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Abstract

For the purposes of precision instrumentation and accurate measurement, there is a growing need
for pressure sensors to be well serviced in harsh environments. In the present work, we report, for the
first time, the piezoresistance in single-crystalline SisN4 nanobelts via a conductive atomic force
microscopy (C-AFM). The transverse electromechanical properties of the SisNs nanobelt were
investigated under various loading forces applied by the tip of C-AFM. The transverse piezoresistance
coefficient 7[[150] of the nanobelt is calculated to be in the range of 2.2 to 8.8x10"" Pa™ under the
applied loading forces from 25.6 to 135.3 nN. The relationship between the piezoresistance coefficients
and applied forces is almost linear. The significant and linear decreases of the nanobelt resistances with
the increase of the loading forces have been observed, which exhibit a variation of ~3 MQ with a
changed force of 1 nN, implying that the pressure sensors possess a high sensitivity. Stable and
repeatable I-V curves through multiple voltage sweepings can be accomplished, suggesting that the

Si3N4 nanobelts pressure sensors are highly reliable.
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1. Introduction

Semiconductor sensors are distinguished by large piezoresistive coefficients, and therefore have
been applied widely in the measurement of pressure, strain, flow, acceleration, and force. Recently,
pressure sensors based on one-dimension (1D) nanostructures have attracted more and more attention,
due to the giant piezoresistive effect derived from the reduced dimensions of nanomaterials compared to
those of their conventional bulk counterparts.l’2 Up to date, carbon nanotubesf'5 Si nanowires,l’6 ZnO

13-15

nanostructures, > SiC nanowires and et al. were extensively used as the functional units to

construct various pressure sensors, showing that 1D semiconductors can be a superior candidate for

detecting nN-scale force in the nanoelectromechanical system (NEMS) devices.

For the purposes of precision instrumentation and accurate measurement, there is a growing need
for sensing devices to be well serviced in harsh environments, e.g., in satellites, space, volcano and so
forth. The emerging challenges are that the fabricated devices are required to have following abilities: 1)
well work ability under high temperatures (>200 °C); ii) excellent resistance to acid and alkali
conditions as well as strong radiation environments. Similar to III-N semiconductors, SizN4 possesses

wide-band-gap semiconducting behavior and could be an excellent host material due to its excellent

16-18

mechanical performances, wide-band-gap structure, thermomechanical properties and chemical

19-21

inertness, which could enable them a very promising candidate to be serviced under

high-temperature harsh conditions. Currently, many efforts were put for the synthesis of 1D SizNy4

22-27 28,29

nanostructures in various morpholgies, which showed their unique applications in optics,
field-effect ‘[ransistors,30 and so on. However, to the best of our knowledge, there is no any works

focused on the electromechanical properties of Si3N4 nanostructures.
3
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Here, we reported, for the first time, the piezoresistance behaviors in high-qualified
single-crystalline Si3N4 nanobelts under various applied loading forces via a C-AFM. The transverse
electromechanical properties of the nanobelts were investigated, and the mechanism for the
piezoresistive effect was proposed. The experimental results suggested that current work might open a
new door for the exploration of novel pressure sensors with high sensitivity and reliability by using

Si3N4 nanobelts as the functional units.

2. Experimental Procedure

Currently used o-SizN4 nanobelts were synthesized via pyrolysis of a polyaluminasilazane
precursor using Al powders as the catalysts, which were reported detailedly in our previous work.*' For
characterization of their electronmechanical properties, a drop of alcohol solution containing the
as-synthesized Si;N4 nanobelts was dripped onto a metallic highly oriented pyrolytic graphite (HOPG)
substrate, followed by being dried in the vacuum oven at 60 °C. The nanobelts were characterized using
field emission scanning electron microscopy (FESEM, S-4800, Hitachi, Japan). The electronmechanical
measurements were performed using a conductive atomic force microscopy (C-AFM, Nanoscope V,

Veeco, USA) with Pt/Ir-coated tips (force constant: 0.2 N/m) at room temperature.

3. Results and Discussion

Fig. 1(a-b) show the typical SEM images of the as-synthesized a-Si3N4 nanobelts under different
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magnification, suggesting the large-scale growth of the nanobelts with typical lengths in the range of
tens to hundreds of micrometers. The bending nanobelts (Fig. 1(a)) reveal that these belts are highly
flexible. According to the selected area electron diffraction (SAED) analysis (Fig. S1, Electronic

Supplementary Information),”’ the belts grow along [101] direction with a top surface of (1 50), which

are schematically shown in Fig. 1(c-d) in various view angles.

