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Chapter 1 Introduction to Two-Dimensional Materials

1.1 Two-Dimensional Materials

Figure 1.1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes

or stacked into 3D graphite.!

Two-dimensional (2D) materials are a group of materials with thickness down to atomic
scale. The successful exfoliation of graphene in 2004 started the era of 2D materials.! Studies of
graphene demonstrated amounts of unique properties, and researchers have verified its unique

properties and potentials in mechanical, thermal, electronics, and optoelectronics application.



A Visible Near-IR

_l—*—\r—‘—\

/\

Frequencies (Hz) 1015 104 1043 1022
(PHz) (THz)

SN, SR B

TMDC: ~1.5-2.5eV  BP:~0.3-2.0eV  Graphene: zero-gap

B ——— - —
10° - [ I — .
s [99] Ry f
g 104-é ;s m [100] High-speed flexible Electronics ‘%‘\% -
NE 103.; [971 m[101] W[102] BlackP [1] @ Ultr;:-‘lo;m‘pou‘/erelect;'onics __
~9>: ,1  Graphene 0 O[3 2 ® Arooly E
= 10 , RF Electronics only A 103 ) ?
S 401 [103] [108] (105 ]
S 10 PEEEEs mMpC
100 T AL L] AL AL L | AL | T AL
10° 10’ 10° 10° 10* 10° 10° 10’ 10°
On/Off Ratio

Figure 1.2 Electromagnetic wave spectrum and mobility/on—off ratio spectrum. (A) The
electromagnetic wave spectrum and the band gap ranges of various types of 2D materials. The
frequency ranges corresponding to the band gaps of 2D materials and their applications in
optoelectronics are also indicated. (B) the “electronics spectrum,” i.e., the mobility/on—off ratio
spectrum, of nanomaterials with corresponding performance regions indicated for graphene (black
squares and gray shaded area), black P (purple dots and light purple shaded area), and TMD [MoS,
WSe;, and WS;] (green triangles and light green shaded area) transistors. The dots correspond to
data from specific references indicated next to them. The shaded regions are the approximate

possible ranges of performance reported for the respective materials in the literature.?



Graphene, as a representative material of them, is one atom thick sp’ hybridized carbon
sheet, with extremely strong mechanical strength and excellent conductivity, which can be
regarded as the building block of many carbon materials, such as carbon nanotubes, fullerenes,
and graphite (Figure 1.1). The extraordinary properties (carrier mobility: 2x10° cm?/Vs, tensile
strength: 125 GPa, elastic modulus: 1.1 TPa, thermal conductivity: up to 5000 W/mK) and stability
make it applicable in widely extreme conditions for application in but not limited to electronics,
biosensor, drug delivery, energy, water treatment, and advanced polymer composite.> Monolayer
graphene has zero bandgap with six highly symmetrical K points in the corner of the Brillion zone.
The energy and momentum have a linear relation at the Dirac point where is the contact point of
the conduction band and valence band, which indicates zero effective mass of carriers. Under strain,
extremely high pressure, or doping, researchers can adjust the bandgap of graphene.* > Recently,
the magic angle of the moiré pattern has made graphene a wonder material again. Stacking two
monolayer graphene with a twisted angle of 1.1°, researchers observed tunable zero-resistance
states with a critical temperature T. up to 1.7 K, which initiated the study of twisted bilayer 2D

materials.®

From these prominent discoveries of graphene, researchers are encouraged to restudy other
2D materials’'2. One of the most popular 2D materials group is transition metal dichalcogenides
(TMD) with a bandgap around 2 eV, e.g., MoS,, WSes. The various configuration of the TMDs
brings a wide range of electrical and optical properties'> 4. With reduced layers, some TMDs tend
to transform from indirect to direct bandgap materials with increased band gaps.'> For instance,
WSe; has a direct bandgap (~1.7 e€V) in the monolayer form, and gradually decreases with

16, 17

increased thickness. Moreover, recent studies have shown that the strong spin-orbit

interactions in TMDs lead to a giant split of the valence band that in turn allows for valley-selective



excitation at the K and K’ points,'8-2°

which are located at the corners of the hexagonal Brillouin
zone. For single- and bi-layer WSe», the optical transition at the K and K’ points can only be
excited by the right-handed circularly-polarized light ¢ + and left-handed circularly-polarized
light o0 —, respectively. Furthermore, the valley-induced emission peaks in TMDs can be
modulated by either an external electric field or environment temperature.?!>* The former is likely
due to the quantum-confined Stark effect, a fundamental phenomenon for low-dimensional
materials.?* The latter may result from the temperature-dependent nature of TMDs bandgap. Black
phosphorus (black P) is another rediscovered material, which bridges the gap between graphene

and TMDs. Monolayer black P has a direct bandgap of ~2 eV, and gradually decreases to ~0.3 eV

with increased layer number.?

1.2 Materials synthesis

Top-down and bottom-up are two groups of methods to obtain graphene. Micromechanical
exfoliation is widely used for the fabrication of high-quality devices for proof of concept in a
laboratory with low yield.?® It’s also the first time how researchers obtained graphene with a simple
scotch tape. However, the size of the resulted material is normally tens of micrometers and sparse.
Liquid-phase exfoliation of graphite produces single to few layers of graphene of nano- to
micrometer-sized sheets, however, the quality of the resulting graphene is hindered during the
process.?’ Although different surfactants or ions were added to the exfoliation, removing those
chemicals is quite challenging. Chemical vapor deposition (CVD) is a typical bottom-up method
for 2D materials growth. Using methane as the carbon source, with sophisticated operation setup
and parameter control, wafer-scale monolayer graphene can be synthesized with high quality and
low defects. Copper is a typical substrate for graphene CVD. The solubility of C in Cu is extremely

low, and Cu acts as a catalyst for decomposing of C containing gas, such as methane. This method



is ideal for large-scale synthesis. The drawback is the resulted materials are on metal surfaces,

which will need further procedures to transfer on target substrates in the application and may affect

the graphene quality.
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Figure 1.3 Various top-down and bottom-up approaches used for the synthesis of 2D materials.?®

Similar to graphene, for top-down methods, micro-mechanical exfoliation of atomic thick
TMDCs from the bulk material is the most common method for high-quality electronic property
device fabrication for proof of concept with a low yield. Liquid-phase exfoliation is a high yield
production of thin nanosheets of TMDs via ultrasonication of a liquid sample with the bulk crystals.
However, the electrical properties are lower than micro-mechanical exfoliation. Intercalation-
assisted exfoliation is an effective method with chemicals insertion into the interlayer for
expanding the interlayer distance.? Destructive thinning and etching methods are using laser or
other tools for thinning the thick flakes to target thickness, which are also capable of a designed

pattern for functional devices. Bottom-up methods, such as CVD or physical vapor transport (PVT)



techniques, require very precise control on the growth parameters for scalable size demand, which
has a relatively high yield comparing to micro-mechanical exfoliation, but the electrical properties

are lower.

1.3 Application of 2D materials

As the zero-bandgap nature of graphene makes it difficult for transistor application on the
digital switch, various fields have seen graphene as promising candidate material. For electronics,
the excellent carrier mobility and conductivity make graphene a great material for fast analog
electronics, radio-frequency (RF) transistors. Completely switch off is not vital for these devices.
The cut-off frequency f; is the key metric for RF transistors, which is the frequency at which the

current gain becomes one when the drain is short-circuited to the source. For an ideal RF device,

d . .
fr = fT";, where g,, ( Im = #) and C are the dc transconductance and capacitance of the device,
g

respectively. SiC-based graphene field-effect transistors (FET) have reached f; more than 300
GHz with 40 nm channel lengths. Studies have shown the constant performance of graphene FETs
on diamond-like carbon substrate from 300 K down to 4 K, which demonstrates the potential
application in extreme environments. Without bandgap, graphene is ideal for broadband photon
detection but has an apparent dark current. With the presence of a field gradient, the photoexcited
electron-hole pairs will produce photocurrent under light excitation, which is a basic idea for its

optoelectronic applications.
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Figure 1.4 Applications of graphene in industrial production.*

For mechanical application, researchers demonstrated that graphene-based thermophones
are able to generate audible and ultrasound sound frequencies via thermoacoustic effect. As the
AC current is applied to the device, a temperature oscillation in graphene causes density and
pressure oscillation in the air.3! Various piezoresistive sensors were developed to detect strain and
pressure with suspended graphene or graphene composite.? 33 Many groups also make filters with
graphene for desalination or gas separation.** 3 To adjust the pores on graphene for different
selectivity, surface assisted coating, electron beam irradiation or ion bombardment can be

applied.’6-3



Extremely high surface-to-volume ratio, electron mobility, flexibility make it ideal
materials for biomedical applications.?® Inspired by carbon nanotube, graphene was also explored
for drug delivery, as its planar sp? hybridized carbon and physiological solubility and stability.*
Drugs can be loaded via chemical conjugation or physisorption approaches. Graphene FET can be
used for biosensing charged molecules based on the biorecognition events between molecules at
the gate of FET, which will modulate the carrier density at the locations of the events and change
the conductivity between the source and drain. Alternatively, combining with scanning
photocurrent microscopy, the local photocurrent response can show spatiotemporal information of
biological events, which changed the local graphene band structure, as I will demonstrate in
Chapter 4. Researchers also demonstrate graphene FET for DNA hybridization and ssDNA
detection.*!- 4> Graphene, served as cell culture substrate, showed potential for tissue engineering

to repair tissue function and promote cell growth as I will show in chapter 4.4
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Figure 1.5 Electronic, opto-electronic and energy devices based on 2D TMDs.*

TMDs with a bandgap around 2 eV, for example, MoS, with a direct bandgap (~ 1.8 eV),
high on/off ratio of ~108, have shown excellent performance in FET and photodetectors.*>*® For
energy application, TMDs was studied on the potential as Dye-sensitized solar cells, which are
renewable energy devices, with a power conversion efficiency 7.35%, comparable to conventional
Pt-based devices.*’ Due to their similar structure with graphite, TMDs attract extensive attention
in the field of supercapacitors.*® With a flexible structure of the few-layer TMDs, flexible
electronics based on piezoelectric effect have been demonstrated for energy harvesting and
motion/strain sensor.*®*° In biomedical applications, TMDs are studied on drug delivery carriers.
Some TMDs are ideal materials for photothermal treatment, combing with drug delivery,
researchers can control the release with NIR radiation.’® Using as contrast agents for X-ray

computed tomographic imaging, they show better performance than graphene-based agents.”! %2



TMDs can also be applied for biosensors, such as DNA or protein detections, in a FET
configuration.”® When the decorated antigens on TMDs surface interact with the target molecules,

real-time conductance change can be recorded with sub-picomolar sensitivity.>*
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Chapter 2 2D Materials Synthesis and Devices

2.1 Material synthesis
As introduced in chapter 1, graphene synthesis includes many approaches. Here, I will

descript in detail about 2D materials synthesis in my research.

Figure 2.1 CVD graphene growth on Cu foil in a tube furnace.

I adopt a standard CVD approach with modification according to our lab and my
experience.> A piece of copper foil (Alfa Aesar, 0.025mm, 99.8%) was pretreated in 5% nitric
acid bath for 10 min and then cleaned by deionized water baths, followed with nitrogen blow dry.
The copper foil was then loaded into a tube furnace. Safety is the top issue in the lab, always check

the sealing of the tube furnace before start growth. After annealing with 100 sccm of hydrogen at
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1000 °C for 1 h, the hydrogen flow was reduced to 80 sccm with 20 sccm of methane introduced.
After 30 min, all the flammable gas and furnace are off, 200 sccm argon was introduced during
cooling down. A successful synthesis can be seen from the uniform shining coating of graphene

on copper comparing to the bare copper foil.

