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Isotropic piezoresistance of p-type 4H-SiC in (0001) plane
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In this work, the isotropic piezoresistance in the (0001) plane of p-type 4H-SiC was discovered by
means of the hole energy shift calculation and the coordinate transformation. These results were
also confirmed by the measurement of the piezoresistance using a bending beam method. The fun-
damental longitudinal and transverse piezoresistive coefficients m;; and m;, were found to be
6.43 x 107 ""Pa—" and —5.12 x 10" "' Pa™ !, respectively. The isotropy of the piezoresistance in the
basal plane of p-type 4H-SiC is attributed to the isotropic hole energy shift under uniaxial strain.
This interesting phenomenon in p-type 4H-SiC is promising for the design and fabrication of
mechanical sensors and strain-engineered electronics since high sensitivity and consistent perfor-
mance can be achieved regardless of the crystallographic orientation. Published by AIP Publishing.

https://doi.org/10.1063/1.5037545

Since the pioneering discovery by Smith,' the large
change in resistivity upon applied stress/strain in semiconduc-
tors, namely, the piezoresistive (PZR) effect, has attracted
great attention, reflecting in a vast number of studies and appli-
cations for mechanical sensing and strain engineering.”® Such
an effect could also be magnified in nanoscale devices,”
which has been employed in highly sensitive and miniaturized
Si-based devices [e.g., accelerometers, pressure sensors, and
atomic force microscopy (AFM) probes]. Si remains the domi-
nant material for the PZR effect in mechanical sensing.
However, Si exhibits several limitations due to its intrinsic
physical properties, such as the plastic deformation at a tem-
perature above 500°C and the instability of electrical con-
ductance in high temperature operations.'® To push the
sensing devices beyond their current limits, recent advances
in the growth and fabrication technologies enable the devel-
opment of SiC-based devices, which can inherit the current
readiness of the Si technology and be utilized in harsh envi-
ronmental applications. The strong covalent Si-C bond and
wide energy bandgap of SiC lead to superior properties such
as high mechanical strength, high shock resistance, chemical
inertness, and thermal/electronic stability.”’12 Furthermore,
its good compatibility with micro-machined fabrication pro-
cesses positions SiC as a promising material for mechanical
sensing in harsh environments.'*"'*

The PZR effect and strain-induced mobility enhancement
of Si have been well established.'® As such, the piezoresist-
ance of Si was graphically presented in the works of
Kanda,'®'” in which an anisotropic characteristic has been
realized. Subsequently, numerous studies have been dedicated
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to the understanding of the phenomenon in different SiC poly-
types. For instance, the fundamental PZR coefficients in arbi-
trary crystallographic orientations of 3C-SiC have been
revealed with a relatively high shear PZR coefficient.'® For
hexagonal lattices, a high piezoresistance was realized in
highly doped n-type and p-type 6H-SiC."” By conducting the
tensor transformation in n-type 6H-SiC, a wurtzite crystal, it
was suggested that in the (0001) plane, the anisotropic part of
the piezoresistance vanishes, whereas only the isotropic com-
ponent remains.”® The piezoresistivity of n-type 4H-SiC was
theoretically investigated by the first principles simulation,
indicating the significant gauge factor (GF) at either room or
high temperature.

In contrast to heterostructure devices, the use of bulk 4H-
SiC can eliminate the thermal expansion mismatch between
the sensing layer and the substrate (which are made of differ-
ent materials), pushing the temperature limit of the sensing
devices which can work in extreme environments. Moreover,
4H-SiC possesses a very high energy bandgap of 3.23eV
(three times higher than that of Si), which significantly mini-
mizes the generation of thermally activated electron-hole
pairs, contributing to the good reliability of 4H-SiC based
devices in harsh environments. Although many efforts have
been made for the investigation of the PZR effect in SiC, to
date, the fundamental PZR coefficients of 4H-SiC, one of the
most important SiC polytypes for mechanical sensors and
high-power electronics devices, have not been elucidated in
terms of either theoretical analysis or experimental verifica-
tion. Understanding such a phenomenon in 4H-SiC not only
optimizes the sensors’ sensitivity but also enhances the devi-
ces’ mobility by means of strain engineering. Therefore, this
paper aims to theoretically and experimentally investigate the

Published by AIP Publishing.
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fundamental PZR coefficients of 4H-SiC in the (0001) plane.
As such, the longitudinal and transverse PZR coefficients
were found to be 6.43 x 10~"'Pa" and —5.12x 10~"'Pa”",
respectively. Additionally, the theoretical analysis by calculat-
ing hole energy shift and coordinate transformation is in good
agreement with the experimental result of the isotropic and
large piezoresistances in the (0001) plane of p-type 4H-SiC.
This finding is useful for the design and fabrication of mechan-
ical sensors since the anisotropy and complexity of the PZR
effect are eliminated.

