed in the longitudinal direction, and so are
the resistors R;; and R,,, leading to the cancellation of the piezo-
resistive effect in the circuit. When ¢ = 45°, resistors Ry, and R,
are stressed in the longitudinal direction, and the resistors R,3 and
R,, are stressed in the transverse direction, leading to a change in
the symmetry of the device (different values of piezoresistive effect
in longitudinal and transverse directions) and hence an output
voltage is observed at terminals 3 and 4 with applied strain.

Fig. 4 shows the output voltage of the square 3C-SiC(111)
devices with the [110] and [112] strain direction and with an angle
of ¢ = 45°. It can be observed that when a constant strain is
turned on and off a repeatable signal is observed. Similarly, when
the strain is gradually increased to a maximum value the output
voltage increases linearly and when the strain is decreased the
output voltage decreases gradually coming back to the initial
value. This shows that the pseudo-Hall effect is reliable and
repeatable and can be used in making strain sensing devices.

The strain sensitivities of the four-terminal devices with
different strain directions in the (111) and (100) crystal planes
are summarized in Table 1. It can be observed from Table 1 that
at a fixed value of ¢ the sensitivity of the four-terminal device in
(111) is smaller than the strain sensitivity in the (100) crystal
plane. The maximum achievable strain sensitivity of the four-
terminal devices fabricated in the (111) plane is almost 5 times
smaller than those of the four-terminal devices fabricated in the
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Fig. 4 Variation of the output voltage at terminals 3 and 4 with different
applied strains. The input current at terminals 1 and 2 was fixed to be 10 pA.
Only the strain response of the devices with angle ¢ = 45°in [110] and [112]
directions is given.
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Table 1 The ratio of the output voltage to the input voltage of the four-
terminal devices along with strain sensitivity for different directions of strain
in (111) and (100) planes. The data for 3C-SiC(100) are calculated from ref. 31

Strain Plane Angle ¢ AVyut/ AVin Sensitivity
direction [-] [degrees] [1077] -]
[110] (111) 45°, 135° 4.81 6.0
0°, 90° ~0 ~0
[112] (111) 45°, 135° 4.77 5.96
0°, 90° ~0 ~0
[110] (100) 45°,135° 24.0 30
0°, 90° ~0 ~0
[110] (100) 45°, 135° 24.0 30
0°, 90° ~0 ~0

(100) plane. This is due to the fact that the growth of 3C-SiC(111)
on Si(111) is associated with more crystal defects as compared to
the growth of 3C-SiC(100) on Si(100). The growth of 3C-SiC(111)
on Si(111) is more challenging than the growth of 3C-SiC(100) on
Si(100). The defect density in 3C-SiC(100) thin film on Si(100)
improves with the increase of the thickness of the film, but in
the case of 3C-SiC(111) thin film growth on Si(111) the defect
density is not improved with the increase of thin film thickness.*
The crystal defects in 3C-SiC(111) are distributed within the
whole thickness of the film and are responsible for the low
mobility of the charge carriers (holes). Therefore, due to the large
density of defects associated with the growth of 3C-SiC(111), the
strain-induced pseudo-Hall effect in 3C-SiC(111) is smaller than
the pseudo-Hall effect in 3C-SiC(100).>

The strain-induced pseudo-Hall effect in single crystal p-type
3C-SiC(111) four-terminal devices has been presented. It has
been observed that the strain-induced pseudo-Hall effect in
p-type 3C-SiC(111) four-terminal devices is the same in both the
directions of applied strain i.e. [110] and [112]. The pseudo-Hall
effect is largest when the angle between the direction of current
and applied strain is (2n + 1)n/4 (where n is an integer).
The effect is negligible when the angle between the direction
of current and applied strain is nn/2 (where n is an integer).
The pseudo-Hall effect in p-type 3C-SiC(111) is smaller than the
p-type 3C-SiC(100) four-terminal devices due to the crystal
defects associated with the growth of 3C-SiC(111).
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