Graphene
Cu

Figure 2.2 Schematic diagram of graphene transfer process.

After CVD, copper foil is coated with graphene, which will be transferred to a target
substrate for characterization and measurement. The wet transfer method is the typical approach.
A poly-methyl methacrylate (PMMA) layer was spin-coated on top of the copper foil to hold the
graphene film. The PMMA-graphene film was separated from the copper foil through a wet
etching process in copper etchant solution, and then fished onto a target substrate three times with
DI water bath. Then, PMMA can be removed with Acetone after PMMA-graphene completely dry
on the substrate. An alternative method to separate graphene from copper is using the electrolysis

approach.’® Generally, PMMA -graphene-copper acted as a cathode of an electrolytic cell with 0.25
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M NaOH in deionized water and a platinum wire used as the anode. Supplying a small voltage of
around 3.3V, the current will be a few milliamperes for a gentle reaction. Gradually dipping the
PMMA -graphene-copper deeper into the solution, PMMA-graphene will be easily separated. Here,
maintaining a low power is critical to get high-quality graphene. Otherwise, the H, bubbling will

have a destructive impact on graphene structure and induce many defects.

Figure 2.3 Optical micrograph of WSe» and graphene flakes from micro-mechanical exfoliation.

I also applied micro-mechanical exfoliation was used to get graphene and few-layer WSe»
flakes. A degenerately-doped silicon substrate covered with a 300 nm thick thermally-grown SiO»
layer was first treated by oxygen plasma for 10 min. Subsequently, the substrate was bath sonicated
in acetone and then isopropyl alcohol for about 5 min. After that, the substrate was rinsed with
deionized water. The typical procedure is first using a clean tape A to attach a piece of bulk material
and gently cleave off, which will be the source tape for further cleavage. Take another tape B to
attached to tape A and peel off. Fold and unfold tape B a few times and attach it to a cleaned wafer.
Gently touch the tape to make the best contact between the wafer and tape. Then slowly peel the
tape off from the wafer. The general procedure is similar in graphene or WSe; exfoliation. After

exfoliation, it takes much time and patient to check the wafer very carefully under a microscope.
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Practicing with graphene is better to get the feeling for exfoliation. Figure 2.3 shows the resulted

flakes of WSe> and graphene.

I utilized liquid phase exfoliation for graphene synthesis for high yield synthesis. After
putting graphite and N-methylpyrrolidone (NMP) in a glass vial and 60 h bath sonication, keep it
still overnight and check if aggregation happens. Adjust the sonication process to avoid

aggregation. A dark liquid can be obtained after mild centrifugation as shown in Figure 2.4.

Figure 2.4 Liquid exfoliated graphene in NMP.

2.2 Graphene characterization and device fabrication

Raman spectroscopy is a powerful tool for material characterization and is widely applied
in 2D materials studies. A typical graphene spectrum was shown in Figure 2.5a after transfer on a
coverslip. 2D peak has a symmetric shape and the 2D-to-G intensity ratio is about 2, indicating
that the graphene has a monolayer structure.”’” To verify a uniform graphene coating, Raman
mapping can provide spatially resolved information of material distribution. The equipment will
automatically scan the selected area with desired step and exposure parameters. Figure 2.6 shows
graphene transferred on transparent coverslips, which is difficult to judge the graphene region from
an optical microscope only. At the zoomed-in region, corresponding Raman mapping of the 2D

peak intensity distribution help to confirm a uniform graphene coating. If I transfer graphene on
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Si0,/Si wafer, the graphene region will show a light purple color and easier to check graphene

coverage.

Graphene transistors were fabricated on 170 pm-thick transparent coverslips. Electrodes
were first defined by photolithography and deposited with 5 nm Ti and 40 nm Au. A cylinder was
placed on top of graphene transistors and filled with 1X phosphate-buffered saline (PBS) solution.
A gold wire was inserted into the cylinder and used as an electrolyte gate to modulate the
electrochemical environment of graphene. Gate-dependent source-drain current measurement of a
typical graphene transistor exhibits the ambipolar behavior with the Dirac point close to 0.89 V,

displaying p-type characteristics at zero gate bias (Figure).
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Figure 2.5 Characterization of a graphene device. (a) Raman spectrum of graphene on a
transparent coverslip. (b) Electrical transport behavior (black curve, left) and photocurrent

responses (red and blue curves, right) at the black circle regions of the graphene transistor in (d)



as a function of V;. The grey dashed and dotted lines indicate V;, = Vpjrqc and V; = Vg,

respectively. (c¢) Optical and (d) photocurrent images of a typical graphene transistor.

Figure 2.6 Optical images of graphene on top of (a) coverslip and (c, d) a SiO»/Si wafer. (b)
Raman mapping shows the 2D-peak intensity distribution in the black dashed line circled region
in (a).

For studying the optoelectronic property, spatial-resolved scanning photocurrent
microscopy is a powerful technique for exploring local electronic structures and charge transport
in various devices. I build the setup with an Olympus microscope. A laser source (A = 785 nm)
was expanded and altered by nanometer-resolution scan mirrors. The laser beam was then focused
by a 40 X objective (N.A. = 0.6) into a diffraction-limit spot (~ 1 um) on a graphene transistor.
Under 785 nm illumination, electron-hole pairs were generated in graphene and then separated by
Schottky-like barriers at graphene-electrode junctions or by a local potential gradient along the

graphene. Reflection images were simultaneously recorded by a silicon photodetector, which could
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be used to precisely locate the position of photocurrent responses. Figure 2.5c&d show typical

optical and scanning photocurrent images of graphene transistor.

Since photocurrent signals are proportional to the local potential gradients, I can extract
band diagrams (Ep — Epj-qc) Oof graphene through numerical integration of photocurrent

profiles.’®3° Based on a simple capacitor model, the energetic difference has an expression AE =

Er — Epirqc = hvpynn = hvp\[ng |l(g — VDimC|, where vz ~ 10° m/s is the Fermi velocity, n

is the charge carrier concentration, and C is the electrostatic capacitance of graphene.®® As shown
in Figure 2.5b, the minimum current for the graphene transistor is observed to be Vp;;-q.~ 0.89 V,
leading to AE(V, = Vfobal = 0) ~ 0.49 eV. Moreover, almost no photocurrent is observed for
the flat band condition at Vz5~0.85 V. This allows us to estimate the constant energetic offset at

the graphene-electrode contacts: ¢prp = AE (l(g = VFB) ~ 0.11¢eV.

2.3 WSe; transistors fabrication and characterization

A schematic diagram of a WSe; transistor was shown in figure 2.7. To fabricate the WSe»
transistors, WSe; flakes were mechanically exfoliated from WSe> crystals (from 2D
Semiconductors) onto a Polydimethylsiloxane (PDMS) stamp. After carefully checking the stamps,

I can locate the desired flakes and transfer them onto pre-cleaned Si0,/Si substrates (Figure 2.8).

Optical microscopy, Raman spectroscopy, and atomic force microscopy (AFM) were
utilized to characterize WSe; flakes. Figure 2.9 shows a typical Raman spectrum of monolayer
WSe; flakes, where strong Ezlg (251.2 ecm™) and A;; (263.5 cm™) modes of WSe; are detected.
The peak near 308 cm™ (B3,) is not observed, which indicates this is a monolayer WSe: flake.*!

Finally, WSe> devices were fabricated via standard electron beam lithography (EBL) and
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subsequent electron beam deposition of 5/40 nm Cr/Au. Back-gate voltages can be applied through

the 300 nm Si0; layer.

Figure 2.7 Schematic diagram of WSe> device fabrication process.

Figure 2.8 Optical micrograph of a WSe; flake (a) on PDMS, (b) transferred on S10,/Si wafer, (c¢)

with EBL defined pattern and (d) AFM image.
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Figure 2.9 Raman spectrum of a monolayer WSe, flake on SiO»/Si wafer.
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Chapter 3 Anisotropic Photoresponse of WSe; Transistor

3.1 Introduction

As introduced in chapter 1, WSe; is a typical TMD material with a bandgap around 1.5 eV,
which has shown unique electrical, optical and optoelectronic properties. Monolayer WSe» has a
direct bandgap, with the band-edge located at the energy degenerate valleys (£K) at corners of the
hexagonal Brillouin zone.%? Considerable research has been devoted to the valley-dependent
selection rule of single- and bi-layer TMDs in their photoluminescence studies, rather less attention
has been paid to explore their polarized photocurrent generation mechanisms. Photocurrents
generated by linearly-polarized light in conventional semiconductors have been studied for
decades, where the optical momentum alignment effect is believed to play an important role in the

polarization of photocurrent signals.®

For example, anisotropic momentum distribution of
photo-induced carriers has been reported in GaAs under interband excitation measured by hot-
electron photoluminescence, which mainly originates from the optical selection rules for heavy-
hole and light-hole bands at the I' point.®* Recently, graphene and graphene-like gapped 2D Dirac
materials are theoretically predicated to have a strongly anisotropic distribution of photo- excited
carriers under linearly polarized excitation due to the pseudospin-induced optical transition

selection rules. Therefore, it will be important to explore how linearly polarized excitation

influences photocurrent generation in TMDs.

Here, I investigate the photocurrent generation mechanisms in WSe2 phototransistors
under linearly polarized excitation.®> When the photon energy is above the A exciton energy, the

photocurrent signals at WSe2-metal junctions reach maximum if the incident light polarization is
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parallel to the metal electrode edge or perpendicular to the momentum direction of electrons. Such
anisotropic distribution of photo-excited carriers is likely due to the pseudospin-induced optical
transition selection rules. This is known as the optical momentum alignment effect in conventional
semiconductors. When the photon energy is below the A exciton energy, the photocurrent intensity
reduces significantly and reaches its maximum when the incident light polarization is
perpendicular to the metal electrode edge, owing to hot electron injection induced by the surface
plasmonic effect of gold electrodes. Moreover, I find that when an external electric field is applied,
the photocurrent peak can be shifted due to the quantum con- fined Stark effect. I also demonstrate
that the exciton energy can be modulated by the temperature since the band gap of WSe> depends
on the temperature. To the best of our knowledge, it is the first time to demonstrate optical
momentum alignment effect induced linearly polarized photocurrent response in WSe»
phototransistors. These studies of the anisotropic photocurrent generation mechanisms help
understanding the basic properties of TMDs and broaden the horizon for future TMD-based

anisotropic optoelectronics.

3.2 WSe; transistors characterization

A schematic diagram of a WSe> transistors was shown in figure 3.1a. WSe; transistors
were fabricated as descripted in chapter 2. Optical microscopy, Raman spectroscopy and AFM
were used to characterize WSe; flakes. Figure 3.1b shows the Raman spectrum of few-layer WSe>
flakes, where strong Ezlg (251.2 cm™) and A, ; (263.5 cm™) modes of WSe; are detected. A peak
near 308 cm’! (Bég) is observed, which is a marker for multi-layer WSe».%! Finally, WSe, devices
were fabricated using standard EBL and subsequent electron beam deposition of 5/40 nm Cr/Au.

The degenerately doped Si substrate was used as the back gate.

20



a

Objective

Source .*ﬁn"aiﬂ

Intensity (a.u.)

