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ABSTRACT OF THE DISSERTATION

Applications of van der Waals Thin Films

by

Dong Xu
Doctor of Philosophy in Material Science and Engineering
University of California, Los Angeles, 2023
Professor Yu Huang, Co-Chair
Professor Xiangfeng Duan, Co-Chair

The 2D materials have drawn great interests since they have been exploited. Although they
have excellent properties, the mass production has been a great challenge. To overcome
this, a solution proceeded approach was introduced in 2018. The MoS, ink is prepared
by intercalating ammonia salt into the raw material and exfoliated the bulk materials into
small thin flakes and get a suspension solution. This MoS, ink can be easily spin—coated
on to hydrophilic surface and form a uniform large—scaled semiconducting thin film with
high performance. The thin films are made of flakes overlapped with each other by van
der Waals force, so we call them van der Waals thin film (VDWTF). And my projects are
main about the applications of the VDWTF. The first application is using the thin film
as conventional transistors. And we manage to build an integrated pressure sensor array,
by combining solution-processed two-dimensional (2D) MoS, van der Waals (vdW) thin
film transistor (TFT) active matrix and conductive micropyramidal pressure-sensitive rub-
ber (PSR) electrodes made of polydimethylsiloxane/carbon nanotube composites, to achieve

spatially revolved pressure mapping with excellent contrast and low power consumption. We
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demonstrate a 10 x 10 active matrix by using the 2D MoSs; vdW-TFTs with high on-off
ratio > 10%, minimal hysteresis, and excellent device-to-device uniformity. The combination
of the vdW-TFT active matrix with the highly uniform micropyramidal PSR electrodes cre-
ates an integrated pressure sensing array for spatially resolved pressure mapping. This study
demonstrates that the solution-processed 2D vdW-TFTs offer a solution for active-matrix
control of pressure sensor arrays, and could be extended for other active matrix arrays of
electronic. Because the thin film MoS; has a high light transmission rate, our thin film
can applied for optoelectronic devices as transparent transistor. Here we merge our thin
film transparent phototransistors (TPTs) with liquid crystal (LC) modulators to create an
optoelectronic neuron array that allows self-amplitude modulation of spatially incoherent
light, achieving a large nonlinear contrast over a broad spectrum at orders-of-magnitude
lower intensity than most optical nonlinear materials. For a proof-of-concept demonstration,
we fabricated 10,000 optoelectronic neurons, each serving as a nonlinear filter, and experi-
mentally demonstrated an intelligent imaging system that uses their nonlinear response to
significantly reduce input glares while retaining the weaker-intensity objects within the field
of view of a cellphone camera. This nonlinear glare-reduction capability is important for
various imaging applications, including autonomous driving, machine vision, and security
cameras. Beyond imaging and sensing, this optoelectronic neuron array, with its nonlinear
self-amplitude modulation for processing incoherent broadband light, might also find ap-
plications in optical computing, where nonlinear activation functions that can work under
ambient light conditions are highly sought. In the next chapter, we demonstrate the ap-
plication of the VDWTF as flexible electronics. The films feature a sliding and rotation
degree of freedom among the staggered nanosheets to ensure mechanical stretchability and
malleability, as well as a percolating network of nanochannels to endow permeability and
breathability. With an excellent mechanical match to soft biological tissues, the freestand-
ing films can naturally adapt to local surface topographies and seamlessly merge with living

organisms with highly conformal interfaces, rendering living organisms with electronic func-
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tions, including leaf-gate and skin-gate transistors. On-skin transistors allow high-fidelity

monitoring and local amplification of skin potentials and electrophysiological signals.
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3.1 Device configuration and working mechanism. a. A photo of the packaged opto-
electronic neuron array (marked by the red box, polarizers not included). There
are 10,000 pixels within an array of 100100 covering 1 ecmx1 cm area, showing
decent transparency. b. Schematic illustration of the device structure disassem-
bled by layers. The light is incident from the bottom, passing through the first
polarizer (P1) and then through a glass substrate and a TPT made with MoS,
VDWTF. An SU-8 insulating layer isolates an I'TO electrode from the TPT chan-
nel. The ITO electrode is only locally connected to a single TPT and insulated
from nearby pixels. A polyvinyl alcohol (PVA) alignment layer controls the LC
molecules’ orientation at the PVA-LC interface. Another orthogonal alignment
layer is on top of the PVA layer, so the LC molecules gradually twist in the cell.
Electrical current flows through the TPT to the ITO layer in the middle, then
to the top I'TO layer, which is grounded. The LC cell also works as an optically
inactive resistor. c. Self-amplitude modulation of light based on the optoelec-
trical operation of the TPT-LC stack. The TPT is highly resistive at low input
optical power, so most electrical fields (blue arrow, thick solid line representing
strong field, thin dashed line representing weak field) fall on the TPT. The LC
is unperturbed and remains transmissive. The equivalent circuit is shown on the
right. The TPT is highly resistive and highlighted in red. d. At high input optical
power, the TPT becomes conductive (marked in green in the equivalent circuit),

so most electrical field falls on the LC layer, shutting off the optical transmission. 69
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3.2 Performance quantification of the TPTs. a. A photo of a 10 cm 10 cm glass
substrate coated with the MoS, VDWTF, demonstrating good scalability and
transparency. Scale bar: 2 cm. b. A microscopic image of the TPT array. The
gold wires are connected directly to Vgq. The vias (the small gold spots) connect
to the ITO electrode covering the entire pixel area. Scale bar: 500 pm. The
contrast is large despite the high transparency of the device since the microscope
works in reflection mode. c. The transmission spectrum of the VDWTF in the
visible range (highlighted in yellow shade). d. The photocurrent of a separately
wired-out TPT at sweeping source-drain bias under 633-nm laser. Black to red
(lower to higher): under the illumination intensity of 0, 0.7, 6.0, 65.8, 220, 393,
531, 1740, 3140, and 5920 mW /cm?, respectively. Inset: the ratio of the channel
current over dark current at different optical intensities. e. The responsivity
measured by a lock-in amplifier at different laser chopping frequencies. Blue:
data from a 488-nm laser at 0.46 mW (4.6 pW/ c¢cm?) on a single pixel; red:
data from a 633-nm laser at 0.59 mW (5.9 W/cm?). Gray lines indicate the
extrapolated 3 dB cutoff frequencies at 3.5 kHz and 4.7 kHz, respectively, which
are above the chopping frequency available in our lab. f. The ratio of the dark
resistances over the light resistances of 116 TPTs on four chips with identical
process flow. On each chip, 29 devices were tested, spanning an area of 14 mmx 10
mm surrounding the arrayed TPTs. The light resistances were measured under
a thermal lamp at an illuminance of 1.4x 10% lux. The thermal lamp spectrum
is shown in Supplementary Figure 3.9, with a center wavelength of 713 nm and
a full-width-at-half-maximum (FWHM) bandwidth of 175 nm. The channel bias

was 1 Vioreand f.. . . . . . .
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3.3

Nonlinear transmission characterization. a. The dependence of the transmission
ratio on the incident intensity at a wavelength of 473 nm. The two polarizers are
orthogonal, as illustrated in Figure 3.1a. b. Opposite nonlinear behavior at 473
nm when the two polarizers are parallel. ¢. Nonlinear behavior with thermal lamp
illumination under two different voltages and polarizer orientations. The typical
direct outdoor sunlight illuminance range is also highlighted (yellow line) [55].
d. Cumulative plot for the transmission ratio value distribution of 360 individual
TPT-LC pixels at weak (blue) and intense (red) thermal lamp illumination at Vgq
= 12 V. The transmission ratios are normalized by the reference high transmission
of the device at the corresponding test condition, Vqq = 0 V for orthogonal
polarizers and Vqq = 40 V for vertical polarizers (see Methods). The incident
laser in a and b was polarized along the polarizer (P1) direction. Data in a, b, and

the glare reduction reported in Figure 3.4 were measured on the same chip. Data

in ¢ and d were collected from another chip with slightly lower TPT resistivities.
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3.4

3.5

Nonlinear transmission characterization. a. The dependence of the transmission
ratio on the incident intensity at a wavelength of 473 nm. The two polarizers are
orthogonal, as illustrated in Figure 3.1a. b. Opposite nonlinear behavior at 473
nm when the two polarizers are parallel. ¢. Nonlinear behavior with thermal lamp
illumination under two different voltages and polarizer orientations. The typical
direct outdoor sunlight illuminance range is also highlighted (yellow line) [55].
d. Cumulative plot for the transmission ratio value distribution of 360 individual
TPT-LC pixels at weak (blue) and intense (red) thermal lamp illumination at Vgq
= 12 V. The transmission ratios are normalized by the reference high transmission
of the device at the corresponding test condition, Vqq = 0 V for orthogonal
polarizers and Vqq = 40 V for vertical polarizers (see Methods). The incident
laser in a and b was polarized along the polarizer (P1) direction. Data in a, b, and

the glare reduction reported in Figure 3.4 were measured on the same chip. Data

in ¢ and d were collected from another chip with slightly lower TPT resistivities.

Additional data for solution processed MoSs. a. The as-fabricated MoS, ink with
nanosheets dispersed in IPA. b. The Raman spectra of the VDWTF, showing
fingerprint peaks of MoS;. ¢. The AFM measurement on the VDWTEF. Scale
bar: 1 um. d. The height profile along the thin white cutline in ¢, with a

thickness around 9.4 nm. . . . . . . . ..
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3.6

3.7

Additional TPT characteriaztion. a. The transfer curve of a VDWTTF field effect
transistor fabricated on silicon substrate. The device is fabricated with identical
process to the TPT, except for a lower annealing temperature at 350 . A silicon
body gate modulates the channel current through a 300-nm-thick SiO2 layer.
The source-drain bias is 1 V. The slope leads to a derived transistor mobility
of 6.1 cm?/(Vs). The value is consistent in order of magnitude with previous
reported values of around 10 cm?/(Vs) [32]. b. Photoresponse from a time sweep
at 5-Hz chopping frequency. The observed rise and fall times are slower than the
actual response time due to the lower sampling rate and the slow speed of the
chopper edges as they cut through the laser beam diameter. The measurement
conditions are identical to Figure 3.2e. c¢. Output voltage change under different
illumination powers derived from the single pixel TPT photoresponse in Figure
3.2d. We assumed a perfectly matched LC resistivity of 1 G. Both the actual LC
cells and the actual TPTs integrated with the LC cells are more resistive than

this wired-out single device. . . . . . . . . .. ..o

LC modulation properties. a. Measured transmission power modulation of weak
thermal lamp light with pure LC. The transmission is normalized by its value
at 0 V. b. Extracted transmission power and phase modulation under weak
light illumination. Data from a TPT-LC device different from the main device
reported in the main paper. The device also shows a lower threshold voltage due
to variations in TPT resistivity as a result of process variation. c. Normalized
transmission of a pure LC sample under weak thermal lamp illumination at Vgq
= 2.5 V. Scale bar: 0.5 mm. d. The transmission histogram of all the image

pixelsin c. . . . . ..
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3.8

Device integration to optical systems for uniformity and glare reduction test. a.
The optical setup for the test. The optical path of white light is highlighted in
yellow, and the 473-nm laser path is highlighted in blue. The LED produces up
to 1-W illumination that is diffusely reflected by the unpolished aluminum foil as
the diffuser. The reflected light transmits through a patterned gold mask at the
thickness of 100 nm as the object. Then the pattern is imaged by the lens L1 to
the image plane that overlaps with the nonlinear layer NL. Lastly, the light passes
through L2, which works as a magnifying glass to facilitate better capture of the
image at the smartphone camera. The laser beam is reflected by mirrors M1 and
M2 to the metal mask surface. We tune the M1, M2, and mask angles to collimate
the laser beam with the white light path. Since the collimated laser beam is a
reflection of an intense parallel beam on the metal surface, it is a good simulation
of sun glares regularly seen on glasses and cars on the road. b. A zoomed-in
look at the metal mask. We remove the mask during uniformity measurements,
so a relatively uniform white background is directly projected on the NL layer
for transmission measurements. c. The packaged optoelectronic neuron array
sandwiched by two orthogonal polarizers. It is connected to the voltage supply
with the wires and mounted on an iris, which helps align the center of the device
region to the optical path. d. The LG G4 smartphone used to capture the image.
The image capture is set on the manual mode unless otherwise specified, with the
following parameters: camera model: LGLS991, resolution = 72 dpi, bit depth
= 24, color representation = sRGB, f/1.8, exposure time = 125 ms, manually
set focal length = 4 mm, ISO-800, and digital zoom = 4.6. e-g. Normalized
transmission at Vgqg = 10 V (e), 16 V (f), and 22 V (g). h and i: microscope
image of the broken metal wires corresponding to the upper (h) and lower (i)

malfunctioning linesin g.. . . . . . . . . ...



3.9

3.10

3.11

4.1

Spectra of broadband incoherent light sources. Blue: the LED spectrum, with a
center wavelength of 582nm. Red: the thermal lamp spectrum at the power level

applied during the measurement, with the center wavelength at 713 nm.

Time-resolved glare reduction observations. a-c, three continuous frames of Sup-
plementary Video 1 at Vgq = 0 V, captured with fixed exposure. d-f, three
continuous frames captured at Vqgq = 16 V. No dark spot was observed at the
glare spot in f, suggesting that the nonlinear neurons operate faster than the

frame rate (60 Hz). . . . . . . . ..

Modeling and optimization of the optoelectronic neuron. a. The equivalent circuit
for frequency response modeling. b. Fitting of the channel at different incidental
intensities for modeling the resistivity change. c¢. Estimation of power consump-
tion per unit area at different values. Blue: electrical power consumption; orange:

photon loss; green: total power consumption. . . . . . . . . ... ... ... ...

Conceptual comparison of unstretchable and stretchable membranes. (A and B)
[lustrations showing the wrapping of a piece of (A) unstretchable and (B) stretch-
able membrane around a pen. (C) Illustrations showing stretchable membranes
with grid lines gradually conforming to a curved surface topography. (D) Dia-
gram of a spherical indentation model and relevant parameters. (E and F) Con-
tour maps showing the relationship between plane-strain modulus, film thickness,
and (E) contact radius at a contact pressure of 1 kPa or (F) maximum contact
pressure for a contact radius of 5pum, highlighting that reducing thickness and
plane-strain modulus favors a conformal interface. (G and H) Schematic diagram

of (G) VDWTFs and (H) CVDTFs before and after stretching. . . . ... ...
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4.2 Material characteristics of VDWTFs and CVDTFs. (A) SEM and (B) TEM
images showing VDWTFs assembled from staggered 2D nanosheets. (C and
D) Photograph of the (C) VDWTFs and (D) CVDTFs floating on water. (E)
Stress—strain curve of a freestanding VDW'TF'. Tensile loads cause 2D nanosheets
in VDW'TF's to slide or rotate against each other, resulting in unusual stretchabil-
ity.(F)Photographsofthe VDWTF at different tensile strains. (G) Resistance—strain
curve of the VDWTF and CVDTF on a PDMS substrate. (H to K) SEM images
showing the contact interface between the 4.3- pm-diameter silica microspheres
of different configurations with [(H) and (I)] VDWTFs or [(J) and (K)] CVDTFs.
Scale bars, 2 pm. (L) Water contact angles of a VDWTEF (top) and a CVDTF
(bottom). (M) Optical micrographs of a VDWTF suspended over a polyimide
substrate with circular holes, confirming structural robustness of the freestanding
VDWTFs. (N) Water vapor transmission through VDWTFs of different thick-
ness versus transepidermal water loss (TEWL). See the supplementary materials

for a description of the “open bottle” and “closed bottle” conditions. . . . . . .

4.3 Leaf-gate VDWTF transistors. (A) Diagram of a Senecio mandraliscae leaf. (B)
Cross-sectional view of the leaf-gate transistor with Au source and drain elec-
trodes (“S” and “D,” respectively) and an inserted tungsten gate electrode (“G”).
(C) Schematic illustration (top; leaf, light green; VDWTF, dark green; Au elec-
trodes, yellow; tungsten probe, black dot) and photograph of the leaf-gate tran-
sistor (bottom). (D) Optical image of a VDWTF with serpentine Au electrodes
transferred onto the plant leaf. (E) Colorized SEM image of the VDWTF on
the leaf. (F) Output characteristics of a leaf-gate transistor. Vg, , drain- source
voltage; I4s , drain-source current. (G and H) Transfer curves with (G) linear and

H) logarithmic axis. Vg, gate voltage. . . . . . .. .. ... ... ... .....
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4.4 Skin-gate VDWTF transistors. (A) The structure of human skin. (B) Schematic
of a skin-gate VDWTF transistor with Au source and drain electrodes and an iron
rod gate electrode held by a human subject. (C) Photograph of the freestanding
VDWTF on a replica of human skin (left) and the VDWTF supported by a
1.6- pm-thick polyimide substrate on a replica of human skin (right). (D to
G) Height profiles corresponding to the line scan in different areas of (C). (H)
Skin- gate VDW'TF transistor on human skin under different types of mechanical
deformation. (I) Remaining area of VDWTFs and CVDTFs on skin replicas as a
function of stretching cycles (10% tensile strain). Scale bars, 2 mm. (J) Output
and (K) transfer curves of a skin-gate VDWTF transistor. (L) Transfer curves

under different types of deformation. . . . . . . . .. ... ...
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4.5

4.6
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Skin-gate VDWTF transistors for monitoring transient skin potentials. (A) Rel-
ative drain current (Algs ) of a skin-gate VDWTF transistor stimulated by 5 kHz
0.1-V 20-ps-wide gate pulses at a Vg5 of 0.1 V. (B) The response time of the
skin-gate VDWTF transistor to a square gate pulse (blue dashed line). (C) Nor-
malized transconductance at various frequencies. (D) Schematic diagram of the
ECG measurement with a Vg4g of 0.5 V and a V, of 0.5 V. (E and F) The ECG
signals measured by the skin-gate transistor (red line) and Ag/AgCl electrode
(black line) (E) before and (F) during human exercise. a.u., arbitrary units. (G)
Zoomed-in view of boxed portion in (F), showing clear P, QRS, and T waves
from the skin-gate transistor but only a QRS wave and motion artifacts from
the Ag/AgCl electrodes. (H) Schematic diagram of the EEG measurement. (I)
Recorded EEG signals using a skin-gate transistor when a human subject was
engaged in two mental states (closed eyes and open eyes). Eye blink artifacts are
also visible. (J) Fast Fourier transform (FFT)-processed frequency distributions
of the EEG signals in (I). (K) Time-frequency spectrograms of the EEG signals
recorded during cyclic eye closing and opening, showing dynamic activity of the

alpha rhythm at ~ 10 Hz. . . . . . . . . .. . .. ... ... ... ...

The AFM images and height profiles of CVDTF and VDWTF. (A-B) AFM images
of (A) CVDTF and (B) VDWTF. (C-D) Height profiles showing the thickness of
(C) CVDTF and (D) VDWTE. . . o o oo

Optical image of a CVDTF transferred over a single hole (1 mm in diameter,

polyimide substrate) showing complete rupture. . . . . . .. ... ... ... ..
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5.2

Cyclic stability of the VDWTEF supported on PDMS substrate under repeated
tensile strain cycles of 10%, 20% and 30% for 120 cycles. The results illustrate
that there is < 4% degradation in I4, of VDWTF after 120 cyclic stretching cycles
with 10% applied strain. When the applied strain is increased to 20% and 30%,
the Iys of VDWTEF decreases to about 84% of its initial state during first 90

stretching cycles, and then remains about 84% from 90 to 120 cycles. . . . . . .

Transfer process and photographs of the skin-gate VDWTF transistor. (A) Pho-
tographs of the VDWTF and Au electrodes deposited on a SiOy substrate, (B)
floating on the water with a layer of 50-nm-thick MMA, (C) without MMA layer

(MMA dissolved by acetone vapor) and (D) transferred onto human skin. . . . .

Optical microscopy images of skin-gate VDWTF transistors on skin replica. (A)
Optical image of bare human skin replica, (B) VDWTF on skin replica, and (C)
VDWTF with serpentine-mesh-layout Au electrodes on skin replicas. . . . . . .

(A) Power spectral density of ECG signals obtained using skin-gate VDWTF
transistors and (B) that in decibels (dB). The frequency range of ECG signals is
typically below 100 Hz, thus the region below 100 Hz (red region in B) is chosen
to represent our signal in the SNR calculation. The noise is averaged from the

noise floor region in 400—500 Hz (black regionin B) . . . . ... ... ... ...

The device mobility distributions. (A) The histogram of the carrier mobility
values for 20 individual transistors fabricated from the as-prepared VDWTFs.
(B) The histogram of the carrier mobility values for 20 individual transistors
fabricated from the transferred VDWTFs. The as—prepared and transferred

VDWTF's show comparable electronic properties. . . . . . . . . ... ... ...
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5.3

5.4

Ilustration of Z-BP measurement modality[2]: A, Cross-section of the six GETSs,
with green lines representing the a.c. injected signal and grey lines representing
voltage sensing. B, Close-up view of one pair of sensing GETs and the simplified
equivalent electrical circuit of the interface. C and D, Correlation between arterial
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Current measurement: A. Schematics of on skin test. B, Schematics of thin film
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6.1

Wearable pressure sensing system. (a) Schematic of the working mechanism of
the resistive pressure sensor with compressible conductive micro-pyramidal ar-
ray bridging a pair of interdigitated electrodes without pressure (left) and with
pressure (right), in which an applied pressure deforms the micropyramids and
change the contact area and thus the resistance of the device to produce a de-
tectable signal. (b) Photograph of the conductive micro-pyramidal film made of
PDMS/CNT composite (left). Scale bar, 1 cm. SEM image of the microstruc-
tured layer (right). Scale bar, 10 pm. (c) Photograph of wearable pressure sensor
on fingertip. The pressure sensor is constructed by laminating the conductive
micro-pyramidal film made of PDMS/CNT composite on patterned PI film with
interdigitated electrodes. Scale bar, 1 cm. Inset: optical microscope image of
interdigitated electrodes. Scale bar, 100 nm. (d) Photograph of wearable pres-
sure sensor array with 4 x 4 pixels on palm. Scale bar 1 cm. Inset: optical
microscope image of interdigitated electrodes. Scale bar, 100 pm. (e) Schematic
of wearable pressure sensing system. The pressure sensor transduces pressure
information into electrical amplitude signals, then the amplitude signals can be
converted into the frequency signals by neuron model in real time, finally the
frequency signals are wirelessly transmitted to interface with central processors
for AI robots or nerve systems for amputees (top); The pressure sensor array can

realize spatially resolved pressure mapping in real time (bottom). . . . . . . ..
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6.2

6.3

Evaluation of the resistive pressure sensors based on conductive micropyramids
made of PDMS/CNT composite. Mechanical simulation of cross-sectional views
of deformation and stress intensity distribution of the conductive micro-pyramidal
film made of PDMS/CNT composite with a spacing of 6 pm and a pyramidal base
length of 6 pm under different pressures: (a) 10 kPa and (b) 80 kPa, respectively.
Simulation of cross-sectional views of voltage and current density distribution
(marked with arrows) of (c) previous work (coating a 100-nm-thick conductive
layer, top) and (d) our work (PDMS/CNT composite, bottom) with a spacing of
6 pm and a pyramidal base length of 6 pm at the strain ~ 40% of the pyramids.
Schematic of the conductive micro-pyramids (e) without pressure and (f) with
pressure to show that the stress concentrated at the pyramid tips reduces the

CNTs distance, resulting in more conductive paths. . . . . . . . ... ... ...

Properties of the resistive pressure sensors. (a) Mechanical simulation of defor-
mation and stress intensity distribution of the conductive micro-pyramidal films
with the same pyramidal base length of 12 pm and the spacings of 3 pm, 6 pm,
12 ym, and 24 pm under 100 kPa, respectively. (b) SEM images of the micropy-
ramids in the microstructured PDMS/CNT films with the same pyramidal base
length of 12 pm and the spacings of 3 pm, 6 pm, 12 pm, and 24 pm, respectively.
Scale bar, 20 ym. (c) Log plot and (d) linear plot of pressure responses of the
resistive pressure sensors. (e) Linear fit of pressure response of the optimal pres-
sure sensor with the spacing of 12 pm and the pyramidal base length of 12 pm
in medium-pressure range. (f) Stability test of the optimal pressure sensor(over

1000 cycles) under a large pressure of 100 kPa. . . . . . . ... . ... ... ...
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6.4

6.5

6.6

Frequency response of the pressure sensing system. (a) Frequency signals (spikes)
under different pressures. (b) Frequency response as a function of pressure. (c)
Photographs of before (top) and after (bottom) holding a plastic cup filled with
water. Scale bar, 1 cm. (d) Frequency signals (spikes) of before (top) and after
(bottom) holding the plastic cup, respectively. Before holding the cup, there is
no signal; after holding the cup, the system generates the spikes with a frequency

of ~ 15 Hz, corresponding to a pressure of ~ 13 kPa. . . . . . . ... ... ...