Figure 1(a) shows a scanning electron microscopy (SEM)
image of p-type 4H-SiC piezoresistors aligned in the (0110)
orientation. The piezoresistors were located on numerous rect-
angular samples which were arranged in various orientations
in a 350 um-thick 4-in. epitaxial 4H-SiC (0001) wafer, as
shown in Fig. 1(b). The wafer has a 1-um-p-type epitaxial
layer (with the hole concentration of 10'®cm™?) lying on a
10"® cm doped n-type 4H-SiC layer to form a p-n junction.
The substrate was low doped 4H-SiC. The mesa p-type pie-
zoresistors were fabricated by conventional lithography and

— Substrate

100pm  —

SEl  15kV WD27mm  SS30 x130

(b)

2.

e
&,
T/\
Vi&
<1100> |

(0001)

FIG. 1. (a) SEM image of 4H-SiC piezoresistors in the (0110) orientation.
Top image: Scale bar, 20 um. (b) 4H-SiC beams aligned in different orienta-
tions in a full (0001) wafer. Inset: Stress tensor in the Cartesian coordinate.
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inductive plasma etching (ICP). It should be noted that the
final etch depth of the p-type layer was 1.3 um, which ensures
that the designated areas in the layer are completely etched.
To form the contact, titanium and aluminum layers, with the
same thickness of 100 nm, were subsequently sputtered on the
wafer followed by wet etching using Al and Ti etchants. The
piezoresistors have the length and width varying from 20 um
to 200 yum and 5 ym to 80 um, respectively. High temperature
annealing was performed to obtain a good Ohmic contact
from Ti/Al to p-type 4H-SiC, showing linear current-voltage
characteristics in a voltage range from —2V to 2V. The
detailed annealing condition was reported elsewhere in which
the metal contact was annealed up to 1000 °C in a nitrogen
atmosphere.”” Finally, the wafer was diced into 30 x 3 mm?
beams for the bending experiment.

The current leakage through the p-n junction between
p-type and n-type layers was measured and found to be four
orders of magnitude smaller than the current flowing in the
p-type piezoresistors. This is attributed to the robust p-n
junction acting as a back-to-back diode which prevents the
electric current leaking to the n-type layer.”>** Therefore, it
can be concluded that only the p-type layer contributed to
the PZR measurement.

The straining configuration using a bending beam method
to induce uniaxial strain/stress to the piezoresistors is illus-
trated in Fig. 2(a). The piezoresistors were designed in the
vicinity of the clamping area to maximize the induced strain.
Since the p-type layer is much thinner than the total thickness
of the beam (i.e., 1 um vs 350 um), the uniaxial strain would
be effectively transferred to the top p-type layer.'® Let F be
the applied force at the free end of the beam, and then, the
induced stress can be deduced as o = 6Fl/bt2, where, [, b,
and ¢ are the length, width, and thickness of the 4H-SiC beam,
respectively. Additionally, the uniformity of strain induced
into the top p-type layer was confirmed using a finite element
analysis, which is independent of the width and length of
the piezoresistor (see Sec. 1 in the supplementary material).
Figure 2(b) shows the measurement results of the PZR effect
of p-type 4H-SiC aligned in various orientations in the (0001)
plane at room temperature (i.e., 298 K). The longitudinal and
transverse piezoresistors were fabricated in all beams in order
to investigate the piezoresistive effect in different orientations
in the plane. Subsequently, the relative resistance changes
were measured against a varying induced strain from O to
557 ppm. The variation of the resistance in either the longitu-
dinal or the transverse piezoresistor is proportional to the
increasing strain, indicating a good linearity of the PZR effect
in 4H-SiC. The consistent gauge factor (GF) in different ori-
entations exhibits the isotropic piezoresistance of p-type 4H-
SiC in the (0001) plane. The small tolerance among these
results is attributed to the fact that the source wafer has the 4°
off-cut surface towards the (1120) orientation from the ideal
basal plane.