The transverse piezoresistance characterizations of a single Si;N4 nanobelt were examined by the
C-AFM with Pt/Ir-coated tips (force constant: 0.2 N/m) at room temperature, which is schematically
shown in Fig. 2(a). The AFM tip was fixed on the top of the single nanobelt lying on the HOPG
substrate, leading to the formation of Pt/Ir-SiN-graphite structure, which can be regarded as a typical
metal-semiconductor-metal (M-S-M) architecture. As compared to the conventional single 1D
nanostructure device by terminating the electrodes at nanowire ends, the present architecture have
following merits: 1) Low cost and time saving. Currently, the configurations of single nanostructure
devices are usually performed by electron-beam lithography (EBL), which always result in a high cost
and low efficiency; 11) Good electric contact. The contact between the electrodes and 1D nanostructure
ends may be unstable due to the limited contact area. Because the nanobelt lies on the graphite substrate,
which could make its entire down surface effectively contact the graphite electrode, and thus offer our
architecture having the best contact in theory; ii1) Benefit to the study of the current transport at
nanoscale. In conventional devices, the current transport is often through the entire length of nanowire,
which is often the order of micrometer or even longer. In our system, the path is dependent on the
thickness of nanobelt, which can be conveniently adjusted by choosing the nanobelts with different

thicknesses. Also, the short path can effectively get rid of the influence of defects and Joule effect. Fig.



Journal of Materials Chemistry C Page 6 of 16

2(b) depicts a typical AFM image of a single Si3;N4nanobelt lying on the graphite substrate, which is 50
nm in thickness (Fig. 2(c)). The work functions of Si;N4 semiconductor, graphite and Pt/Ir tip are ~4.75
eV, 4.40 eV *? and 5.10 eV, respectively. Thus, the SiN-graphite contact is Ohmic at the bottom, and

the Pt/Ir-SiN contact should be Schottky with a barrier height of ~1.0 eV at the top surface.

Fig. 2(d) displays the I-V curves of the Pt/Ir-tip/nanobelt/graphite configuration at various loaded
forces ranged from 25.6 nN to 135.3 nN. The nonlinearity and asymmetric behaviors of the I-V curves
together with the high turn-on voltages disclose that the AFM-tip/SiN junction is not an Ohmic contact
but a Schottky one. It seems that, at a low loading force of 25.6 nN, a clear rectifying behavior within
the large voltage range can be observed, which is consistent with the Schottky contact for the present
metal-semiconductor-metal system. At the same negative bias, the current density is found to increase
significantly with the raise of the applied loading force. The positive current density also presents the

same tendency, and increases with the raise of the loading forces under the same bias.

In order to explain the phenomena observed in Fig. 2(d), the I-V curves under the negative bias

were analyzed by using the theory of piezoresistance effect. The change of the resistance induced by the

external strain fixed on the surface of (1 2 0) of the Si3N4 nanobelt can be given by:

ARS
T T o s (1)
nz0  RF
where AR is the resistance change between the ones with and without an external force, 7 (207 18 the

piezoresistance coefficient, R, is the resistance under zero force, F'is the applied force, S is the contact
area between the spherical AFM tip and nanobelt, which can be approximately calculated by the

deformation 44 of Siz;N4nanobelt along the transverse direction. According to the Hertz model used for
6
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a half-space in contact with a spherical tip,>* 4/ can be expressed as:

9F*?

2
16Y,1,,

Al =( )BO(1,) v, )

where Y5 is the effective Young’s modulus, and Q is the geometric factor. Combining with Eq. (1-2),

the piezoresistance coefficient of 20; can be given by:

2m, AR 9F*
r =2 [0 TR 3
o ey o) ©)

With the Y4 of Si3N4 nanobelt being of ~570 GPa.'” Eq. (3) can be simplified as:

AR
e 4
"2 F'’R, ¥

where k is a constant of ca. 5.56x10™°. Consequently, the piezoresistance coefficient 7120 Of the
nanobelt can be calculated out, which falls in the range of 2.17 to 8.8x107"" Pa™' under the applied
loading forces from 25.6 to 135.3 nN. These transverse piezoresistance coefficients are comparable to
the longitude one of ultra-strained SiC nanowire with a diameter of ~150 nm,'* which is also a
promising high temperature sensor candidate. Meanwhile, it should be pointed out that the
piezoresistance coefficient in present study is just for the nanobelt with 50 nm thickness. Since the
transverse conductance and band gap variations of the nanobelts are a function of the belt thicknesses,
the piezoresistance coefficient of nanobelt with smaller thickness (e.g. <10 nm) may be greatly

enhanced.