240 260 280 300 320
Raman Shift (cm™)

Figure 3.1 WSe, device measurement. (a) Schematic diagram of a scanning photocurrent
measurement setup. (b) Raman spectrum of a few-layer WSe> flake on a Si0,/Si substrate under
532 nm illumination. Inset: optical image of a WSe, phototransistor (c) Reflection and (d)
photocurrent images of the few-layer WSe; transistor under 650 nm illumination with zero gate

voltage. Black dashed lines outline the Au electrodes.

To explore the optoelectronic properties of WSe, I performed spatially resolved scanning
photocurrent measurements in a Janis ST-500 microscopy cryostat under high vacuum (~10-¢ Torr).
A continuous-wave laser beam (NKT Photonics SuperK Supercontinuum Laser) was focused into
a diffraction-limited spot (~1 um) by a 40X Olympus objective (N.A. = 0.6). Its polarization
direction was adjusted via a half-wave plate and the followed by a polarizer. A nanometer-
resolution scan mirror was used to change its position. The photocurrent signals were collected by
a preamplifier, while the reflection of the incident laser beam was measured by a Si photodetector

to locate the position of the device. Figures 3.1c and 3.1d show the reflection and photocurrent
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images of a few-layer WSe> transistor at a zero drain-source bias under 650 nm illumination,
respectively. Remarkable photocurrent responses are located at WSe>-metal junctions, where the
built-in electric field induced by Schottky barriers can separate photo-excited electron-hole pairs

(EHPs) efficiently, leading to photocurrent signals.

3.3 Anisotropic photocurrent responses

To investigate photocurrent generation mechanisms, I performed wavelength-dependent
photocurrent measurements. As shown in figure 3.2a, these is a photocurrent peak located around
755 nm (~1.64 €V), which is corresponding to the A exciton resonance for few-layer WSe».%¢ 1
also find that when the photon energy is above the A exciton energy, the maximum photocurrent
response appears when the light polarization direction is parallel to the metal electrode edge,
suggesting that electrons in the valence band of WSe, prefer to absorb photons with the
polarization direction perpendicular to their momentum direction. Such a linear polarization is
similar to the optical momentum alignment effect in conventional semiconductors due to the spin-
orbit interaction, where two twofold-degenerate subbands of heavy and light holes are in contact
at the top of the valence band.®® Photo-excited electrons from the heavy-hole subband show the
momentum direction preferentially perpendicular to the light polarization direction, while those
from the light-hole subband own the momentum direction mainly along the light polarization
direction. Recently, graphene and graphene-like gapped 2D Dirac materials are theoretically
predicted to exhibit similar behavior, owing to the pseudospin.®’” For WSe2, according to Fermi’s
Golden Rule, transition rate W(K) for an electron with wave vector k with first-order time-

dependent perturbation theory by

2me?l,

wk) = chv?

[P - (W (k) [DIW” (K))|*6(Ec (k) — E, (k) — hv),
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where the W€ and WY (E, and E,,) are the wave functions (energies) of conduction and valence
bands, respectively. P is the polarization vector of excitation light, which is parallel to the crystal’s
surface. U, I, and v are the velocity operator, intensity and frequency of the incident light,
respectively. Theoretical studies show that at low energy regime the angular generation density g

1S:

g = Fo(&) [1 + apcos(26) ],

E§ —4&o° . .
970 defines the degree of momentum alignment, 8 is the angle between the
E5+4€02

where ay =
momentum of the photoexcited electron and polarization of the incident light, Fy(g,) is the total
density of carriers created at energy &, and subscript 0 means the no relaxation has occurred.®’ As
illustrated in figure 3.2b, a linear polarized light is expected to generate an anisotropic distribution
of photoexcited EHPs, where the momentum direction of carriers is preferentially perpendicular
to the polarization direction of incident light. At WSe;-metal junction the built-in electric field
dissociating the generated exciton after excitation has the direction perpendicular to metal edge.
When the excitation polarization parallel to the metal edge, the direction of the electron momentum
is mostly perpendicular to the metal edge, which leads to stronger photocurrent response. Indeed,
the pseudospin-related optical transition selection rules of WSe2 induce the optical momentum
alignment effect. Therefore, when the incident light is polarized in the direction along the metal
edge, the photo-excited EHPs have a momentum direction perpendicular to the metal edge, which
can be dissociated by the built-in electric field at the WSe2-metal junction and thus induce
photocurrent signals. In contrast, when the incident light direction is perpendicular to the metal

edge, the momenta of photo-excited EHPs are along the metal edge or normal to the built-in

electric field, leading to relatively weak photocurrent responses. I also fabricated monolayer WSe»
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transistors, as shown in figure 3.3. Typical Raman spectrum of WSe, shows no peak around 308

cm’!, indicates the monolayer structure of the material. Apparent anisotropic photoresponse

confirms the results from theoretical expectation.
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Figure 3.2 Anisotropic photoresponse of WSe;. (a) Photocurrent spectra with linearly-polarized

excitation at WSez-metal junctions under an out-of-plane voltage of 80 V. Inset: Normalized

photocurrent intensity extracted from photocurrent images at WSe>-metal junctions under 750 nm

and 762 nm illumination, respectively. 0° is perpendicular to electrodes. (b) Schematic diagram of

the angular distribution function, Red arrow indicates the excitation light polarization direction. (c)

The power dependence of the photocurrent response under 755 nm illumination at 160 K (red

circle) and 300 K (blue square), respectively.

If the excitation photon energy is below the A exciton energy, the photocurrent signals are
maximized when the incident light is polarized in the direction perpendicular to the electrode edge.
These results suggest that a different photocurrent generation mechanism is involved for low
energy photon excitation. When the photon energy is lower than the A exciton energy of WSe»,
the photon cannot provide enough energy to excite an electron from the valence band to the
conduction band of WSe;; therefore, the photocurrent signals are mainly attributed to the hot

electron injection. Here, photons can be absorbed by gold electrodes to generate hot EHPs. The
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photo-excited hot electrons can cross over the Schottky barrier and be subsequently injected into
the conduction band of WSe,. The polarized photocurrent response primarily results from the
anisotropic absorption of metal electrodes due to the surface plasmon resonance, which reaches its
maximum when the polarization direction of the incident light is perpendicular to the metal edge.®
I further study the power dependence of photocurrent response. As shown in figure 3.2c, a linear
relationship with the incident light power is observed at low temperature (I, = P% a = 1),
indicating that the number of photo-excited carriers is proportional to that of incident photons,
whereas a sublinear behavior is displayed at room temperature (I, = P% a < 1). The sublinear
relationship suggests the loss of photo-excited carriers by recombination, which may result from

defects and charged impurities either in WSe; or at WSe»-SiO» interfaces.5% 7
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Figure 3.3 Measurement of a monolayer WSe> device. (a) Raman spectrum of a monolayer WSe»
on Si0»/Si with 532 nm laser illumination. (b) Reflection and corresponding (c) photocurrent
images of the monolayer WSe; transistor under 650 nm laser illumination. Purple and black dashed
lines outline the WSe> flake and Electrodes, respectively. (d) Normalized photocurrent intensity
extracted from photocurrent images at WSe;-metal junctions under 650 nm laser illumination at 0

gate voltage.
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3.4 Tunable exciton peak via out-of-plane electrical field and temperature

Furthermore, the polarization dependence in WSe> may be electrically tunable since the A
exciton peak can be shifted from 755 nm to 744 nm when an out-of-plane gate voltage is applied
(Figure 3.4a). From the capacitor structure, I can estimate the electric field across the WSe:> flakes
by considering the WSe» as an insulator with relative dielectric constant g,, = 20 and thickness
t,, = 3.2 nm, lying on the silicon dioxide with relative dielectric constant &,, = 3.9 and thickness

tox = 300 nm.”! 72 The electric field across the WSe: flake is given by

Veox

w
tOXEW + tW EOX

I contribute the observed shift to the quantum confined Stark effect which can modulate
the interband optical transition for TMDs.?!">* Considering the exciton as a polarizable bound EHP
with a finite shift along the direction parallel to the basal plane of the crystal. The exciton

recombination energy is given by:?!
E(F)=E,—p-F—f-F?

where E| is the exciton recombination energy at F = 0, p is the nonzero exciton dipole moment
and B is the exciton polarizability. I extracted the polarizability f =~ 3.90 x 10~® Dm/V (Figure
3b), which is two orders of magnitude larger than the out-of-plane value obtained for MoS» and is

comparable to those characterized via in-plane electric fields.?!>?
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Figure 3.4 Tuning WSe2 photoresponse via electric field. (a) Photocurrent spectra of WSe;-metal
junctions under different gate voltages ranging from 0 to 80 V. (b) Photocurrent peak shift as a
function of the out-of-plane electric field, extracted from the measurements in (a). The solid red
line is a parabolic fit. (¢) Gate-dependent photocurrent responses at red and blue triangle regions
in figure 3.1d and the conductance measured as a function of the back-gate voltage. The green area
illustrates the “off” state of the WSe, device and the dashed line indicates Vg = Vpp. (d)
Schematic diagrams of energy band diagrams illustrating the mechanisms of photocurrent
generation under different gate voltages. (g) Photocurrent peak shift as a function of an in-plane

electric field based on the estimate from (c). The solid red line is a parabolic fit.

Here, 1 added the out-of-plane electric field from heavily doped silicon which could
modulate the band bending at the WSe>-Metal junction, leading to an in-plane electric field across
the junction. Therefore, both in-plane and out-of-plane electric fields could influence the optical

transition in WSe». To estimate the in-plane electric field, I performed gate-dependent scanning
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photocurrent measurements. By scanning the gate voltage from -30 V to 90 V, the photocurrent
response at the WSe>—metal junction was recorded under 750 nm illumination (Figure 3.4c). When
the Fermi level moves from the valence band to the conduction band, the band diagram varies

linearly with a gate voltage: 6E), = eal/;, where E}, is the energy from the Fermi level to the

valence band and « is a numerical constant that shows how effectively the gate can adjust the band
energy.”>7 The measured shut-off gate voltages for p-type and n-type conductance are -20 V and
80 V, respectively (Figure 3.4c, green area). I also know that the indirect band gap of WSe; is 1.20
eV; therefore, the calculated a is about 0.012. The potential across the depletion region at the
WSe;-metal junction can be estimated as 6@ = a (Vg — Vaae). Under laser excitation, photo-
excited EHPs can be efficiently separated and then directed in opposite directions by built-in
electric fields at WSez-metal junctions. For the p-type region (Figure 3.4d left), the electronic
energies are higher in the middle of the WSe; device than near the contacts; therefore, electrons
can be driven to the drain/source electrode, resulting in a positive/negative current. In addition,
negligible photocurrent responses are observed in the center of the device due to the relatively flat
band structure. As shown in figure 3.4d middle, when the gate voltage was set to -2 V, the lift of
Fermi level flattened the band bending in the contact region, resulting in a flat band structure.
Similarly, an opposite polarity of photocurrent signal is detected in the n-type region (Figure 3.4d
right). Based on Schottky diode electrostatics,’® the electric field at the WSe>-metal interface is
given by F = 6®/2w. The depletion width w is chosen as 10 nm, since previous theoretical
studies have shown that 2D material-metal junctions have a depletion region with a width about a
few tens of nanometer.”” The polarizability is calculated to be f =~ 1.83 x 10~° Dm/V (Figure
3.4e), which is comparable to the in-plane polarizability previously reported in monolayer

TMDs.?!"23 The maximum energetic shift AE,,,,,~ — 25 meV is much smaller than the exciton
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binding energy of WSe,”® since the electric field only weakly perturbs the oscillator strength of

the transition.