Pressure sensing array for spatially resolved pressure mapping. (a) Photograph
of the letter “I” made by PDMS on the 4 x 4 pixel array for spatially resolved
pressure mapping. Scale bar, 1 cm. (b) Pressure mapping of the letter “I” under
gentle touch and (c) under press. (d) Photograph of the letter “T” made by
PDMS on the 4 x 4 pixel array for spatially resolved pressure mapping. Scale
bar, 1 cm. (e) Pressure mapping of the letter “T” under gentle touch and (f)

under press. . . .o .o

Preparation for micro-pyramidal film made of PDMS/CNT composite. (a) Pho-
tograph of PDMS/CNT solution. Scale bar, 1 cm. (b) Raman spectrums of pure
PDMS film and conductive film made of PDMS/CNT composite with 1wt% CNT
content. Three additional peaks D, G, and 2D (1346 cm™!, 1570 cm ™!, and 2699
cm™!) can be observed in the conductive film made of PDMS/CNT composite
compared to the pure PDMS film. . . . . . . . .. .. ... ... ... ... ...
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6.7 Comparison of previous work (coating a 100-nm-thick conductive layer) and our

6.8

work (PDMS/CNT composite) by electric simulation. Schematic to show the
working mechanism of (a) previous design and (b) our design. Considering that
the charge transport through the bulk volume in our conductive composite, the ra-
tio of bulk/contact resistance is likely always smaller than previous design through
surface coating in which charge transport through surface layer only. Therefore,
our design with bulk conductive composite can lead to larger signal in current
change and thus higher sensitivity and thus leads to higher sensitivity. (c¢) The
current flow versus the strain of pyramids. (d) Normalized current change versus
the strain of pyramids (0—60%), roughly corresponding to both low- (< 10 kPa)
and medium- (10—100 kPa) pressure range. . . . . . . . ... ... ... ..

Mechanical simulations of the strain of the pyramids versus pressure with different
spacings and pyramidal base lengths: (a) the same pyramidal base length of 12
nm and the spacings of 3 pm, 6 pm, 12 pm, and 24 pm, respectively; (b) the same
pyramidal base length of 6 pm and the spacings of 1.5 pm, 3 pm, 6 pm, and 12
nm, respectively; (c¢) the same pyramidal base length of 24 pm and the spacings
of 6 pm, 12 pm, 24 pm, and 48 pm, respectively; (d) the same pyramidal base

length of 48 pm and the spacings of 12 pm, 24 pm, 48 pm, and 96 pm, respectively. 170
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6.9

6.10

6.11

6.12

6.13

Experimental results of pressure responses of the pressure sensors. (a) Log plot
and (b) linear plot of pressure responses from the conductive micro-pyramidal
films made of PDMS/CNT composite with the same pyramidal base length of 6
nm and the spacings of 1.5 pm, 3 pm, 6 pm, and 12 pum, respectively. (c) Log
plot and (d) linear plot of pressure responses from the conductive micro-pyramidal
films made of PDMS/CNT composite with the same pyramidal base length of 24
nm and the spacings of 6 pm, 12 pm, 24 pm, and 48 pm, respectively. (e) Log plot
and (f) linear plot of pressure responses of from the conductive micro-pyramidal
films made of PDMS/CNT composite with the same pyramidal base length of 48

pm and the spacings of 12 pm, 24 pm, 48 pm, and 96 pm, respectively. . . . . .

Linear pressure response of the pressure sensors with the 1:1 ratio. SEM images
of the pressure sensors with the same ratio of the pyramidal base length to the
spacing and different base lengths of (a) 6 pm, (b) 24 pm, and (c¢) 48 pm, respec-
tively. Scale bar, 20 pm. Pressure response and linear fit of the pressure sensors
with the same ratio of the pyramidal base length to the spacing and different base

lengths of (d) 6 pm, (e) 24 pm, and (f) 48 pm, respectively.. . . . . . . . . . ..

(a) Log plot and (b) linear plot of pressure responses of the resistive pressure
sensors (~ 2wt% CNT loading) with the same pyramidal base length of 6 pm
and the spacings of 3 pm, 6 pm, and 12 pm, respectively. (c¢) Linear fit of

pressure response of the optimal pressure sensor (~ 2wt% CNT loading) with the

pyramidal base length of 6 ym and the spacing of 6 pm in medium-pressure range.173

Mechanical robustness of the flexible pressure sensor. Pressure response under

100 kPa before and after a large applied force of ~ 120 N (1200 kPa) for 10 cycles.173

Linear pressure response of the pressure sensors with the pyramidal base length
of 6 ym and the spacing of 6 pm. (a) The pressure response before cycles. (b)
The pressure response after 1000 cycles. (c¢) The pressure response after 2000

cycles. . .o e
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CHAPTER 1

Introduction

1.1 Introduction to two dimensional materials

The two dimensional materials have drawn great interests since they were introduced because
of their unique electrical and mechanical properties [1-19]. The definition of 2D materials is
not limited to the literal meaning of two dimensional. And actually there are many different
classes can be considered as 2D materials because the main characteristics of those materials,
electrical and mechanical, are in one plane, which means that we can consider those mate-
rials as a piece of paper when consider their properties, and the features outside the plane
are negligible. Three typical diagrams of 2D materials are shown in Figl.1. The left one
is the representative of the 2D family, graphene. Graphene has all its atoms aligned in one
plane with strong interaction, while the connection between layers is due to van der Waals
and is very weak. Therefore the electrons are mainly transported in the atomic plane as the
barrier between planes are huge. Thus the graphene is called 2D material. In the middle of
Fig 1.1 is a diagram of transition metal dichalcogenides. As shown in the picture, this class
of materials has three stacks of atoms in on plane connected by strong inter-atomic bonds.
The interaction between planes are still by van der Waals, which also means that the main
characteristics of this material are also in one plane. This class of materials takes a lot of
attentions because with different arrangements of atoms in one plane, the properties of the
whole material could be different. The right one represents the intercalated materials. Bulk
materials can be intercalated with organic molecules to break the inter plane connections,

so the out of plane properties can be negligible in this case. And this method can generate



some interesting properties that are not found in the bulky precursor.

The properties of 2D materials make them special and can be used to replace bulk ma-
terials in the future. As mentioned, the electrical and mechanical properties of 2D materials
are within a single plane, which means they do not need a thick bulky structure to maintain
the basic functions. Thus we can build a single high performance electric device with just
one or a few layers of 2D materials which is usually several nanometer. This is hard to
be achieved with conventional materials. The structure of bulk materials or 3D materials
requires the connection between atoms in 3 dimensions. If we make the device in a few
nanometer thick, the dangling bonds on the surface will start to affect the performance of
the whole device. So the bulk materials need to maintain a certain thickness to have their
basic functions. Also thinner transistor channel means they can be driven with lower gate

voltage, which will decrease the power consumption.

Another advantage of 2D materials is that they can be easily doped [20-22]. Because the
thickness of the total device is within nanometer, the molecule or atoms just need to pene-
trate one layer to dope the material. Therefore it gives us more flexibility in manipulating
the properties of the material. On the contrary, doping bulk materials usually requires harsh
environments and conditions as the molecules and particles need to penetrate many layers

of atoms.

1.2 Preparation of two dimensional materials

There are two methods in mass production of 2D materials. The first one is chemical vapor
deposition (CVD). CVD process uses gas phase to synthesize materials. The advantage of

this process is that it could generate high quality single layered materials. But the cost is



comparatively high as the reaction condition is harsh. In order to avoid the defects from
the alien particles, the chamber needs to be pumped into a high vacuum, also the reaction
temperature is high so the precursors can fully react to form the target [23-26]. As shown
in fig 1.2. there need to be nucleation cites for the target to locate on the substrate, and the
status of the nucleation cites will determine the final states of the materials grown on. As it

is hard to make every cites aligned perfectly, so the final products are usually poly crystalline.

The other method is intercalation. The basic idea of intercalation is to exfoliate the thick
bulk materials that contains the flakes of 2D target materials into small pieces and thus get
the thin layer 2D materials. Many of the 2D materials have their natural raw materials, so
the cost of intercalation is mcuh lower in this case. There are 3 different types of intercala-
tion. The first one is electrical intercalation, which use electric field to drive the intercalant
in the solution to diffuse into the target host. And with the following sonicate process, the
bulk materials can be exfoliated into thinner flakes that can be used. The second method is
similar to thermal doping, which use the thermal gradient to diffuse intercalant into the host.
The following processes are similar for all intercalation process as the host needs dynamic
energy to break it into small pieces and later screen out the unwanted parts. And the last one
is to do the diffusion process in liquid phase.The major weakness of the conventional inter-

calation method is the low product quality especially in for semiconducting materials [27-29].

To overcome the challenge of mass production with high quality semiconducting 2D ma-
terials, a solution proceeded approach was introduced by Dr. Lin in 2018 [30]. The detailed
schematics are shown in fig. 1.4 [30]. The solution is made by intercalating tetrahexylammo-
nium (THA) molecules into the MoSs raw materials and then diffuse polyvinylpyrrolidone
(PVP) into the system to further exfoliate the material. After this the precursor is repet-
itively sonicated and centrifuged to screen out the redundant PVP and undesirable sized

flakes in the solution. Finally the intercalated materials are dispersed in isopropyl alcohol



and can be easily spin coated on any hydrophilic substrate. As shown in fig. 1.4b, the final
product is a thin film consist of small flakes of 2D MoS, tiled up by van der Waals, so we
call this type of materials VDWTF.

There are many advantages of our VDWTF. At first the ink can be easily spin coated to
generate a uniform large area thin film which can be further fabricated into any dimension
circuits elements (as shown in fig. 1.5 [30]). Also, the preparation of the ink can be done
within 5 hrs with a low cost smaller than 1.4 dollars per batch, and each batch can produce
three to four 4 inch wafers. The cost can be further reduced with industrialized procedures.
Another advantage is that this ink can be reserved for weeks before use and the final product
of semiconducting thin films also have a long lifetime of years. Although the cost is low,
the quality of the thin film is high, the on/off ratio is about 10° — 10°, and more details are

discussed in chapter 2.

1.3 Properties of van der Waals thin films

There are some morphology differences between the CVD growth thin film (CVDTF) and
the VDWTF As shown in fig.1.6, the CVD growth materials have larger size mono layers and
finer grains and the intercalated materials have smaller flakes overlapped with each other to
form a film connected by van der Waals. The overlapped parts in the thin film allows the
electrons to transport with a small barrier, which ensure great electronic properties. And
this makes it a great semiconductor for large scale circuits. Also the weak van der Waals
allow the flakes to slide with each other, which creates a dynamic stability for the thin film to
compensate the strain generated over bending and stretching. And this means the VDWTF

is a great candidate for flexible electronics.



1.4 overview of dissertation

In this dissertation, I would discuss three different types of applications of van der waals thin
film (VDWTF). First in chapter 2, I will introduce the VDWTF as a traditional transistor
channel which can be used in large scale circuits. To fulfill the requirements of large scale
circuits, the VDWTF should have the following properties: 1. The thin film should have a
high on/off ratio within a low gate voltage regime, so it can be used as a switch with a low
power consumption; 2. the transistor should have low hysteresis to ensure the consistency
of performance of single device; 3. it can be fabricated over wafer scale with a high pixel to
pixel consistency, so the performance of all transistors over the device are the same. And in
this chapter, we developed a series of fabrication process that can build a large scale active
matrix with a yield of 98% and it can be further used in pressure mapping with the pressure

sensing rubber introduced in the next chapter.

In chapter 3, the VDWTF was used as a optical sensor. As mentioned in chapter 2, the
VDWTF can be used in large scale circuits as transistors with a great performance. In this
chapter, we further studied the application of the VDWTF as a photo transistor and can be
developed into glare reduction system. The 2D MoS, has a high light transmission rate so
the thin film transistor is transparent to light. And we can develop the thin film into a photo
sensor that can capture the feature of light pass through it but do not affect the light too
much. Later we combine this transparent phototransistor with liquid crystal to modify the
transparency of the liquid crystal by the light goes through the device. This setup can be
further developed into a glare reduction system and a diffractive neural network with high

non-linearity.

In chapter 4, I will demonstrate the application of free standing VDW'TF's as a candidates

for flexible electronics. Traditional flexible electronics are usually made with substrates as



the electrodes and other elements needs supporting layers to hold the integrity of the whole
device to ensure the function of the device. However, the total thickness of the device will
increase together with the stiffness, and this will make the whole device incompatible with
the fine—featured surface of the bio-target. Therefore it will generate more noise. To solve
this problem, we introduced our VDWTF as a free-standing sensor. Because the thin film
is made with tiled up flakes of 2D materials connected by van der Waals, each flake can
slide with each other to compensate the stress generated during bending and maintain the
integrity of the film. Therefore the thin film is not just highly flexible but more strechable
and can fit the arbitrary featured surface of target. And this makes it a great candidate for

the flexible electronics.

In chapter 5, I will briefly discuss the process from free standing thin films to the high
performance flexible electronics devices. As mentioned in the previous chapter, the VDWTF
is a great candidate for flexible electronics with ultra conformability. But the whole elec-
tronic device requires more than just a thin film sensor, it needs a whole package of different
elements from the sensing part to the signal transmission part. And the connection parts
are usually very fragile as they need to be compatible with both sides. For our thin film,
it is very flexible, which makes it easy to fit the target and generate good signal. But it
is also very fragile and can be easily broken by other comparatively rigid materials, even
polymers like polyimide. So it is essential to find a packaging process to make the whole
device functional. And we are also doing cuffless blood pressure measurement with the thin

film sensor.

Chpater 6 is a supplimentary chapter for the pressure sensing rubber (PSR) used in chap-
ter 2. In this chapter, I will discuss about the PSR and its application in electronic skin. The
PSR is made with Polydimethylsiloxane (PDMS) and conductive carbon nanotube (CNT).

The CNT can form a conductive mesh in the PDMS and maintain the net structure during



deformation, so its connectivity can be maintained. Also the surface of the PSR is made
with micro-pyramid by casting the precursor into a Silicon made mould. The micro-pyramid
deforms greatly under small pressure, and this will lead to a sharp increase in the contact
area with the electrode and therefore the current go through the circuit will greatly increase.
In this chapter, we also studied the spacial arrangement of the micro-pyramid to give a

guideline for the design of similar pressure sensor.



1.5 Figures and Legends

Figure 1.1: Three different types of 2D materials: (Left) graphene; (Middle) transition metal

dichalcogenides; (Right) intercalated materials.

2D MoS, nuclei MoS, flake

Figure 1.2: Two processes of chemical vapor deposition of MoSs: (a) growth with 2D MoS,
nuclei; (b) with MoS,_, particle
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Figure 1.6: Mophorlogy of CVD thin film (left) and VDWTF (right).
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CHAPTER 2

Two-Dimensional van der Waals Thin Film Transistors
as Active Matrix for Spatially Resolved Pressure

Sensing

2.1 Introduction

Pressure sensors that can interact with the external environment and discriminate the shape
and texture of the targeting objects are of great importance for smart robots, prosthe-
ses, human-machine interfaces, and artificial intelligence (AI) [1-14]. For such applications,
large-area pressure sensing arrays with high spatial resolution, sufficient contrast, and mini-
mal power consumption are highly desirable [3-5]. In terms of the device design, the pressure
sensing array can be divided into passive [6, 7, 15] and active-matrix [4, 5, 16-19]. In general,
the active matrix, selectively addressed and controlled by the thin film transistors (TFTs),
is superior to the typical passive matrix with minimal crosstalk (i.e., better contrast in
high spatial resolution) and reduced power consumption. For flexible pressure sensors, or-
ganic TFTs are attractive building blocks for the active matrix for their low-temperature
processability. However, the low performance of the organic TFTs such as low mobility
(typically, < 1 cm? - V=1 .s71) often requires high operating voltage (from tens to hundreds
of volts) [4, 16, 17, 20]. In addition, the intrinsic instability and vulnerability of the or-
ganic TFTs under ambient conditions could degrade the performance in a relatively short
period of time [21-24]. To this end, one-dimensional (1D) inorganic semiconductors such as

carbon nanotubes (CNTs) [5, 25-27] and nanowires [28-30] have been explored for TFTs
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with respectable carrier mobility and excellent environmental stability. However, the typical
network distribution of the 1D inorganic semiconductors on substrates may limit the device-
to-device uniformity in the active matrix. In addition, the large off current CNT based TFTs
usually leads to a relatively low on-off ratio and considerable power loss, which may hinder
their practical applications [5, 25-28]. Alternatively, two-dimensional (2D) semiconductors
have drawn of considerable recent attention for their excellent electronic properties and me-
chanical flexibility [31-49]. In particular, the solution assembly of 2D semiconductor (e.g.,
MoS,) nanosheets creates a unique van der Waals thin films, in which the 2D nanosheets form
a continuous tiled thin film with full surface coverage and the dangling-bond free interface to
ensure minimum interfacial trapping states and high electronic performance [40, 41]. Such
vdW-TFTs could thus promise an excellent candidate for high-performance active matrix

arrays.

Apart from the active matrix, the tunability, sensitivity, and dynamic pressure range of
the pressure sensitive rubber (PSR) electrodes in the integrated pressure sensors could also
greatly affect the ultimate performance. The performance could be further tailored by creat-
ing microstructures in the pressure-sensitive layer. Such PSR electrode have been reported
in individual or passive matrix of pressure sensors [6, 50-53], but seldomly applied in the
active-matrix arrays [5, 25-28|. Here we report an integrated pressure sensor array, which
combines a solution-processed 2D MoS, vdW-TFT active matrix with conductive micro-
pyramidal PSR electrodes made of PDMS/CNT composites, to obtain a spatially resolved
pressure sensing with excellent contrast and minimal power consumption. By exploiting 2D
MoS; vdW-TFTs with high on-off ratio > 10°, minimal hysteresis and excellent device-to-
device uniformity, we construct high-performance active matrix with 10 x 10 pixels to enable

pressure sensing array for spatially resolved pressure mapping.
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2.2 Experimental

2.2.1 Device fabrication

The integrated pressure sensor array is constructed by a combination of the solution-processed
2D MoS; vdW-TFT active matrix and the conductive micro-pyramidal PSR electrodes made
of PDMS/CNT composites (Figure 2.1(a)). The fabrication process of the 2D MoS, vdW-
TFT active matrix is shown in Figure 2.1(b). The local back gates of Cr/Au (10 nm/20
nm) are defined by standard photolithography and electron-beam evaporation with about
50-nm-thick Al,O3 as a dielectric by atomic layer deposition (ALD). The 2D semiconducting
MoSs-nanosheet ink is subsequently spin-coated on the dielectric and patterned after thermal
annealing treatments with defined source/drain electrodes of Ti/Au (20 nm/30 nm). The
insulator of polyimide (PI) is spin-coated to protect the 2D MoS, vdW-TFT active matrix,
and via-holes through PI are opened by oxygen plasma etching. The pads of Ti/Ag/Au (20
nm/130 nm/50 nm) are photolithographically defined to provide the electrical connection
between the source electrodes and the conductive micro-pyramidal PSR; the via-connections
are protected by a layer of hard-baked photoresist (PR). Finally, the conductive micro-
pyramidal PSR with the thickness of ~ 150 pm is laminated on the 2D MoS, vdW-TFT
active matrix, and a 50- pm-thick PI film coated with Cr/Au (5 nm/25 nm) in contact with

the backside of the conductive micro-pyramidal PSR serves as a ground electrode (Figure

2.1(c)).

It is noted that the highly uniform micropyramids of the PSR (Figure 2.1(d)) requires no
special stack alignment [4] and could be readily configured to a large-area pressure sensing
array. The fabricated active matrix consists of 10 x 10 2D MoSy; vdW-TFTs in an effective
area of 1 x 1 cm? (Figure 2.1(e)) and each vdW-TFT is patterned with two pairs of source-
drain electrodes with each channel length of L = 50 ym and channel width W = 100 pm

(Figure 2.1(f)). In the integrated pressure sensing array, the conductive micro-pyramidal

19



PSR serves as a variable resistance to modulate the drain-source voltage (Vg4s) and thus
adjust the detectable output signal of drain-source current (I4s). The gate lines and drain
lines (i.e., the voltage bias of gate-source and drain-source) are used to address the pixels
and the final two-dimensional profile of pressure spatial distribution can be readily obtained

from the addressed output signals.

2.2.2 Formulation of 2D MoS, ink

The 2D MoS, nanosheets were prepared by the electrochemical intercalation of tetraethy-
lammonium bromide into a bulk crystal and sonication-assisted exfoliation. The exfoliated
nanosheets were repeatedly washed by centrifugation and dispersed in isopropanol (IPA) to
form the 2D MoS, ink solution. The concentration of the MoSs ink for the TFT fabrication
was adjusted by the light absorbance at 440 nm. The thickness of the deposited MoS, thin
film was determined by the ink concentration, spin speed, and coating cycle that follows the

established procedure in literature [34].

2.2.3 2D MoS; vdW-TFT active matrix fabrication.

The silicon wafer with about 280-nm-thick SiO, as substrate was cut into a desirable piece
and cleaned by acetone, IPA, and deionized (DI) water, sequentially. The local back gate
electrodes of Cr/Au (10 nm/20 nm) were patterned by standard photolithography, electron
beam evaporation, and lift-off process. The Al,O3 dielectric with a thickness of about 50 nm
was deposited by the ALD process at 200 °C. After oxygen plasma treatment for 5 min, the
MoS; ink was spin-coated on the dielectric at a speed of 2,000 rpm. for 20 s for five times. To
remove the unintentional impurities, the 2D MoS, thin film was treated by thermal annealing

process (ramping from room temperature to the set temperature in ~ 30min; and holding
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at the set temperature for ~ 1 h before cooling to room temperature in ~ 30 min). The
as-prepared film was then patterned into stripes (400 pm x 100 pm) by photolithography
and reactive ion etching (RIE, Technics Micro-RIE Series 800). The drain-source electrodes
of Ti/Au (20 nm/30 nm) were patterned with the same process of the gate electrodes. An
insulator layer of PI solution (80% NMP/20% aromatic hydrocarbon, Sigma-Aldrich) was
spin-coated with a speed of 4,500—6000 rpm for 40 s and cured in a vacuum oven at 250
°C for 1 h 30 min. To open the via-holes and drain pads, oxygen plasma etching with the
power ~ 250 W was employed for about 6 min, followed by soaking in buffered hydrofluoric
acid to exposure gate pads. To provide the electrical connection of the source electrodes
and the conductive micro-pyramidal PSR, the pads of Ti/Ag/Au (20 nm/130 nm/50 nm)
were photolithographically defined. A protection layer of photoresist (AZ 5214) for the via-
connection was spin-coated at a speed of 3,000 rpm. for 40 s and hard-baked at 200 °C for

20min.

2.2.4 Conductive micropyramidal PSR fabrication.

The silicon mold was prepared by wet etching with a ~ 60-nm-thick SizN, mask and a
fluoropolymer layer (DAIKIN industries, LTD. Chemical R&D center) was spin-coated to
facilitate the release of the film of conductive micro-pyramidal PSR. The PDMS/CNT so-
lution was obtained by mixing the PDMS solution (1 g PDMS with the 5:1 ratio of PDMS
elastomer to curing agent mixed in 8 g hexane by magneton stirring for 30 min) and the CNT
solution (10 mg multi-walled carbon nanotubes are dispersed in 2 g isopropanol by magnetic
stirring for 5 min and bath sonication for 30 min twice). The multi-walled carbon nanotubes
(MWCNTSs, 3—6 pm length, > 98%) were obtained from Sigma Aldrich and the PDMS (Syl-
gard 184) was obtained from Dow Corning. The film of conductive micro-pyramidal PSR
was prepared by a standard dip-casting method in the pre-fabricated silicon mold with the
PDMS/CNT solution and curing in an oven at 120 °C for about 1 h [52] and a flatter back
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surface of the PSR could be obtained by carefully laminating a flat plastic substrate before
curing or using less PDMS matrix in PDMS/CNT solution.

2.2.5 Device Characterization.

FEI NOVA NANOSEM 230 was used to take SEM images of the microstructure array. The
pressure responses of the micro-pyramidal PSR were measured by a computer-controlled
force gauge (M7-10) with a motorized test stand (ESM303) and a source measurement unit
(Agilent B2902A) at the operating voltage of 1 V. The electrical properties of the 2D MoS,
TFETs and the integrated pressure sensor were recorded by Agilent B2902A with probe sta-
tion under ambient conditions and Agilent B2902A is also applied to read the output signals

for the spatially resolved pressure mapping.

2.3 Result and discussion

2.3.1 Characterization of 2D MoS, vdW-TFTs.

The properties of the vdW-TFTs in the active matrix are critical for spatially resolved pres-
sure sensing. To characterize the properties of the TFTs in the active matrix, we studied
the 2D MoS; vdW-TFTs in an ambient environment before laminating the micropyramidal
PSR. Due to the atomically clean contacts between the dangling bond free 2D nanosheets
with minimal interfacial traps, the vdW-TFTs show highly robust electronic properties with
little hysteresis. In particular, the dual-sweep of Igs — V4 output curves under different gate-
source voltages (V) of a typical MoSy vdW-TFT shows the forward and backward sweeping
curves essentially overlap with each other (Figure 2.2(a)). Similarly, the dual-sweep of the

las — Vg transfer curve ranging from the gate-source voltage 0 V to 10 V also shows little
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hysteresis (Figure 2.2(b)). Such hysteresis-free behavior of the vdW-TFT is critical for the

highly robust and consistent switching the active matrix.

