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Abstract ; Single—crystalline silicon materials have laid the foundation of modern semiconductor industry.
Single—crystalline silicon nanomembrane has different mechanical, optical and electrical properties from
bulk silicon due to their nano-sized thickness. The most significant characteristics are high mechanical
flexibility and transferability. Biocompatibility and compatibility with CMOS technology make it widely
used in the field of flexible electronics. This paper reviews the properties of single —crystalline silicon
nanomembrane, the fabrication techniques of flexible devices and the research progress in various fields
as flexible functional devices. The development of flexible functional devices based on single—-crystalline

silicon nanomembrane in the future is discussed.
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Fig. 1 Silicon nanomembrane (Si NM) —based wearable and

implantable device' ™"
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Fig. 2 The properties of Si NM: (a) Relationship between the split-
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ting energy of conduction—band minimum and the thickness of the Si
NM, the inset shows conduction band Valley“” ; (b) The variation
of sheet resistance of Si NM with the thickness, covered by SiO,

(blue) and contacted with vacuum environment directly (red) ‘*;

(¢) Band structure of Si NM covered by SiO, (left) and contacted

with vacuum environment directly (right) "*’; (d) Transfer char-

acteristic curve of rough Si NM with/without illumination, the inset

shows the atomic force microscope picture of rough Si NM'**/
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Fig. 5 Tmage sensor based on Si NM photodetector: (a) Sensing
system composed of hemisphericalmicrolens array and photodetector

481, (¢) Experimental

array; (b) Schematic diagram of components
and computational simulation images of flies captured by image sen-
sor; (e) The polygonal blocks of the Si NM covered by the metal
layer on the polyimide film are folded to form a convex hemisphere;
(f) Structural diagram and (g) optical microscope image of hexa-
gonal Si NM photodiode for image sensor; Schematic diagram of (h)
convex and (i) concave hemispherical focal plane array ( FPA)
based on origami silicon optoelectronic devices; the insets show the
results acquired by the image sensor respectively'®’; (j) The
change of photocurrent image with biaxial strain induced by pressure

under infrared light (A =1310 nm) irradiation" ™"’
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Fig. 6 Si NM strain sensor and temperature sensor; (a) Schematic

of a Si resistor and a Wheatstone Bridge (WB) on a PI substrate;

(b) Optical image of a strain gauge array; the inset on top and bot-
tom left gives a circuit diagram and a top view of a single unit cell,
respectively; (¢) Change in output voltage AV, , from a WB as a
function of bending radius; positive and negative radii correspond to
bending in the outward and inward directions, respectively; (d)
Voltage output responses to the combination of tensile and compres-
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sive strains' ™" ; (e) Schematic illustration of steps for building the

device. The inset shows microscope image of a Si NM diode—based

temperature sensor; (f) Characterization results of Si NM diode —

based temperature sensor -
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Fig. 7 (a) Exploded view schematic illustration of pH sensor; (b)
Measurements of the conductance of devices submerged in solutions
with various pH for the cases of phosphorus (left) and boron
(right) doped Si NMs'®!; (¢) Optical image of soft gas sensor, in-
cluding a magnified device image in the inset; (d) Dynamic re-
sponse curves of the identical device to various concentrations of
NO, at room temperature, with an expected sensitivity limit ( ~ 20
ppb) in the inset; (e) Description of the fundamental mechanism of
NO/NO, detection at the surface of Si NMs™ s (f) Graphical illus-
trations of flexible Pd/Si NM H,sensor; the inset shows the sensing
performance; (g) Energy bend diagram demonstrating the H, sens-

ing mechanism
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Fig. 8 Si NM flexible solar cells; (a) Structural diagram of flexible
solar cell array; the left inset shows the structural diagram of a single
micro solar cell; the right inset shows a magnified view of metal con-
necting; (b) Optical image of flexible solar cell with bending radius
of 4.9 mm. The inset shows current density(J) —voltage( V) charac-
teristics of solar cell under AM 1.5 simulated sunlight irradiation in a
flat configuration and bent along the cell width (x) and length (y)
directions'"; (¢) Schematic representation of steps for fabricating a
spherical —shaped Si solar cell; (d) Optical image of a complete de-
vice consisting of the folded spherical Si shell, inner glass bead, and
printed silver electrodes; (e) Current density(J) —voltage (V) char-
acteristics of a spherical solar cell under AM 1.5 simulated sunlight

irradiation, with and without a white diffuse reflector '**’
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Fig. 9 Schematic diagram of transient device triggering process: (a)
Water triggered transient process (i) Image of a transient device on
a thin silk substrate; (ii) Images showing the time sequence of dis-

solution in DI water; (iii) Chemical reactions for Si and SiO, with
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water'® ; (b) Thermally triggered transient process'®’; (¢) Opti-

cally triggered transient process on MBTT/cPPA films %
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Fig. 10 Application of Si NM in neuron culture: (a) Schematics of
silicon nanotubes for Controlled Neurite Outgrowth; (b) SEM image
of neurons at an intersection of several tubes'®’; (¢) SEM image
showing Si NMs formed into buckled channels at the interconnects of
the near—checkerboard pattern; The inset shows a 3D AFM image of
a single buckle—delaminated channel formed by Si NM; (d) Confo-
cal fluorescence microscope images showing guidance of neuronal

outgrowths by buckle—delaminated channels 7>
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