I also notice that the photocurrent response peak can be shifted by environmental
temperatures (Figure 3.5a). I extracted the peak position at each temperature (Figure 3.5b) and fit

it to a modified Varshni’s equation:”

E,(T) = E,(0) — S{hw) [coth (;7{‘:;) - 1],

where E;(0) is the band gap at 0 K, S is a dimensionless electron-phonon coupling parameter,

(hw) is the average acoustic phonon energy involved in electron-phonon interactions. From the
fitting in Figure 2.5b, § = 1.67 and E; (0) = 1.73 eV are extracted for A exciton, respectively. I
notice that E;(0) is comparable to that of monolayer WSe> (1.74 eV), while S is smaller than
previous reports for monolayer WSe, (2.06 or 2.33).7- 8% This indicates that the electron-phonon
coupling in few-layer WSe> is weaker than that in its monolayer structure, likely due to the
increased effective mass from monolayer to few-layer WSe2.3° As 1 increasing the temperature,
the A exciton energy of WSe> becomes smaller, leading to the peak shift of photocurrent spectra
at various temperatures. These studies may provide a new strategy to modulate the photocurrent

polarization direction of WSe» by shifting its A exciton energy via temperature.
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Figure 3.5 Tuning WSe> photoresponse via temperature. (a) Photocurrent spectra of WSe;-metal
junctions at various temperatures ranging from 160 K to 300 K. (b) Photocurrent peak shift as a
function of temperature, extracted from the measurements in (a). The solid red line is a fit to the

data using a modified Varshni’s equation.

3.5 Conclusion

In conclusion, I systematically investigate the photocurrent generation mechanisms at the
WSe;-metal junctions via wave- length-, polarization-, gate-, and temperature-dependent scanning
photocurrent measurements. | find that if the photon energy is above the A exciton energy, the
maximum photo- current response appears for the light polarization direction along the metal
electrode edge, suggesting that electrons in the valence band of WSe; tend to obtain photons with
the polarization direction perpendicular to their momentum direction. Such a linear polarization
behavior is known as the optical momentum alignment effect because of the pseudospin- induced
optical selection rule. Similar behavior has been widely studied in conventional semiconductors.
If the photon energy is lower than the A exciton energy, the photocurrent signals are maximized

when the polarization direction of the incident light is perpendicular to the metal electrode edge,
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which mainly result from hot electrons generated by the polarized absorption of the gold electrodes
due to surface plasmon resonances. More interestingly, the photocurrent peak can be modulated
by either an external electric field or environmental temperature. These experimental studies
provide an in-depth understanding of photocurrent generation mechanisms, offering new design

rules for future 2D TMD-based anisotropic optoelectronics.
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Chapter 4 Probing Neural Activities in Retina via Graphene Biosensor

4.1 Introduction
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Figure 4.1 Basic types of neurons. Arrows indicate the direction of conduction of action potentials
in axons (red). (a) Multipolar interneurons. Each has profusely branched dendrites, which receive
signals at synapses with several hundred other neurons, and a single long axon that branches
laterally and at its terminus. (b) A motor neuron that innervates a muscle cell. Typically, motor
neurons have a single long axon extending from the cell body to the effector cell. In mammalian
motor neurons an insulating sheath of myelin usually covers all parts of the axon except at the

nodes of Ranvier and the axon terminals. (c¢) A sensory neuron in which the axon branches just
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after it leaves the cell body. The peripheral branch carries the nerve impulse from the receptor cell
to the cell body, which is located in the dorsal root ganglion near the spinal cord; the central branch
carries the impulse from the cell body to the spinal cord or brain. Both branches are structurally
and functionally axons, except at their terminal portions, even though the peripheral branch

conducts impulses toward, rather than away from, the cell body.®!

As an important building block of nervous system, the electrically excitable cell: neuron
typically consists of a coma, dendrites and an axon, which communicating with others cells via
synapses. Figure 4.1 shows typical types of neuron with signal transport direction. Signals are
transported via dendrites to soma and out down through axon for most neurons. At resting, the
voltage gradient across their membranes called membrane potential is at -70 mV (Figure 4.2).
Under a large enough excitation, the neuron will generate an electrochemical pulse: action
potential, which will change the membrane potential to 30 mV and travel rapidly along the axon,
exciting the following neurons via synapses. In the human, hundreds of different types of neurons
together with glial cells, which provides nutrition and support for neurons, boost and modulate for
signal transmissions, established an extremely complex nervous system. It is still unclear how such
complicated network cooperates and realize various functions such as sensory, integration and
motor, which is critical for understanding and dressing the disorders of the nervous system,

including Alzheimer’s disease, Parkinson’s disease, epilepsy.
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Figure 4.2 Stages of an Action Potential. Plotting voltage measured across the cell membrane
against time, the events of the action potential can be related to specific changes in the membrane
voltage. (1) At rest, the membrane voltage is -70 mV. (2) The membrane begins to depolarize
when an external stimulus is applied. (3) The membrane voltage begins a rapid rise toward +30
mV. (4) The membrane voltage starts to return to a negative value. (5) Repolarization continues
past the resting membrane voltage, resulting in hyperpolarization. (6) The membrane voltage

returns to the resting value shortly after hyperpolarization.??

The retina is a window to the brain and as a part of the central nervous system (CNS),
shares similar properties with the brain, making it an ideal candidate for studying physiological
and pathological activities in the CNS.33-% Three cellular layers are connected by two layers of
synapses formed by the axons and dendrites of neurons in the retina (Figure 4.3). The outer nuclear
layer of the retina contains the cell bodies of light receptors, the rods and cones, which are
responsible for dim light and precise color vision, respectively. Photoreceptor responses to light
stimuli are transmitted as a grated potential through center layers to retinal ganglion cells (RGC).
RGCs, in turn, transmit visual information to the brain via producing action potentials conducted

along their axons in the optic nerve. The optic nerve head (ONH) is the region of the retina where
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RGC axons are bundled together prior to exiting the globe of the eye. This area does not contain
neuronal soma and is associated with the “blind spot” in visual perception. However, it is an area

of concentrated electrical activity due to the tight bundling of unmyelinated RGC axons.
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Figure 4.3 Schematic of the eye and retina structure. The magnified area represents different cell

types in the retina.?’

Various techniques have been developed to study the neural activity. Patch-clamp
recording can record voltage or current signals of a single cell with high electrical sensitivity and

has been widely used to investigate neural activity in vitro and in vivo.389!

Nevertheless, the
sizeable probe tips and bulky micromanipulators involved in this technique make it challenging to
investigate a large population of cells in an entire neural network. Recently, various kinds of
fluorescence sensors, such as voltage sensitive dyes and calcium indicators, have been utilized to

optically record electrical activities in neural networks with high throughput.®? 3

However, the
electrical sensitivity of optical imaging is significantly lower than that of patch-clamp recording.**
With arrays of electrode, microelectrode arrays (MEAs) can stimulate and record a large
population of neurons simultaneously, making it a powerful technique to study the functions and

connections of neural networks.”>7 Although field effect transistors (FETs) have been applied to

improve the electrical sensitivity, electrode density and physical contact problems are still limiting

35



the capability of MEAs in studying neural networks.’® °° The limitations of these currently
available technology thus call for new approaches to further improve our capability to probe and

understand complex nervous system.

Here, I combine graphene FETs with scanning photocurrent microscopy to detect the
neural activity of mouse retina, which is placed on microfluidic platforms that can keep whole
mouse retina healthy for multiple days.'® Electrical activity in living retinal tissues can modulate
the carrier concentration of graphene, resulting in potential gradients that can separate photo-
excited electron-hole pairs (EHP) and produce photocurrent signals. In our experiments, strong
photocurrent responses are detected from the graphene underneath ONH, suggesting that the
electrical activity of the ONH is sufficient to alter the local electrical properties of graphene. I also
find that no remarkable photocurrent response is detected from the graphene underneath both
dehydrated and fixed retina, which further confirm that the photocurrent signals in graphene that |

observe are indeed from the electrical activity in living tissues.

Significant research endeavors are ongoing to explore potential applications of graphene

for imaging, biosensing, drug delivery, and tissue engineering,'0!-104

While great progresses have
been made on almost all fronts, many fundamental questions pertaining to biomedical applications
of graphene still remain unanswered. One critical issue for biomedicine is how graphene influences
the behavior of living cells or tissues, which is still not well understood despite the general
acceptance that graphene is biocompatible.!-112 A few groups have conducted studies to examine
in vitro viability of primary neuronal cultures or human neuroblastoma cell lines on graphene
substrates, 105107, 109-112 Ce]] culture on bare graphene allows for direct interactions between the

cells and graphene. However, graphene on bare glass substrates omits the supportive properties of

matrix substrates, which increase in importance from neuroblastoma cell lines to primary neuronal
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cultures. The resultant studies suggest that neurons can be grown on bare graphene adhered to
glass, but are conflicted on whether graphene influences cell viability and vitality, 0% 107, 108, 110, 113
Although the outcomes of these studies are also conflicting, most indicate that the graphene
underneath organic matrix substrates does not adversely impact cell adhesion, viability or

105,112

vitality. Thus, it is vital to clarify whether graphene impedes the ability of neurons to interact

with biological elements in their environment that exist prior to applying graphene.

Here, a systematic study was performed to determine whether applying graphene on top of
organic matrix substrates masks interactions between these matrix substrates and primary cultures
of purified neurons. | fabricated six different platforms for primary cultures of retinal ganglion
cells (RGCs) that were comprised of matrix substrates known to have low, medium and high
efficacy for these neurons. Three of the culture platforms included a layer of graphene placed on
top of the matrix substrate. Using these platforms, I determined whether graphene overlay and the
resultant direct contact between RGCs and the graphene layer alters substrate efficacy, as
measured by several important indices of cell viability and vitality, including receptor-mediated
endocytosis and neurite outgrowth. I further assessed the specific potential for graphene to serve
as a biosensor in electrophysiological assays by measuring substrate and graphene effects on cation
channel activity. For all measures and culture substrates, direct contact between RGCs and
graphene does not impede interactions between RGCs and underlying substrate matrix. That the
positive and negative effects of the different substrates remained consistent with graphene overlay
indicates that graphene is biocompatible. These findings support feasibility of graphene as a

biosensing material for in vitro applications in neuroscience, such as electrophysiological assays.
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Table 1 In vitro viability of cell culture on graphene substrates from previous researches.

Citation Cell type Substrates Main results

105 Veliev et al. | Primary hippocampal | Poly-L-Lysine (PLL) | Increased density of attached neurons on bare
2016 neurons (from embryonic | coated glass, PLL coated | graphene; Decreased neurite number on bare
Biomaterials E16.5 mice) graphene, bare graphene graphene; Increased neurite outgrowth on

coated graphene compared to bare graphene

106 He et al. | Primary hippocampal | Graphene on glass, tissue | Increased growth cone growth, neurite

2016 neurons (from postnatal PO | culture polystyrene | sprouting/outgrowth, &  complexity of

Biointerfaces rats) (TCPS) (both coated with | dendritic network on graphene; Higher

poly-lysine) frequency of spontaneous post synaptic

currents (sPSC) on graphene; Neurons
couldn’t grow on graphene or TCPS without
coating

107 Lee et al. | Human neuroblastoma SH- | Glass, graphene on glass Increased neurite outgrowth on graphene

2015 Biochem. | SYS5Y cells (neural

& Biophys. | differentiation with RA)

Res. Comm.