Figure. 2(c) shows the Ijs — Vg transfer curve of a representative MoSs; vdW-TFEFT
annealed at 375 °C. The carrier mobility of the MoS, TFT is estimated to be about 5
cm?-V~1.s71 which is higher than organic TFTs (typically, < 1 cm?-V~1.s71) [4, 7,16, 17].
Meanwhile the on/off ratio (I, /Iog) can reach up to ~ 2x10° where the off current and on
current are defined as the minimum drain-source current at Vgo = —9.8 V and maximum
drain-source current at Vg = 10 V, respectively. In the practical application of the active
matrix, the inactive TFTs along gate lines are generally grounded (i.e., biased with Vg = 0
V) [27], which requires a minimal drain-source current l4 at the bias Vg5 = 0 to reduce the
current leakage and minimize the crosstalk and thus achieve a high on/off ratio (where the
off current is defined as I45 at Vg = 0 V) of the TFTs to obtain high signal-to-noise ratio
(SNR). These requirements could be readily achieved for the solution-processed 2D MoSs
vdW-TFTs by shifting the threshold voltage through thermal annealing treatments. In par-
ticular, the unintentional doping in 2D MoS, semiconducting film could be further removed
upon annealing at a moderate temperature, leading to a lower carrier concentration and a
more positive threshold voltage. The I4s — Vg transfer curve from a representative MoS,
vdW-TFT annealed at 400 °C shows the threshold voltage shifts from about —1.8 V to 4.1
V (Figure 2.2(d), (e)), and thus substantially reducing the off-current (L5 at Vg = 0 V)
by at least three orders of magnitude while at the same time reducing subthreshold slope.
The shifted threshold voltage and relatively small subthreshold slope allow the vdW-TFTs
operating at relatively low voltages Vs < 10 V, which is lower than that of typical organic
TFTs (from tens to hundreds of volts) [4, 7, 16, 17]. Additionally, a positive shift in the
threshold voltage would result in a lower current leakage when the TFTs along gate lines
are gated at Vg = 0 V, thus leading to a lower power consumption and a higher contrast

for the practical application of pressure sensing array.
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The device uniformity and yield are critical for the practical application of large-area
active matrices. Benefiting from the compact 2D MoS; vdW thin films with full surface
coverage, the Igs — Vg transfer curves from 90 typical MoS; TFTs in the active matrix (Fig-
ure 2.5(a) and S1(b) in the Electronic Supplementary Material (ESM)) shows an excellent
device uniformity, where the mean and standard deviation of on current and off current are
12.3 £ 2.3 pA and 6.6 + 4.6 pA, respectively (Figure 2.2(f)), and the yields of the fabricated
MoS, TFTs in the active matrix (Figure 2.2(g)) can reach up to 98% (Figure 2.2(h)). We
also note that our devices are processed in a typical laboratory environment and the failed
devices are due to the dielectric breakdown from particulate contamination, which can be
improved in a better-controlled cleanroom environment. Additionally, the device-to-device
variation is partially due to the non-uniform annealing thermal treatment from the limited
space uniformity in the 2-inch tube furnace, which may be improved when larger furnaces

are used in future studies.

2.3.2 Properties of the pressure response.

In the integrated pressure sensor, the conductive micro-pyramidal PSR is served as a vari-
able resistance upon pressures, in which the applied pressure deforms the micropyramids and
increase the contact area between the micropyramids and electrodes, reducing the resistance
of the PSR (Figure 2.3(a), Figure 2.6(a) and S2(b) in ESM) to increase the drain-source
voltage (Vgs) and thus the detectable output signal of the I4s (Figure 2.1(f)). For the micro-
pyramidal PSR, numerical simulation indicates that the stress intensity and the deformation
of the PSR are concentrated on micropyramids (Figure 2.3(b)), which indicates that pressure
sensing property of the PSR can be readily tuned by the spatial arrangement of micropyra-

mids.
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We examined the pressure responses of the PSR with different pyramid lengths and spac-
ings. For the test, the PSR is sandwiched by two layers of 50-pm-thick PI film coated with

2 and the verti-

Cr/Au (5 nm/25 nm) serving as electrodes with an effective area ~ 1 cm
cal stress is applied by a z-axis motorized force gauge. Figure 3c shows the representative
pressure responses of the PSR with the same pyramid length of 12 pm and the spacings of 3
pm, 6 pm, 12 pm, and 24 pm in logarithmic scale, respectively, and the corresponding linear
plot is shown in Figure 3d. It can be observed that the larger spacing leads to a steeper
slope (i.e., higher sensitivity) in low-pressure regime (< 10 kPa), but more easily reaches
saturation (i.e., lower sensitivity) (Figure 2.3(c)) with larger hysteresis (Figure 2.3(d)) in
medium-pressure regime (10—100 kPa) due to the reduced density of the pyramids. Similar
characteristics are also observed in other pyramidal base lengths with the same ratios of the
pyramidal base length/spacing (Figs, S3(a)-(f) in ESM), which confirms that the design of
conductive micro-pyramidal PSR offers a designable approach to obtain tunable pressure
sensing performances. For instance, higher sensitivity in the low-pressure regime could be

attained by choosing the PSR with a properly increased spacing, while the PSR with a re-

duced spacing could be used to improve the working pressure range.

To demonstrate the combination of 2D MoS, vdW-TFTs and the micro-pyramidal PSR
can convert the applied pressure into detectable electric signals, we first probed the I4s — Vg
transfer curves under different V45 of a typical 2D MoSy vdW-TFT in the active matrix for
comparison with that of an integrated pressure sensor under different pressures. The I4s can
be modulated by the Vg4 and increases beyond the threshold voltage as the increase of the
Vs (Figure 2.3(e)). Then we tested the Iqs — Vg transfer curves under different pressures
of a typical integrated pressure sensor (Figure 2.3(f)), in which the pyramidal microstruc-
tures with the spacing of 6 pm and the pyramidal base length of 6 pm was used for the
demonstration. It can be observed that the Iy for the integrated pressure sensor increases

beyond the threshold voltage as the applied pressure increases, and shows similar trends
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with rational values of I4s (in pA scale) when compared to that of the TFT under different
Vs, which indicates that the integrated pressure sensor can transduce the applied pressure

to the electric signals.

We note that the pressure response of the integrated pressure sensor is dependent on
both 1) the sensing properties of micropyramidal rubber electrodes and 2) the characteristic
of the 2D vdW-TFTs (Figure 2.1(f) and Fig. S4 in ESM). The high on-off ratio (> 10°)
of the 2D vdW-TFTs could provide a wide window to tune the sensitivity. Such integrated
pressure sensor exhibits a wide sensing range (0—100 kPa) and delivers high sensitivity both
in the low-pressure regime (3—4 orders of current change, i.e., the average sensitivity > 100
kPa ') and in the medium-pressure regime (more than 1 order of current change) (Figure
2.3f). The pressure sensing range of these sensors is beyond that of the microstructured
sensors with conductive surface coats (typically limited in the pressure range of 0—10 kPa)
[50, 52]. The sensitivity in the low-pressure regime is comparable to that of highest re-
ported in piezoresistive ones (56—133.1 kPa™' in less than 30 Pa) [54], and greatly higher
than those of most common capacitive ones (less than several kPa™') [6, 7, 55]. Moreover,
the minimal hysteresis of 2D vdW-TFT's could contribute the integrated pressure sensor to
maintain the excellent sensing performances of the micropyramidal rubber electrodes, such
as the relatively low hysteresis and fast response. As expected, the 2D vdW-TFTs based
pressure sensor exhibits a rapid response (~ 50 ms) (Fig. S5 in ESM), which is comparable
to most microstructured piezoresistive [52, 56] and capacitive [55] ones (tens of milliseconds),

and much faster than the traditional unstructured one (several seconds) [6].

To further explore the minimum detectable signal of our sensing device, we performed
the test of Ijs — Vg transfer curves of the typical integrated pressure sensor under different
pressures in the low-pressure regime (0—10 kPa). Imporantly, the minimal detectable pres-

sure observed in our study is about 600 Pa (Fig. S6 in ESM). A lower pressure may not
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be detected due to the space/gap between the micropyramid electrode and the source pad,
which is introduced by the protective insulating layers of polyimide (PI) and photoresist
(PR) (see Figure 2.1c). We note low pressure detection limit may be improved by reducing

the thickness the protective insulating layers.

2.3.3 Spatially resolved pressure mapping.

To demonstrate the spatially resolved pressure sensing capability for the integrated pressure
sensor array, the number ‘1’ with a thickness of ~ 1.5 mm made by Polydimethylsiloxane
(PDMS) is used to apply pressure by fingers (Fig. 4(a)). The conducive micro-pyramidal
PSR with the spacing of 6 pm and the pyramidal base length of 6 pm is employed for the
demonstration. The gate lines and drain lines are biased with Vg = 7 V and Vg3 = 1
V, respectively. During the measurement, the gate lines of inactive pixels are grounded to
reduce the power consumption and minimize the crosstalk. The two-dimensional pressure
profile is plotted by the collected output signal of drain-source current I45 from each pixel.
Benefiting from the combination of the high-performance 2D MoS, vdW-TFT active ma-
trix and the highly uniform micropyramidal PSR, the pressure profile of the number ‘1’ can
be clearly revealed by the integrated pressure sensor array (Fig. 4(b)) and even the rela-

tive complex shape of the number ‘0’ can be well recognized (Figs. S7(a) and S7(b) in ESM).

The spatial resolution of the current pressure sensing array is about 1 mm (~ 25.4 pixels
per inch). Since the whole fabrication process from the vdW-TFT active matrix and the
conductive micro-pyramidal PSR is based on photolithography, higher resolution require-
ments can be readily achieved for such an integrated pressure sensing array. We note that
the deformation of the micropyramidal electrodes saturates at high pressure, which can be
observed in Figure 2.3(c) and Figs. S3(a), S3(c) and S3(e) in ESM. Therefore, the TFTs

based pressure sensing array may exhibit a decreased contrast for spatially resolved pressure
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mapping under high pressures. It is also noted that the integrated pressure sensing array is
biased with relatively low voltage (Vg = 7 V and Vg = 1 V) and by employing the reduced
thickness of dielectrics and/or high-k dielectrics, such as HfO,, the operating voltage of Vg
may be further reduced down to 3 V or less for directly interfacing with most commercial

chips and/or integrated circuits for practical applications.

2.4 Conclusion

To conclude, we have reported an integrated pressure sensor array by combining solution-
processed 2D MoS, vdW-TFT active matrix and conductive micro-pyramidal PSR electrodes
made of PDMS/CNT composites for spatially resolved pressure sensing. In particular, the
2D MoS; vdW-TFTs in the active matrix deliver high on-off ratio > 10°, low operating volt-
age < 10 V, and minimal hysteresis, along with excellent device-to-device uniformity. We
have shown that the combination of the 2D vdW-TFT active matrix and the PSR readily
enables spatially resolved pressure mapping. Our study demonstrates the solution-processed
2D vdW TF'Ts provide an effective solution for the active matrix control of the pressure sen-
sor arrays, and we expect the 2D vdW-TFTs could be readily applied to other active matrix
arrays of electronic or optoelectronic devices. In addition, more robust active matrixes and

pressure sensing arrays could be obtained by using the unique vertical design [57] for such

2D vdW-TFTs.

Methods Numerical simulations were carried out using the finite element method. The
parameters used in both mechanical and electrical simulations were obtained by experiments:
Young’s modulus of the PSR is about 3.16 MPa and the conductivity is about 3.49 S/m. To
simplify the mechanical analysis, the PSR was modelled as a linear elastomer. In the electri-

cal simulations, the geometries of micropyramids at different deformations were conditioned
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by constant volume due to the Poisson ratio of about 0.5 for the PSR.
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2.5 Figures and Legends

Substrate

Ves

Source

Figure 2.1: Fabrication of the integrated pressure sensing array. (a) Schematic of the inte-
grated pressure sensing array, a combination of the 2D MoS,; vdW-TFT active matrix (10 X
10 pixels) and the conductive micro-pyramidal PSR made of PDMS/CNT composites and
(b) zoomed-in view of the 2D MoSs vdW-TFT active matrix. (c) Schematic of the cross-
sectional view of the integrated pressure sensor. (d) Scanning electron microscope (SEM)
image of the microstructured layer of the PSR. Scale bar, 10 pm. (e) Photograph of the 2D
MoS, vdW-TFT active matrix. Scale bar, 0.5 cm. (f) Optical-microscope image of a 2D
MoSy vdW-TFEFT with the circuit model, in which the gate lines and drain lines (i.e., the
voltage bias of gate-source (V) and drain-source (Vgs)) are used to address the pixels and

the source terminal is grounded through serially connecting to the PSR. Scale bar, 100 pm.
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Figure 2.2: Characteristics of the 2D MoS; vdW-TFTs in the active matrix. (a) Dual-sweep
of I4s — Vgs dual-sweep output curve at different gate-source voltage Vs with a step of 2
V and (b) Dual-sweep of I35 — Vg transfer curve at Vgs = 1V and of the representative
2D MoS; vdW-TFT, which shows little hysteresis. Log plot (left axis) and linear plot
(right axis) of I4s — Vs transfer curve at Vg = 1V of a representative 2D MoS; vdW-TFEFT
annealed at (c) 375 °C and (d) 400 °C, respectively, which indicates that the threshold voltage

can be readily tuned by the annealing temperature and positively shifts as the annealing
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temperature increase to minimize current leakage and reduce crosstalk. (e) The statistical
distribution of threshold voltage for 90 typical 2D MoS; vdW-TFTs in the active matrix
annealed at 375 °C (green bars) and 400 °C (orange bars) with Gaussian fits. (f) Cumulative
distribution of on- and off-current for the 90 typical 2D MoSy vdW-TFTs annealed at 400
°C. (g) Photograph of the active matrix. Scale bar, 250 pm. (h) Color mapping of the on-
current I,,, showing the device yields can reach up to 98% and the inactive pixels (marked

with white color) are mainly due to the current leakage from the dielectric of Al,Os.
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Figure 2.3: Properties of the pressure response. (a) Schematic of the working mechanism of
the conductive micro-pyramidal PSR. (b) Section view of deformation and stress intensity
distribution of the conductive micro-pyramidal PSR with the base length of 6 pm and spacing
of 6 pm under 40 kPa by mechanical simulations. Pressure response of the conductive micro-

pyramidal PSR with the same base length of 12 pm and the spacing of 3 pm, 6 pm, 12 pm,
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and 24 pm in (c) logarithmic scale and (d) linear scale, respectively. (e) Ijs — Vg transfer
curves of a typical 2D MoSy, vdW-TFT under different Vgs. (f) Iys — Vs transfer curves
of a typical integrated pressure sensor under different pressures, where the source electrode

connects to ground through the PSR in series.
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Figure 2.4: Spatially resolved pressure mapping of the integrated pressure sensing array. (a)
Photograph of a fabricated 2D MoS, active matrix (10 x 10 pixels) with the mold ‘1" made
by PDMS for applying pressure. Scale bar, 0.5 cm. (b) Spatially resolved current mapping
corresponding to the pressure distribution. The gate lines and drain lines are biased with

Ves = 7V and Vgg = 1 V, respectively.
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Figure 2.5: I4s — Vg transfer curves at Vqs = 1V of 90 typical 2D MoS; vdW-TFTs (a) in

log scale and (b) in linear scale, showing high uniformity.
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Figure 2.6: Numerical simulation of conductive micro-pyramidal PSR. (a) Resistance as a
function of deformation of micropyramids and (b) resistance as a function of contact area
of micropyramids with the pyramidal base length of 6 pm and the spacing of 6 pm. The
deformation and the contact area of micropyramids induced by an applied pressure leads to

a decrease of resistance for the conductive micropyramidal PSR.
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Figure 2.7: Pressure response of the conductive micro-pyramidal PSRs of different pyramidal
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base lengths with the corresponding increased spacing. The same pyramidal base length of
6 pm with an increasing spacing of 3 pym, 6 pm, and 12 pm in (a) logarithmic scale and
(b) linear scale, respectively; the same pyramid length of 24 pm with an increasing spacing
6 pm, 12 pm, 24 pm, and 48 pm in (¢) logarithmic scale and (d) linear scale, respectively;
the same pyramid length 48 pm and the spacing 12 pm, 24 pm, 48 pm, and 96 pm in (e)

logarithmic scale and (f) linear scale, respectively.
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Figure 2.8: Schematic to show the working mechanism of the 2D-vdW-TFT's based pressure
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Figure 2.9: Response/relaxation time of the 2D-vdW-TFTs based pressure sensor pressure

Sensor.
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Figure 2.10: I3 — Vg transfer curves of the typical integrated pressure sensor under different
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Figure 2.11: Spatially resolved pressure mapping of the integrated pressure sensing array.
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(a) Photograph of the 2D MoS, active matrix (10 x 10 pixels) with the number ‘0’ made
by PDMS for applying pressure. Scale bar, 0.5 cm. (b) Current mapping corresponding to
pressure distribution. The gate lines and drain lines are biased with Vs =7 V and Vg4s = 1

V, respectively.
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CHAPTER 3

Broadband nonlinear modulation of incoherent light

using a transparent optoelectronic neuron array

3.1 Introduction

General-purpose optical computing [1-4] and computational imaging [5, 6] would signifi-
cantly benefit from optical nonlinearity [7-13]. For various practical applications involving
the processing of visual information and scenes, the nonlinear optical layer must operate at
low optical intensities and high frame rates, covering spatially incoherent and broadband
illumination. Furthermore, energy loss through the nonlinear layers should be minimal to
preserve the information carried by the optical fields. These demanding requirements on high
speed, large nonlinear coefficient, low threshold intensity, low loss, and broadband response
can hardly be achieved with existing nonlinear optical materials. For example, the ambient
light intensity captured by digital cameras is typically below ~100 mW /cm? [14, 15], which
is many orders of magnitude weaker than the intensities employed in typical nonlinear opti-
cal processes, such as second harmonic generation (>10'" W/cm?) [16] and nonlinear Kerr
effect (>10* W /ecm?)[17, 18]. Alternative forms of nonlinearity, such as photochromic [19, 20]
and photorefractive [21-23] effects, may also be used, but these processes are typically slow,
involving response time scales on the order of a few [19, 20] to tens of seconds [23]. Other
forms of photorefractive effect, for example, in multiple quantum wells, are fast but present
very weak nonlinearity [24-26]. Some organic photorefractive devices show millisecond re-

sponses, but rely on coherent interference to build up spatial charge patterns and create
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strong nonlinear diffraction patterns, and are thus majorly adapted to holography [27, 28].
Many of these photochromic or photorefractive devices also feature strong absorption (e.g.,
>90%), leading to substantial losses [29]. Additionally, most of the existing nonlinear optical

processes work for only a limited wavelength range.

Ultimately, the challenge lies in the tradeoff among power, speed, and transparency.
Strong nonlinear responses require significant photo-induced physical/chemical changes in
the material. The typical photochromatic/photorefractive devices overcome the transition
energy barrier by either absorbing a sufficient number of photons in a short time interval,
which either requires intense illumination far beyond the intensity of natural light or strong
optical absorption that leads to low transparency and substantial energy losses [29, 30], or
capturing a smaller portion of photons and slowly accumulating the photo-induced changes
over a longer period, which is more transparent but with an intrinsically slow response
[19, 23]. Addressing these challenges requires a fundamentally distinct working mechanism

that can use a small amount of optical power to strongly modulate incoming photons.

Herein, we report a new strategy using an optoelectronic neuron array to achieve strong
optical nonlinearity at low optical intensity, enabling broadband nonlinear modulation of
incoherent light. This nonlinear optoelectronic neuron array is created by the heterogeneous
integration of two-dimensional (2D) transparent phototransistors (TPTs) [31, 32] with liquid
crystal (LC) modulators. The designed optoelectronic neuron allows spatially and tempo-
rally incoherent light in the visible wavelengths to tune its own amplitude, operating at a
frame rate of >100 Hz with only ~20% photon loss. For a proof-of-concept demonstration,
we fabricated a 100x100 (10,000) optoelectronic neuron array, and demonstrated a strong
nonlinear behavior under laser and white light illumination. The nonlinear filter-array was
also integrated as part of a cellphone-based imaging system for intelligent glare reduction, se-

lectively blocking intense glares with little attenuation of the weaker-intensity objects within
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the field of view. Our device modeling suggests a very low optical intensity threshold of 4.2
nW/ cm? to generate a significant nonlinear response, and a low energy consumption of 14
fJ per photonic activation after proper device optimization. Our results demonstrate a new
type of 2D optoelectronic device for nonlinear processing of low-power broadband incoher-
ent light, which is highly desirable for image processing and visual computing systems that
do not rely on intense laser inputs. It could find widespread applications in computational
imaging and sensing and opens the door for new nonlinear processor designs for optical com-

puting using ambient light.

3.2 Device design, fabrication and operation principles

Our proof-of-concept device consists of a 10,000-pixel array of parallel connected optoelec-
tronic neurons (Figure 3.1a). Each pixel consists of an independent 2D TPT as the photo-
gate, and an LC layer as the load resistor and the optical modulator, forming an optoelec-
tronic neuron (Figure 3.1b). The incident light passing through the 2D-TPT layer modulates
its resistance, which further regulates the voltage drop across the LC modulator to mod-
ulate the transmitted light. In this design, the light beam modulates its own amplitude
depending on the incident power at each individual neuron, i.e.; all the 10,000 pixels of the
array work independently, all in parallel. This heterogeneously integrated architecture al-
lows independent optimization of the TPTs and LC modules for desired performance metrics
beyond the intrinsic tradeoff limits of a given material such as in conventional photochro-
matic or photorefractive devices. The TPTs were fabricated using solution-processed 2D
van der Waals thin films (VDWTFs) [33, 34], which are constituted by staggered 2D MoS,
nanosheets (see Method for details). With dangling-bond-free VDW interfaces among the
staggered 2D nanosheets, the VDWTF features excellent semiconductor properties despite

the low-temperature solution process [35, 36] (see Supplementary Fig S2a), which is essential
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for the required optical response and electrical operation frequency. The transparency of the
VDWTFs can be tuned with controlled film thickness. The solution process of ultrathin
MoS; VDWTTF allows depositing the semiconducting film on arbitrary substrates at wafer
scale, offering an ideal material platform for making TPTs and heterogeneous integration

with various optical modulators with little processing constraints.

We first prepared the MoS, VDWTEF on a glass substrate, patterned the VDWTF into
TPT channels, and then defined Cr/Au contacts. The TPT drain electrodes are connected to
the supply voltage (Vq4q), and the source electrodes are connected to a metal-ITO electrode
stacked over the TPT pixel. An SU-8 layer isolates the ITO electrode from the TPT channel
(except for the via) to remove the leakage current and parasitic capacitance. The top ITO
electrode modulates a twisted nematic LC cell, which works both as a voltage divider and an
optical modulator (Figure 3.1b)[37, 38]. Finally, a pair of orthogonal polarizers sandwiches
the TPT-LC stack (see Methods for details on the material preparation and device fabrica-

tion).

Ten thousand optoelectronic neurons were connected in parallel, with the TPT terminals
connected to Vqq and the top LC terminals connected to the common ground (GND). Each
pixel works independently as an optoelectronic neuron, only controlled by the local illumi-
nation intensity at that pixel. The LC cell has a resistivity of Rpc ~10 G per pixel (see
Supplementary Notes). We engineered the TPT channel to make its dark resistivity higher
than Rpc, and its light resistivity below Ryc. Consequently, most of V44 falls on the TPT
when it is dark, leaving the LC modulator transparent under rotating polarization (Figure
3.1c). When the light is intense enough, most of Vgq drops on the LC cell. The strong
electric field rotates the LC molecules to suppress the optical transmission, resulting in a

nonlinear transmission function (Figure 3.1c¢,d).
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3.3 2D transparent phototransistor array

We first prepared the VDWTF on a 10 cmx10 cm glass substrate to demonstrate its uni-
formity and transparency over a large area (Figure 3.2a). Figure 3.2b shows the TPT array
under an optical microscope, which was fabricated using standard photolithography pro-
cesses. The TPT layer exhibits a transmission of 88.5% at 550 nm and generally contributes
to less than 20% decrease in transmission within the visible band (Figure 3.2c). Figure
3.2d shows the photoresponse of a VDWTF TPT wired out for single-device tests, where
we used a 633-nm laser as the light source. The beam was defocused with a spot diameter
overlapping with the 100 pmx 100pm pixel area (see Methods). Our device design needs
a large ON/OFF current ratio under illumination/darkness for the corresponding optoelec-
tronic neuron to achieve large nonlinearity. The channel current increases from 0.12 nA in
the dark state to 1.96 nA at an input illumination intensity of 65.8 mW /cm?, corresponding
to an ON/OFF ratio of 16. This large resistance change is important for creating sufficient
voltage modulation across the LC to produce a strong nonlinear transmission contrast (Sup-

plementary Figure 3.6¢).

Next, we used a chopper to modulate the light and study the photoresponse speed of our
device at 488 nm and 633 nm wavelengths. These experiments show that the 3dB cutoff
frequencies are above 3 kHz for both wavelengths (Figure 3.2e). Moreover, the responsivity
at the red light is only slightly lower than that at the blue light because the bandgap of the
few-layer MoS, is below 1.9 eV (>653 nm) [39]. We further characterized the photoresponse
of 116 single pixels of individually wired TPTs (from four chips with identical process flow)
under the illumination of a thermal lamp (with an intensity of ~21 mW /cm?, see Methods),
revealing a dark/light resistance ratio of 8.95+1.30 (mean and standard deviation) (Figure
3.2f), suggesting a relatively uniform photoresponse under broadband spatially incoherent

light.
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3.4 Nonlinear self-amplitude modulation

We next evaluated the nonlinear amplitude modulation of the optoelectronic neuron by
quantitatively analyzing the transmission of a 473-nm laser under varying incident intensity.
The transmission ratios are plotted with respect to the transmission at the reference high-
transmission states (i.e., at Vqq = 0 V for all the measurements shown in Figure 3.3a, see
Methods). Our results showed that the transmission drops substantially with increasing illu-
mination power, showing a modulation onset intensity of 0.1-10 mW /cm? (Figure 3.3a). The
exact onset power and modulation ratio can be readily tuned by varying the supply voltage
(Vaa)- An opposite nonlinear mode can also be achieved with the same device by rotating
the two polarizers to be parallel to each other: in this case, the transmission ratio is low for
dim light, but increases to near unity at high illumination power (see Figure 3.3b). We fur-
ther tested the nonlinearity under thermal lamp illumination and observed similar nonlinear

2 about

responses with an onset illumination of ~10,000 lux, equivalent to ~14.7 mW /cm
one order of magnitude smaller than typical sunlight intensity in ambient conditions (Figure
3.3¢), demonstrating that the device is fully functional under low-intensity broadband spa-
tially incoherent light. No transmission modulation was observed on the LC devices without

the TPTs under the same test conditions, excluding a possible thermal contribution to the

observed nonlinearity.