As a promising pressure sensor, besides the high piezoresistance coefficient, it should have the
almost the linear electromechanical properties as well as high sensitivity and robust reliability. Fig. 3(a)
shows the relationship of the resistances vs. loaded forces. For eliminating the contact resistance, the

resistances of Si3N4 nanobelt can be calculated from the linear sections of the /- curves in Fig. 2(d) by
7
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using the equation of R = AV /Al , where AV is the voltage variations between two measured points in
the linear sections under the negative bias, and A/ is the corresponding current change.® It is noted that
the decrease in the resistance of the nanobelt is almost linear to the applied force. As shown in Fig. 3(a),
the resistances can be greatly reduced from 470 to 50 MQ with the increase of the loading forces from 0
to 135 nN. It strongly suggests that current pressure sensor exhibits a high sensitivity with a resolution
of 1 nN force or even 0.1 nN. In other words, applied 1 nN force on the nanobelt can result in a
variation of ~3 MQ in the resistance. Such a large variation can be easily detected by electrical method.
In addition, the fact of large variation of resistances also means that the strain can significantly increase
the electron concentration and the conductivity of SisN4 nanobelt along the transverse direction. Fig. 3(b)
shows the curve of the piezoresistance coefficients vs. applied forces, implying that the relationship
between piezoresistance coefficient and force is almost linear. Fig. 3(c) depicts the /-V curves with the
bias voltage sweeping direction followed the arrows under a fixed applied external force of 43.9 nN,
suggesting that stable and repeatable /-7 curves through multiple voltage sweepings can be achieved.
No hysteresis behavior indicates that the sensor can be a damage-free sensor and can be fully and
quickly recovered once the compressed stress released. Similar measurements with different contact
points along the nanobelt were carried out, and the measured /-V curves are almost identical, implying

that our Si3N4 nanobelts could be an excellent candidate for the exploration of reliable pressure sensors.

It is generally accepted that the piezoresistance effect can be explained by the strain-induced
band structure change and the mobility shift in bulk semiconductors. As for the counterparts in
nanoscale, there are three possible mechanisms accounting for the origination of piezoresistance effect:

1) surface quantization effect occurred in the first few surface monolayers;*® 2) stress-induced change of
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surface state;>’ 3) band structure change caused by the strain.'**® Given the fact that the thickness of the
as-synthesized nanobelt are beyond the Bohr radius (<10 nm), the contribution from the quantum
confinement can be ignored. Here, we infer that the piezoresistance behaviors of Siz;N4 nanobelts could
be mainly caused by the change of surface state and band structure.’® According to the reported works,*
the surface and interior regions have opposite reaction to the deformation at the tip contact point. Such
opposite reaction induces the change of surface state, resulting in the variation of the resistance. On the
other hand, under a loading force, the band gap of Si;N, nanobelt could be changed,” making the
change of the resistance of nanobelt and Schottky barrier height between the nanobelt and electrode.
According to the classic thermionic emission-diffusion theory,® the slight decrease of the Schottky
barrier height can induce a large increase of the negative current density as observed in Fig. 2(d), due to
the exponential function relation between them. The increase of the positive current density could also
be explained by the same theory. In addition, considering that a large number of vacancies or absorbed
oxygen can be often around the nanobelt surface, the contribution from tunneling through the Schottky

barrier could also exist, and thus the tunneling current cannot also be negligible.

4. Conclusions

In summary, we have demonstrated the investigation of highly sensitive and reliable pressure
sensors based on a single-crystalline Si3N4 nanobelt under various applied loading forces via C-AFM.
The transverse piezoresistance coefficient ” (207 Of the nanobelts falls in the range of 2.2 to 8.8x10™"
Pa” with the applied forces from 25.6 to 135.3 nN. The relationship between the piezoresistance
coefficients and applied forces is almost linear. The significant and linear decreases of the nanobelt

resistances with the increase of the loading forces have been observed, which exhibit a variation of ~3
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MQ with a changed force of 1 nN, implying that the pressure sensors possess a high sensitivity. Stable
and repeatable /-7 curves through multiple voltage sweeping have been achieved, suggesting that the
Si3N4 nanobelts pressure sensors are highly reliable. It is promising that current work might open a new
door for the exploration of highly sensitive and reliable pressure sensors based on the single-crystalline

Si3N4 nanobelts.
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Fig. 1 (a-b) Typical SEM images of the Si;N4 nanobelts under different magnifications. (c-d) Crystal

growth models for the nanobelts in different view angles.
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Fig. 2 (a) A schematic diagram for the measurement of the piezoresistance in SisN4nanobelt. (b) A
representative AFM image of the nanobelt. (¢) The corresponding height data recorded along the dashed
white line marked in (b). (d) The typical /-V curves recorded at different applied forces across the

nanobelt.
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Fig. 3 (a) The relationship between the resistances of the Si3N4 nanobelts and the applied forces. (b) The
relationship between the piezoresistance coefficients of the nanobelts and the applied forces. (c) The I-V
characteristics of the nanobelt with bias voltage sweeping from negative to positive values and in turn

under 43.9 nN.
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We report the piezoresistance behaviors in SisN4 nanobelts, which open a door for exploring

highly sensitive and reliable pressure sensors.