198 Fabbro et al. | Primary hippocampal | Graphene  on  glass, | Normal morphology & cell density on all

2016 ACS | neurons (from postnatal P2- | Control (glass or substrates; no effect on sPSC or induced PSC

Nano P3 rats) polyornithine-coated or synaptogenesis on all substrates

glass)

109 Bendali et.
al. 2013 Adv.
Healthcare
Mat.

Primary retinal ganglion
cells (from adult rats)

Glass +/- Poly-D-Lysine
(PDL)/laminin  coating,
graphene on sapphire +/-
coating

Decreased cell survival, cell body area, &
neurite outgrowth on graphene compared to
glass (-coating); Decreased neurite outgrowth
on graphene compared to glass (+coating);
Decreased cell body area & neurite outgrowth
on both substrates -coating compared to
+coating

Primary retinal ganglion
cells (from postnatal P7
rats)

Glass +/- PDL/laminin
coating, graphene on
sapphire  +/-  coating,

sapphire +/- coating

Decreased cell viability, neurite outgrowth, &
total processes on all substrates -coating
compared to +coating; Increased cell body area
on all substrates -coating compared to +coating
(cell aggregation)

110 Sahni et al.

Primary rat cortical neurons

Uncoated permanox

No deleterious effect of graphene on neuronal

2013 1. dishes, PDL coated dishes, | attachment, growth, or morphology; No

Neurosurg. graphene evidence of cytotoxicity between substrates;

Ped. Increased LDH activity on graphene compared
to PDL coated; Decreased LDH activity on
graphene compared to uncoated substrate

U1 Park et al. | Human nerve SH-SYSY | Glass  +/-  graphene | Normal percentage cell viability, cell survival,

2013 J. | cells coating, SiO2/Si  +/- | & morphology on all substrates

Microbio. graphene coating

Biotech.

U2 1i et al. | Primary hippocampal | TCPS, graphene on TCPS | Normal neuron growth, morphology, density,

2011 neurons (from postnatal P1 | (both coated with PLL) metabolic activity, & membrane integrity on

Biomaterials mouse) both substrates; Increased neurite outgrowth

on graphene
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4.2 Graphene biocompatibility evaluation

To investigate whether graphene overlay impedes interactions of neurons with underlying
biological elements, I performed studies with primary cultures of RGCs. RGCs are projection
neurons, whose axons form the optic nerve. Like other projection neurons, establishing and
maintaining RGCs as primary cell cultures can be challenging. Optimal establishment of these
cultures requires precise culture conditions, including application of a substrate matrix and media
enrichment with supplemental amino acids and an extensive panel of neurotrophic and growth
factors. ''*!17 The sensitive nature of these neurons in vitro improves applicability of our findings

to other neuronal subtypes, many with less stringent culture requirements.

As demonstrated by significant previous literature, laminin is the preferred substrate for
primary RGC cultures. ''%12> Anecdotally, bare glass and PDL are generally considered sub-
optimal, with PDL being preferable to bare glass. While these substrates have not been formally
compared for efficacy, field standards for primary RGC cultures indicate that these three substrates
represent a continuum of efficacy for the establishment of viable and vital RGCs. As such, I
designed six different culture schemes, using these three substrates. I produced three substrate-
only platforms. The first was a bare glass coverslip with no matrix substrate. The second and third
platforms were glass coverslips coated with either laminin or PDL. I then adopted three graphene-
integrated versions of the substrate-only platforms. For one platform, I placed graphene on bare
glass (Figure 4.4a, left panel). For the remaining two platforms, I coated glass coverslips with
either laminin or PDL followed by graphene overlay (Figure 4.4a, middle and right panel). As
depicted in Figure 4.4a, RGCs were in direct contact with graphene in the graphene-integrated
platforms. All cultures, regardless of platform, were maintained in optimal growth media for RGCs,

as previously described.!!”- 124
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b Graphene + Laminin + PDL

Figure 4.4 Culture substrates configuration. (a) Assembly schematics for graphene-integrated
devices. Glass coverslips were coated with laminin or PDL. Graphene was then placed on top of
laminin or PDL coating. RGCs were plated directly on top of graphene. (b; top panel)
Representative fluorescent micrographs of RGCs cultured graphene alone (left), laminin (middle)
or PDL (right) with graphene overlay. RGCs were labeled with CTB conjugated to Alexa Fluor-
488 (green). (b; second panel) Quality of the graphene alone, or on laminin or PDL, was assessed
by Raman spectra and intensity ratio mapping of 2D and G peaks (b; third panel). Scale bar = 10

pm; Images taken at 40x.

To view cells in our culture, RGCs were labeled with the neural tracer CTB conjugated to
Alexa 488 fluorophore (Figure 4.4b; top panel). To make sure that these cells were cultured on
graphene, I examined the graphene using Raman spectroscopy following cell plating and exposure
to standard culture conditions for one week. As shown in the second panel of Figure 4.4b, the 2D
(~2681 cm™) peak exhibited a symmetric shape and the 2D-to-G (~1583 cm™') intensity ratio was

about 2, which indicates that the graphene had a monolayer structure. To characterize the
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continuity of the graphene, I extracted and plotted intensity ratio mapping of the characteristic
graphene Raman 2D-G intensity ratio. This spatial mapping revealed continuous distribution of
graphene underneath RGCs with glass, laminin and PDL substrates (Figure 4.4b; third panel).
These data indicate that: 1) successful transfer of graphene on laminin and PDL matrix is feasible,
2) graphene remains intact following cell plating and after exposure to the environmental
conditions of cell culture (i.e. 37°C and 5% CO) for at least one week, and 3) direct contact with

neurons does not disrupt the graphene layer, regardless of underlying substrate.
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Figure 4.5 Matrix substrate, but not graphene overlay, impacts RGC density. (a) Representative
fluorescent micrographs of RGCs cultured on glass (top), laminin (middle), or PDL (bottom) with
(+) or without (-) graphene overlay. RGCs were labeled with calcein (green) and ethidium
homodimer-1 (red). Scale bar = 100 um. (b) Box plot of total cell density (y-axis; cells/mm?) in

each culture platform. Asterisks indicate p < 0.05.

Viability, the ability of a cell to survive or live in its conditions successfully, is a key
parameter for in vitro cell culture. Therefore, I measured RGC survival as a function of culture
substrate and determined the impact of graphene overlay on the survival baselines for each of these

substrates. RGC survival was determined by plasma membrane integrity and the presence of
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intracellular enzyme activity, using a Viability/Cytotoxicity assay (LIVE/DEAD™ Kit,
ThermoFisher). I labeled RGC cultures one week after plating with calcein-AM (green) and
ethidium homodimer-1 (EthD-1, red) to measure intracellular enzyme activity and plasma
membrane integrity, respectively. Calcein-AM is a cell-permeable dye that enters cells through
passive diffusion. Once inside the cell, esterase enzymes remove the acetomethoxy (AM) group to
produce a cell-impermeant, polar molecule that is highly fluorescent.'?> EthD-1 is a DNA/RNA
stain that is impermeable to cells with an intact plasma membrane.!?¢ Cells that label calcein+ only
are designated as “live” or “viable” cells, whereas cells that label EthD-1+ only are designated as
“dead” cells.!?”> 128 Cells that label positive for both calcein and EthD-1 are designated as
“compromised” due to a disrupted plasma membrane that allowed EthD-1 to enter, but still retain

active intracellular enzyme activity to convert calcein-AM to calcein.

For cultures plated on bare glass as well as both matrix substrates a majority of RGCs were
calceint+ (green) with minimal co-labeling with EthD-1 (yellow), as shown in broad-field
fluoromicrographs (Figure 4.5a). This baseline level of cell compromise was consistent with
previous studies.'?* EthD-1+ only cells (red) were essentially not detected at this one-week time
point in any of our culture platforms (Figure 4.5a). Quantification of calcein and EthD-1 labeling
revealed that graphene overlay did not alter RGC density, as compared to their respective
substrate-only platforms (p > 0.05; Figure 4.5b). Importantly, comparison between platforms with
and without graphene overlay indicates that graphene does not alter cell viability and the overall
health of the cells in these two groups is similar. While it is not our main concern here, I found
that the density of RGCs was 31% and 41% lower in the PDL platform, as compared to bare glass

and laminin platforms, respectively (p < 0.05 for both; Figure 4.5b). The reduced RGC density

42



noted in the PDL and graphene-PDL platforms could be due to either a reduction in cell adherence

at the time of plating or to increased cell attrition prior to the one-week time point.

In addition to cell viability, it is of critical importance that graphene overlay does not
impede the ability of matrix substrate to improve RGC vitality, or activity. To determine whether
graphene overlay altered the ability of RGCs to execute a more complex cellular function, I first
assessed receptor-mediated endocytosis across our culture platforms, using the active uptake,
active transport tracer CTB. This tracer is commonly used to measure axon transport and
connectivity in RGCs.'?13* CTB binds to the GM1 ganglioside receptor and enters RGCs via
caveolin-1-mediated endocytosis.'** 133 Following endocytosis, CTB is trafficked to RGC
terminals via the microtubule network.!?® 13! The activity required for uptake and transport of CTB
makes it an i1deal marker of not only viability, but also cell vitality. It is important to distinguish
between a cell that is technically “viable” as it is able to survive in its conditions, and a cell that is

maintaining vital, activity-dependent intracellular processes.'®®
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Figure 4.6 Receptor-mediated endocytosis of CTB in RGCs on culture substrates with graphene

overlay. (a) Representative fluorescent micrographs of RGCs cultured on glass (top), laminin
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(middle), or PDL (bottom) with (+) or without (-) graphene overlay. RGCs were labeled with CTB
conjugated to Alexa Fluor-594 (red). Scale bar = 100 um. (b) Box plot of CTB+ cell density (y-

axis; cells/mm?) in each culture platform. Asterisks indicate p<0.05.

In our studies, one week after plating in our six culture platforms, RGCs were treated with
CTB conjugated to Alexa Fluor-594 (red) for 24 hours. CTB uptake and transport was visualized
by live cell fluorescent imaging. All culture platforms contained CTB+ RGCs, which exhibited
CTB in both the soma and along neurites (Figure 4.6a). Quantification of CTB+ RGC density
shows that the density of CTB+ RGCs in graphene-integrated platforms did not differ statistically
from their respective substrate-only platforms (p > 0.05 for all; Figure 4.6b). As such, I conclude
that RGCs in the graphene-integrated platforms exhibited similar vitality to those in their
respective substrate-only platforms, indicating that graphene overlay did not alter the measured

efficacy of glass, laminin or PDL substrates.

As to the effects of different matrix substrates, I found that the laminin-only platform
contained 32% more CTB+ RGCs than the bare glass platform (p < 0.05; Figure 4.6b). The PDL-
only platform contained a median density of CTB+ RGCs that was between bare glass and laminin
platforms (p > 0.05; Figure 4.6b). For the graphene-integrated platforms, graphene overlay on bare
glass contained 35% and 25% lower density of CTB+ RGCs than graphene overlay on laminin and
PDL, respectively (p < 0.05 for both; Figure 4.6b). These data suggest that while PDL substrate
yields the lowest absolute density of RGCs (Figure 4.5), the vitality of these RGCs, as measured

by receptor-mediated endocytosis, is higher than that achieved with a bare glass substrate.
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Figure 4.7 RGC neurite outgrowth on culture substrates with graphene overlay. (a) Representative
fluorescent micrographs of RGCs cultured on glass (right), laminin (middle), or PDL (left) with
(+) or without (-) graphene overlay. RGCs were labeled with calcein (green). (b) Box plot of the
number of intersections per cell (y-axis) in each culture platform. Intersections were counted as
the number of times any neurite crossed a line in the 25x25 pum grid that was overlaid on

fluoromicrographs of 20x magnification. Asterisks indicate p<0.05.