To evaluate the overall yield and uniformity of the optoelectronic neuron array, we also
examined the transmission at Vgqg = 10 V to 22 V under weak uniform white-LED illu-
mination (Supplementary Figure 3.8 e-g). We observed two lines of malfunctioned pixels
that cannot attenuate the transmitted light even at 22 V. Counts of such malfunctioning

pixels suggest a yield of 98.94% for 10,000 devices fully covered in the field of view. Micro-
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scopic pictures revealed the broken metal wires responsible for this failure (Supplementary
Figure 3.8 h, i), likely due to particle contamination in our less strict academic cleanroom
environment, suggesting no fundamental limitations in building an even larger array with
high yield in a more stringent industrial fab. We further characterized the uniformity of the
nonlinear response of 360 devices under different illumination levels with a cumulative plot
(Figure 3.3d, see Methods for details), demonstrating distinct transmission under different
illumination fluxes for all devices. Note that Vqq = 0 V does not always give the maximum
transmittance for LC modulators, as observed in previous literature [40, 41]. Consequently,
the transmission ratio for some optoelectronic neurons exceeds 1.0. We also note that our
current optoelectronic neuron array does show a certain transmission spread among different
pixels (Figure 3.3d). Similar behavior was observed in pure LC devices, suggesting that
this transmission spread is primarily due to the non-uniformity of the LC modulators (see
Supplementary Figure 3.7c and d). This is mainly caused by the non-uniform polyvinyl
alcohol (PVA) LC alignment layer, which could be significantly improved by fabricating the

LC modulators with mature industrial processes.

3.5 Integration of the optoelectronic neuron array with a cell-

phone camera for glare reduction

Next, we integrated our optoelectronic neuron array with a cellphone camera for intelligent
glare reduction. Bright glares, such as sun glare and high beams during driving, stray laser
beams in labs, or welding glares in factories, can trigger corneal reflexes or damage the hu-
man eye, as well as saturate image detectors in cameras, obscuring valuable information.
Thus, bright glares are undesirable in various human/robot working conditions. Uniform
attenuators or polarizers are used in sunglasses to solve this issue partially. However, such

attenuators are linear optical elements and uniformly attenuate the glare and the working
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environment by the same level, and thus cannot selectively maintain useful information. Ide-
ally, a glare-reduction imaging solution should selectively dim the bright rays while efficiently
capturing the useful information from the surrounding, less-bright objects, which is highly

desirable for many applications.

Our nonlinear optoelectronic neuron array offers an ideal solution for this challenge as
it can filter out glares at a desired intensity threshold (that can be fine-tuned electronically
using Vg4q), operating at a broad visible spectrum faster than the typical video frame rate.
Therefore, it can intelligently suppress fast-moving glares over a large field-of-view with
an electrically tunable intensity threshold. To showcase this capability, we constructed an
imaging system using a cellphone camera (see Figure 3.4a and Supplementary Figure 3.8) to
demonstrate intelligent glare reduction. A white LED array (center wavelength at 582 nm,
Supplementary Figure 3.9) illuminates an aluminum diffuser to generate a uniform white
background. The broadband beam passes through a patterned mask, which serves as the
object. A lens projects the object image to the plane of the optoelectronic neuron array. The
filtered image (forming the input scene of interest) is then captured by a cellphone camera
(LGLS991, LG G4). A 473-nm laser is used to generate the (undesired) reflected intense

glare at the object to evaluate glare reduction properties.

With this setup, we imaged grating-like object patterns using the cellphone camera un-
der different conditions (Figure 3.4b-f). The patterns were clearly resolved when there were
no glares (Figure 3.4b). After turning on the glare while keeping the exposure and focus
condition of the cellphone camera the same (Figure 3.4c), the image was saturated by the
intense scattered glare in the center, leaving little detectable features in the surrounding
areas. Next, we applied Vgq = 14 V to switch ON the optoelectronic neurons. This voltage
was chosen to place the LC pixels right below the nonlinear transmission threshold for am-

bient light, and well above the threshold when intense glares turn on the TPTs. The intense
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glare beam pushed the illuminated optoelectronic neurons to the low-transmission state. As
a result, the captured cellphone image shows a much dimmer glare, faithfully resolving the
grating patterns and recovering the spatial information (Figure 3.4d) that was lost at Vgq
= 0 V (Figure 3.4c). Direct transmission power measurement with a power meter shows the
glare power drops by 74% when compared to its value at 0 V, while the non-glare region

only showed an insignificant transmission reduction by ~9%.

Since most current camera systems adopt auto-exposure software, we further compared
the impact of our nonlinear filtering under auto-exposure settings. Turning on the auto-
exposure of the cellphone camera without nonlinear filtering (Vqq = 0 V) leads to a complete
loss of the surrounding object patterns (Figure 3.4e), which is due to the software-adjusted,
reduced exposure resulting from the intense glare beams. Turning on the nonlinear filtering
(Vaa = 14 V) under the auto-exposure mode restores the patterns of the input scene (Fig-
ure 3.4f). These results clearly highlight that our optoelectronic neuron array can rapidly
reduce the negative impact of intense glares, in a way that is not possible with the standard

auto-exposure features.

We also quantified the SNR of the acquired cellphone images (see the red boxes in Figure
3.4b). The image in each box is transformed into a 300x100 matrix. We computed the
averages and standard deviations along the grating lines (y-axis for Box 1 in Figure 3.4b) to
get the cross-sectional profiles perpendicular to the grating lines (Figure 3.4b-f right three
panels, see Methods for calculation details). The noise increases by over ten times in the
dark regions (Figure 3.4b and 4c, error bars for Box 1) after turning on the glare. As ex-
pected, the contrast between the black and white stripes of the input object under the glare
is substantially suppressed, leaving few resolvable features. Evaluated at Box 1 in Figure
3.4b, the SNR (see Methods) is 13.8 for the no-glare case, which drops to 0.70 with the

bright glare when the nonlinear filtering is off, and is restored to ~1.34 when the nonlinear
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filtering is turned on. Under the auto-exposure setting, the image SNR collected by the
cellphone camera decreases to 0.26 due to the glare (without the nonlinear filtering), which
increases to ~2.31 when the nonlinear filtering is on, thanks to the suppression of the glare
using the optoelectronic neuron array. We also evaluated the reduction of dynamic glares by
chopping the laser glare at 3 Hz (see Supplementary Video 1). We observed a similar glare
reduction performance under dynamic glare conditions. If the optoelectronic neurons were
to have a response time slower than the video frame rate (60 Hz), we would expect a delayed
transmission, i.e., a dark spot at the glare center right after the glare is shut off. However, no
such dark spot was observed (Supplementary Figure 3.10), suggesting a nonlinear response

speed much faster than the video frame rate of 60 Hz.

3.6 Discussion

We reported a unique strategy to create an optoelectronic neuron array for nonlinear mod-
ulation of broadband spatially incoherent input light at low optical intensities. Thanks to
the heterogeneous integration of 2D TPT and LC modulators, the TPT and LC layers can

be optimized separately without tradeoffs.

We believe the performance of our proof-of-concept demonstrations is largely limited
by suboptimal material processing and device fabrication protocols (particularly related to
LCs), and could be further improved by developing and adopting mature industrial pro-
cesses. For example, the LC modulators in our studies show a gradual modulation slope,
requiring a AV>3 V to switch from the high-transmission state to the low-transmission state
(Supplementary Figure 3.7a). In contrast, the state-of-the-art LC modulators can achieve
much more steep slopes, with a much smaller switching voltage of AV< 0.3 V [42, 43].

This means a smaller resistance change in TPTs can trigger the LC modulators. Another
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possible optimization is the lowest transmission value of LC, which relies on high-quality
LC alignment layers and polarizers. Commercial LCD-based monitors can have a contrast
ratio beyond 5000, compared to ~10 in our proof-of-concept LC modulators. This would
correspond to a 500-fold stronger glare reduction when the industry-quality LC modulators

are integrated with our optoelectronic neuron arrays.

Our device has two important figures of merit: the threshold optical intensity to enable
the nonlinear response, and the total power consumption (optical absorption plus the elec-
trical power consumption). Our experimental device has a nonlinear intensity threshold of
~10 mW /cm?. Tt absorbs ~20% of the incident photons in the TPT layer, corresponding to
a photon power loss of 200 nW /neuron. The electrical power consumption is 1.7 nW /neuron
with the typical nonlinear operation voltage at 12 V (for the chip with less resistive TPTs
in Figure 3.3d-f) and a current density of 1.4 pA/cm?. Thus, the total power consumed by
our experimental device is 202 nW /neuron. Dynamic changes in the input light field could
also lead to frequent charging/discharging of the LCs. However, given the large number of
devices connected in parallel, the dynamic charging/discharging can be balanced with the
common electrodes, and shall not create a significantly larger power consumption than the

static electrical power.

We further modeled the device performance with optimized LC parameters and a better
match between the TPT ON/OFF resistances and the LC resistance (see the discussion in
Supplementary Note 1). This modeling indicates that the ultimate optical intensity thresh-
old for ON/OFF switching can go below 4.2pW /cm? for 633-nm laser polarized along the
input polarizer direction. The total power consumption per neuron scales linearly with the
pixel area, and thus can be reduced substantially to 1.4 pW /neuron (5.6 ptW /cm?) by scaling
the pixel size down to 5 pm, as proved feasible in LCD technologies. The LC we used (4-

cyano-4’-pentylbiphenyl, common name: 5CB) supports a modulation speed above 100 Hz
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[44]. Taking this modest estimation of 100 Hz as the device speed, the total power consump-
tion can be calculated as 14 fJ per nonlinear activation. An even lower power consumption
is possible with further material and device-level optimizations of LCs to increase the speed

[45, 46] and scale down the device footprint [47].

We should also note that calibration may be conducted for more precise uses of these
nonlinear neurons for optical computing and computational imaging in general. For this,
the nonlinear optical threshold variations between the neurons of a given optoelectronic ar-
ray would need to be calibrated /measured so that computer simulations or in-situ training
[48, 49] can be optimized to best exploit the optical nonlinearity of each device regardless
of the neuron-to-neuron variations. Alternatively, since these nonlinear responses are elec-
trically tunable through Vgq, a different individual voltage can be applied to each pixel (in
the form of a calibrated look-up table) to achieve more uniform thresholds by, for example,
integrating a compensation resistor with each device pixel and adjusting the resistor values
during the calibration [50]. In summary, we heterogeneously integrated 2D TPTs with LC
modulators to form an array of 10,000 nonlinear optoelectronic neurons. Our design enables
nonlinear self-amplitude modulation of spatially-incoherent broadband light, featuring a low
optical intensity threshold, strong nonlinear contrast, broad spectral response, faster speed
than video frame rate, and low photon loss. We further integrated this optoelectronic neuron
array into a cellphone-based imaging system and demonstrated intelligent glare reduction
by selectively attenuating bright glares while preserving the surrounding object information
that is otherwise unrecognizable by the camera. Our device modeling suggests a very low
power consumption of ~14 fJ per activation after proper device optimization. This de-
vice might find various applications in, e.g., autonomous driving, photography and security
cameras. Our nonlinear optoelectronic neuron array could find broad uses in computational
imaging and sensing fields and opens the door for new nonlinear processor designs for optical

computing using ambient light that is spatially and temporally incoherent.
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3.7 Methods

3.7.1 MoS, ink preparation.

The raw molybdenite flake is electro-chemically intercalated by tetra-n-hexyl ammonium
benzoate (THAB). 200 mg THAB is dissolved into 40 ml acetonitrile. The molybdenite is
fixed on a copper electrode, which connects to the cathode of the power source. The anode
is connected to a carbon electrode. The current is around 5 mA at a voltage of around 8.5 V.
After 1 hr intercalation, the flake is thickened, and the intercalated layers look dark green.
We cut the intercalated molybdenite and grind the pieces into small flakes with a glass rod.
We dissolve 900mg polyvinylpyrrolidone (PVP) into 50 ml dimethylformamide (DMF) and
mix the intercalated molybdenite into it. Next, we ultrasonicate the mixture for 1 hr. The

whole solution looks dark green with small shining flakes.

The mixture is centrifuged under 12100 rpm for 15 min to remove DMF. After that, we
pour the clear upper solution out and add 40 ml of isopropyl alcohol (IPA). The mixture
is ultrasonicated for a second time until no sediment is visible. We repeat this process two
more times to fully remove DMF. To concentrate the solution, we centrifuge under 12100
rpm for 20 min, then add 5 to 10 ml IPA (depending on the amount of intercalated flakes).

We ultrasonicate the ink until there is no sediment.

We calibrate the ink concentration by dissolving 20 pl ink into 1 ml [PA and measure
the UV-vis absorption (Beckman Coulter DU8S00 spectrophotometer). The peak should be
around 380 nm with an absorption of around 1.7 for repeatable ink concentration. Finally,
the calibrated ink is centrifuged at 3000 rpm for 3 min to remove the remaining large flakes.

We repeat this process five times, after which the ink is ready for use.

29



3.7.2 Device fabrication.

We use microscope slides as the transparent glass substrate. The substrate is first treated
with oxygen plasma and becomes hydrophilic. We spin-coat the MoS, ink on the substrate
at 2000 rpm for 30 s on a spinner. The spin-coating is repeated six times to achieve a film
thickness of around 10 nm. The MoSs VDWTEF is then annealed in a furnace at 400 °C for

an hour in an Ar atmosphere.

Next, we pattern the MoS, channel and define the TPT pixels as discussed in the paper.
We evaporate HMDS on the sample for improved surface adhesion, then spin-coat SU-8 2005
photoresist on the device at 2000 rpm for 30 sec. The photoresist is pre-baked at 65 °C for
3 min, 95 °C for 3 min, and then 65 °C for 2 min, with the slow temperature change to
reduce internal strain and peeling-off. Next, we expose the SU-8 with lithography (Karl
Suss MAG) for 20 s to crosslink the polymer. A post-bake process identical to the pre-bake
is conducted before developing with SU-8 developer for 30 seconds. The developed sample is
rinsed with TPA. The lithography process opens windows on the external contact pads and
the via region for connecting the TPT to the ITO pad on top. After the development, we
further anneal the sample at 150 °C in Ar for 30 min, with slow increase and decrease of
temperature to avoid SU-8 peeling. This further annealing improves the SU-8 crosslinking
and makes it more robust to subsequent thermal and liquid processes. The SU-8 thickness
is 8 pm measured by a surface profiler. It serves as a passivation for the TPT layer, as well

as a thick insulating layer that reduces the parasitic capacitance between TPT and the top

ITO pad.

Next, we sputter a 50-nm ITO layer on the top of the sample. Sputtered ITO has good

step coverage, sufficient to connect the bottom metal pad to the upper electrode area over the
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SU-8 step. The ITO is then patterned with lithography and wet etched with 1% hydrochlo-
ric acid to make the ITO pads electrically insulated from each other. The PVA alignment
layer is prepared by first dissolving 5% weight of PVA (Sigma Aldrich, molecular weight
89,000-98,000) powder in 95 °C deionized water. The solution is stirred until transparent.
Then the solution is spin-coated (3000 rpm, 60 s) on the sample, and another ITO glass as
the top LC contact. The coated sample is annealed at 55 °C for two hours to remove water

from the polymer.

After drying, the PVA is gently rubbed with cleanroom wipes along the targeted po-
larization direction, creating nanoscale structures used to align the liquid crystal. Glass
microbeads at the diameter of 4.3 pm are dispersed in IPA (10 mg/L, ultrasonicated for an
hour) and spin-coated (4000 rpm, 40 s) on the PVA layer as LC spacers. A drop of liquid
crystal, 4-cyano-4’-pentylbiphenyl (5 CB) from Sigma Aldrich, is added to the chip. Then
we overlap the sample with the top ITO glass slide with a PVA alignment layer on it. The
edges of the two glass slides are sealed with epoxy. Large metal pads stretching out of the

sealing region are fabricated and used to apply the supply voltage Vg4q.

3.7.3 Transmission characterizations.

The LC modulator without the TPT layer was characterized for selecting the operation
conditions. We illuminated a 1 cm X lecm large uniform device with a thermal lamp and
measured the transmitted illuminance with a lux meter. We observed an unstable threshold
shift for DC voltage, which is related to ion and water contamination of the LC [51], so
mobile ions can flow inside the LC and partially screen the modulation electrical field. To
enable stable, repeatable LC modulation performance, we used a rapidly changing square
wave at 500 Hz to modulate the LC (and also for the V4q in TPT-LC stack measurements,

with Vgq representing the peak-to-peak voltage). The AC field is too fast to cause slow
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contamination ion drift in LC, but is still sufficient to align the liquid crystal [52]. The same
AC measurement scheme was applied to the measurements in Figure 3.3 and Figure 3.4. The
measurement result of the pure LC modulator is shown in Supplementary Figure 3.7. The
transmission ratios were calculated as the ratio between the transmissions at the specific test
condition (Iies) over the reference high transmission at Vgqg = 0 V under weak light (Ion),

as reported in Figure 3.3 captions:

such that Ioy was measured at Vqq = 0. The only exceptions for this are Figure 3.3b and the
blue line in Figure 3.3c, when the two polarizers are parallel and the transmission is low at 0
V:; for that case, we defined the reference high transmission Ioy as the transmission at a very
high voltage under weak light, i.e., Vqq = 40 V was used. Our tested device’s transmittance
already converges to a maximized constant below this voltage for parallel polarizers, indi-

cating it as a feasible definition of the reference high transmission for the parallel polarizer

configuration.

The change in phase was also studied with a polarization and phase-sensitive spectroscopy
method [53], with an extra 90° rotation in the transmission matrix due to the twisted LC.
The extracted parameters are used to calculate the slight phase modulation accompanying
the amplitude modulation, as shown in Supplementary Figure 3.7b. The phase modulation

is relatively weak, at around 0.06 rad/V.

The cumulative plot in Figure 3.3d is defined by the cumulative distribution function in
statistics. The cumulative counts (i.e., the vertical-axis value, normalized to 0~100%) at a
given transmission ratio Ty refers to the percentage of pixels that has a transmission ratio
less than or equal to TR, which reflects the nonlinear response’s distribution over different

optoelectronic neurons.
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3.7.4 Light source quantification.

The thermal lamp and the white LED were measured with a spectroscopy system (Horiba
Scientific). The light was fed into the system through the objective lens and filtered by the
grating system to resolve the spectra. The thermal lamp was kept at a fixed power during
these measurements and the nonlinear transmission tests. An attenuator was applied to
control the intensity projected on the sample during the transmission test. This avoids pos-
sible spectral shifts when the thermal lamp filament is at different temperatures. The results
of these measurements are shown in Supplementary Figure 3.9. The luminous efficiency of
the lamp is calculated by integrating spectrally resolved luminous efficiency with the lamp
spectrum. The photonic luminous efficiency is 68 Im/W. The result is comparable with the
previously reported values: black body spectrum at 4000 K peaks at 700 nm and has a
luminous efficiency of 55 Im/W [54]. Our lamp spectrum also peaks around 700 nm but has
a much smaller infrared tail, probably due to infrared absorption on the chamber walls of

the torch, leading to a higher luminous efficiency than the 4000 K black body radiation.

3.7.5 Photoresponse measurements.

The photoresponse at 633 nm and 488 nm was measured with a Horiba Raman spectroscopy
system. We used the CCD camera in the Horiba system to adjust the laser spot size and
overlap it with the device pixel. The incident powers on the device were calibrated with a

power meter placed under the objective lens.

3.7.6 Glare reduction analysis.

We evaluated the image quality with and without glare reduction in the three boxes shown

in Figure 3.4b. The image in each box is transformed into a 300 x 100 matrix (M) by
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summing up the RGB values. We calculated the mean intensity of the N = 100 image pixels

along the direction of the grating lines to evaluate the averaged pattern (E)

1 N
L= ; My (3.1)

This vector, I, is plotted with solid lines in Figure 3.4b-f. The corrected sample standard
deviations (s;) along the 100 image pixels are also evaluated for each column and plotted as

the error bars in Figure 3.4b-f:

1 al =2
8; = m;(MJ’k—Ij) (3.2)

We defined the image signal as the difference between the average intensity in the bright
region (Rpyignt, With Rpgne pixels) and the dark region (Rgak, with Ngai pixels) of the
grating lines. The bright/dark regions were selected as the pixels with the top/bottom 25%
intensities in the dynamic range, which is defined by the maximum intensity minus the
minimum intensity in the box. The bright/dark regions were only segmented once using
the no-glare image in Figure 3.4b, Box 1, and applied to all subsequent SNR evaluations at
different glare, voltage, and exposure settings. The SNR was calculated as the ratio of the

signal over the standard deviation in the dark regions:

= 1
Loright = 5 — Z M (3.3)
brzght jkeRbright
- 1
Liark = Z M (3.4)
dark jkeRdark
T 74 - T ar
SNR = % (3.5)

0 is the standard deviation of all the data points within dark grating lines in the box:

5:\/;1 ST (M~ L) (3.6)

N —
dark jkERdark

where N, is the total number of image data points in the dark regions of the grating lines.
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3.8 Supplementary Note 1.

We first set a few basic parameters of the TPT-LC system with the experimental data.
Material level optimizations may significantly improve the device performance beyond the
calculated results based on our experimental parameters, which will not be discussed. We
tested TPT-free, large-area LC modulators with the identical process flow to our optoelec-
tronic neurons. At the threshold voltage Vth = 1.5 V, the current density is J = 1.4 pA/cm?.
Next, we tested the TPT-LC stack (the chip with less resistive TPTs corresponding to Figure
3.3d-f) and observed an averaged Vqq = 12 V for the LC layer to enter the threshold. As a

result, we can derive the average TPT resistivity at a weak intensity from:

Ric

Vic =~ e
RS:])D) + Ric

Vad (3.7)

The LC resistivity per pixel (100 pm by 100 pm for our experimental devices) is = 1.5
V /14 pA x 10" =~ 10G Q. The dark resistance of the square MoS, channel is then
Rgngsz ). The capacitance of the liquid crystal is calculated with the permittivity of
5CB (e,~18) and PVA (g,/2, slightly varies depending on sample preparation conditions|
Reddy P L, Deshmukh K, Chidambaram K, et al. Dielectric properties of polyvinyl alcohol
(PVA) nanocomposites filled with green synthesized zinc sulphide (ZnS) nanoparticles|J].
Journal of Materials Science: Materials in Electronics, 2019, 30(5): 4676-4687.]), with the
thickness of PVA around 1 m for both the upper and lower LC alignment layers. The
ultimate capacitance is majorly limited by the lower-permittivity PVA layers and is around

0.71 nF/cm?. The equivalent RC circuit for a TPT-LC pixel is shown in Figure 3.11a. The

LC driving voltage is related to the frequency following the equation:

Tt
_ +jwCRLc
Vie = Vad—g; R (3.8)
PD 14+jwCRLc
The 3dB cutoff frequency is then:
1 RioRuy
faas = D )] (3.9)
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Take the experimental values of our devices, f3qg 256 Hz. This RC delay, together with the
intrinsic response time of LC molecules, limits the device response to a few hundred hertz.
At the same time, the TPT layer can operate beyond kHz frequencies, and can be heteroge-

neously integrated with other types of modulators for higher operation speed.

Next, we discuss the scaling laws of the device. Since the two sources of power consump-
tion, the photon absorption and the static electrical power consumption, are both fixed with
the total array area, increasing the number of pixels per area (N) will result in a reduc-
tion in the power consumption per activation proportional to N='. On the other hand, the
product of C...Rpcremains constant during the scaling down, so the speed of the device
remains constant as long as the TPT resistivity increases accordingly. The TPT resistivity
can be well controlled by orders of magnitudes with changed channel geometry, annealing,
and electrostatic gating for the VDWTF phototransistors. Considering the thickness of the
LC modulation layer, edge effects of electric fields between parallel capacitors will become
nontrivial when the pixel size is below 5 pm for the current design. However, it is possible
to reduce the LC thickness to sub-micrometers, so that the pixel size can go below 1 pm
[47]. Here we estimate the ultimate power consumption per pixel based on a 5-pm device
size. This avoids imprecise estimations when the LC cell resistivity changes with a thinner
LC layer thickness. The electrical power consumption of the optoelectronic neurons is:

RO + R

Pelec -
Ric

Vinltotal (3.10)

As discussed in the paper, the modulation from a high-transmission state to a low-transmission
state can be achieved in A Vi =0.3V with optimized LC modulator structures. This can
help us reduce the incidental intensity to trigger optoelectronic nonlinearity. The voltage
change in LC is related to the TPT resistivity change by:

(D)
AVig = Rpp + Ric 1] Vi (3.11)
(L)
RPD + RLC
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The TPT resistivity at different intensity levels can be fitted with photocurrent measure-
ments at the wavelength of 633 nm, as shown in Figure 3.11b. There is a good linear fit of
points suggesting an approximate relationship between the total channel current I4s and the
incident power Pjp.:

1) = (1+app, )1 (3.12)

The fitting parameters are extracted to be « =3.411 and $ =0.3675 , with Py, in the unit
of mW /cm?. The actual responsivity at lower optical powers may exceed the fitted value, as
defect saturation effects are much weaker under lower power illuminations. As a result, the
presented estimation provides an upper bound of the necessary optical power for producing
sufficient nonlinearity. Take together Eq. S5 and Eq. S6, we have:
-1 1

<1 + aPﬁls> =+ - (3.13)

~v and ¢ are dimensionless parameters for brevity. Consequently, the minimum necessary

intensity is given by:

Pinc = {H} : (3.14)

Taken the estimated parameter from our experimental devices, v =3.3 and ¢=0.14, we have
Pine=7.1mW /cm?. For the potentially optimized devices with y=0.15 (typical nematic LC
parameters taken from ref [43]) and ¢=1.4 (from the optimized device with minimized total
power consumption, see later discussions), we would have P;,.=4.2nW/cm?, much smaller

than the unoptimized devices.