The PZR coefficients, typically represented in an arbi-
trarily oriented coordinate system, can be calculated from a
tensor transformation. The resistivity tensor p of 4H-SiC is
given in the relationship between the electric potential £ and
current density J in the principal coordinate (i.e., O-xyz) as
E=pJ, where E and J are the first rank tensors and p is a
second rank tensor. By applying a coordinate transformation
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FIG. 2. (a) Schematic sketch of the bending beam experiment. (b) Fractional
change of the resistance versus applied strain in different orientations in the
(0001) plane. Inset: Configuration of longitudinal (top) and transverse (bot-
tom) piezoresistors.

from the principal coordinate system to an arbitrary coordi-
nate (i.e., O-x'y’'z") with the rotational matrix R, the relation-
ship between the two resistivity tensors is p’ = RpR™" = ap,
where R~ is the inverse of the rotational matrix R and o is
the transformation matrix of the resistivity tensors from the
principal to an arbitrary coordinate. The longitudinal GF in
the principal coordinate can be deduced as

—

Gy =="=mkE, (1)

where ¢ is the induced uniaxial strain into the piezoresistor
and E is the Young’s modulus of 4H-SiC.?> The Young’s
modulus in the various orientations in the (0001) plane was
measured and found to be almost isotropic (see Sec. 2 in the
supplementary material).
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FIG. 3. Graphical representation of the longitudinal and transverse PZR coef-
ficients in the (0001) plane of p-type 4H-SiC. The longitudinal PZR coeffi-
cients are positive, whereas the transverse PZR coefficients are negative.

Figure 3 shows the graphical representation of the arbi-
trary piezoresistance coefficients n|, and 7}, in the (0001)
plane. It should be noted that these PZR coefficients are
almost isotropic in different orientations, indicating the iso-
tropic property of the PZR effect in this plane of 4H-SiC.

To theoretically analyze this interesting property, the
coordinate transformation was conducted to deduce the rela-
tionship between the PZR coefficients in the principal and
arbitrary coordinates, as shown in Table I (see Sec. 3 in the
supplementary material for the detailed calculation). The
obtained result indicated the isotropic piezoresistance in the
(0001) plane of 4H-SiC, which is useful for the design and
fabrication of the sensing devices [Eq. (1)].

Figure 4(a) illustrates the first Brillouin zone of 4H-SiC
with the highest symmetry points on the axis and on the edge
of the hexagonal prism. The piezoresistive effect in 4H-SiC
can be further clarified by considering the hole energy shift in
the strained crystal structure of its wurtzite lattice in the space
group Cév The piezoresistance of p-type 4H-SiC is correlated
with the hole transfer and conduction mass shift by means of
the deformation of the top valence bands under strain.”> As
such, a uniaxial stress could raise the light hole (LH) bands

TABLE I. Comparison of three arbitrary PZR coefficients in the cubic lat-
tice (e.g., Si and 3C-SiC) and a hexagonal lattice (i.e., 4H-SiC, this work).
See Sec. 3 in the supplementary material for /;, m;, and n; (i=1, 2, and 3).

Hexagonal (4H-SiC)

Cubic (Si, 3C-SiC)'*'* (this work)
myy m =2 — i — maa) (Bl —}—lzn1 +min?) T
Ty o+ (mn = mo — maa) (BB + mim3 + nind) T1n
e 2(myy — mia — maa) (Bl + mimy + nina) 0
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FIG. 4. (a) First Brillouin zone of 4H-SiC with high symmetry points in
k-space. (b) Representation of the constant energy surfaces for the three
highest valence bands in 4H-SiC.** From top to bottom: Light hole, heavy
hole, and spin orbit split-off (SOSO) bands, respectively.

and simultaneously lower the heavy hole (HH) bands parallel
to the stress orientation because of the change in the overlap
between the atomic orbitals. Figure 4(b) shows the constant
energy surfaces for three topmost valence bands without
strain in 4H-SiC, showing ellipsoidal shapes.”* The isotropic
piezoresistance can be determined by the hole energy shift of
the valence bands at k =0 under strain. According to Bir,?
the energy of the three topmost valence bands at k =0 in the
unstrained 4H-SiC crystal is

E(l) = A —|—A2,

2 (2
E(2)’3 :A1 ;Azi\/<A1 ;Az) +2A§,

where A;(i =1,2,3) are the spinor representations for the
symmetry points in the Brillouin zone. The first order
approximation for the strained band energy E(k, €) is