In addition to receptor-mediated endocytosis, 1 adopted neurite outgrowth as another
important indicator of neuronal vitality in vitro to assess whether graphene overlay affects the cell
function. To measure neurite outgrowth in our six culture platforms, I quantified the complexity
of RGC neurites with live cell imaging in cultures labeled with either calcein-AM or CTB (Figure
4.7a). Neurite complexity was measured by counting the number of times calcein+/CTB+ neurites
intersected the lines of a 25 um x 25 um grid mask placed on each fluoromicrograph. This method
of quantification accounts for changes in both the length and complexity of RGC neurites. The
complexity of axonal branching is particularly important in establishing neural circuits; one of the

primary reasons this method of quantification was chosen. **
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The quantification results revealed that the number of intersections between the grid mask
and RGC neurites was 2-fold higher in the laminin platform and 1.5-fold higher in bare glass
platform than in the PDL platform (p < 0.05 for both; Figure 4.7b). Importantly, RGCs cultured
on the graphene-integrated laminin platform also exhibited the most neurite outgrowth, with ~1.5-
fold more intersections than graphene-integrated glass and PDL platforms (p < 0.05 for both;
Figure 4.7b). Overall, there is no significant difference in neurite outgrowth, as measured by the
number of intersections, between graphene-integrated platforms and their respective substrate-
only platforms (p > 0.05; Figure 4.7b), indicating that graphene overlay does not alter efficacy of

glass, laminin or PDL substrates.

As to the effects of different matrix substrates, Figure 4.7b suggests that PDL matrix
impedes neurite outgrowth in RGCs, while laminin matrix promotes neurite outgrowth. Bare glass
exhibits median efficacy as a substrate for neurite outgrowth that is similar to laminin in substrate-

only devices and similar to PDL in graphene-integrated devices.

Ion channel activity is essential to neuronal function, particularly neurotransmission, and
is the basis for electrophysiological assays. To more specifically assess the potential application
of graphene as a biosensor for electrophysiological assays, which require direct contact between
neuronal processes and graphene, I measured the effect of graphene overlay on cation channel

activity in RGCs across our three culture substrates.

One week after plating cells in our six culture platforms, I performed real-time, thallium
flux imaging.'** In this assay, thallium acts as a surrogate for cations and a fluorescent signal is
generated by thallium binding to a cell-permeable Thallos dye. Similar to traditional calcium
imaging, increased fluorescent signal indicates opening of cation channels, which are

promiscuously permeable to thallium. The representative images in Figure 4.8a depict baseline
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fluorescence of Thallos dye (left panels) and fluorescence after the addition of thallium (right
panels). For illustration purposes, heat maps of the fluorescence signal for individual cells are
depicted in panel insets (Figure 4.8a). For statistical comparison, I quantified cation channel
activity as the change in fluorescent intensity of thallium between baseline and peak measurements
(peak/baseline intensity) for individual RGCs (Figure 4.8b). RGCs cultured on bare glass and
laminin matrix platforms exhibited similar levels of cation channel activity, as indicated by
thallium flux (p > 0.05; Figure 4.8b). In contrast, RGCs cultured on the PDL matrix platform
exhibited approximately 19-23% less cation channel activity than both glass and laminin substrates
(p < 0.05; Figure 4.8b). Similarly, RGCs cultured on the graphene-integrated PDL platform
exhibited 24% and 42% less thallium flux than RGCs cultured on graphene-integrated glass and
laminin platforms, respectively (p < 0.05; Figure 4.8b). Like the substrate-only platforms, the
graphene-integrated glass and laminin platforms exhibited similar levels of cation channel activity

(p > 0.05; Figure 4.8b).
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Figure 4.8 (a) Representative fluorescent micrographs of RGCs cultured on glass (top), laminin
(middle), or PDL (bottom) platforms with (+) or without (-) graphene overlay. RGCs were loaded
with the cell-permeable dye Thallos (green). Images were taken at baseline and after addition of

thallium, which binds to and increases the fluorescent intensity of Thallos dye. Insert: zoom of an
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individual cell within the larger image analyzed with a heat map showing the fluorescent signal of
Thallos dye. (b) Box plot of the change in the fluorescent intensity of each cell (peak

intensity/baseline intensity).

Importantly, RGCs cultured on each of the graphene-integrated platforms exhibited greater
cation channel activity than their respective substrate-only platforms (p <0.05 for all; Figure 4.8b).
This increase in thallium flux ranged from 6% - 37% (Figure 4.8b). These data indicate that: 1)
PDL matrix impairs cation channel activity in RGCs, 2) graphene overlay increases overall cation
channel activity, regardless of substrate and 3) graphene overlay does not change the relative
efficacy of glass, laminin and PDL, which suggests that despite overall enhancement of cation
channel activity, graphene overlay does not obscure the cation channel phenotype induced by the

culture substrate.
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Figure 4.9 Graphene overlay does not alter the biophysical interaction between voltage-gated
sodium and potassium channels in cultured RGCs. RGCs cultured on laminin platforms without
(-), a) or with (+), b) graphene overlay showed large cell bodies (arrows) with widespread neurite
processes. Scale bars =20 um. RGCs cultured on laminin platforms without (-), ¢) or with (+), d)

graphene overlay produced transient inward currents followed by prolonged outward currents to
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depolarizing test potentials. RGCs cultured on graphene-integrated platforms showed significantly
reduced inward (*) and outward (#) currents (e). However, the reduction in inward and outward
currents does not alter the biophysical interaction between inward and outward currents (f). (n =

7, -Graphene; n = 10, +Graphene; *p < 0.025; #p < 0.015).

To further inform the changes in ion channel activity seen from the thallium flux studies, I
performed whole-cell, patch-clamp recordings on RGCs on laminin and graphene-integrated
laminin platforms to measure inward and outward current activity of the cells. In order to simplify
the experiments, since the effect of graphene overlay on cation channel activity was similar
regardless of substrate and cell integrity is paramount for whole-cell patch clamp, I chose to only
culture and record from cells on the preferred cultured substrate for RGCs, laminin. RGCs cultured
on both laminin and graphene-integrated laminin platforms showed large somas with neurites
extending from the cell body (Figure 4.9a, b). RGCs were further identified physiologically by

applying brief, 40 ms, depolarizing test potentials from -80 to 30 mV in 10 mV increments.

RGCs cultured on both laminin and graphene-integrated laminin platforms produced
transient inward currents followed by prolonged outward currents to depolarizing test potentials
(Figure 4.9¢c, d). RGC responses were quantified by measuring the peak of each transient inward
current and outward current produced by each test potential. RGCs cultured on both laminin and
graphene-integrated laminin platforms activated inward current statistically different from zero at
-60 mV (Figure 4.9¢). RGCs cultured on laminin platforms showed increased inward currents up
to -20 mV followed by decreased inward currents from -10 to 30 mV, which is likely due to an
interaction between inactivating voltage-gated sodium channels and activation of voltage-gated
potassium channels at these higher test potentials. RGCs cultured on both laminin and graphene-

integrated laminin platforms showed increased inward currents from -60 to -30 mV followed by a
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decrease in inward current for remaining test potentials. RGCs cultured on graphene-integrated
laminin platforms showed a modest but statistically significant decrease in inward currents for test

potentials between -30 to -20 mV as compared to laminin only substrate (*, p < 0.025). Both

RGCs cultured on laminin and graphene-integrated laminin platforms showed outward current
activation at -30 mV, and outward current generally increased as test potential increased. However,
RGCs cultured on graphene-integrated laminin platforms showed a statistically significant

decrease in peak outward current between 10 to 30 mV (#, p < 0.015). Reduced inward and

outward currents for RGCs cultured on graphene-integrated platforms suggest a decrease in the

number of functional voltage-gated sodium and potassium channels.

To understand if graphene impacts the biophysical characteristics of these channels
mediating inward and outward currents, I normalized peak inward and outward current values
produced at each test potential by the maximum inward or outward current value for each cell.
Here, I found no significant difference between inward and outward current profiles (Figure 4.9f)
of RGCs cultured on laminin or graphene-integrated laminin platforms, suggesting the reduced
number of voltage-gated sodium and potassium channels in RGCs plated on graphene does not
influence the biophysical interaction between voltage-gated sodium and potassium channels

governing action potential initiation and membrane repolarization.

These studies address one critical issue for neurobiological applications of graphene, that
is, how graphene influences the behavior of living neurons, which is still not well understood
despite the general acceptance that graphene is biocompatible.'®""? Through systematic studies, 1
examine the effect of graphene through comparing the outcomes of viability, vitality and
electrophysiological function in primary cultures of RGCs on each of three common substrates

(glass, laminin and PDL) with and without graphene overlay. Our results confirm that culture
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substrate influences the health of primary neurons in culture. When all outcomes are considered,
laminin substrate yielded the most robust RGC cultures, as anticipated. Based on anecdotal
evidence, I expected PDL matrix to yield more robust RGC cultures than bare glass. However, our
data suggest that the efficacy of bare glass and PDL matrix as substrates for RGC cultures depends
on the outcome examined. For three of the four outcomes I examined, the bare glass platform
yielded more robust RGC cultures than the PDL matrix platform, which suggests that interactions

between RGCs and PDL matrix could negatively influence RGC viability, vitality and function.

For all viability and vitality indices examined, graphene-integrated platforms exhibited the
same pattern of RGC phenotypes as the substrate-only platforms. This indicates that direct contact
between RGCs and graphene does not impede interactions between RGCs and underlying substrate
matrix, such that the positive or negative effects of culture substrates are retained. I suspect that as
a monolayer atomic structure, graphene reproduced local surface properties (mechanical or charge

distribution) of underneath matrix to influence the cultured RGCs on top of it.

Interestingly, I did observe that graphene enhances cation channel activity, as illustrated
by an increase in the magnitude of thallium influx. Other studies examining the physiology of
neurons cultured on graphene have found a potentiation of neurotransmission through increased
presynaptic vesicle number, release probability, and turnover rate.!** Graphene producing an
increase in presynaptic neurotransmission could lead to increased postsynaptic cation channel

activity, which is consistent with our thallium flux results on graphene-integrated platforms.

Electrophysiological recordings showed reduced inward and outward currents for RGCs
cultured on graphene-integrated platforms, which indicates a decrease in the number of functional
voltage-gated sodium and potassium channels. This reduction in cation channel expression could

arise from a myriad of alterations, including transcription, translation, protein trafficking and
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membrane structure.'3® Despite differences in ion channel representation, analysis of overall
inward and outward current profiles revealed no significant difference between RGCs cultured on
substrate-only or graphene-integrated platforms, indicating that graphene overlay does not alter
the overall biophysical properties of RGCs. This is supported by previous studies showing that
neurons cultured on graphene substrates do not show significantly altered electrophysiological
properties, compared to neurons cultured on traditional culture substrates.’® Increased cation
channel activity, like that noted in our thallium flux assay, could serve as compensatory
mechanism to maintain the biophysical properties of RGCs, despite graphene-mediated reductions

in the number of functional voltage-gated sodium and potassium channels.

