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This article reports for the first time the electrical properties of fabricated n-3C-SiC/p-Si heterojunction diodes under external mechanical stress in
the [110] direction. An anisotype heterojunction diode of n-3C-SiC/p-Si was fabricated by depositing 3C-SiC onto the Si substrate by low-pressure
chemical vapor deposition. The mechanical stress significantly affected the scaling current density of the heterojunction. The scaling current
density increases with stress and is explained in terms of a band offset reduction at the SiC/Si interface under applied stress. A reduction in the
barrier height across the junction owing to applied stress is also explained quantitatively. © 2015 The Japan Society of Applied Physics

M
echanical stress significantly affects the electrical
properties of semiconductor devices. Under an ap-
plied stress, the band gap, carrier concentration, and

carrier mobility in the semiconductor change, causing changes
in the electrical properties of semiconductor devices.1–3) The
stress can be induced in the device during packaging or device
processing, and it can be induced if the device is used in
a mechanically challenging or harsh environment.4) The
piezoresistive, piezojunction, and piezo-Hall effects are the
major phenomena related to the stress-induced changes in
semiconductor devices.1,5) These effects have been studied
for years and are well established for silicon-based devices.
The piezoresistive effect in Si has been used extensively
to develop many stress–strain sensing applications.6,7) The
piezojunction effect in Si-based diodes and heterojunctions
has been investigated for sensing and for device performance
improvement.1–3,8) The performance and reliability behaviors
of strained silicon metal–oxide–semiconductor field-effect
transistor devices have also been studied extensively.9,10)

The SiC=Si heterojunction has been explored broadly as a
promising candidate for various semiconductor device appli-
cations including high-frequency and high-voltage diodes,
photovoltaic cells, and heterojunction bipolar transistors.11–15)

Further, 3C-SiC is a promising material for combination
with Si because of its large band gap, good physical stability,
and large electron mobility for high-temperature and high-
power electronic devices.16,17) The facility of readily growing
3C-SiC on large-diameter Si substrates gives it advantages
over its counterpart materials. Therefore, the cost of using
homoepitaxial films grown on 4H-SiC or 6H-SiC substrates
is significantly reduced if 3C-SiC thin films grown on Si
wafer substrates can be used.18) Thus, it is very important to
investigate the effect of stress on these heterojunctions.

The piezoresistive effect in 3C-SiC was recently inves-
tigated in our previous study.19–21) We also reported the effect
of mechanical stress on the electrical properties of the p-3C-
SiC=p-Si heterojunction.22) However, there are no studies on
the effect of stress on the electrical properties of n-3C-SiC=
p-Si heterojunctions. Therefore, in this letter we report the
effect of mechanical stress on the electrical properties of
n-3C-SiC=p-Si heterojunctions for the first time. The insight
achieved in this study is not only important for understanding
the device performance and effect of stresses induced during
packaging but also shows the feasibility of using this device
for stress sensing purposes.

The n-SiC=p-Si heterojunction diodes were fabricated by
growing single-crystal n-type 3C-SiC to a thickness of 500
nm on p-type (100) silicon having a resistivity of 25Ω cm in
a hot wall chemical vapor deposition furnace at 1100 °C. The
n-type doping concentration in the grown SiC, as determined
by the hot probe method, was (1–5) × 1016 cm−3. The surface
of the SiC was cleaned using acetone, isopropanol, and then
1% HF before aluminum was deposited as an ohmic contact.
The ohmic contacts on n-type SiC were patterned into an area
of 500 × 230 µm2 with a surrounding guard ring to reduce
surface leakage currents. Aluminum was deposited as a back
ohmic contact after the Si surface was cleaned and etched in
HF solution. The Si wafer with the grown n-type SiC was
diced into strips 32 × 18 × 0.625mm3 in area for the appli-
cation of mechanical stress by the bending beam method.
Figure 1 shows the experimental setup. The X-ray diffraction
(XRD) pattern of the deposited single-crystal 3C-SiC thin
film is given in Fig. 2. The XRD pattern shows that 3C-SiC
is grown epitaxially on the Si substrate. The inset of Fig. 2 is
an image of the fabricated device showing the top Al contact
and guard ring with the SiC layer under it.