The total power consumption of the ideal device is:

1+ 1+ 3
Ptotal = —Sovthltotal +A {M} (3.15)
¥ a(l =)

A = 0.2 is the photon loss through the TPT layer. Picking a larger value favors a smaller
electrical power consumption, as a smaller V44 is necessary to drive the device. However, it

results in a larger optical intensity to create a larger TPT resistivity change that shuts off
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the LC modulator. Supplementary Figure 3.7c¢ plots the power consumptions from photon
loss and current flow. The minimum power consumption is 5.6 pW/cm? at p=1.4. Consid-
ering a scaled-down pixel size of 5 pm, the power consumption is 1.4 pW /pixel. With an
operation frequency of 100 Hz, the device can perform a nonlinear optical calculation at 14

fJ per activation.

68



3.9 Figures and Legends

Figure 3.1: Device configuration and working mechanism. a. A photo of the packaged opto-
electronic neuron array (marked by the red box, polarizers not included). There are 10,000
pixels within an array of 100100 covering 1 cmx1 cm area, showing decent transparency. b.
Schematic illustration of the device structure disassembled by layers. The light is incident
from the bottom, passing through the first polarizer (P1) and then through a glass substrate
and a TPT made with MoS, VDWTEF. An SU-8 insulating layer isolates an I'TO electrode
from the TPT channel. The ITO electrode is only locally connected to a single TPT and
insulated from nearby pixels. A polyvinyl alcohol (PVA) alignment layer controls the LC
molecules’ orientation at the PVA-LC interface. Another orthogonal alignment layer is on
top of the PVA layer, so the LC molecules gradually twist in the cell. FElectrical current
flows through the TPT to the ITO layer in the middle, then to the top ITO layer, which
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is grounded. The LC cell also works as an optically inactive resistor. c. Self-amplitude
modulation of light based on the optoelectrical operation of the TPT-LC stack. The TPT is
highly resistive at low input optical power, so most electrical fields (blue arrow, thick solid
line representing strong field, thin dashed line representing weak field) fall on the TPT. The
LC is unperturbed and remains transmissive. The equivalent circuit is shown on the right.
The TPT is highly resistive and highlighted in red. d. At high input optical power, the TPT
becomes conductive (marked in green in the equivalent circuit), so most electrical field falls

on the LC layer, shutting off the optical transmission.
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Figure 3.2: Performance quantification of the TPTs. a. A photo of a 10 cm 10 cm glass
substrate coated with the MoS, VDWTF, demonstrating good scalability and transparency.
Scale bar: 2 cm. b. A microscopic image of the TPT array. The gold wires are connected
directly to Vgq. The vias (the small gold spots) connect to the ITO electrode covering the
entire pixel area. Scale bar: 500 pm. The contrast is large despite the high transparency of
the device since the microscope works in reflection mode. c¢. The transmission spectrum of
the VDWTTF in the visible range (highlighted in yellow shade). d. The photocurrent of a
separately wired-out TPT at sweeping source-drain bias under 633-nm laser. Black to red
(lower to higher): under the illumination intensity of 0, 0.7, 6.0, 65.8, 220, 393, 531, 1740,
3140, and 5920 mW /cm?, respectively. Inset: the ratio of the channel current over dark
current at different optical intensities. e. The responsivity measured by a lock-in amplifier
at different laser chopping frequencies. Blue: data from a 488-nm laser at 0.46 mW (4.6 pW/
cm?) on a single pixel; red: data from a 633-nm laser at 0.59 mW (5.9 W/cm?). Gray lines
indicate the extrapolated 3 dB cutoff frequencies at 3.5 kHz and 4.7 kHz, respectively, which

are above the chopping frequency available in our lab. f. The ratio of the dark resistances
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over the light resistances of 116 TPTs on four chips with identical process flow. On each
chip, 29 devices were tested, spanning an area of 14 mmx10 mm surrounding the arrayed
TPTs. The light resistances were measured under a thermal lamp at an illuminance of 1.4 x
10* lux. The thermal lamp spectrum is shown in Supplementary Figure 3.9, with a center
wavelength of 713 nm and a full-width-at-half-maximum (FWHM) bandwidth of 175 nm.

The channel bias was 1 V for e and 1.
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Figure 3.3: Nonlinear transmission characterization. a. The dependence of the transmission
ratio on the incident intensity at a wavelength of 473 nm. The two polarizers are orthogonal,
as illustrated in Figure 3.1a. b. Opposite nonlinear behavior at 473 nm when the two
polarizers are parallel. c¢. Nonlinear behavior with thermal lamp illumination under two
different voltages and polarizer orientations. The typical direct outdoor sunlight illuminance
range is also highlighted (yellow line) [55]. d. Cumulative plot for the transmission ratio
value distribution of 360 individual TPT-LC pixels at weak (blue) and intense (red) thermal

lamp illumination at Vgq = 12 V. The transmission ratios are normalized by the reference

high transmission of the device at the corresponding test condition, Vgq = 0 V for orthogonal
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polarizers and Vqq = 40 V for vertical polarizers (see Methods). The incident laser in a and
b was polarized along the polarizer (P1) direction. Data in a, b, and the glare reduction
reported in Figure 3.4 were measured on the same chip. Data in ¢ and d were collected from

another chip with slightly lower TPT resistivities.
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Figure 3.4: Nonlinear transmission characterization. a. The dependence of the transmission

ratio on the incident intensity at a wavelength of 473 nm. The two polarizers are orthogonal,
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as illustrated in Figure 3.1a. b. Opposite nonlinear behavior at 473 nm when the two
polarizers are parallel. c. Nonlinear behavior with thermal lamp illumination under two
different voltages and polarizer orientations. The typical direct outdoor sunlight illuminance
range is also highlighted (yellow line) [55]. d. Cumulative plot for the transmission ratio
value distribution of 360 individual TPT-LC pixels at weak (blue) and intense (red) thermal
lamp illumination at Vgq = 12 V. The transmission ratios are normalized by the reference
high transmission of the device at the corresponding test condition, Vgq = 0 V for orthogonal
polarizers and Vgq = 40 V for vertical polarizers (see Methods). The incident laser in a and
b was polarized along the polarizer (P1) direction. Data in a, b, and the glare reduction
reported in Figure 3.4 were measured on the same chip. Data in ¢ and d were collected from

another chip with slightly lower TPT resistivities.
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Figure 3.5: Additional data for solution processed MoS,. a. The as-fabricated MoS, ink with
nanosheets dispersed in IPA. b. The Raman spectra of the VDWTF, showing fingerprint
peaks of MoS,. ¢. The AFM measurement on the VDWTF. Scale bar: 1 um. d. The height

profile along the thin white cutline in ¢, with a thickness around 9.4 nm.
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Figure 3.6: Additional TPT characteriaztion. a. The transfer curve of a VDWTF field effect
transistor fabricated on silicon substrate. The device is fabricated with identical process to
the TPT, except for a lower annealing temperature at 350 . A silicon body gate modulates
the channel current through a 300-nm-thick SiO2 layer. The source-drain bias is 1 V. The
slope leads to a derived transistor mobility of 6.1 cm?/(Vs). The value is consistent in order
of magnitude with previous reported values of around 10 cm?/(Vs) [32]. b. Photoresponse
from a time sweep at 5-Hz chopping frequency. The observed rise and fall times are slower
than the actual response time due to the lower sampling rate and the slow speed of the
chopper edges as they cut through the laser beam diameter. The measurement conditions
are identical to Figure 3.2e. ¢. Output voltage change under different illumination powers
derived from the single pixel TPT photoresponse in Figure 3.2d. We assumed a perfectly
matched LC resistivity of 1 G. Both the actual LC cells and the actual TPTs integrated

with the LC cells are more resistive than this wired-out single device.
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Figure 3.7: LC modulation properties. a. Measured transmission power modulation of weak
thermal lamp light with pure LC. The transmission is normalized by its value at 0 V. b.
Extracted transmission power and phase modulation under weak light illumination. Data
from a TPT-LC device different from the main device reported in the main paper. The
device also shows a lower threshold voltage due to variations in TPT resistivity as a result
of process variation. c. Normalized transmission of a pure LC sample under weak thermal
lamp illumination at Vqq = 2.5 V. Scale bar: 0.5 mm. d. The transmission histogram of all

the image pixels in c.
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Figure 3.8: Device integration to optical systems for uniformity and glare reduction test. a.
The optical setup for the test. The optical path of white light is highlighted in yellow, and
the 473-nm laser path is highlighted in blue. The LED produces up to 1-W illumination
that is diffusely reflected by the unpolished aluminum foil as the diffuser. The reflected light
transmits through a patterned gold mask at the thickness of 100 nm as the object. Then the
pattern is imaged by the lens L1 to the image plane that overlaps with the nonlinear layer

NL. Lastly, the light passes through L2, which works as a magnifying glass to facilitate better
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capture of the image at the smartphone camera. The laser beam is reflected by mirrors M1
and M2 to the metal mask surface. We tune the M1, M2, and mask angles to collimate the
laser beam with the white light path. Since the collimated laser beam is a reflection of an
intense parallel beam on the metal surface, it is a good simulation of sun glares regularly
seen on glasses and cars on the road. b. A zoomed-in look at the metal mask. We remove the
mask during uniformity measurements, so a relatively uniform white background is directly
projected on the NL layer for transmission measurements. c. The packaged optoelectronic
neuron array sandwiched by two orthogonal polarizers. It is connected to the voltage supply
with the wires and mounted on an iris, which helps align the center of the device region to
the optical path. d. The LG G4 smartphone used to capture the image. The image capture
is set on the manual mode unless otherwise specified, with the following parameters: camera
model: LGLS991, resolution = 72 dpi, bit depth = 24, color representation = sRGB, /1.8,
exposure time = 125 ms, manually set focal length = 4 mm, ISO-800, and digital zoom =
4.6. e-g. Normalized transmission at Vgqg = 10 V (e), 16 V (f), and 22 V (g). h and i
microscope image of the broken metal wires corresponding to the upper (h) and lower (i)

malfunctioning lines in g.
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Figure 3.9: Spectra of broadband incoherent light sources. Blue: the LED spectrum, with
a center wavelength of 582nm. Red: the thermal lamp spectrum at the power level applied

during the measurement, with the center wavelength at 713 nm.
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Figure 3.10: Time-resolved glare reduction observations. a-c, three continuous frames of
Supplementary Video 1 at Vqq = 0 V, captured with fixed exposure. d-f, three continuous
frames captured at Vqq = 16 V. No dark spot was observed at the glare spot in f, suggesting

that the nonlinear neurons operate faster than the frame rate (60 Hz).
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Figure 3.11: Modeling and optimization of the optoelectronic neuron. a. The equivalent

circuit for frequency response modeling. b. Fitting of the channel at different incidental

intensities for modeling the resistivity change. c. Estimation of power consumption per unit

area at different values. Blue: electrical power consumption; orange: photon loss; green:

total power consumption.
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CHAPTER 4

Highly stretchable van der Waals thin films for

adaptable and breathable electronic membranes

4.1 Introduction

The integration of electronic systems with irregular, soft objects is of increasing importance
for many emerging technologies, including electronics for the Internet of Things and bio-
electronics for monitoring dynamic living organisms and for diagnosing and treating human
diseases in the context of personalized medicine and telehealth [1]. A robust bioelectronic
system requires intimate interaction with biological structures to perform specific opera-
tions,such as biological signal recording [2—4], amplification [5-7], and extraction [8], as well
as delivering electrical [9, 10]) or chemical stimulation [11]. Thus, the implementation of
bioelectronics hinges on a number of unusual material and device characteristics, including
electronic performance; mechanical flexibility, stretchability, or malleability to ensure con-
formal and adaptable interfaces with dynamically evolving microscopic surface topographies;
and permeability or breathability for gas and/or nutrient exchange between living organisms

and their surroundings to lessen perturbation of natural bio-functions.

Conventional hard electronic materials exhibit an intrinsic mismatch with soft biological
tissues in terms of electrical conductivity, mechanical response, permeability, and environ-
mental adaptability. Hard inorganic semiconductors can be made flexible in an ultra thin

membrane format but are barely stretchable and cannot form a conformal interface with ir-
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regular geometries with nonzero Gaussian curvatures owing to their fundamental topological
limitations [12]. The development of specifically designed deformation-tolerant structures,
such as wrinkled [13], buckled [14], waved [15], or serpentine structures [16-18], bring macro-
scopic stretchability but not microscopic conformability, because of the intrinsic microscopic
structural undulation. Organic or composite semiconductor thin films can be made stretch-
able or conformal [19] but usually exhibit insufficient electronic performance [12, 20] or

limited stability in a typical wet biological environment.

Additionally,traditional inorganic membranes or organic thin films typically exhibit lim-
ited mechanical robustness in the ultra thin freestanding format and require a polymer
le.g., polydimethylsiloxane (PDMS) and polyimide (PI)] substrate support to retain struc-
tural integrity [12]) and specific porous architecture design to achieve breathability [21]. The
polymer substrate is typically much thicker (>>1 mm) than a cell membrane (~ 10 nm), with
a large bending stiffness [22] and poor conformability and adaptability to the dynamically
evolving biological structures [23]. Inspired by van der Waals (VDW) interactions in biolog-
ical assemblies,we exploited these interactions to assemble two-dimensional(2D) nanosheets
[24-27] into freestanding VDW thin films (VDWTFs) with an excellent mechanical match
to soft biological tissues that can directly adapt to and merge with living organisms with
ultra conformal and breathable membrane-tissue interfaces. The VDWTF's feature bond-
free VDW interfaces between the staggered 2D nanosheets, opening sliding and rotation
degrees of freedom between neighboring nanosheets to endow unusual mechanical flexibility,
stretchability, and malleability. The staggered VDWTF's also feature a percolating network

of channelizes for permeability or breathability.
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4.2 Topological and mechanical limitations of a conformal inter-

face

Although the flexibility of intrinsically stiff materials (e.g., a silicon wafer or hard cardboard)
can be increased in the ultra thin membrane format (e.g., a silicon membrane or paper) [28],
stretchability is fundamentally limited by the covalent chemical bonds and barely changes
with reduced thickness [29]. Owing to intrinsic topological limitations, it is impossible to
use such flexible yet unstretchable membranes to make a confomal interface with local to-
pographies with nonzero Gaussian curvatures (e.g., wrapping a piece of paper around a pen;
Figure 4.1A) [30]. To achieve a conformal interface with irregular geometries, stretchability
is essential to allow necessary deformation to adapt to the local surface topographies. Spe-
cific polymeric materials with intermolecular slippages between polymer chains can be made
stretchable [31, 32] and adaptable to local topographies under sufficient tensile stress(e.g.,

wrapping parafilm around a pen; Figure 4.1B) [29].

To achieve a conformal interface with a stretchable membrane, external pressure is needed
to induce sufficient deformation to match the local surface topography, which results in a
contact pressure that can cause tissue deformation or damage (e.g., tightly wrapping parafilm
around a fingertip). A 3D geometric model is constructed to visualize the conformal adapting
process of a stretchable membrane on spherical topographies and to explore the evolution
of the local deformation with the contact pressure (Figure 4.1C). With increasing load, the
membrane gradually adapts to the spherical indentations, with the membrane grid stretched
and expanded to accommodate the local strain and deformation during the conformal adapt-

ing process.

We use a simplified spherical indentation model to evaluate the maximum contact pres-

sure needed for forming a conformal interface with a surface topography of a given curvature.
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The indentation strain, €, is given by

e = krcontact (41)

rcurve

where Teontact and Teyrve are the contact radius and the topography radius, respectively (Fig-
ure 4.1D), and k is a constant associated with indentation strain [33]. Overall, the contact
radius and indentation strain increase with increasing load until a conformal interface be-
tween the membrane and the hemisphere is achieved. The maximum contact pressure needed
for achieving a conformal interface is determined by the Young’s modulus and the membrane

thickness following the relationship:

1/3

w2 1—02 1-—02\? w2 1—wv2\ r3

_P2 1 2 —P 1 curvezl 42
4°(E1+E2) +8”(131 5 (42)

where PO is the maximum contact pressure; E1 and v1 are the Young’s modulus and Pois-

son’s ratio of the membrane, respectively; t is the membrane thickness; and E2 and v2 are
the Young’s modulus and Poisson’s ratio of the sphere, respectively [34, 35]. The E/(1 —
v2) is regarded as the plane-strain modulus, which is 130 kPa for human skin [36], 4 MPa
for PDMS [37], and 2.8 GPa for polyimide [22]. The difference in plane-strain modulus illus-
trates the large mechanical mismatch between human skin and the soft polymeric elastomer

or typical plastics.

Using Eqs. 1 and 2, we can calculate the maximum film thickness allowed to achieve
a conformal interface with a topography of a given rcurve under a certain contact pressure
for materials with a different plane-strain modulus (Figure 4.1E). For example, to achieve
a conformal interface with a skin topography of rcurve ~ 5 pm under a maximum contact

pressure PO of 1 kPa (the gentlest touch that a human can feel is 1 kPa) [38], the maximum
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allowed thickness is 0.3 pm for PDMS and 39 nm for polyimide. Similarly, we can also calcu-
late the maximum contact pressure needed to form a conformal interface with a given rcurve

of 5 pm for materials with a different plane-strain modulus and thickness (Figure 4.1F).

These analyses highlight that the contact pressure needed to achieve a conformal inter-
face is proportional to the Young’s modulus and thickness of the membrane and inversely
proportional to the curvature of the radius of the surface topography. Although, in principle,
the contact pressure on biological tissue can be minimized by reducing membrane thickness,
the thickness cannot be reduced indefinitely for most polymeric materials owing to the lim-
itation of the characteristic size of individual polymer chains and a precipitous decrease in
mechanical properties below a critical thickness (e.g., 25 nm) [23]. Conducting polymers
that are suitable for electronic applications usually show worse mechanical properties owing
to their specific structural properties, such as chain length, regioregularity, and degree of

polymerization.

4.3 Adaptable and breathable VDWTF's

In our design of VDWTFs (Figure 4.1G), the dangling bond—free nanosheets are staggered
butted up against each other to establish broad-area plane-to-plane VDW contacts with
minimum interfacial trapping states to ensure excellent charge transport across the inter-
sheet grain boundaries.With the bond-free VDW interactions between the nanosheets, the
VDWTFs offer a natural mechanical match to soft biological assemblies typically character-
ized by VDW interactions. When deformed, the bonding-free VDW interfaces allow nano-
sheets to slide or rotate against each other to accommodate the local tension or compres-
sion without breaking the broad-area VDW interfaces and conductive pathways (movie S1),

which is essential for achieving unusual stretchability and structural stability in the ultra thin
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freestanding format. The mechanical deformation of VDWTFs is readily transformed into
intersheet sliding or rotation to accommodate local strains and deformations and overcome
topological limitations, thus endowing exceptional malleability and adaptability to irregular
and dynamically changing surface topographies. Lastly, the VDWTFs feature a percolating
network ofchannelizes (dictated by nanosheet thickness: ~ 3 nm) winding around the stag-
gered nanosheets for gas and/or nutrient permeation, which is critical for the breathability

of bioelectronics (movie S2).

This combination of electronic and mechanical properties originates from the VDW in-
teractions among the staggered 2D nanosheets and is difficult to achieve in typical chemical
vapor deposition—grown thin films (CVDTFs) (Figure 4.1H). The electrical and mechanical
properties of CVDTFs—with their typical polycrystalline structure consisting of laterally
stitched domains—are strongly influenced by the grain size, grain orientation, shape, and
density of grain boundary defects. The stiff and strong covalent bonding within the grains
and disordered bonds at the grain boundaries of the CVDTFs (marked with red arrows in
Figure 4.1H) can result in the formation of cracks and ruptures that propagate along the
grain boundaries when they are deformed, thereby causing mechanical fragmentation and

electronic disintegration under minimal strain (movie S1).

4.4 Structural and mechanical properties of VDWTFs

Molybdenum disulfide (MoSs) nanosheet ink was prepared using an intercalation-exfoliation
process and assembled into VDWTF's using a spin coating process (see supplementary ma-
terials). Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
studies show a staggered nanosheet thin film (Figure 4.2,A and B)with an overall film thick-

ness of ~ 10 nm (Figure 4.6A). The MoS, nanosheets, with a thickness of ~ 3 nm and
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lateral dimensions ranging from less than one to several micrometers, are staggered butted
up against each other to form broad-area plane-to-plane VDW Interfaces with an average of
~ 3 to 4 nanosheets staggered in a crisscross manner in the vertical direction. The broad-area
bond-free VDW interfaces allow adjacent nanosheets to slide or rotate against each other to
accommodate local structural perturbation and reduce the strain-induced cracks and frac-
tures, thus ensuring structural integrity even in the free standing format. For example, the
continuous freestanding VDWTFs can be readily floated on water (Figure 4.2C and movie
S3), completely folded repeatedly without tearing (movie S4), and suspended over open holes
without rupturing (Figure 4.2M). In comparison, the free-standing polycrystalline CVDTFs
(Figure 4.6B) easily fragment on water (Figure 4.2D and movie S3) and are too fragile to

suspend over open holes (Figure 4.7).

The stress—strain curve of the freestanding VDWTF's shows a well-behaved linear rela-
tionship up to a tensile strain of 43% (Figure 4.2E), with a Young’s modulus (~ 47.3 MPa)
about three orders of magnitude smaller than that of bulk MoS, (~ 200 GPa). The greatly
reduced modulus indicates that the film deformation is transformed into interlayer sliding or
rotation among nanosheets rather than an intrinsic lattice expansion (Figure 4.2F). Beyond
the linear regime, the stress shows little increase with further increasing of the tensile strain
to ~ 62%, indicating that interlayer sliding or rotation gradually reaches the limit and be-
gins to initiate local rupture, which further aggravates at higher tensile strain and leads to

complete rupture at a tensile strain of > 120%.

We compared the electronic properties of the VDWTFs and CVDTFs as a function of
the applied strain (Figure 4.2G). Because CVDTFs cannot maintain macroscopic structural
integrity in the freestanding form, the measurement was done on films supported on PDMS
substrates to ensure a robust comparison. For CVDTFSs, the relative resistance exhibits a

gradual linear increase at a tensile strain of < 2.5%, followed by a steep increase beyond
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2.5%, indicating that the CVDTFSs start to macroscopically break apart. In contrast, the
VDWTFs do not exhibit a rapid resistance increase until a tensile strain of > 55%, with
a stable recoverable resistance under repeated strain cycles(Figure 4.8). When the tensile
strain is> 55%, the resistance increases sharply, indicating the formation of microscopic

cracks and substantially reduced conductive pathways.

4.5 Adaptability, wettability, and permeability of VDWTF's

We evaluated the adaptability and conformability of the VDWTFs to microscopic surface
topographies. SEM studies revealed that the VDWTFs exhibit highly conformal interfaces
with not only the microsphere (4.3-pm-diameter) arrays (Figure 4.2H )but also the isolated
single microspheres, two- or three-microsphere clusters (Figure 4.21), conformally wrapping
around the microspheres without tearing. By comparison, the CVDTFs on the same surface
topography are much less conformal and show abundant microcracks (Figure 4.2, J and K),
particularly at the high strain or stress concentration region (e.g., the foot of the micro-

spheres or the space between two adjacent microspheres).

Surface wettability is essential for ensuring proper adhesion between electronic mem-
branes and living organisms (Figure 4.2L). With abundant edge structures in individual
nano-sheet building blocks, the VDWTFs exhibit better wettability (with a water contact
angle of 40.2°) than CVDTFs (water contact angle of 76.3°), which is desirable for intimately

interfacing with wet biological tissues.

Lastly, membrane permeability or breathability is required for gas or nutrient exchange
with the environment in bioelectronic applications. Water vapor transmission studies (see

supplementary materials) reveal water vapor transmission rates of 34 and 26 mg cm ™2 -hour™*
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for the 10-nm-thick and 30-nm-thick freestanding VDWTFs, respectively, suspended over an
open hole (Figure 4.2, M and N), about six to eight times higher than the typical transepi-
dermal water loss (TEWL) rate (4.4 mg cm™2 - hour™" ) [39]. Such permeability of the
continuous VDWTF's is attributed to the staggered nano-sheet structures, with a highly in-
terconnected network of nanochannels (with the channel thickness dictated by the nanosheet

thickness: ~ 3 nm) winding around the staggered nano- sheets (movie S2).

4.6 Leaf-gate VDWTF transistors

Given their exceptional stretchability, conformability, and breathability, the VDWTF's can
directly merge with living organisms to form seamless electronic-bio hybrids.Whereas pre-
vious attempts sought to augment plant function with electroactive materials or to simply
use the plant as an unconventional supporting substrate, our approach was to transfer the
VDWTFs onto a leaf to form a leaf-gate transistor, in which the plant leaf functions as a
modulating gate and constitutes an active part of the device. We chose the Senecio man-
draliscae leaf (Figure 4.3A), which contains abundant electrolyte in mesophyll, as a model
system to study the leaf-gate transistors. For the leaf-gate transistor operations (Figure
4.3B), the VDWTF channel is contacted with serpentine-mesh Au electrodes (Figure 4.3C,
top) to prevent breaking of the Au thin-film electrodes by local strain on the rough leaf sur-
face, while an inserted tungsten probe establishes electrical contact to the electrolyte within
the leaf to form the gate electrode. The transferred VDWTFs form a highly conformal in-
terface with complete compliance, as confirmed by the optical microscopy (Figure 4.3D) and

SEM studies (Figure 4.3E).