4.3 Graphene probes and devices design

Graphene transistors were fabricated as described in chapter 2. As shown in Figure 4.10b,
the 2D peak has a symmetric shape and 2D-to-G intensity ratio is about 2, indicating that the
graphene has a monolayer structure.’’ A cylinder was placed on top of graphene transistors and
filled with 1X phosphate-buffered saline (PBS) solution. A gold wire was inserted into the cylinder
and used as an electrolyte-gate to modulate the electrochemical environment of graphene. Gate-
dependent conductance measurement of a typical graphene transistor exhibits the ambipolar
behavior of a typical graphene transistor with the Dirac point close to 0.7 V (Figure 4.10c),

displaying p-type characteristics at zero gate bias.

After fabricating graphene transistors on a thin coverslip, [ placed a slice of agar gel at the
bottom of a glass cylinder, which serves as a supporting substrate to hold the retina in place as
well as a porous pad that allows fresh media to slowly perfuse through to supply nutrients to the
retina from the cylinder (Figure 4.10a). Live retina was dissected and mounted on top of the agar

gel. The cylinder was then inverted and inserted into the large hole of the PDMS ring, such that
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the retina came in contact with graphene transistors. Serum-free culture media containing
neurotrophic factors was then added to the glass cylinder to maintain the retina health.?> Moreover,
the media weight on top of the agar gel helps to hold the cylinder in place on top of the retina to
restrict curling. Three days prior to enucleation and retina dissection, mice received an intravitreal
injection of fluorophore-conjugated cholera toxin subunit B (CTB). CTB is an active uptake and
active transport neural tracer that is preferentially endocytosed by RGCs and anterogradely
transported along their axons to the axon terminal in the brain. I utilized the tracer to visualize
RGCs and the unmyelinated segment of their axons in the retina and ONH during photocurrent
recording.!*” As demonstrated in Figure 4.10d, a CTB-labeled (red) whole retina was placed on
top of graphene transistors, where the dark regions are opaque gold electrode arrays. The
fluorescence image presents the structure of RGCs layer. All the axons of RGCs from different
parts of the retina extend from cell soma, group into bundles, and coalesce at the ONH in the center

of the retina to exit the globe of the eye.
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4.4 Probing the neural activity in retina
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Figure 4.10 Overview of the experimental design. (a) Top: Exploded view of a graphene-

integrated microfluidic platform. The orange plate is a slice of agar gel. The pink disk represents
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a retina. The green plane indicates a graphene film. The yellow bars represent Au electrodes.
Bottom: Schematic diagram of scanning photocurrent measurements. A one-micron diameter
diffraction-limited laser spot goes through a transparent coverslip to scan over graphene transistors
underneath a retinal tissue in a microfluidic platform. (b) Raman spectrum of graphene on a
coverslip. (c) Electrolyte gate response of a typical graphene transistor. (d) Fluorescence image of
a CTB-labeled retina on top of graphene transistors. The electrodes array has 27 pairs of electrodes
with 220 um center-to-center distance in horizontal direction. The edge-to-edge distances between
upper and lower electrodes are 20 um, 40 um and 60 pm in cycles. Here, I show 8 pairs of

electrodes near ONH. Scale bar is 200 um.

To explore electrical activity in retina, I performed spatially-resolved photocurrent
measurements through a graphene-integrated microfluidic platform. A continuous-wave laser
source with a wave length of 785 nm was selected to prevent the retina from responding to the
laser based on the negligible spectral sensitivity of mouse retina to the light of wavelength above
700 nm."38 The laser beam was deflected by a nanometer-resolution scanning mirror and then
focused by a 40x objective (N.A. = 0.6) into a diffraction-limited spot (~1 pwm) on graphene
transistors (Bottom panel of Figure 4.10a). The photocurrent signals were collected using a
preamplifier and the corresponding reflection image was recorded by a silicon detector. By
overlapping the reflection image with the photocurrent image, the corresponding position of the

photoresponse on the sample could be located.
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Figure 4.11 Retina on graphene probe. (a) Fluorescence, (b) optical, (c¢) reflection and (d) scanning
photocurrent images of a fresh excised, CTB-labeled retina on top of a graphene transistor in the
ONH region, respectively. (e) Fluorescence, (f) optical, (g) reflection and (h) scanning
photocurrent images of the retina/graphene at the same location after it is dehydrated at room
temperature for 24 hours, respectively. Source and drain electrodes are 45 umx15 pm. Edge-to-
edge distance is 60 um. Scale bar is 30 pm. The inverted ‘14’ near the upper electrode is a metal

marker for location.

Figures 4.11a-d show the fluorescence, optical, reflection, and photocurrent images of a
living retina in a graphene-integrated microfluidic platform, respectively. Pronounced
photocurrent responses were observed at graphene-metal junction areas with opposite polarity for
drain and source electrodes, because the Schottky-like barriers between metals and graphene can

efficiently separate photo-excited EHPs (Detailed photocurrent generation mechanisms will be
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discussed later). More importantly, remarkable photocurrent signals were detected in the ONH
region of the living retinal tissue (Figure 4.11d), indicating that the electrical activity of the ONH
can module the carrier concentration of graphene and induce photocurrent signals. The
photocurrent responses around the bottom electrode are much weaker than those around the upper
electrode, which is likely due to the electrical double layer formed between the retina and graphene
that can screen the electrical signals from the retina and reduce the photocurrent responses in
graphene. As shown in Figure 4.11a, the fluorescence image at the region close to the bottom
electrode is out-of-focus, suggesting that the ONH did not contact the graphene substrate around
the bottom electrode region well. This mainly results from the naturally curved shape of retina,
which is not ideally compatible with the planar nature of graphene-integrated microfluidic
platforms. If I can fabricate graphene transistors on flexible substrates (such as PDMS membranes),
this issue is likely to be addressed. I also investigated electrical signals in the retina after it was
dehydrated for 24 hours. During dehydration, the retinal tissue shrunk, slid, and made a good
contact with the graphene substrate (Figure 4.11e and f). However, the electrical properties
associated with living retina were eradicated. No significant photocurrent response was observed
from the entire dehydrated retina, except the graphene-metal junction areas. As shown in Figure
4.11h, the strong photocurrent signals induced by the living ONH shown in Figure 4.11d
disappeared when the ONH was dehydrated and moved away from its previous location,
confirming that the photocurrent responses underneath the living ONH were induced by its

electrical activity.

To further validate our result, I studied the electrical signals in a paraformaldehyde-fixed
retina through scanning photocurrent measurements. Note that release cuts extending to the ONH

in the retina was necessary to relieve the stiffness after fixation and successfully flatten the retina
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for contact with the graphene (Figure 4.12a). During the fixation process, the tissue structure was
preserved but biochemical reactions were terminated. As I expected, there is no electrical activity
in the fixed retina and thus no photocurrent signal was detected in the ONH region (Figure 4.12b-
d). Comparing the photocurrent results from a living retina with those from dehydrated and fixed
retina, | verify that our graphene-based scanning photocurrent microscopy is a promising tool to

detect electrical signals in living retina.

L. (nA)

Figure 4.12 Fixed retina for comparison. (a) Fluorescence image of a fixed retina. Scale bar is 200
um. (b) Enlarged fluorescence, (c) optical, and (d) scanning photocurrent images of the retina in
the ONH region, respectively. Source and drain electrodes are 40 um in width. Edge-to-edge
distance is 180 pm. Scale bar is 30 um in B-D. 12’ and ’0’ near electrodes are metal markers for

location.
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4.5 Photocurrent generation mechanism

For better understanding of the photocurrent generation mechanisms in graphene
transistors underneath living retina, relative potential profiles across graphene transistors were
extracted by numerical integration of the scanning photocurrent profiles along the dashed lines in
Figure 4.11d and 4.11h."3° The results in Figure 4.13a reveal that for the case with dehydrated
retina, potential gradients of graphene only exist near the gold electrodes, which are induced by
two back-to-back Schottky-like barriers at graphene-metal junction areas. These local electric
fields can efficiently separate photo-excited EHPs and lead to strong photocurrent signals at the
graphene-metal junction areas as shown in Figure 4.11h. The polarity of photocurrent responses
depends on the direction in which the band bends. When the laser is scanning near the left electrode,
separated electrons and holes will travel to the left and right electrodes, respectively. However,
they will travel to opposite directions if the laser is scanning near right electrodes. Thus, the
opposite signs of potential gradients determine the polarity of photocurrent response. A flat band
region is formed in the middle of graphene between two electrodes, where the photo-excited EHPs
quickly recombine and thus no strong photocurrent response is detected. In contrast, when a living
retina is placed on top of a graphene transistor, the cell bodies of RGCs that have initiated action
potentials along their axons can change the local electrochemical environments of the underneath
graphene. As a result, the band structure of the graphene will be bent in the areas with neural
activities since charged molecules and local potentials can modulate the carrier concentration of
graphene and induce local potential gradients (the curved potential between the two electrodes in
Figure 4.13b), which can promote separation of photo-excited EHPs and thus photocurrent
generation. Different polarities of photocurrent signals are directly related to the bending directions

of local potential. Moreover, the existence of the electrical double layer between graphene and the
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retina may shield the charged molecules when the layer thickness is beyond the Debye screening
length.'4? Therefore, only the electrical activity in the regions (such as the ONH), which directly
contact or are extremely close to the graphene transistors, can induce strong photocurrent signals

in graphene.
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Figure 4.13 Schematic diagrams of band structures of a graphene transistor. (a) Photocurrent
signals generate at graphene-metal junction areas due to the band structure bending. (b) A retina
can modulate the carrier concentration of graphene underneath it. Green solid lines show potential
profiles. Black dashed lines denote the Fermi levels. Note that in (a) and (b), the potential profiles
are obtained through numerical integration of the scanning photocurrent profiles along the dashed

lines in Figure 4.11h and d, respectively.
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4.6 Conclusion

I examined the effect of graphene substrate for cell culture through comparing the
outcomes of viability, vitality and electrophysiological function in primary cultures of RGCs on
each of three common substrates (glass, laminin and PDL) with and without graphene overlay. I
suspect that as a monolayer atomic structure, graphene reproduced local surface properties
(mechanical or charge distribution) of underneath matrix to influence the cultured RGCs on top of
it. Overall, our data suggest that while graphene does not alter the biophysical phenotype of RGCs,
it does alter the way in which this phenotype is achieved. Although further studies are required to
elucidate the cause of changes in ion channel expression and the underlying mechanism for
increased cation channel activity, the identification of these graphene-dependent changes is
important for interpretation of electrophysiological assays utilizing graphene as the biosensor. Our
data indicates that, when the proper baselines are established, graphene is a promising biosensing

material for in vitro applications in neuroscience, such as electrophysiological assays.

I further designed a graphene-integrated microfluidic platform to investigate the electrical
activity in mouse retinal tissues through spatially-resolved scanning photocurrent measurements.
Remarkable photocurrent signals are detected in the ONH, suggesting that the electrical activity
of RGC axons in the ONH can module the carrier concentration, induce local potential gradients,
and thus produce photocurrent signals in the graphene transistors. Importantly, as control
experiments, | find that no significant photocurrent response is observed in graphene underneath
both dehydrated and fixed retinal tissues, which further confirms that graphene-based scanning
photocurrent microscopy is a promising technique to investigate electrical processes in living
retina. This method also opens the door for investigating cellular interactions in other neural

networks and biological systems.
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Chapter 5 Flexible Graphene Probes for in vitro and in vivo Biological

System Measurement

5.1 Introduction

The brain, as the center of the nervous system in all vertebrate animals, has the most
complex structure in a body. The human brain contains more than 100 billion neurons, each of
them is connected to thousands of other neurons via synapses.'#! The connectivity and network of
such amounts of cells cooperate is still need to be elucidated. Acute brain slices are widely used
to investigate the central nervous system because of relatively simple and efficient for
preparation.'*> With easy access to the slices, the media can be precisely adjusted as desired and

drugs can be perfused through the tissue.