Stress was induced in the heterojunction by the bending
beam method, in which one end of the beam is fixed by a
clamp, and the other end is bent by attaching different loads.
The finite element method was used to obtain the magnitudes
of the stress induced in the heterojunction. The method of
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Fig. 1. Experimental setup for inducing stress in the heterojunction and
I–V measurements with equivalent circuit diagram. σ[110] is the induced
stress in the [110] direction.
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calculating the stress is described in detail in.20) Stresses from
0 to 304MPa were induced by applying different loads at the
free end of the SiC=Si beam. Figure 1 shows the exper-
imental setup; the directions of the current and stress are
indicated with respect to the orientation of the SiC=Si hetero-
junction. The current–voltage (I–V ) measurements of the
heterojunction were conducted using an Agilent U2722A
source measure unit by sweeping the voltage from −2 to 0V
on the SiC side while the Si side was grounded.

Figure 3 shows the I–V curves of the n-SiC=p-Si hetero-
junction under various stresses. The forward bias current
density in the heterojunction is given by the relation

J ¼ J0 exp
qVapp

nkT

� �
; ð1Þ

where J0 is the scaling current density, Vapp is the applied
voltage, q is the charge, n is the ideality factor, k is the
Boltzmann constant, and T is the temperature. To understand
the current mechanism in this heterojunction, the energy band
diagram of the heterojunction is given in Fig. 4; the band
offset values were taken from.23) The valence band offset in
this heterojunction, ΔEV = 1.7 eV, is large enough to impede
the flow of holes from Si to SiC, and the device current is
thought to be due mostly to thermionic emission of electrons
over a potential barrier.14) This potential barrier VB can be
expressed as24)

VB ¼ �EC þ qVbi; ð2Þ
where qVbi is the part of the barrier due to bending of the
energy levels, and ΔEC is the conduction band energy offset.
Figure 3 shows that the current in the linear segment of the
forward current exhibited an increasing trend when the stress
increased from 0 to 304MPa. The ideality factors n for the
unstressed and maximally stressed heterojunction were calcu-
lated and found to be the same. Therefore, the observed
change in current in the linear segment of the forward current
in Fig. 1 corresponds to an ideality factor of n = 1.258. It is
well known that the ideality factor n is 1 when the diffusion
current dominates and 2 when generation–recombination
dominates.24) The ideality factor of 1.258 in our case indicates
that the current in the heterojunction is dominated by diffusion
and has a generation–recombination component, which is
most likely to result from defects at the SiC=Si interface.

Figure 5 shows magnified plots of the linear segment of
the forward current in the semi-log I–V data. The scaling
current density J0 of the heterojunction was calculated by
extrapolating the linear segment of the semi-log curves to the
zero-bias value. It has been observed that the scaling current
density depends significantly on the applied external stress.
The dependence of the scaling current density on the applied
stress is shown in Fig. 6. It can be concluded that the scaling
current density increases with applied stress from J0 = 3.305
µA=cm2 at 0MPa to J0 = 4.317 µA=cm2 at 304MPa.

When stress is induced in a semiconductor, the conduction
band energy edge EC is shifted from its unstressed value. The
energy band edges are shifted in both Si and SiC.25,26) The
conduction band edge shift under applied stress alters the
energy band offset ΔEC between Si and SiC in the hetero-

Fig. 2. XRD pattern of the grown 3C-SiC thin film on Si(100), showing
that 3C-SiC is epitaxially grown on Si(100). Inset shows microscope image
of the fabricated device.

Fig. 3. I–V characteristics of the fabricated n-3C-SiC=p-Si heterojunction
diode under various stress levels. Arrow shows the increasing trend of the
heterojunction current with the applied stress.

Fig. 4. Energy band diagram of the n-3C-SiC=p-Si heterojunction with
band offset values from.18)

Fig. 5. Magnified plots of the I–V characteristics in the linear segment of
the forward bias under various stress levels.
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junction. The edges can shift either in the same direction or in
opposite directions depending on the crystal structure and
direction of stress. As the 3C-SiC is grown epitaxially on Si,
both of the materials are stressed under similar conditions;
that is, the crystal plane is (100), and the applied stress is in
the [110] direction for both of the materials, as shown in
Fig. 1. In this particular case, the energy band edge EC is
reduced under applied stress in each material, but the amount
by which the conduction band edge shifts is different in each
material. As our results for the scaling current density show
that the current density is increasing, we can conclude that
the shift in the conduction band edges in the heterojunction
reduces the conduction band offset ΔEC between Si and SiC.
This can be deduced from the exponential dependence of
the scaling current density on the conduction band offset
ΔEC, which is given by the following relation:20)

