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With the development of information technology, AI system
and Internet of Things (IOT) technology, it is a long-term challenge
to realize the automate actions of power devices in unexpected
environmental changes. In recent years, many efforts had been
reported to develop new intelligent power devices. Among them,
III-V material alloys with semiconductor and piezotronic effect
had been proved to be a very effective solution for power electron-
ics application problems. Since the piezotronic effect has been pro-
posed by Prof. Zhong Lin Wang [1,2], it is proved the important
application potential in the field of design and application of semi-
conductor optoelectronic devices. By using the adjustment of
piezoelectric potential at the interface of semiconductor-metal or
heterojunction, we can use strain or deformation to adjust the per-
formance of electronic devices, or prepare new types of pressure
sensor. For example, the high resolution pressure distribution sen-
sor arrays had been designed by adjusting the performance of
organic light-emitting diode (OLED) or field-effect-transistor
(FET) arrays [3–6]. These kinds of sensors need complex external
circuits to read information, so it is difficult to achieve real-time
feedback controlling.

Recently, Prof. Zhong Lin Wang and co-workers [7] reported a
new device that can directly modulate the output power according
to external strain at a rapid speed. The cantilever-structured
AlGaN/AlN/GaN-based high electron mobility transistor (HEMT)
had been used to control significant output power modulation. Dif-
ferent from the traditional tactile sensor, which needs complex sig-
nal processing system with low feedback speed, this system can
get the real-time external stress information through the change
of piezotronic charge, and then implement feedback output power
at a fast speed. At the same time, people can also implement termi-
nal control by complex circuits’ modules. Two ways of power reg-
ulations run at the same time, similar to human spinal reflex and
brain control system. So, the device has wide application potential
in the field of auto driving or action control of intelligence robots.

As shown in Fig. 1a and b, the strain-controlled power device
(SPD) inspired by human reflex consists of a the AlGaN/AlN/GaN-
HEMT and a GaN-based cantilever architecture, which had been
fabricated by a fully dry etching process using the inductively
coupled plasma etching (ICP). The measured I-V characteristics
of the source-drain and gate show that the SPD has good capa-
bility of gate-control. When the external stress is applied to the
free end of the cantilever along the c-axis by the probe, the
increase of tensile strain results in static piezoelectric charge
generated at the interface, which can be converted into a corre-
sponding change in the two-dimensional electron (2DEG) density
formed and thus modulating electron transport. As shown in
Fig. 1c and d, the Ids-Vds curves show up-shifts to some degrees
according to the increasing of the strain (0–16 mN). Further-
more, the results of controllable capabilities of various Vgs

(�5–1 V) under strains of 0–16 mN (Fig. 1e) show that the out-
put power intensity rapidly increases as the external compres-
sive strain increases, and the change of output power is also
sensitive to the increase of gate voltage in SPD. The Vgs can sig-
nificantly change the sensitivity of the output power to external
strain. It means that SPD can be used as a device to directly
adjust the power output under the stimulation of weak external
mechanical force, and the power can still be adjusted through
the gate voltage by external control circuit. The authors com-
pared this dual control process with the human reflex system.
The piezotronic effect regulation is similar with the human
spinal reflex whose reflected nerve center is in the spinal cord
and it can respond very quickly without interfering with the
more complex modulated process of the high central nervous
system (adjusting the power of SPD device through Vgs).

Furthermore, the authors explored the application of SPD in the
field of artificial intelligence and designed a new acceleration con-
trol system, which uses acceleration to directly control the output
power. By the measurement combing the system of semiconductor
characterization tester and linear motor, the new acceleration con-
trol system shows an excellent sensitivity on the acceleration of
reciprocating motion from 1 to 5 G (Fig. 1f). The results further
proved the sensitivity of SPD to external weak stress stimulation
and the possibility of its application in the field of artificial intelli-
gence control.