The function of the leaf-gate transistor relies on the ionic gating effect (in the electrolyte

of the leaf gate) to modulate the electronic properties of the VDWTF's, for which the micro-
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scopically conformal interface is essential for efficient gating. The leaf-gate transistor shows
a typical n-channel transfer curve with an on/off ratio of ~ 100 (Figure 4.3, F to H). The
relatively low on/off ratio is limited by the direct leakage into the transistor channel from the
leaf gate through direct resistive coupling. With a highly conformal interface and efficient
gate coupling, the leaf-gate transistor can operate at a low operating voltage amenable to

biological systems.

4.7 Skin-gate VDWTF transistors

VDWTFs can be transferred onto human skin with a highly conformal interface to form
skingate transistors (Figure 4.9). In the skin, electrolytes help conduct electricity, regu-
late pH levels, and keep the body’s hydration system in check. The conformal integration
of VDWTFs with the skin textures (Figure 4.10, A to C) results in skin-gate transistors
in which the electrolyte in human skin effectively modulates the conduction in VDWTF's
(Figure 4.4, A and B). Proper skin-gate transistor function requires a conformal interface
with an intimate interaction between the VDWTF channel and the epidermis, in which the
epidermis can be modeled by a parallel circuit consisting of a capacitor and a resistor, and

the dermis and underlying subcutaneous tissues modeled by a resistor (Figure 4.4B).

We investigated the conformability of the freestanding VDW'TFs on a forearm skin replica
made of Ecoflex silicone rubber and compared it with the same VDWTF supported on a
1.6-pm-thick PI substrate (Figure 4.4C). The freestanding VDWTF adapts to the skin tex-
tures and makes an excellent conformal interface without apparent cracking or tearing. In
contrast, the 1.6-pm-thick PI substrate and the VDWTF with the PI substrate show much
less conformal contact, with most of the fine skin textures, such as the surface wrinkles

and pits, hidden (Figure 4.4C, right side). A profilometry height profile analysis shows that
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surface topography of the skin replica covered with the freestanding VDWTF is essentially
the same as that without the VDWTF (Figure 4.4, D and E), suggesting a fully conformal
interface. In contrast, for the area covered with the VDWTF supported by the 1.6-pm-thick
PI substrate (Figure 4.4, F and G), the surface topography is largely flattened, suggesting
that thel.6-pnm thick PI substrate is already too thick to naturally adapt to the skin textures

to form microscopically conformal interfaces.

The ability of a membrane to make a conformal interface with the surface topography can

be determined by bending stiffness (22). The effective bending stiffness (EI) for a multilayer

(EZ: hj) - hneutml] —h; [(i hj> — hneutml] (4.3)
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where hpeuirqr denotes the neutral mechanical plane; ¢ represents the ith layer of the film; h;
, E; , and v; represent the thickness, the elastic modulus, and Poisson’s ratio, respectively;
and N is the number of layers [40]. Notably, with its ultra small thickness and low elastic
modulus, the freestanding 10-nm-thick VDWTF exhibits a bending stiffness of 4.2 x 107
GPa-pm? | which is about eight orders of magnitude smaller than that of thel.6-pm-thick
VDWTEF/PI film (0.97 GPa-pum? ).

The VDWTFs transferred onto human skin show excellent natural adaptability to chang-
ing skin textures and retain conformal contact without apparent fracturing or flaking through-
out stretching, squeezing, and relaxing cycles (Figure 4.4H), highlighting the highly adapt-
able nature of the VDWTFs to dynamically evolving biological substrates. Incontrast, the

CVDTFs transferred onto human skin easily fracture and flake off when the skin is sub-
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jected to similar deformation. Figure 4.41 shows the remaining area of both films on the
skin replica versus the number of squeezing-and-stretching cycles. Because the freestanding
CVDTFs are not strong enough for processing and transferring, they are transferred onto
the skin replica with methyl methacrylate (MMA) support. After the transfer process, the
CVDTFs quickly flake off once the MMA is dissolved away with acetone vapor. The remain-
ing area instantly decreases to ~ 50% of the original area and, after 100 stretching cycles,
further decreases to 40% of the original area, with mostly fractured domains. The fracturing
and flaking are attributed to the unstable membrane-skin interface, which is associated with
their limited stretchability, conformability, and poor wettability. In contrast, the VDWTF's
show superior stretchability and conformability to the dynamically changing skin replica
with no apparent fracturing or flaking, retaining essentially 100% surface coverage after the

repeated squeezing-and-stretching cycles.

The output and transfer curves of the skin-gate VDWTF transistor demonstrate expected
transistor functions (Figure 4.4, J and K) with a low operating voltage suitable for biolog-
ical systems. Furthermore, the skin-gate VDW'TF transistor can maintain stable operation
while undergoing various mechanical deformations (Figure 4.4L), establishing a foundation

for applications in probing and amplifying electro-physiological signals.

4.8 Monitoring electrophysiological signals with skin-gate VDWTF

transistors

Given that many biopotential signals show transient responses, we have evaluated the fre-
quency response of the skin-gate transistors. The response times, 7, of the skin-gate tran-
sistors are probed by measuring the current response under a 20-ps pulse of 100-mV gate

voltage (Figure 4.5A). A response time of 7 ps is achieved by fitting experimental data with
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an exponential function(Figure 4.5B). Furthermore,the skin-gate transistors show a cut-off
frequency (at which the transconductance drops by 3 dB from its plateau value) of ~ 100
kHz (Figure 4.5C), which is sufficient for monitoring most electrophysiological signals from

the human body.

We explored the skin-gate VDWTF transistors for monitoring electrocardiography (ECG).
In this measurement, theVDWTF pad is placed on the left forearm and the gate electrode is
adhered on the symmetrical position (right forearm) (Figure 4.5D), and each VDWTF pad
works with an Ag/AgCl electrode nearby for comparison. Among the common challenges
in measuring ECG with conventional Ag/AgCl electrodes are the motion artifacts due to
sliding, inconsistent adhesion, and a mechanical mismatch at the electrode—skin interface
induced by skin deformation, leading to a greatly reduced signal-to-noise ratio (SNR), from
44.3 dB before motion (Figure 4.5E) down to 28.5 dB during motion (Figure 4.5, F and
G). With the conformal skin-gate transistors, motion artifacts are mitigated, achieving an
essentially comparable SNR of 49.8 dB before human motion (Figure 4.5E and Figure 4.11)
and 49.2 dB during human motion (Figure 4.5, F and G). With reduced motion artifacts, the
ECG signals recorded by the skin-gate transistors (red line) show clear P, QRS, and T waves,
with no abnormal deviations and relatively stable baseline during human motion(Figure 4.5,
F and G).In contrast, such fine signals are less resolvable by the Ag/AgCl electrodes (Figure
4.5G).

High-fidelity, real-time electroencephalogram (EEG) recording is important for monitor-
ing cerebral activities, studying cognitive behaviors, and developing insights into various
neurological disorders. Cerebral activities can be divided into five frequency bands: delta
wave (0 to 4Hz),theta wave(4 to 8 Hz), alpha wave(8 to 12 Hz), beta wave (12 to 30 Hz), and
gamma wave (> 30 Hz), with each frequency band associated with different mental states.

To test the ability to acquire high-quality neurophysiological signals, we placed the VDWTF
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transistor over the left side of the forehead (Fpl) according to the international 10-20 sys-
tem of EEG electrode placement (17) and recorded voltage differences relative to a reference
electrode placed over the left occipital region (O1) (Figure 4.5H). When the human subject
is relaxed with eyes closed, the EEG background is usually characterized by the posteriorly
dominant alpha rhythm (posterior dominant rhythm) with a prominent 8- to 12-Hz (alpha)
oscillation (Figure 4.5, I and J), corresponding to brain activities such as meditation and
mindfulness that can reduce stress levels. The alpha rhythm typically attenuates consider-
ably upon eye opening, as clearly seen in the spectrogram of the EEG signal measured by
the skin-gate transistor (Figure 4.5K), showing the dynamic activity of the alpha rhythm

coupled with cyclic eye closing and opening.

4.9 Conclusions

Here, we report on mechanically robust freestanding VDWTF's assembled from 2D nanosheets
for highly stretchable, adaptable, conformal, and breathable membrane electronics. The
bond-free VDW interfaces among the nanosheets enable sliding and rotating degrees of free-
dom to render extraordinary mechanical flexibility, stretchability, and malleability. The
staggered nanosheet architecture also features a percolation network of nano-channels for ex-
cellent permeability or breathability. The ultra thin freestanding VDWTF's are structurally
robust with an excellent mechanical match to soft biological tissues, naturally adapting to
microscopic topographies and directly integrating with living organisms through highly con-
formal interfaces, endowing living organisms with electronic functions. The VDWTFs can
thus function as versatile electronic membranes that actively adapt to the environment while
retaining sufficient electronic performance for sensing,signal amplification, processing, and

communication.
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4.10 Materials and Methods

4.10.1 Preparation of VDWTFs

The MoS, /isopropanol (IPA) ink solution was prepared using a molecular intercalation/exfoliation
method [25, 26], which involved a two-electrode electrochemical cell with a thin piece of
cleaved MoS, crystal (molybdenite) as the cathode, graphite rod as the anode, and tetra-
heptylammonium bromide (THAB, 98% from TCI) dissolved in acetonitrile (40 ml; 5 mg
ml ™~ 'or higher) as the electrolyte. During the intercalation process, a negative voltage (5—10
V) was applied to the MoS, (cathode) for 1 hour to insert the positively charged THA+
into the crystal and result in fluffy bulk material, which was rinsed with absolute ethanol
and sonicated in 40 ml 0.2 M PVP/DMF solution (PVP: molecular weight of about 40,000,
Sigma-Aldrich) for 30 mins to obtain a greenish nanosheet dispersion. The dispersion was
subsequently centrifuged and washed with isopropanol (IPA) twice to remove excessive PVP.
The final dispersion in IPA was centrifuged at 1,000 rpm for 3 min and precipitates were
discarded to remove large chunks or other impurities. The MoS, /IPA ink with the peak
absorbance of 0.70 at around 440 nm was spin-coated three times on the oxygen plasma
pre-treated SiO,/Si substrate at a speed of 2000 rpm for 20 s to achieve ~ 10-nm-thick
VDWTFs. Thicker VDWTFs up to 30 nm can be obtained by increasing the number of
repeated spin-coating cycles. Thermal annealing treatments (300 °C) were performed be-
fore patterning VDWTFs and defining the top-contact electrodes for the completion of the
VDWTF transistor fabrication. When desired for specific applications, the annealing tem-
perature may be varied to achieve VDWTF devices with different conductivity and gating
effect. A lower annealing temperature typically leads to a higher conductivity but a smaller

gating effect.
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4.10.2 Transfer process of freestanding VDWTF

We prepared patterned VDWTF transistors with 50-nm-thick Au electrodes on SiO5/Si sub-
strates by using standard photolithography, drying etching, and high-vacuum electron-beam
evaporation. Next, a 50-nm-thick MMA layer (MMA (8.5) MAA EL9, MICROCHEM) was
spin-coated on top of the VDWTFs and baked at 180 °C for 2 mins to serve as the supporting
layer during substrate etching. After KOH etching at 120 °C for 20—60 mins, the VDWTFs
were separated from SiOy/Si substrates and then can be released to the DI water. After ace-
tone vapor etching for 1 minute to remove the MMA layer, the freestanding VDWTF's were
obtained, which can be transferred to various substrates (e.g., plant leaves or human skins)
(Figure 4.9). The electrical property studies showed that the as-prepared VDWTFs and
transferred VDWTFs show a similar carrier mobility distribution (Figure 4.12), indicating
there is no noticeable degradation of the electronic performance with the transfer process.
We used the ImagelJ software to determine the remaining area of both the VDWTFs and

CVDTFs on the skin replica under cyclic stretching test.

4.10.3 Preparation of CVDTFs

The MoOj with a desired thickness (15 nm) was deposited on the SiOy/Si substrate by
electron- beam evaporation. The as-deposited MoO3 was annealed at 400 °C for 20 min
to form a@-MoQO3. Then the MoOs; thin film was sulfurized at 500 °C for 20 min. After
sulfurization, a 20 min annealing at 900 °C in the sulfur vapor was performed to improve
the crystallinity of the MoS,. The obtained CVDTF (polycrystalline MoS, thin film) was

approximately 10 nm thick.
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4.10.4 Water vapor transmission rate test

This test procedure was based on a modified ASTM E96 standard (standard test methods
for water vapor transmission of materials) [21]. Glass vials (VWR, USA), filled with 1 ml
distilled water, were sealed by the VDW'TF's, thread seal tape and polyimide tape with a
single hole that enables VDWTF suspended on it. The sealed bottles were then placed
into an environmental chamber with relative humidity 30 + 10% at 35 °C. The experiment
with an open bottle was conducted to evaluate the water evaporation rate in this chamber
environment, and with a closed bottle to determine the effect of bottle itself on the measure-
ment. The total mass of the bottles together with the samples was measured periodically.
The reduced mass, corresponding to the evaporated water, was then divided by the exposed

area (1 mm in diameter) to derive the water vapor transmission rate.

4.10.5 Tensile tests for the freestanding VDWTF

Tensile tests for the freestanding VDWTFs were carried out using a Mark-10 7 series test-
ing machine. The VDWTFs supported by drilled polypropylene films (2.0x1.5 cm? aper-
ture) were mounted on the tensile grips. The stress-strain measurements of the freestanding
VDWTFs were performed after clipping off the polypropylene support to leave the freestand-
ing VDWTFs alone.

4.10.6 The basic transistor test, frequency response, ECG and EEG measure-

ment

The polyurethane adhesive tapes with serpentine-layout Au electrodes were prepared to
serve as tattoo electrodes assisting the on-body measurements with VDWTF transistors.

The VDWTF transistors used for gate pulse and cut-off frequency measurements have a
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channel width of 110 pm and a channel length of 5 ym. A function generator (Agilent
33220A) was used to add a low amplitude (0—0.1 V) oscillation on gate, and the small
signal transconductance was determined by the amplitude ratio between the drain current
oscillations and the corresponding input square wave (duty ratio=1:1). The transistor char-
acteristics were measured using Keysight B2901A. The gate pulse, ECG, and EEG signals
were recorded with Agilent DSO3202A Oscilloscope, PLUX device and Arduino board us-
ing compatible software developed by our lab (1000 Hz sampling rate for ECG and EEG
recording with the test time more than 2 mins). To compare the existing sensor technology
(e.g., the standard Ag/AgCl-electrode) and measure the frequency response accurately, the
drain current is converted to a voltage output by placing a load resistance in series. The
on-body measurements were performed in compliance with all the ethical regulations under
the Institutional Review Board (IRB) protocol (ID: IRB# 20-001882) at the University of
California, Los Angeles. All participating subjects belonged to the University of California,

Los Angeles and were provided informed consent for the participation in the study.

4.11 Supplementary Text

4.11.1 Calculation of conformal contacting process
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A contact mechanics model is used to demonstrate the conformal contacting process of spher-

ical indentation, and analyze the force vs. contact radius plots in the following form [34]:

1
9F2  [1—0v2 1—0u2\*\" 3a2(1—02)F
d = 1 2 I Sl el 4.5
< 16Tcurve ( E1 + E2 ) + 47TE1 t3 ( )

where F' is the force, a is half of the side length of the film, 7.,... is the sphere radius, d is

the depth of indentation and ¢ is the film thickness, F; , Ey are the Young’s modulus and
upsilony, upsilony are the Poisson’s ratios associated with each body. The E/(1 — v?) is
regarded as plane-strain modulus. The maximum contact pressure P in the contact me-
chanics model is defined as [35]:
3F
Py=——>F-—- (4.6)

2
27Trcantact

4.11.2 SNR calculation for ECG signals

To calculate the SNR, the power spectral density (PSD) is first obtained using the Welch’s
method in MATLAB 2019b (3). The parameters for the pwelch function are chosen to be a
1000-point Hanning window (i.e., our sampling frequency) and a 50% overlap. Considering
the frequency 15 range of interest for ECG signals is typically below 100—120 Hz (Figure
4.11), the region below 100 Hz is chosen to represent our signal in the SNR calculation and
the power is summed over those frequencies and normalized to be in units of dB. The noise
is averaged from the region shown in black (400—500 Hz) (Figure 4.11) and this frequency
range is chosen because it is obviously in the noise floor. The following formula is used to

convert the ratio of the signal and noise to power in dB:

Fs
SNR =10 x log,g—2 (4.7)

(n

where P, is the power of the ECG signal and P, is the power of the noise. This approach
for calculating the SNR is used for the signals shown in Figure 4.5E. It should be noted that
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if the noise is averaged across all frequencies greater than our signal of interest (i.e., > 100

Hz) instead of the 400—500 Hz range, the SNR values changes negligibly.

4.11.3 SNR calculation for ECG signals under human motion

The SNRs of the signals shown in Figure 4.5F are calculated using a different approach since
these signals had obvious motion artifacts that needed to be isolated and considered as noise
in the SNR calculation (3). The approach to isolating the artifact is: the raw signal is filtered
to remove most ECG signals while keeping the artifacts without too much attenuation. To
completely reject the unwanted frequencies and obtain uniform sensitivity for the wanted
frequencies, all the following filters utilized Butterworth filters. The raw signal is filtered
with a 1% order lowpass filter with a 3 Hz cut-off frequency, and this will be referred to as
the motion artifact signal. Simultaneously, the raw signal is filtered to isolate the noise level
with a 1st order bandpass filter with cut-off frequencies of 400 and 500 Hz, and this will
be referred to as the noise signal. This value is chosen to match the noise range utilized
in the previous SNR calculations. For only the time duration for which the motion artifact
occurred, the artifact is taken from the motion artifact signal and inserted into the noise
signal by the addition of the corresponding samples in time. To calculate the SNR, the
root-mean-square (RMS) values of the signal (with motion artifacts and noise removed) and

the rms values of the noise is divided and the following formula was utilized:

‘/;“ms S
SNR = 20 x log;q—2:) (4.8)

rms(n)

where Vis(s) and Vipsm) are the rms values of the signal (with motion artifacts and noise

removed) and noise, respectively.
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4.12 Figures and Legends
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Figure 4.1: Conceptual comparison of unstretchable and stretchable membranes. (A and
B) Mlustrations showing the wrapping of a piece of (A) unstretchable and (B) stretchable
membrane around a pen. (C) Illustrations showing stretchable membranes with grid lines
gradually conforming to a curved surface topography. (D) Diagram of a spherical indentation
model and relevant parameters. (E and F) Contour maps showing the relationship between
plane-strain modulus, film thickness, and (E) contact radius at a contact pressure of 1 kPa
or (F) maximum contact pressure for a contact radius of 5um, highlighting that reducing

thickness and plane-strain modulus favors a conformal interface. (G and H) Schematic
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diagram of (G) VDWTFs and (H) CVDTF's before and after stretching.
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Figure 4.2: Material characteristics of VDWTFs and CVDTFs. (A) SEM and (B) TEM

images showing VDWTFs assembled from staggered 2D nanosheets. (C and D) Photo-
graph of the (C) VDWTFs and (D) CVDTFs floating on water. (E) Stress—strain curve of

a freestanding VDWTF. Tensile loads cause 2D nanosheets in VDWTFs to slide or rotate

against each other, resulting in unusual stretchability.(F)Photographsofthe VDWTF at dif-
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ferent tensile strains. (G) Resistance-strain curve of the VDWTEF and CVDTF on a PDMS
substrate. (H to K) SEM images showing the contact interface between the 4.3- pm-diameter
silica microspheres of different configurations with [(H) and (I)] VDWTFs or [(J) and (K)]
CVDTFs. Scale bars, 2 pm. (L) Water contact angles of a VDWTF (top) and a CVDTF
(bottom). (M) Optical micrographs of a VDWTF suspended over a polyimide substrate
with circular holes, confirming structural robustness of the freestanding VDWTFs. (N) Wa-
ter vapor transmission through VDWTFs of different thickness versus transepidermal water
loss (TEWL). See the supplementary materials for a description of the “open bottle” and

“closed bottle” conditions.
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Figure 4.3: Leaf-gate VDWTF transistors. (A) Diagram of a Senecio mandraliscae leaf. (B)
Cross-sectional view of the leaf-gate transistor with Au source and drain electrodes (“S” and
“D,” respectively) and an inserted tungsten gate electrode (“G”). (C) Schematic illustration
(top; leaf, light green; VDWTEF, dark green; Au electrodes, yellow; tungsten probe, black
dot) and photograph of the leaf-gate transistor (bottom). (D) Optical image of a VDWTF
with serpentine Au electrodes transferred onto the plant leaf. (E) Colorized SEM image of
the VDWTF on the leaf. (F) Output characteristics of a leaf-gate transistor. Vg, , drain-
source voltage; lgs , drain-source current. (G and H) Transfer curves with (G) linear and

ogarithmic axis. , gate voltage.
H) 1 ithmi is. Vg 1
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Figure 4.4: Skin-gate VDWTF transistors. (A) The structure of human skin
of a skin-gate VDWTF transistor with Au source and drain electrodes and an iron rod gate
electrode held by a human subject. (C) Photograph of the freestanding VDWTF on a replica
of human skin (left) and the VDWTF supported by a 1.6- pm-thick polyimide substrate on

a replica of human skin (right). (D to G) Height profiles corresponding to the line scan in
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different areas of (C). (H) Skin- gate VDWTF transistor on human skin under different types
of mechanical deformation. (I) Remaining area of VDWTFs and CVDTFs on skin replicas
as a function of stretching cycles (10% tensile strain). Scale bars, 2 mm. (J) Output and
(K) transfer curves of a skin-gate VDWTF transistor. (L) Transfer curves under different

types of deformation.
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Figure 4.5: Skin-gate VDWTF transistors for monitoring transient skin potentials. (A)
Relative drain current (Algs ) of a skin-gate VDWTF transistor stimulated by 5 kHz 0.1-V
20-ps-wide gate pulses at a Vgs of 0.1 V. (B) The response time of the skin-gate VDWTF
transistor to a square gate pulse (blue dashed line). (C) Normalized transconductance at
various frequencies. (D) Schematic diagram of the ECG measurement with a Vg, of 0.5
V and a V, of 0.5 V. (E and F) The ECG signals measured by the skin-gate transistor
(red line) and Ag/AgCl electrode (black line) (E) before and (F) during human exercise.
a.u., arbitrary units. (G) Zoomed-in view of boxed portion in (F), showing clear P, QRS,
and T waves from the skin-gate transistor but only a QRS wave and motion artifacts from
the Ag/AgCl electrodes. (H) Schematic diagram of the EEG measurement. (I) Recorded
EEG signals using a skin-gate transistor when a human subject was engaged in two mental

states (closed eyes and open eyes). Eye blink artifacts are also visible. (J) Fast Fourier
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transform (FFT)-processed frequency distributions of the EEG signals in (I). (K) Time-

frequency spectrograms of the EEG signals recorded during cyclic eye closing and opening,

showing dynamic activity of the alpha rhythm at ~ 10 Hz.

A

100 nm B 100 nm

-100 nm -100 nm
C
15}
. JAANEN _
€10 hadhad £ 10f
£ £
5 5 S 5
[} [}
T T
Ok - 0OF
o 1 2 3 0 1 2 3
Position (um) Position (um)

Figure 4.6: The AFM images and height profiles of CVDTF and VDWTF. (A-B) AFM

images of (A) CVDTF and (B) VDWTEF. (C-D) Height profiles showing the thickness of (C)
CVDTF and (D) VDWTEF.
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Figure 4.7: Optical image of a CVDTF transferred over a single hole (1 mm in diameter,

polyimide substrate) showing complete rupture.
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Figure 4.8: Cyclic stability of the VDWTF supported on PDMS substrate under repeated
tensile strain cycles of 10%, 20% and 30% for 120 cycles. The results illustrate that there
is < 4% degradation in Izs of VDWTEF after 120 cyclic stretching cycles with 10% applied
strain. When the applied strain is increased to 20% and 30%, the Is of VDWTF decreases
to about 84% of its initial state during first 90 stretching cycles, and then remains about

84% from 90 to 120 cycles.
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Figure 4.9: Transfer process and photographs of the skin-gate VDWTF transistor. (A)
Photographs of the VDWTF and Au electrodes deposited on a SiOy substrate, (B) floating
on the water with a layer of 50-nm-thick MMA, (C) without MMA layer (MMA dissolved

by acetone vapor) and (D) transferred onto human skin.
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Figure 4.10: Optical microscopy images of skin-gate VDWTF transistors on skin replica. (A)

Optical image of bare human skin replica, (B) VDWTF on skin replica, and (C) VDWTF

with serpentine-mesh-layout Au electrodes on skin replicas.
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Figure 4.11: (A) Power spectral density of ECG signals obtained using skin-gate VDWTF

transistors and (B) that in decibels (dB). The frequency range of ECG signals is typically

below 100 Hz, thus the region below 100 Hz (red region in B) is chosen to represent our

signal in the SNR calculation. The noise is averaged from the noise floor region in 400—500

Hz (black region in B)
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Figure 4.12: The device mobility distributions. (A) The histogram of the carrier mobil-
ity values for 20 individual transistors fabricated from the as-prepared VDWTFs. (B) The
histogram of the carrier mobility values for 20 individual transistors fabricated from the
transferred VDWTFs. The as—prepared and transferred VDWTFs show comparable elec-

tronic properties.
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Movie S1 — S4 url:
www.science.org/doi/suppl/10.1126 /science.abl8941 /suppl_file/science.abl8941_movies_s1_to_s4.zip
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CHAPTER 5

From van der Waals thin film to intergrated system

5.1 Introduction

Integrated systems with the ability to instantaneously monitor the bio signals of living or-
ganisms is of increasing interest for many emerging applications like diagnosing and treating
human diseases [1]. A rubust system that should be able to accurately measure the signals,
process the signal and transmit the necessary information to patients. Therefore this kind
of device comes with a package of different elements with designated functions. First, the
system should have a rubust sensor which can fit the arbitrary featured surfaces of the bio
targets and measure the signal with a high signal to noise ratio. Second, the detected signal
should be processed on site, including screen out the noise, and deliver the information to
patient instantaneously. Third, the whole system needs to be isolated and has its own power
supply system as the out wiring makes the system bulky and inconvenient to be carried
with humans. Also too many wiring will cause unwanted noise from the connections parts.
Therefore the ideal solution is to have a small portable device with power supply and wireless

communication system that are connected to the sensor.