J0 / exp
�EC

nkT

� �
: ð3Þ

As the potential barrier of height VB is reduced owing to
the reduction of ΔEC, more electrons can have energies
greater than the barrier height and can move to the con-
duction band from SiC to Si, resulting in an increase in the
current across the barrier. The reduction of the barrier height,
ΔΨ, due to the reduction in ΔEC can be calculated using the
following method. Let J0(0) be the scaling current density
without stress and J0ð�Þ be the scaling current density of the
stressed heterojunction diode. Then the expressions for both
current densities can be expressed using Eq. (3) as

J0ð0Þ / exp
�EC

nkT

� �
; ð4Þ

J0ð�Þ / exp
�EC þ ��

nkT

� �
; ð5Þ

where ΔΨ is the barrier height shift due to the induced stress.
From Eqs. (4) and (5), the expression for ΔΨ can be obtained
as follows:

�� ¼ nkT � ln
J0ð�Þ
J0ð0Þ

� �
ð6Þ

The barrier shift calculated using Eq. (6) for different
stresses is given in Fig. 6. The barrier shift increases from 1.28
to 8.6meV when the stress is increased from 76 to 304MPa.

In conclusion, the effect of external mechanical stress on
the electrical properties of the n-3C-SiC=p-Si heterojunction
diode was analyzed for the first time. The scaling current
density in the heterojunction was observed to increase with
increasing applied mechanical stress. The scaling current
density increased from J0 = 3.305 µA=cm2 at 0MPa to J0 =
4.317 µA=cm2 at 304MPa. The increase in the scaling current
density is a result of the reduction in the conduction band
offset ΔEC between n-3C-SiC and p-Si. The maximum reduc-
tion of 8.6meV is observed under the maximum stress level
of 304MPa. These results show that the device performance
can be significantly affected by stress in the [110] direction,
and these effects must be taken into account for proper device
performance. The results also show the strong feasibility of
using this device for stress sensing applications.

Acknowledgment This work was performed in part at the Queensland
node of the Australian National Fabrication Facility, a company established under
the National Collaborative Research Infrastructure Strategy to provide nano and
micro-fabrication facilities for Australia’s researchers. This work was partially
supported by Griffith University’s New Researcher Grants.

1) J. F. Creemer, F. Fruett, G. C. M. Meijer, and P. J. French, IEEE Sens. J. 1,
98 (2001).

2) J. J. Wortman, J. R. Hauser, and R. M. Burger, J. Appl. Phys. 35, 2122
(1964).

3) M. Chu, Y. Sun, U. Aghoram, and S. E. Thompson, Annu. Rev. Mater. Res.
39, 203 (2009).

4) H. Miura, M. Kitano, A. Nishimura, and S. Kawai, J. Electron. Packag. 115,
9 (1993).

5) B. Hälg, J. Appl. Phys. 64, 276 (1988).
6) D. V. Dao, T. Toriyama, J. Wells, and S. Sugiyama, Proc. 15th IEEE Int.

Conf. Micro Electro Mechanical Systems, 2002, p. 20.
7) R. Amarasinghe, D. V. Dao, T. Toriyama, and S. Sugiyama, Sensors

Actuat. A 134, 310 (2007).
8) W. Wu, Y. Pu, J. Wang, X. Xu, J. Sun, Z. Yuan, Y. Shi, and Y. Zhao, Appl.

Phys. Lett. 102, 093502 (2013).
9) Y. Zhao, H. Matsumoto, T. Sato, S. Koyama, M. Takenaka, and S. Takagi,

IEEE Trans. Electron Devices 57, 2057 (2010).
10) W. Wu, Y. Pu, J. Sun, Y. Zhao, X. Xu, and Y. Shi, Appl. Phys. Lett. 101,

053507 (2012).
11) P. H. Yih, J. P. Li, and A. J. Steckl, IEEE Trans. Electron Devices 41, 281

(1994).
12) J. Pezoldt, Ch. Förster, P. Weih, and P. Masri, Appl. Surf. Sci. 184, 79

(2001).
13) M. J. Kumar and C. L. Reddy, IEE Proc.—Circuits Devices Syst. 151, 399

(2004).
14) M. I. Chaudhry, IEEE Electron Device Lett. 12, 670 (1991).
15) S. Ogawa, N. Yoshida, T. Itoh, and S. Nonomura, Jpn. J. Appl. Phys. 46,

518 (2007).
16) G. L. Harris, Properties of Silicon Carbide (Inspec, London, 1995).
17) J. A. Cooper, Mater. Sci. Forum 389, 15 (2002).
18) S. Roy, C. Jacob, and S. Basu, Sens. Actuators B 94, 298 (2003).
19) H. P. Phan, P. Tanner, D. V. Dao, L. Wang, N. T. Nguyen, Y. Zhu, and S.