—\? 3)
E;,3:G+)Li (G2/1> e

where A=V2A5;F =A\+ M+ A+ 0;G=A, — Ay + 1+ 0;
A= Alkzz +A2(k§ + kf) + Dlezz + DQ(EM- + Eyy); 0= A3k22
+A4(k2 + ki) + Dse.. + Dy + €,y); € is the strain com-
ponent; k,, ky, and k. are the vectors in the k-space; and A;
are the components of the Hamiltonian matrix of the 4H-SiC
crystal. The four deformation potential constants Dy, D,, D3,
and D, determine the complete band warpage due to the elas-
tic deformation. The components Ak + Ay (k> + k}z) and
A3k? + A4(k7 + k3) indicate that the constant energy surface
is the ellipsoid of the revolution around the c-axis without
strain [Fig. 4(b)]. The ratios of holes occupied in the top
valance subband (E;) versus the second highest subband E,
(P1/P;) and the spin orbit split-off (SOSO) subband E3 (P,/
P3) are eAE12/ksT and eAE13/kT | pegpectively (see Sec. 4 in
the supplementary material for the explanation). From the
band structure of 4H-SiC,>” we derive AE; , =0.15eV and
AE, 3=0.8eV. Substituting kz=1.38 x 107> m’*kgs >
K ! and T=298 K, we have P,/P, =365 and P,/P; =4.83
x 10", This indicates that the number of holes in the highest

Appl. Phys. Lett. 113, 012104 (2018)

subband E is dominant over the other two subbands E, and
E5. Therefore, the piezoresistance of 4H-SiC is solely dic-
tated by the hole redistribution in £; under strain (see Sec. 4
in the supplementary material). The hole energy shift in E,
under strain was then obtained by AE; = ES — E9 = /. + 6.

Due to the hexagonal symmetry in the compliance ten-
sor of 4H-SiC, a uniaxial stress a,, is equivalent to biaxial
strains in the hexagonal basal plane as

€xx T €y = (Sll + S21)U,r,r§ €z = 83104, (C))

where S;; are the components of the compliance tensor of 4H-
SiC. Three components of the strain tensor €, €,,, and .. are
isotropic under coordinate transformation around the c-axis
which is perpendicular to the basal plane, i.e., the transversely
isotropic property of Hooke’s law applied for the hexagonal
lattice. Thus, 1= Ak? +A2(kf + k) + D1S310 + Da(S1
+S21)0XX and 0 = Agk? +A4(k§ + k‘) + D3S310 + D4<511
+851)0,, are also isotropic under the coordinate transforma-
tion around the c-axis. Conducting the second derivative
of E; with respect to k,, k,, and k. in k-space, we have
O*ES /8kj2 = 0’EY/Ok?, where j=(x, y, z) (see Sec. 5 in the
supplementary material). This indicates that the variation of
the energy in the subband E; is independent of the strain
direction in the (0001) plane, exhibiting the isotropic hole
energy shift AE; under a uniaxial stress ¢,, on the basal
plane.

In contrast to the anisotropy of the PZR effect in several
common semiconductors (e.g., Si and 3C-SiC), the piezore-
sistance in 4H-SiC exhibits an isotropic property, which is
more favorable for the design and fabrication of mechanical
sensors, as the need for choosing the optimal orientation is no
longer needed. As a result, high sensitivity can be achieved
regardless of the arrangement of devices in wafers, and the
number of devices per wafer can be significantly increased,
reducing the cost for the sensing device.

In conclusion, the isotropic piezoresistance in the (0001)
plane of p-type 4H-SiC was discovered by the calculations
of the hole energy shift in the top valence bands and the
coordinate transformation. The interesting phenomenon was
also verified by the experimental results using a bending
beam method where a uniaxial strain was applied to the pie-
zoresistor. The longitudinal and transverse PZR coefficients
were found to be 6.43 x 10~ "' Pa—! and —5.12 x IO_HPa_l,
respectively, which are independent of the strain orientation
in the (0001) plane. The isotropic piezoresistance of p-type
4H-SiC is attributed to the isotropic hole energy shift under
uniaxial stress/strain in the basal plane. For calculating the
parameters for each subband in bulk p-type 4H-SiC, more
effort is required, and the data will be presented in our future
work. The relatively high and isotropic piezoresistivity of p-
type 4H-SiC is promising for mechanical sensing and strain
engineering since a high sensitivity can be achieved regard-
less of the sensor orientation.

See supplementary material for the details of the strain
distribution in the bending beam configuration, the measured
Young’s modulus in various orientations in the (0001) plane,
the matrix transformation from the principal coordinate to an
arbitrary coordinate, the calculation of the hole occupation in
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the valence subbands, and the valence subband modification
under strain.
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