5.2 Integration of the devices

Previsously we introduced van der Waals thin film (VDWTF) as a great candidate for flex-

ible electronics as it has a great flexibility and can match with any arbitrary featured bio
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target surfaces. Also the van der Waals between flakes inside the thin film allows the flakes
to slide with each other to compensate the stress generated during motions. Therefore we
have a high performance sensor for the purpose of on site signal measurements. However,
just a sensor part is not enough for the whole system. The thin film itself can match with
the arbitrary surface and tolerate the motion artifacts, but the wiring part of the whole
device are usually made with more rigid materials to support the metal wires as the metals
are not conformal and robust like the thin film and therefore need substrates to hold their
integrity. And this will make the wiring more rigid compared with the thin film part, even
with polymer substrate, and thus the wiring part will be much easier to detach from the
target and lead to a disconnection between inside the sensor. Moreover, during the motion of
the target, the rigid parts can easily scratch the soft VDWTF and cause permanent damage
to the device. As a result, we cannot directly connect the thin film sensor with the metal

wiring part and need a joint part.

This joint materials have several requirements. First, the joint needs to be electrically
conductive enough so the voltage will be mainly applied on the sensor and targets, also the
joint should form ohmic contact with both the metal wires and the thin film. Second, the
joint should be able to tolerate the motion artifacts and maintain its connections mechani-
cally and electrically. Third, the materials should have long lifetime and can not be toxic to
the target. In general this joint part should be conductive, sticky and harmless. And based

on these requirements we have tried several candidates.

The first one is liquid metal and alloy, which is germanium and its alloys. Ge is a metal
so the electric conductivity is very high, which can perfectly meet the first requirement. Also
it is a liquid so it can tolerate any deformation and still maintain its conductivity. But Ge
can form alloys with many metals and materials including gold, which is used for our wires,

and also our thin film materials, which means Ge is corrosive to our device. The second one
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we tried is a mixture of graphite and syrup. The syrup is further heated up to evaporate the
redundant water, so it is very sticky and can maintain the connection between the wire and
thin film. But it is still a fluid so it can release the stress in motion. The graphite is small
conductive particles and with certain concentrations it can form a mesh inside the syrup to
support electron transport. However, this syrup is more resistive than metallic materials as
the connection in the graphite mesh is still a point to point connection between each particles
and thus conductivity is lower than metal. And this high resistance will draw more voltage

to it and generate a lots of noise.

A potential solution is self-adhesive styrene-ethylene-butylene-styrene (SEBS) [2] ther-
moplastic elastomer coated with gold particles. The SEBS is self-adhesive so it can attach to
the surface of thin film and electrodes and maintain the connection during motions. Also this
type of polymers has certain viscosity and can change it shape under external perturbation.
Therefore it can tolerate motion by release the extra stress. Moreover the gold particles
are embedded on the surface so they will maintain the position under deformation and thus

provide a good conductivity.

The solution of the connection part between the thin film sensor and the wires is just a
start. The whole system has many parts with different functions. A typical integrated system
is shown in Fig. 5.1 [3]. This device is used to measure the ECG signal from the target and
transfer the signal to a cell phone app to instantaneous monitor the health of patient. The
sensor on this device is a commercial ECG front end and is embedded into a flexible PCB,
which is much simpler to build. Our system actually requires a transfer or spray process to
coat our thin film sensor on to the target as the sensor is too thin to be handled with other
bulky parts of the system. Then we need to make the connection between our sensor and
the wires with additional joint materials. The rest parts could be easier because the signal

process and transmission part can be located on comparatively stable part on muscles like
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arms or chests so these parts would not experience many motion artifacts. We can put the
sensor on the targets and use a conduit to connect the sensor with the rest parts and in this
way only the sensor and the joints need to endure the motions which could reduce the work
for the whole design. We need a motion free sensor because most of the valuable signals
we can probe on human body are from the parts with less muscles and are close to vessels.
And these parts are usually the joint between bonds like wrists. But those parts are also
the flexible parts on body and can easily move. So it is important to have a robust sensor

to detect the signal from these parts.

5.3 Current Process: Cuflfless Blood Pressure Measurement

Conventional measurement of blood pressure requires a cuff to exert external pressure over
human body to measure the really pressure. This method is accurate but bulky. A cuffless
way is to measure other signals which are correlated with the blood pulse go through hu-
man body and then derive the really blood pressure. As shown in Fig 5.2 and Fig 5.3 [2],
when the blood pulse go through forearm, it will generate a small change in the impedance
of the tissue and blood. And thus by measuring the impedance change we can derive the
blood pressure from it. However, the capacitance of human skin is very high and therefore
the change in the total impedance is comparatively low (Fig 5.3B). To extract this signal
precisely, a AC voltage is applied over the forearm to overcome the high capacitance and in

this way we can measure the small change of impedance.

Our design is to use our VDWTF as pads to extract electric signal from forearm. And as
the VDWTF is extremely conformal to human skin, we can get a very high signal to noise ra-
tio. As shown in Fig 5.4, we use a syrup mixed graphite to temporarily solve the connection

problem mentioned above and use a 4 probe measurement to measure the impedance change
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in human forearm when blood pulse pass through. The results show waveforms similar to
the reported ones (Fig 5.3C and D), but there are still noises. Those noises come from the
connection parts between the electrodes and the measuring equipment. So in the following
steps, our main focus is solving the connection problem and build an integrated system from
the VDWTF pads to the power supply and signal process part, which can further reduce the
noise. And with those we can build up a imperceptible health monitoring system over body
surface with a very high SNR to accurately measure bio signals and provide instantaneous

feedback.

5.4 Future of Thin Film Sensor

In the next steps, we need to solve the contact issue between the ultra thin VDWTF sensor
and improve the whole packaging of the system to have better signal and more robust
device. After that, we have to shrink the whole setup onto integrated circuits, which can be
portable with target in daily life and can transfer the signal wireless to cell phone or personal
computers for analysis and health monitoring. Moreover, an integrated system will further
reduce the noise. And this step needs collaboration with other departments like electronic
engineering. Also, the measured data need to be analysed by medical experts. With those
we can develop a breathable and imperceptible on skin platform for health monitoring and

medical study.
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5.5 Figures and Legends
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Figure 5.1: Diagram of a typical on site cardiac sensor with wireless communication and

power supply|[3]
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CHAPTER 6

Chapter 2 Supplement: Robust Flexible Pressure
Sensors Made from Conductive Micropyramids for

Manipulation Tasks

6.1 Introduction

Electronic skin (E-skin) has attracted considerable attention for the emerging fields of pros-
thesis, robotics and artificial intelligence (AI) [1-14]. As a key part of E-skin, flexible pressure
sensors mimicking the characteristics of slow-adapting type I (SA-I) mechanoreceptors are
highly desirable [3, 8-13], which is essential not only for detecting subtle static pressures in
the low pressure range (< 10 kPa), but also for ensuring precise and stable control of static
pressures to accomplish manipulation tasks in the medium-pressure range (10—100 kPa).
Thus, it requires pressure sensors operating in a relative wide dynamic range with high
sensitivity, fast response time, sufficient robustness, low operating voltage, low power con-
sumption, and highly uniform sensitive components in microscale. Moreover, linear pressure
response and low hysteresis are also highly desirable for avoiding complex data process-
ing.1,10 Currently, various types of flexible pressure sensors, including resistive [5, 11-27],
capacitive [4, 9, 28-33], piezoelectric [34-37], and triboelectric [38-44], have been explored.
Capacitive pressure sensors generally contain a deformable dielectric in which the deforma-
tion of the dielectric induced by applied pressures leads to the change of the capacitance.
Typically, thinner dielectrics and/or dielectrics with higher dielectric constant could provide

higher sensitivity and larger signal-to-noise ratio, but often at a sacrifice of the mechanical
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and/or electrical robustness [4, 9, 28-33]. Resistive pressure sensors, which can transduce an
applied pressure into the variation of resistance, featuring a simple structure, simple read-
out circuits, and an ability to detect static pressures, are attractive for the applications in

manipulative tasks [6, 10-13].

By creating microstructures within the sensitive layers can lead to improved compress-
ibility and reduced viscoelasticity, and offer an effective strategy to enhance sensitivity and
reduce response time of the capacitive or resistive based pressure sensors[9, 17]. For example,
a typical irregular microstructure-random roughness surface—has been used to improve the
sensitivity of the resistive pressure sensors. Nevertheless, the pressure response generally
reaches saturation at ~ 10 kPa [21, 45]. Although the design of porous microstructure has
enabled resistive pressure sensors in a wide pressure range (0—100 kPa) with linear response,
the response/relaxation time is typically slow (on the order of several seconds) [24]. Addi-
tionally, such irregular microstructures are generally difficult to precisely tune the properties
of this type of pressure sensors to meet specific requirements and the low-degree of unifor-
mity of the irregular patterns may limit their application in high-resolution pressure sensing

arrays.

Unlike the irregular one, the regular microstructures, such as pyramids [12, 13, 17, 18,
46, 47], domes [19, 20], and pillars [48], are highly uniform and tunable by the spatial ar-
rangement of the microsctructures, and offer a designable approach to pressure sensors with
desired properties. Previously, the approach of coating a very thin conductive layer on the
micro-pyramidal surface (e.g., conductive polymers [18], reduced graphene oxides [17], silver
nanowires [46], and CNTs [47]) has been employed in resistive pressure sensors to improve
the sensitivity. However, the optimum pressure sensing range reported in these studies is
generally limited in low-pressure range (~ 8 kPa [18], ~ 1 kPa [17, 46, 47]). In addition, the

very thin conductive layer may be vulnerable to cracks and abrasions in repeated pressure
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cycles, resulting in limited mechanical robustness. To this end, the micro-pyramidal pres-
sure sensor based on a relative complex conductive composite (CNT-P3HT-polyurethane)
has been reported to achieve a larger pressure range up to ~ 80 kPa.[12, 13] However, the
pressure response shows severe hysteresis and even could be irrecoverable under high pres-
sure (~ 100 kPa), which may limit their practical applicability in manipulative tasks. Thus,
it remains a significant challenge to obtain sensitive and robust flexible pressure sensors with

fast response time, linear response, and low hysteresis for manipulation tasks.

Herein we report a straightforward approach to highly sensitive and robust flexible pres-
sure sensors with fast response time and low operating voltage based on conductive micropy-
ramids made of polydimethylsiloxane/carbon nanotube (PDMS/CNT) composite. Numeri-
cal simulations are preformed to systemically examine the pressure sensing characteristics as
a function of the spatial arrangement of pyramids to achieve an optimal design for manipula-
tion tasks. We show that the pressure sensing properties of our design can be readily tuned
by the spatial arrangement of pyramids and the trends can be well predicted by numerical
simulations, and reveal that the pressure sensors with the 1:1 ratio between the spacing and
the pyramidal base length show high sensitivity in both low- (< 10 kPa, more than two-
three orders current change) and medium- (10—100 kPa with a sensitivity of ~ 0.34—1 kPa)
pressure regimes, fast response time (48 ms at the pressure of ~ 20 kPa), high mechanical
robustness (more than 100 N, compared with the previous report of ~ 10 N[12, 13]), low op-
erating voltage (100 pV, compared with > 10 mV in previous reports [18, 19, 24-27]) and low
power consumption, along with linear response and low hysteresis in the medium-pressure
regime. To demonstrate the potential application in E-skin, the optimized pressure sensor is
further used to construct a wearable pressure sensing system that can convert the pressure
amplitude signals into wirelessly transmittable frequency signals (spikes) with nearly lin-
ear response, closely mimicking SA-I mechanoreceptors. Taking a step further, a large-area

pressure sensing array platform is developed to realize spatially resolved pressure mapping
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in real time.

6.2 Result and Discussion

6.2.1 Wearable pressure sensing system.

The flexible resistive pressure sensor is constructed by laminating a thin layer of conduc-
tive micro-pyramidal film made of PDMS/CNT composite (~ 150-pm-thick) on a patterned
50-pm-thick PT film with interdigitated electrodes (Cr/Au 20/50 nm), in which the conduc-
tive micro-pyramidal film bridges the interdigitated electrodes to form a resistive network
(Figure 6.1a). An applied pressure depresses the tips of the conductive micro-pyramid and
increases the contact area between the micro-pyramid and the interdigitated electrodes to
reduce the overall resistance. The microstructured conductive film (Figure 6.1b) is fabricated
by drop casting PDMS/CNT solution (Figure 6.6a) in a prefabricated silicon mould. Raman
spectrum of the comparison between the conductive film made of PDMS/CNT composite
and the pure PDMS film indicates that CNTs are successfully blended in PDMS substrate
(Figure 6.6b). The scanning electron microscope (SEM) image of the microstructured layer
shows the micropyramids are highly uniform (Figure 6.1b), which is important for construct-
ing large-area pressure-sensing array for spatially resolved pressure mapping. Such pressure
sensor and pressure sensing array are wearable and could be conformably attached to human
skin by virtue of the intrinsic flexibility of the conductive micro-pyramidal film (Figure 6.1c,
d). It is noted that the conformability of the device could be further improved [49, 50] by
reducing the thickness of PDMS/CNT film to < 100 pm and the thickness of PI film down
to several microns without fundamentally affecting the working principle of our design. The

detailed fabrication processes are further discussed in method section.

The flexible resistive pressure sensors are next combined with neuron model and wireless
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communication to serve as a wearable pressure sensing system to mimic SA-I mechanore-
ceptors for manipulation tasks. In this system, the pressure sensor transduces the pressure
information into the electrical amplitude signals, which are next converted into frequency
signals (spikes) by neuron model in real time. Finally, the frequency signals can be wirelessly
transmitted to interface with central processors for Al robots or nerve systems for amputees.
Furthermore, with the high uniformity and scalability, the pressure sensors can be configured

into large-area pressure sensor array for spatially resolved pressure mapping (Figure 6.1e).

6.2.2 Evaluation of the pressure sensors.

Our resistive pressure sensor can transduce an applied pressure into the variation of resistance
from the deformable conductive micro-pyramidal film made of PDMS/CNT composite, as
schematically illustrated in Figure 6.1a. The resistance of the pressure sensor can be divided
into two parts in series, the resistance of pyramidal microstructure that contacts with the
interdigitated electrodes (Rc) and the bulk (unstructured layer) resistance (Rb) connecting
the two terminals to form the current flow. The bulk resistance Rb changes little under
pressure due to the less compressibility of the unstructured layer compared to the pyramidal
microstructure. Indeed, the mechanical simulation confirms that the applied stress is con-
centrated at the pyramid tips where the most part of deformation occurs (Figure 6.2a, b).
Therefore, we focus on the analysis of the resistance of pyramidal microstructure in contact

with the interdigitated electrodes (Rc), which can be expressed as

le

where p,. is the resistivity of the conductive film made of PDMS/CNT composite, [, is the

height of pyramid, S, is the contact area between the pyramid tips and the interdigitated

electrodes.
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As the applied pressure increases, the pyramid height [. decreases and result in the large
increase of the contact area S. (Figure 6.2a, b), which leads to a decrease of the contact
resistance R, based on equation (1) and an increase of current flow through the device. The
simplified series resistance model is further used to evaluate and compare the current change
under applied pressures in our design with conductive composite and previous design with
a very thin layer of surface coating. For the microstructured resistive pressure sensors, the
current flow I can be expressed as] = V/(R. + R;), where V is the applied voltage. Since
the deformation is largely occurring nearly the contact region, R, can be approximated as a

constant under different pressures. Then the current change Al can be described as

v V AR
Al=—— AR.=— ¢
(1+ Ry/R.)? R?

(Rc + Rb)2
It is clear from equation (2) that the absolute current change Al is proportional to the

(6.2)

change in contact resistance AR./R? and inversely proportional to the bulk/contact resis-
tance ratio of R,/R.. Considering that the charge transport through the bulk volume in
our conductive composite, the R,/R. is likely always smaller than previous design through
surface coating in which charge transport through surface layer only. Therefore, our design
with bulk conductive composite can lead to larger signal in current change and thus higher
sensitivity (Figure 6.7a, b). The numerical simulations confirm that our micro-pyramids
made of PDMS/CNT composite with bulk volume conductivity could produce much larger
current flow compared with the design with a very thin layer of conductive coating on the
microstructured PDMS substrate under the same pressure (Figure 6.2¢, d and Figure 6.7c),
and as a result, the normalized current change Al/Iy of our design made of conductive com-
posite is larger than that of previous design under a broad strain range (0—60%), which is
approximately corresponding to both the low- and medium-pressure regimes (Figure 6.7d).
Moreover, it is noted that the stress concentrated at the pyramid tips reduces the distance
between CNT networks within PDMS/CNT composite (Figure 6.2¢, f), which could form

more conductive paths, leading to a decrease of the volume resistivity p.. Consequently, it
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could further enhance the increase of current flow. From the above analysis, our pressure
sensors based on conductive PDMS/CNT composite could provide higher sensitivity in a
wide pressure range than the previous design with a very thin layer of conductive surface
coating. It is noted that the above analysis could be also applicable to other microstructures,
such as random roughness surface, and represents a general strategy for the design of the

microstructured resistive-pressure sensors.

6.2.3 Properties of the pressure sensors.

For the pressure sensors with the micro-pyramidal microstructures, the pressure sensing
properties can be readily tuned by the spatial arrangement of pyramids, such as the spacing
and the pyramidal base length, which governs the compressibility of the pressure sensors.
To predict the trends of the sensing performance and to guide the specific design for ma-
nipulative tasks, we have conducted mechanical simulation to evaluate the compressibility
as a function of the spatial arrangement of pyramids. Figure 6.3a shows the representative
simulation results with the same pyramidal base length of 12 pm and the increasing spac-
ings of 3 pm, 6 pm, 12 pm, and 24 pm, respectively. In all scenarios, the stress and the
deformation are concentrated at the tips of pyramids, confirming the pyramids dominate
the compressibility. As the spacing increases, the pyramids deform more and lead to larger
contact area under the same pressure (100 kPa) due to the decrease of the effective Young’s
modulus from the reduced pyramid density, which results in higher sensitivity. However, the
ease to large deformation in the micro-pyramidal structure with larger spacing may cause

the earlier saturation in large pressures.

The quantitative simulation results (Figure 6.8a) confirm that the larger spacing leads to
steeper slope of the strain of pyramids, namely, higher sensitivity in the low-pressure range

(< 10 kPa), but it is also more easily to reach the large strain of pyramids, which could lead
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to the saturation (i.e., low sensitivity) in the medium-pressure range (10—100 kPa). Similar
trends are also observed in other pyramidal base lengths (e.g., 6 ym, 24 pm, and 48 pm)
(Figure 6.8b-d).

To experimentally examine the properties as a function of the spatial arrangement of
pyramids and achieve optimal design for manipulation tasks, we fabricated a series of pyra-
midal microstructures with the pyramidal base lengths of 6 pm, 12 pm, 24 pm, and 48 pm,
and the spacing/pyramidal base length ratios of 0.25:1, 0.5:1, 1:1, and 2:1, respectively (for
the pyramidal base length of 6 pm, the ratio of 0.25:1 is absent due to the limitation of
photolithography). Figure 6.3b shows typical SEM images with the same pyramidal base
length of 12 pm and the spacings of 3 pm, 6 pm, 12 pm, and 24 pm, respectively. The
pressure responses were tested in the conductive micro-pyramidal films with the area of ~
1 cm? laminating on the interdigitated electrodes patterned on Si wafer with 300-nm-thick
Si05. A motorized z-stage combined with a force gauge was used to apply a specific load.
As predicted by simulation, the largest spacing (24 pm, i.e., the 2:1 ratio of the spacing
to the pyramidal base length) yields the steepest slope (i.e., highest sensitivity) in the low-
pressure range, but reaches saturation in the medium-pressure range (Figure 6.3¢). While
a smaller spacing of 12 pm (i.e., the 1:1 ratio of the spacing to the pyramidal base length)
can well balance the sensitivity in the low-pressure range (more than two-three orders of the

current change) and the medium-pressure range (more than one order of the current change).

The sensitivity S can be calculated by S = (AI/AP)/Iy, where P is the applied pressure, I
and Iy are the current and the reference current, respectively. Here the current I at ~ 10 kPa
is chosen as Iy to calculate the sensitivity in the medium-pressure range and the estimated
value is about 0.34 kPa™', which is more than eight times larger than the recently reported
pressure sensor for robotics4 and higher than the resistive pressure sensor (about one order

of current change).12,13,24 It is noted that there is a tradeoff between the compressibility
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and the hysteresis. As the spacing increases (i.e., more compressible), the hysteresis be-
comes larger (Figure 6.3d). The smaller spacing of 12 pm also leads to smaller hysteresis
compared to the largest spacing 24 pm. Similar experimental results are also obtained in
micro-pyramidal structure with other pyramidal base lengths (6 pm, 24 pm, and 48 pm)
(Figure 6.9a-f), which are consistent with the compressibility predicted from the numerical
simulation. Thus, the 1:1 ratio of the spacing to the pyramidal base length represents an

optimal design for manipulation tasks.

Moreover, the pressure response with the optimal ratio (1:1 ratio of the spacing to the
pyramidal base length) is quite linear in the medium-pressure range, which is confirmed by
the high correlation coefficient (the adjusted R-square, R? = 0.9983) of linear fit (Figure
6..3e). Since the current response of the pressure sensors is dominated by the contact area
between the conductive micropyramids and the electrodes resulted from the deformation of
micropyramids, the linearity of pressure response is dependent on the compressibility of the
micropyramidal conductive film (i.e., the spatial arrangement of micropyramids). Numerical
simulations show that the compressibility increases with the increasing spacing, the structure
is more easily to reach a large strain and thus non-linear response in the medium-pressure
regime. Overall, the pressure sensors with the same ratio of the spacing to the pyramidal
base length show similar characteristics of the compressibility, which are consistent with our
experimental results. In details, the 1:1 ratio with other pyramidal base lengths of 6 pm, 24
pm, and 48 pm also shows high linearity in the medium-pressure range with high correlation
coefficient (the adjusted R-square, R? > 0.98) (Figure 6.10a-f), and the structures with 2:1
ratio of the spacing to the pyramidal base length generally begin to saturate at the pressure
of ~ 40—60 kPa. Take a step further, we examined the pressure responses with higher CN'T
loading of ~ 2 wt% in PDMS/CNT composite (Figure 6.11a-c), which show similar trends
as that of ~ 1 wt% CNT loading (i.e., the 1:1 ratio shows high linearity (R* > 0.98) in

the medium pressure range, and the 2:1 ratio turns saturated at the pressure of ~ 60 kPa),
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which further confirms that the linearity depends on the spatial arrangement of micropyra-
mids (more specifically, the ratio of the spacing to the pyramidal base length). Such clear
dependence of pressure response on the ratio of spacing to base length could help to guide
the design of the pressure sensors with the optimal performances in the desired pressure

regime.

To explore the mechanical robustness of the pressure sensor, we performed loading-
unloading cyclic test on the optimal pressure sensor. Since our pressure sensor is made
by PDMS/CNT composite rather than PDMS with a very thin layer of conductive coating,
little variation or degradation is observed for over 1000 cycles under a relatively large pres-
sure of 100 kPa (Figure 6.3f). Additionally, it still works well even undertaking the force
more than 100 N (~ 1000 kPa) (Figure 6.12), which is important for mechanical robustness
in practical applications.8 Moreover, our pressure sensors can maintain the high linearity
and the pressure responses show high uniformity even after 2000 cycles under the pressure

of > 100 kPa, which further confirms their mechanical robustness (Figure 6.13).

Lower power consumption and/or lower operating voltage is critical for the practical
applications of the pressure sensors [2, 13, 18, 19, 33]. To explore the potential of our
pressure sensors for lower voltage operation, we tested their responses under the applied
pressure of ~ 20 kPa at the operating voltages of 1 V, 0.1 V, 0.01 V, 0.001 V, 0.0001 V,
and 0.00001 V, respectively (Figure 6.14a-f). It can be observed that our pressure sensors
can clearly and stably detect the pressure even at the low operating voltage of 0.0001 V
(100 nV, compared with > 10 mV in previous reports [18, 19, 24-27]), and thus leads to a
low power consumption of ~ 10 nW, which is comparable to the transistor based pressure
sensors (~ 9 pW—270 nW).33 Importantly, such low operation voltage makes it possible to
power these pressure sensors with small portable energy-harvesting devices [38-40], which

could enable the construction of self-powered and wearable pressure sensing systems. More-
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over, we also examined the response time/relaxation time, which shows a rapid response
of ~ 48 ms under the pressure of ~ 20 kPa (Figure 6.60a, b). Together, our studies show
that the optimal pressure sensors can deliver a combination of high sensitivity in both low-
and medium-pressure regimes, fast response time, high mechanical robustness, low operat-
ing voltage and low power consumption, along with linear response and low hysteresis in
the medium-pressure regime for manipulation tasks. A detailed comparison with other resis-

tive pressure sensors with the existing state-of-art is provided in Figure 6.20 and Figure 6.21.