Dimitrijev, IEEE Electron Device Lett. 35, 399 (2014).
20) H.-P. Phan, D. V. Dao, P. Tanner, J. Hang, N.-T. Nguyen, S. Dimitrijev, G.

Walker, L. Wanga, and Y. Zhu, J. Mater. Chem. C 2, 7176 (2014).
21) H. P. Phan, D. V. Dao, P. Tanner, L. Wang, N. T. Nguyen, Y. Zhu, and S.

Dimitrijev, Appl. Phys. Lett. 104, 111905 (2014).
22) A. Qamar, P. Tanner, D. V. Dao, H. P. Phan, and T. Dinh, Electron Device

Lett. 35, 1293 (2014).
23) V. V. Afanas’ev, M. Bassler, G. Pensl, M. J. Schulz, and E.

Stein von Kamienski, J. Appl. Phys. 79, 3108 (1996).
24) S. M. Sze, Physics of Semiconductor Devices (Wiley, New York, 1981) 2nd

ed.
25) T. Toriyama and S. Sugiyama, IEEE Int. Symp. on Micromechatronics and

Human Science, 2000.
26) K. Uchida, T. Krishnamohan, K. C. Saraswat, and Y. Nishi, IEDM Tech.

Dig., 2005, p. 129.

Fig. 6. Variation of scaling current density and barrier height shift in the
heterojunction under applied stress.

Appl. Phys. Express 8, 061302 (2015) A. Qamar et al.

061302-3 © 2015 The Japan Society of Applied Physics

http://dx.doi.org/10.1109/JSEN.2001.936927
http://dx.doi.org/10.1109/JSEN.2001.936927
http://dx.doi.org/10.1063/1.1702802
http://dx.doi.org/10.1063/1.1702802
http://dx.doi.org/10.1146/annurev-matsci-082908-145312
http://dx.doi.org/10.1146/annurev-matsci-082908-145312
http://dx.doi.org/10.1115/1.2909307
http://dx.doi.org/10.1115/1.2909307
http://dx.doi.org/10.1063/1.341422
http://dx.doi.org/10.1109/MEMSYS.2002.984265
http://dx.doi.org/10.1109/MEMSYS.2002.984265
http://dx.doi.org/10.1109/MEMSYS.2002.984265
http://dx.doi.org/10.1016/j.sna.2006.05.044
http://dx.doi.org/10.1016/j.sna.2006.05.044
http://dx.doi.org/10.1063/1.4794084
http://dx.doi.org/10.1063/1.4794084
http://dx.doi.org/10.1109/TED.2010.2052394
http://dx.doi.org/10.1063/1.4740278
http://dx.doi.org/10.1063/1.4740278
http://dx.doi.org/10.1109/16.275210
http://dx.doi.org/10.1109/16.275210
http://dx.doi.org/10.1016/S0169-4332(01)00480-9
http://dx.doi.org/10.1016/S0169-4332(01)00480-9
http://dx.doi.org/10.1049/ip-cds:20040295
http://dx.doi.org/10.1049/ip-cds:20040295
http://dx.doi.org/10.1109/55.116950
http://dx.doi.org/10.1143/JJAP.46.518
http://dx.doi.org/10.1143/JJAP.46.518
http://dx.doi.org/10.4028/www.scientific.net/MSF.389-393.15
http://dx.doi.org/10.1016/S0925-4005(03)00380-0
http://dx.doi.org/10.1109/LED.2014.2301673
http://dx.doi.org/10.1039/C4TC01054J
http://dx.doi.org/10.1063/1.4869151
http://dx.doi.org/10.1109/LED.2014.2361359
http://dx.doi.org/10.1109/LED.2014.2361359
http://dx.doi.org/10.1063/1.361254
http://dx.doi.org/10.1109/MHS.2000.903309
http://dx.doi.org/10.1109/MHS.2000.903309
http://dx.doi.org/10.1109/IEDM.2005.1609286
http://dx.doi.org/10.1109/IEDM.2005.1609286
http://dx.doi.org/10.1109/IEDM.2005.1609286