In summary, a new design concept of bionic SPD based on
piezotronic effect has been reported, which realized the direct
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Fig. 1. Human spinal reflex like strain-controlled power devices based on piezotronic effect. (a) Schematic illustration of the device with the AlGaN/AlN/GaN
heterostructures. (b) Scanning electron microscopy (SEM) image of the SPD. Output characteristics of the SPD under external strain from 0 to 16 mN, with the gate voltage Vgs

of (c) �5 and (d) 1 V, respectively. The inset of (d) is the COMSOL multiphysics of strain distribution on the SPD under an external strain of 16 mN. (e) The results of
controllable capabilities of various Vgs (�5–1 V) under strains of 0–16 mN show that the output current response to the external strain is also effectively modulated by the
gate. (f) The performance of new acceleration control system based on the SPD. The changes in output power density with various acceleration. Reprinted with permission
from Ref. [7], Copyright � 2020 Springer Nature.
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control of output power density under the action of weak external
mechanical stimulation (0–16 mN). This structure combines the
advantages of AlGaN/AlN/GaN heterojunction HEMT and the piezo-
electric effect of flexible GaN-based cantilevers. It can realize that
the piezotronic effect power control similar to human spinal reflex
and gate-control similar to human cerebral cortex reflex. A new
acceleration control system based on SPD had been furthermore
designed to prove that the device has potential application in many
fields such as auto driving, intelligent robot action control and
so on.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by the Beijing City Committee of
Science and Technology (Z181100004418004 and
Z171100002017019), the Natural Science Foundation of Beijing
Municipality (4182080, 4181004, 4184110, 2184131, and
Z180011), the National Natural Science Foundation of China
(1622205, 61675027, 51432005, 61505010, and 51502018), the
National Key R & D Program of China (2016YFA0202703), and the
University of Chinese Academy of Sciences.
References

[1] Wang ZL, Song JH. Piezoelectric nanogenerators based on zinc oxide nanowire
arrays. Science 2006;312:242–6.

[2] Wang ZL, Yang RS, Zhou J, et al. Lateral nanowire/nanobelt based
nanogenerators, piezotronics and piezo-phototronics. Mater Sci Eng R-Rep
2010;70:320–9.

[3] Wu WZ, Wen XN, Wang ZL. Taxel-addressable matrix of vertical-nanowire
piezotronic transistors for active and adaptive tactile imaging. Science
2013;340:952–7.

[4] Pan CF, Dong L, Zhu G, et al. High-resolution electroluminescent imaging of
pressure distribution using a piezoelectric nanowire LED array. Nat Photonic
2013;7:752–8.

[5] Bao RR, Wang CF, Dong L, et al. Flexible and controllable piezo-phototronic
pressure mapping sensor matrix by ZnO NW/p-polymer LED array. Adv Funct
Mater 2015;25:2884–91.

[6] Liu XQ, Yang XN, Gao GY, et al. Enhancing photoresponsivity of self-aligned
MoS2 field-effect transistors by piezo-phototronic effect from GaN nanowires.
ACS Nano 2016;10:7451–7.

[7] Zhang S, Ma B, Zhou X, et al. Strain-controlled power devices as inspired by
human reflex. Nat Commun 2020;11:326.

http://refhub.elsevier.com/S2095-9273(20)30252-8/h0005
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0005
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0010
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0010
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0010
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0015
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0015
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0015
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0020
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0020
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0020
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0025
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0025
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0025
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0030
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0030
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0030
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0030
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0035
http://refhub.elsevier.com/S2095-9273(20)30252-8/h0035


1230 R. Bao, C. Pan / Science Bulletin 65 (2020) 1228–1230
Rongrong Bao received her B.S. degree from Tianjin
University in 2007 and Ph.D. degree from Technical
Institute of Physics and Chemistry, Chinese Academy of
Science (CAS) in 2012. She had been a postdoctoral
fellow in the same institute. She has been an associate
professor at Beijing Institute of Nanoenergy and
Nanosystems, CAS since 2016. Her main research
interests focus on the fields of the production and
characterization of organic-inorganic composite nano-
devices and flexible pressure sensor.
Caofeng Pan received his B.S. (2005) and Ph.D. degrees
(2010) in Materials Science and Engineering from
Tsinghua University, China. Then he joined the group of
Prof. Zhong Lin Wang at the Georgia Institute of Tech-
nology as a postdoctoral fellow. He has been a professor
and a group leader at Beijing Institute of Nanoenergy
and Nanosystems, CAS since 2013. His research inter-
ests mainly focus on the fields of piezotronics/
piezophototronics for fabricating new electronic and
optoelectronic devices, nano-power source, hybrid
nanogenerators, and self-powered nanosystems.


	Human spinal reflex like strain-controlled power devices based on piezotronic effect
	Conflict of interest
	Acknowledgments
	References