6.2.4 Frequency response of the pressure sensing system.

Compared with electrical amplitude-modulated signals, frequency-modulated signals (spikes)
provide a more power-efficient and robust approach for signal transmission and are also more
desirable for interfacing with biological nerve systems [3, 5, 12, 13]. Though the conversion
from the voltage amplitude to frequency signals has been achieved by the organic ring os-
cillator [12, 13], it remains a challenge to produce the spikes with biological plausibility and
reduce the size of pixels to mimic SA-I mechanoreceptor by the artificial nerve system. To
this end, the mathematic (Izhikevich) neuron model, which provides an efficient and practi-
cal approach to generate spike signals [51], is selected for the conversion. By integrating the
optimal pressure sensor (the spacing of 6 pm and the pyramidal base length of 6 pm) with
the Izhikevich neuron model coded in a chip (see method section for details), we successfully
converted the applied pressure into spikes (Figure 6.4a) in real time (Movie S1), which is

desirable for the sensory feedback systems of amputees and Al robotics.

It is apparent that the frequency of the spikes increases as the pressure stimuli enhances,
with the frequency of the spikes ranging from 10 Hz to 120 Hz in the medium-pressure
range (10—100 kPa), which is similar to that of SA-I mechanoreceptors. Additionally, the

frequency response shows a good linear response to the applied pressure in the 10—60 kPa
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regime (Figure 6.4b), which is beneficial for data processing. We note that the non-linearity
develops beyond 60 kPa, which is mainly due to the non-linear I-V conversion from the read-
out circuit of the voltage divider (Note S1) and it could be further improved by choosing
a more linear -V converter, such as transimpedance amplifier. Furthermore, an interesting
example of holding a plastic cup was performed to demonstrate that the wearable pres-
sure sensing system could be applied for a routine manipulation task (Figure 6.4c, d). The
resulted frequency signal corresponds to ~ 13 kPa, a reasonable value for such kind of ma-

nipulation tasks.

Wireless communication is an efficient way to reduce the wire complexity during the
signal transmission.1 Moreover, through wireless communication, the pressure information
for manipulation tasks can be wirelessly transmitted to portable intermediary devices such
as mobile phones and personal computers in real time and uploaded to clouds, and parsed
with big data and Al technology to enable a more intelligent pressure sensing system. Thus,
it is desirable to achieve wireless transmission for the pressure sensing system. To this end,
we added Bluetooth function to the pressure sensing system and another chip functionalized
with Bluetooth is served as the signal receptor, which drives a green light emitting diode
(LED) to demonstrate the wireless transmission of the signals and the activation of the ac-
tuators (Figure 6.61). When the pressure is applied by our finger, the green LED starts to
blink, and the blinking frequency increases with the increase of the pressure, indicating the
spike signals generated by our pressure sensing system is successfully transmitted by wire-
less communication. When we enhance the pressure to a specific value, the green LED will
continuously glow, reaching a blinking frequency that is hard to be distinguished by naked
eyes (Movie S2).
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6.2.5 Spatially resolved pressure mapping.

Our natural skin can obtain the shape information of objects, even the details of structures
by the tactile sensation from the array of mechanoreceptors. To mimic the function for
artificial skin, it is necessary to create pressure sensing array for obtaining the spatial distri-
bution of pressure. As a demonstration, a 4 x 4 pixel array for spatially resolved pressure
mapping is fabricated with the total sensitive area of ~ 4 cm? and the each pixel area of ~
4 mm?. The pressure sensing array is made with 16 pieces (~ 2 x 2 mm?) of the optimal
conductive micro-pyramidal films (the spacing of 6 pm and the pyramidal base length of
6 pm) attached onto the patterned PI film with an array of interdigitated electrodes, in
which each interdigitated electrode is bonded with a contact pad separately to minimize the
cross-talk effect (Figure 6.62a-d) and shares a common ground to reduce wire complexity. A
thin layer of PDMS with the area of ~ 4 cm? is laminated on the device to hold the position
of each pixel when performing the test. For the spatially resolved pressure mapping exper-
iments, the device of pressure sensing array is serially connected with a 16-bits multiplexer
and controlled by a chip, serving as a platform for pressure mapping (the details are shown
in method section). The letters “I” and “T” made by ~ 2-mm-thick PDMS are placed on
pixels in the array (Figure 6.5a, d). The force is applied by our finger and the data for
pressure mapping is collected by the chip. Figure 6.5b, ¢ and 5e, f clearly shows that the
shape of the letters can be revealed by the pressure sensing array. The pixels under press
(Figure 6.5¢, f) are brighter than that under gentle touch (Figure 6.5b, e), which indicates
the array system can also identify different pressures. Such platform of pressure sensing array
can readily interact with computers, visualizing the images of the letters in real time (Movie
S3), which contributes to realize the real spatial recognition with big data and AI tech-
niques. Though we currently use the 4 x 4 pixel array as a proof-of-concept demonstration,
the fundamental operation principle could be readily extended to much larger arrays partic-

ularly considering the high uniformity of micropyramids and the scalable fabrication process.
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6.3 Conclusions

We have reported a highly sensitive and robust flexible pressure sensor based on conductive
micropyramids made of PDMS/CNT composite. We showed that pressure sensing properties
of the device can be readily tuned by the spatial arrangement of micropyramids, to enable
the rational design of pressure sensors with a combination of high sensitivity in both low-
(< 10 kPa) and medium- (10—100 kPa) pressure regime, fast response time, high mechani-
cal robustness, low operating voltage and low power consumption, linear response and low
hysteresis in the medium-pressure regime. The resulting pressure sensors can be further
configured to mimic SA-I mechanoreceptors, converting the pressure amplitude to frequency
signals with nearly linear response. With high uniformity and scalability, our design can be
further extended to large-area pressure sensing array for spatially resolved pressure mapping,
showing considerable potential for human-like object manipulation in E-skin. In addition, our
robust conductive micropyramids could be readily integrated into the capacitive-, transistor-

and triboelectric-based pressure sensors to obtain the highly robust pressure sensors.

6.4 Methods

6.4.1 Microstructured PDMS/CNT film fabrication.

10 mg of Multi-walled carbon nanotubes (MWCNTs, 3—6 pum length, > 98% from Sigma
Aldrich) were dispersed in isopropanol (IPA) with a weight ratio of CNT:IPA = 1:200 by
magneton stirring (speed, 1000 rad/min) for 5 min and sonicating for 30 min in bath son-
icator (Branson 2510) twice. 0.83 g of PDMS elastomer (Sylgard 184, Dow Corning) was
dispersed in ~ 8 g of hexane by magneton stirring for 30 min. The CNT solution was then
mixed with the PDMS solution by magneton stirring, sonicating, and magneton stirring for

5 min, respectively. Finally, 0.17 g of curing agent was added in the PDMS/CNT solution
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and mixed by magneton stirring for 30 min to obtain the final PDMS/CNT solution with
the CNT loading of ~ 1wt% (Figure 6.6a).

The micro-pyramidal film made of PDMS/CNT composite (Figure 6.6b) was prepared by
drop casting the PDMS/CNT solution in a silicon (Si) mould with pyramid microstructure
three times. Degas in vacuum desiccator for 30 min after the 1st and 2nd casting, respec-
tively, 60 min after the 3rd casting to make sure to remove the solvents, followed by annealing

at about 120 °C for 1 h in oven to cure the composite.

The Si mould, made from < 100> Si wafer with ~ 60-nm-thick SisNy, was patterned by
standard photolithography and etched by Reactive Ton Etching (RIE, Technics Micro-RIE
Series 800). The remaining SizNy served as a mask for potassium hydroxide (KOH) etching,
followed by spin coating (speed: 4500 rad/min, time: 40s) a layer of fluoropolymer solution
(DAIKIN industries, LTD. Chemical R&D center) and baking at 150 °C for 30 min to facil-
itate the release of the PDMS/CNT film.

We should note that the fabrication of pyramidal microstructure is a rather straightfor-
ward process. The silicon mold can be readily fabricated by a single step photolithography
and self-limited etching process. The resulted silicon mold can be repeatedly used for mass
production of micropyramidal structures via a simple cast and curing process. The introduc-
tion of PDMS/CNT composite further simplifies the process to directly produce conductive
micro-pyramids without additional step of deposition or coating process to form surface con-
ductive layer, and at the same time improves the robustness of the structure when compared
with those coating a thin surface conductive layer that is prone to crack under repeated

compression.
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6.4.2 Device Fabrication.

The flexible pressure sensor on fingertip was assembled by laminating the micro-pyramidal
film made of PDMS/CNT composite (area: ~ 1 cm?) on a 50-pm-thick polyimide (PI, Kap-
ton) film with interdigitated electrodes (width: 100 pm and spacing: 100 pm). The PI film
was first rinsed with acetone, IPA, and deionized (DI) water, respectively, then patterned
with interdigitated electrodes by standard photolithography and deposited by electron beam
evaporation (Cr/Au, 20 nm/50 nm), followed by lift off process. Cr/Au was used here due
to the good adhesion, which could improve the robustness of the electrodes. For the demon-
stration of frequency response of holding the cup, medical tape was used to adhere the sensor
to fingertip. For the flexible 4 x 4 pressure sensor array (area: ~ 4 c¢cm?) on palm, the as
prepared 16 pieces of the conductive micro-pyramidal film with the area ~ 2 x 2 mm? were
attached onto interdigitated electrodes (width: 50 pm and spacing: 50 pm) array on PI
substrate. A thin PDMS film (~ 100 pm) was laminated on the PDMS/CNT film to hold

the pixels for the pressure mapping experiments.

6.4.3 Device Characterization.

SEM images of the micropyramids were taken by FEI NOVA NANOSEM 230. Raman
spectrums were carried out by Raman spectroscopy (Horiba, 488-nm laser wavelength). The
force test system of Mark-10 including a force gauge (M7-10) and a motorized test (ESM303)
stand controlled by computer was taken to apply the loads. For the pressure response tests,
the current was recorded by Agilent B2902A under ambient conditions operating the voltage
of 1 V. For the measurement of frequency response, the pressure sensor was sourced by the
chip of Arduino Uno and a simplest readout circuit of voltage divider was applied to convert

current to voltage as the input for the chip. The converted voltage V, can be expressed by

V., = VoR,./(R. + Rs), where V¢ is the voltage provided by the chip, R, and R, are the
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reference resistance and the resistance of the pressure sensor, respectively. As we can see

from the equation, the reference resistance R, could influence the voltage conversion, espe-

cially when R, is comparable to R,. This effect can be improved by the readout circuit of

the more linear I-V converter (transimpedance amplifier), which provides linear conversion

between current and voltage. For the Izhikevich neuron model, the details can be expressed as
dv

d
T 0.04U2+5U+140—U+V/Rrefd—1; = a(bv—u)if(v = 30mV), thenv ¢, u < u+d (6.3)

the parameters used for the spikes are as follows: a = 0.02, b = 0.2, ¢ = 65 mV, d = §,
and R, = 2. For the wireless communication system, two Arduino chips paired with two
Bluetooth (HC-05) were used for the demonstration. Chip #1 (Arduino Mega) with Blue-
tooth #1 and chip #2 (Arduino Uno) with Bluetooth #2 are served as spike-signal sender
and receptor, respectively. For the pressure sensing array, the chip of Arduino Mega with a
16-bit multiplexer from SparkFun Electronics was used to control the array of the pressure
sensor and the voltage divider was applied to the readout circuit. Processing software was

preformed to visualize the spatial distribution of the pressure information.

6.4.4 Simulation.

Finite-element method was used for both mechanical and electric simulations. In mechanical
simulation, the PDMS/CNT composite was modelled by linear elastic material with Pois-
son’s ratio of 0.499 and Young’s modulus of 3.16 MPa, which is estimated by experimental
stress-strain curve with the tensile rate of 10mm/min (Figure 6.63). The pressure was ap-
plied on the surface of PDMS/CNT unstructured layer and the counter object (PI) was
fixed. In electrical simulation, the conductivity of 3.49 S/m of the PDMS/CNT composite
was estimated by four-terminal method. To obtain the relation between strain and contact
area of the pyramids, we consider the volume of the pyramid does not change at different

strains since the Poisson’s ratio of PDMS is about 0.5. The equation can be expressed as
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where [, and [,” are the initial tip length and the tip length corresponding to a specific strain

(6.4)

of pyramids, respectively; h and h' are the initial height and the height corresponding to a
specific strain of pyramids, respectively; [, is the pyramidal base length of pyramids. Based
on equation (4), we can derive the expression of the tip length corresponding to specific

strain [, as follows:

—lp + \/—315 +A () (12412 + Lly)
2

and the contact area corresponding to the specific strain is obtained by the square of [,

) =

(6.5)

6.5 Note S1

Typically, the circuit of voltage divider converts the current signal to voltage signal by serial

connection with a reference resistance, and the equation can be expressed as

R,
R, + R,

where Vo, and Ve are the output voltage and supply voltage of the circuit, respectively.

Vout = Vee (6.6)

R, and Rs are the reference resistance and the pressure sensor resistance, respectively. The
circuit model of voltage divider is shown in Figure 6.64a, and to clearly show the effects of
the readout circuit to the linearity of the frequency response, we have carried out numerical
simulation for analysis, considering that the circuit of voltage divider converts the current
(1073—10"% A) to the voltage at the supply voltage of 1 V with different reference resistances
of 100 © , 200 2, 400 2 , and 800 €2 , respectively (Figure 6.64b). It can be observed that
the conversion of the current of pressure sensors to the output voltage by voltage divider

is generally not linear and the slope of the conversion curve decreases as the current of the
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pressure sensors increases (i.e., pressure increases), which leads to the non-linearity of the
frequency response of the pressure beyond 60 kPa. It is noted that as the reference resis-
tance R, decreases the conversion curve turns to linear, but the measurement range becomes
narrow. In general, mid-point in the range of resistances of pressure sensors is suggested to

balance the linearity and measurement range of the conversion.
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6.6 Figures and Legends
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/ micro-pyramidal film

e Wireless
Communication

Pressure Neuron Model Central processors;
———o o)) ((o—o
Nerve systems
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Figure 6.1: Wearable pressure sensing system. (a) Schematic of the working mechanism of
the resistive pressure sensor with compressible conductive micro-pyramidal array bridging a
pair of interdigitated electrodes without pressure (left) and with pressure (right), in which
an applied pressure deforms the micropyramids and change the contact area and thus the
resistance of the device to produce a detectable signal. (b) Photograph of the conductive
micro-pyramidal film made of PDMS/CNT composite (left). Scale bar, 1 cm. SEM image
of the microstructured layer (right). Scale bar, 10 pm. (c¢) Photograph of wearable pressure
sensor on fingertip. The pressure sensor is constructed by laminating the conductive micro-
pyramidal film made of PDMS/CNT composite on patterned PI film with interdigitated

electrodes. Scale bar, 1 cm. Inset: optical microscope image of interdigitated electrodes.
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Scale bar, 100 pm. (d) Photograph of wearable pressure sensor array with 4 X 4 pixels on
palm. Scale bar 1 cm. Inset: optical microscope image of interdigitated electrodes. Scale bar,
100 pm. (e) Schematic of wearable pressure sensing system. The pressure sensor transduces
pressure information into electrical amplitude signals, then the amplitude signals can be
converted into the frequency signals by neuron model in real time, finally the frequency
signals are wirelessly transmitted to interface with central processors for Al robots or nerve
systems for amputees (top); The pressure sensor array can realize spatially resolved pressure

mapping in real time (bottom).
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Figure 6.2: Evaluation of the resistive pressure sensors based on conductive micropyramids
made of PDMS/CNT composite. Mechanical simulation of cross-sectional views of defor-
mation and stress intensity distribution of the conductive micro-pyramidal film made of
PDMS/CNT composite with a spacing of 6 pm and a pyramidal base length of 6 pm under
different pressures: (a) 10 kPa and (b) 80 kPa, respectively. Simulation of cross-sectional
views of voltage and current density distribution (marked with arrows) of (c) previous work
(coating a 100-nm-thick conductive layer, top) and (d) our work (PDMS/CNT composite,
bottom) with a spacing of 6 pm and a pyramidal base length of 6 pm at the strain ~ 40%
of the pyramids. Schematic of the conductive micro-pyramids (e) without pressure and (f)
with pressure to show that the stress concentrated at the pyramid tips reduces the CNTs

distance, resulting in more conductive paths.
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Figure 6.3: Properties of the resistive pressure sensors. (a) Mechanical simulation of defor-
mation and stress intensity distribution of the conductive micro-pyramidal films with the
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under 100 kPa, respectively. (b) SEM images of the micropyramids in the microstructured
PDMS/CNT films with the same pyramidal base length of 12 pm and the spacings of 3 um,
6 pm, 12 pm, and 24 pm, respectively. Scale bar, 20 nm. (c¢) Log plot and (d) linear plot of
pressure responses of the resistive pressure sensors. (e) Linear fit of pressure response of the
optimal pressure sensor with the spacing of 12 pm and the pyramidal base length of 12 pm
in medium-pressure range. (f) Stability test of the optimal pressure sensor(over 1000 cycles)

under a large pressure of 100 kPa.
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Figure 6.4: Frequency response of the pressure sensing system. (a) Frequency signals (spikes)
under different pressures. (b) Frequency response as a function of pressure. (¢) Photographs
of before (top) and after (bottom) holding a plastic cup filled with water. Scale bar, 1 cm.
(d) Frequency signals (spikes) of before (top) and after (bottom) holding the plastic cup,
respectively. Before holding the cup, there is no signal; after holding the cup, the system

generates the spikes with a frequency of ~ 15 Hz, corresponding to a pressure of ~ 13 kPa.
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Figure 6.5: Pressure sensing array for spatially resolved pressure mapping. (a) Photograph
of the letter “I” made by PDMS on the 4 x 4 pixel array for spatially resolved pressure
mapping. Scale bar, 1 cm. (b) Pressure mapping of the letter “I” under gentle touch and
(c) under press. (d) Photograph of the letter “T” made by PDMS on the 4 x 4 pixel array
for spatially resolved pressure mapping. Scale bar, 1 cm. (e) Pressure mapping of the letter

“T” under gentle touch and (f) under press.
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Figure 6.6: Preparation for micro-pyramidal film made of PDMS/CNT composite. (a)
Photograph of PDMS/CNT solution. Scale bar, 1 cm. (b) Raman spectrums of pure PDMS
film and conductive film made of PDMS/CNT composite with 1wt% CNT content. Three
additional peaks D, G, and 2D (1346 cm™!, 1570 cm ™!, and 2699 cm™!) can be observed in
the conductive film made of PDMS/CNT composite compared to the pure PDMS film.
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Figure 6.7: Comparison of previous work (coating a 100-nm-thick conductive layer) and
our work (PDMS/CNT composite) by electric simulation. Schematic to show the working
mechanism of (a) previous design and (b) our design. Considering that the charge transport
through the bulk volume in our conductive composite, the ratio of bulk/contact resistance is
likely always smaller than previous design through surface coating in which charge transport
through surface layer only. Therefore, our design with bulk conductive composite can lead to
larger signal in current change and thus higher sensitivity and thus leads to higher sensitivity.
(¢) The current flow versus the strain of pyramids. (d) Normalized current change versus the
strain of pyramids (0—60%), roughly corresponding to both low- (< 10 kPa) and medium-
(10—100 kPa) pressure range.
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Figure 6.8: Mechanical simulations of the strain of the pyramids versus pressure with different
spacings and pyramidal base lengths: (a) the same pyramidal base length of 12 pm and the
spacings of 3 ym, 6 pm, 12 pm, and 24 pm, respectively; (b) the same pyramidal base
length of 6 pm and the spacings of 1.5 pm, 3 pm, 6 pm, and 12 pm, respectively; (c) the
same pyramidal base length of 24 pm and the spacings of 6 pm, 12 pum, 24 pm, and 48 pm,
respectively; (d) the same pyramidal base length of 48 pm and the spacings of 12 pm, 24
pm, 48 pm, and 96 pm, respectively.
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Figure 6.9: Experimental results of pressure responses of the pressure sensors. (a) Log plot
and (b) linear plot of pressure responses from the conductive micro-pyramidal films made of
PDMS/CNT composite with the same pyramidal base length of 6 ym and the spacings of

1.5 pm, 3 um, 6 pm, and 12 pm, respectively. (c¢) Log plot and (d) linear plot of pressure
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responses from the conductive micro-pyramidal films made of PDMS/CNT composite with
the same pyramidal base length of 24 pm and the spacings of 6 pm, 12 pm, 24 pm, and 48
nm, respectively. (e) Log plot and (f) linear plot of pressure responses of from the conductive
micro-pyramidal films made of PDMS/CNT composite with the same pyramidal base length

of 48 pm and the spacings of 12 pm, 24 pm, 48 pm, and 96 pm, respectively.
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Figure 6.10: Linear pressure response of the pressure sensors with the 1:1 ratio. SEM images
of the pressure sensors with the same ratio of the pyramidal base length to the spacing and
different base lengths of (a) 6 um, (b) 24 pm, and (c) 48 pm, respectively. Scale bar, 20 pm.
Pressure response and linear fit of the pressure sensors with the same ratio of the pyramidal

base length to the spacing and different base lengths of (d) 6 pm, (e) 24 pm, and (f) 48 pm,

respectively.
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Figure 6.11: (a) Log plot and (b) linear plot of pressure responses of the resistive pressure
sensors (~ 2wt% CNT loading) with the same pyramidal base length of 6 pm and the spacings
of 3 pm, 6 pm, and 12 pm, respectively. (c) Linear fit of pressure response of the optimal

pressure sensor (~ 2wt% CNT loading) with the pyramidal base length of 6 ym and the

spacing of 6 pm in medium-pressure range.
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Figure 6.12: Mechanical robustness of the flexible pressure sensor. Pressure response under

100 kPa before and after a large applied force of ~ 120 N (1200 kPa) for 10 cycles.
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Figure 6.13: Linear pressure response of the pressure sensors with the pyramidal base length

of 6 pm and the spacing of 6 pm. (a) The pressure response before cycles. (b) The pressure

response after 1000 cycles. (c¢) The pressure response after 2000 cycles.
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Figure 6.14: Pressure responses of the pressure sensor with the pyramidal base length of 6

pm and spacing of 6 pm under the applied pressure of ~ 20 kPa at the operating voltages
of (a) 1V, (b) 0.1V, (c) 0.01 V, (d) 0.001 V, (e) 0.0001 V, and (f) 0.00001 V, respectively.
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Figure 6.15: Response time/relaxation time of our pressure sensors. (a) Pressure response
of the pressure sensor with the pyramidal base length of 6 ym and spacing of 6 pm under
the applied pressure of ~ 20 kPa at the operating voltage of 1 V. (b) Enlarged image from

a to show the response time of the pressure sensor.
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Figure 6.16: Setup of wireless communication system. The pressure information is converted
into spikes by chip #1, in which the Izhikevich neuron model is coded and the spike signal
can be wirelessly transmitted by Bluetooth #1. Chip #2 with Bluetooth #2 is served as

the signal receptor and the received signal is processed to drives the green LED.
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Figure 6.17: Comparison of crosstalk effect between typical orthogonal integration of pressure
sensing array and our pressure sensing array. (a) Photograph of the typical orthogonal
integration of pressure sensing array. (b) Photograph of our pressure sensing array. (c)
pressure mapping of the typical pressure sensing array shows severe crosstalk. (d) pressure
mapping of our pressure sensing array (no crosstalk is observed). The red frame is the

position of the pressure applied.
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Figure 6.18: Typical stress-strain curve of the conductive micro-pyramidal film made of

PDMS/CNT composite. The estimated Young’s modulus is about 3.16 MPa.
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Figure 6.19: Circuit of voltage divider. (a) the circuit model of voltage divider. (b) Numerical
simulation of the circuit model. The circuit of voltage divider converts the current (107 —

1072 A) to the voltage at the supply voltage of 1 V with different reference resistances of
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Figure 6.20: A detailed comparison with other resistive pressure sensors.
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Figure 6.21: A detailed comparison with other resistive pressure sensors.
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CHAPTER 7

Conclusion

Here I reported two major types of applications for van der Waal thin films: one to use
the VDWTF as transistors for large scale circuits as the conventional use of semiconducting

materials, and the other one as a free standing thin film sensor for bio-signal detection.

As a conventional semiconducting material, the VDWTF exhibits its capability as a can-
didate for large scale circuits with a high device performance and wafer scale uniformity. Also
the easy process and low cost with a long lifetime ensure the possibility for really applica-
tion. The first application is an 10 x 10 active pressure mapping matrix. Here the thin film
transistor shows a high performance with a 105 — 10°% on/off ratio and negligible hysteresis.
Also the doping level and thus the sub-threshold swing can be tuned by changing the anneal-
ing temperature. And therefore it can be adapted for different applications. Moreover, the
yield of the whole process is high as 98% and can be modified easily for different purposes.
Then we combine the transistor matrix with a highly sensitive pressure sensing rubber, and
demonstrate that this pressure sensor can accurately map the pressure distribution of target
even for small pressure range (<100 kPa). And this pressure sensor can be further developed

into electronic skin and other applications.

Then we apply the thin film for opto electronics applications. The 2D thin film has high
light transimission rate so we successfully build a transparent photo transistor with it. And

we combine a 100 x 100 matrix of photo transistor with liquid crystal to tune the trans-
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parency of the liquid crystal by the light pass through it. The demonstration shows that
this transparent device can be used as a glare reduction system with rapid response. And in

the future this setup can be further adapted into diffractive deep neural network.

The second type of application is for flexible electronics. The VDWTF is a great can-
didates for this becasue of its special structure and morphology: the weak van der Waal
connection between each layers allows the flakes to slide with each other to compensate
the strain generated during deformation, which makes it stretchable and adaptive to fine-
featured targets. Then we demonstrate that this thin film can cover the arbitrary featured
skin with high conformability and its high durability/adaptability make it possible to pick
up high quality signal even during motion. However, this is just a start of the application,

and further work needs to be done to develop a single material into a really portable device.
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