Typically, researchers use the patch-clamp technique to study neurons in mouse brain slices,
which cannot show the connectivity between cells in the slices. Thus, various types of MEA were
developed, which are devices that contain arrays of plates or shanks as microelectrodes, provide
interfaces to detect the neural activities of neurons/muscle cells, and study the signal propagation
and connectivity.'4-'*> From the application, MEA can be classified as in intro, which is for cell
cultures, retina, and acute tissue slices, and in vivo, which are implantable devices, which are all
based on microwire, silicon, or flexible polymer.'4-14® The flexible MEA outstands other groups

because of their closer mechanical match to the tissue and non-invasive to the brain.'4%- 130

For in vivo microelectrode arrays (MEA), traditionally, three groups were developed,

151-154

including microwire, silicon, and flexible arrays. The materials for the first two groups are
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all rigid, which is difficult to have a close mechanical match with tissue and will also induce more
inflammation than flexible sensors.!>® The cerebral cortex, as the largest site of neural integration
in the central nervous system, acts a critical role in various functions such as perception, memory,
thought, and attention.'>® The flexible MEA sensors can be attached to the surface of the cortex,
and provide consistent recording for months. Based on the recording, with the potential for long-
term in-plants as brain-computer interfaces, the device can be applied to explore the solutions for
nervous system disorders, disorders of consciousness, motor recovery, and virtual reality, which

are of great importance for future application.

Flexible electronics have attracted extensive interest for various applications, which have
been extended to be stretchable and healable.!>” Various challenges should be considered to choose
materials based on application. For many circumstances, substrates may be required to have a high
bending radius, Young’s modulus, chemical stability, compatible with the device fabrication
process. Commercialized polymers that are commonly used to develop flexible devices include
PDMS, parylene, polyethylene terephthalate (PET), polyimide (PI), and silicone. For example,
researchers designed and fabricated neural implants to help restore locomotion of spinal cord
injured rats based on silicone, which has similar mechanical properties with relative tissue (Figure
5.1a).'38 Electronic skin based on flexible strain, temperature, pressure, sensors, and MEA shows
a unique opportunity for prostheses and peripheral nervous interface technologies (Figure 5.1b).'>°
In addition, researchers developed biomimetic soft actuators are capable with various
transformation, such as grippers with dielectric elastomer actuators (DEA) can control flexible,
fragile and flat objects with interdigitated electrode geometry (Figure 5.1¢).'® Recent studies also
show the potential of ionic hydrogel and ionic fluids as electrodes for DEAs, which have potentials

in transparent soft swimming robots (Figure 5.1c).'®!
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Figure 5.1 Flexible electronics in various applications. (a) Illustration of the e-dura implant
inserted in the spinal subdural space of rats.'*® (b) Photograph of a representative smart artificial
skin with integrated stretchable sensors and actuators covering the entire surface area of a
prosthetic hand. Scale bar, 1 cm. The inset shows the artificial skin stretched ~20%. Scale bar, 1
cm.'>? (¢) Soft grippers with a sandwich-like DEA structure can manipulate deformable, fragile,
and even flat objects by employing a compliant interdigitated electrode geometry.'%® (d) Working
principle of FEDEA bimorph module (not to scale): For bidirectional actuators, I make two DEAs

from three layers of an acrylic elastomer adhesive. I created the active areas of the actuators by

64



selectively passivating the surfaces of the adhesive with a powder, which allowed the conductive
fluid to enter from the tubing and cover the active area. I connected the actuator to the high voltage
lead of the power supply through the silicone tubing. Application of a voltage in one of the fluid
chambers with respect to the external fluid-induced Maxwell stress in the dielectric, inducing a

bending motion away from the actuated side.'®!

Here, I demonstrate flexible perforated graphene probes for achieving close mechanical
contact with optimized hole distribution. Graphene, with all the surfaces exposed to the
environment, is expected to have higher sensitivity than traditional noble metal electrode arrays.
Graphene probing fluid platform was designed to keep the tissue active and close mechanical
contact to graphene probes, which has one inlet for medium supply, two outlets: one from the
bottom for hold tissues contact with probes and one from the top for preventing overflood. The
perfusion system and measurement setup have been tested with various perforated patterned
devices for better contact between tissue and sensor region, which indicates uniformly distributed

holes with around 20% through the area would be sufficient to provide a close contact.

Flexible graphene probes can also be applied for in vivo neural activity recording.
Graphene, shows better performance comparing to gold electrodes, which also has been proved
biocompatible after a long time implant.'*® Graphene transistors also feature less noise from
intrinsic amplification of voltage-to-current, wide electrochemical window, high sensitivity
because of extraordinary surface-to-volume ratio, and transparent nature, which can be combined
with advanced microscopy techniques, such as scanning photocurrent microscopy, two-photon

microscopy.'62-164
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5.2 Flexible graphene probing platform design

Figure 5.2 Design of flexible graphene probes. Optical micrographs of fabricated flexible
graphene probes on Si/Si0, wafer with arrays of (a) electrode design and (b) transistor design. (c¢)
Picture of a flexible graphene probe peeled off from a wafer. (d) Schematic graph of the exploded

view of the probing platform. (e) Picture of an assembled probing platform.

Different probes are designed as arrays of electrode and transistor configurations. Arrays
of 16 electrodes with 8 gold electrodes on the left and 8 graphene electrodes on the right (Figure
5.2a), as well as arrays of 16 graphene transistors (Figure 5.2b). Evenly distributed holes are
around 23% area of the detection region, which help to achieve close mechanical contact and media
perfusion of tissue. As a gentle vacuum pump providing negative pressure from the backside of
sensors, media can perfuse through the tissue, which can hold the tissue in contact with electrodes

and the chemical stimulus can reach the bottom surface touching the electrodes or transistors.
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Figure 5.3 Fabrication process of flexible graphene probes.

The probing platform, consisting of two glass slides, parafilm, sensor film, PDMS tubing
support, and glass ring, is shown in Figure 5.2d&e. To form a vacuum chamber, two holes were
drilled on one of the glass slides and sandwiched a piece of parafilm to form a channel with another
glass slide. The sensor film was then glued on the center hole region while the PDMS tubing
support bonded to another hole. Finally, the glass ring was glued on the sensor film. Sensors film
was fabricated as the following steps (Figure 5.3). First, I spin-coated 5 pum thick polyimide (PI-
2611, HD Microsystems) on four-inch wafers and finished curing at 300° C. Electrodes were then
defined via photolithography with a negative resist NR9-1000PY followed by e-beam deposition
of the metal layer (Ti/Au, 10/100 nm). The polyimide film and holes were structured in a dry
etching process via Trion Phantom II (O2 94 sccm, CF4 6 sccm, Pressure 200 mtorr) with patterned

10 um thick SPR220-7.0 photoresist via photolithography as an etching mask. Graphene sheets,
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synthesized as previously described, were transferred to the desired areas. After removing the
PMMA layer, I can continue the graphene transfer to guaranty optimal coverage. To achieve high-
quality transfer, I applied an electrolysis method for separating PMMA -graphene from copper.>°
Typically, PMMA-graphene-copper is used as a cathode of an electrolytic cell with 0.25 M NaOH
in deionized water and a platinum wire used as the anode. Supplying a small voltage of around
3.3V, the current will be a few milliamperes for a gentle separation. Gradually dipping the PMMA -
graphene-copper deeper into the solution, PMMA-graphene will be easily detached from copper
foil. This method brings a few advantages compared to using the copper etchant. Without the need
for an overnight etching, it saves around 24 h process time for graphene transfer. The produced
graphene can be cleaner compare to the copper etchant method and avoid the puzzling
contamination on graphene from the copper etchant. In addition, the chemical used is easy to clean
and environmental-friendly. The graphene active areas were then defined with O, plasma etching
with S1805 photoresist as an etching mask. Finally, SU-8 2002 applied to passivate the device.
The polyimide film can be easily peeled off from the wafer without any sacrifice layer. For the
connection interfacing, a flexible flat cable (FFC) used as a substrate to support the connection
area of the sensor film was clamped to a zero-insertion-force connector, which is on a lab-made

printed circuit board for connecting to a 16-channel amplifier (RHD2132, Intan Technologies).

The assembled platform was then connected to a perfusion system, which has one inlet for
providing media with an in-line heater controlling the temperate and two outlets for holding the
tissue and preventing overflood. After the whole system was perfused with carbogen bubbled
media for 1 hour at 2.0 mL/min with a peristaltic pump controlling the flow, then retina or
recovered brain slices can be transferred in the well. The bottom outlet was started as 0.1 mL/min

to hold the tissue. Neural data were recorded at a 20 kHz sampling rate from 16 channels
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simultaneously with Intan Recording System. Fresh artificial cerebrospinal fluid (ACSF) (NaCl
126 mM, KCI 2.5 mM, NaH>PO4 1.25 mM, CaCl, 2 mM, MgCl, 2 mM, NaHCO3 26 mM, glucose
10 mM) was made before each brain slices experiment with chemical stimuli: 30 mM K* ACSF
(NaCl 98.5 mM, KCI 30 mM, NaH;PO4 1.25 mM, CaCl, 2 mM, MgCl, 2 mM, NaHCO; 26 mM,
glucose 10 mM) and low Mg?" ACSF (NaCl 126 mM, KCl1 4.5 mM, NaH,PO4 1.25 mM, CaCl, 2
mM, NaHCO3 26 mM, glucose 10 mM). After bubbling with carbogen (95% O/ 5% CO») for 15

min, the media can be used for slice storage and measurement.

5.3 Flexible graphene transistors

After the device fabrication, I first tested the transfer curve and scanning photocurrent
imaging of the graphene transistor devices. As shown in Figure 5.4a, a typical ambipolar transfer
curve of graphene has a charge-neutrality point (CNP) ~0V, and the on-off ratio is ~2.6. The
conductance shows a gradual decrease with the applied gated voltage increasing from -600 mV to
CNP, and increase after that. The scanning photocurrent measurement was performed with 785
nm laser excitation. The laser beam was deflected by a nanometer-resolution scanning mirror and
then focused by a 40x objective (N.A. = 0.6) into a diffraction-limited spot (~1 um) on graphene
transistors. The photocurrent signals were collected using a preamplifier and the corresponding
reflection image was recorded by a silicon detector. Strong scanning photocurrent signals were
detected at the Metal/graphene contact area, as the Schottky-like barriers can efficiently separate
the photo-excited electron-hole pairs and generate photocurrent. I can also collect photocurrent-

induced voltage images via the Intan voltage amplifier.
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Figure 5.4 Characterization of flexible graphene transistor. (a) Transfer curve of an electrolyte
gated flexible graphene transistor. Applied Iy has various frequencies: 1 Hz and 10 Hz curves
overlapped. (b) Scanning photocurrent image, (c) photocurrent induced voltage image, and (d)

reflection image of a flexible graphene transistor.

5.4 Flexible graphene probes for in vitro recording
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Figure 5.5 Measurement results of a retina. (a) Picture of a retina with a commercial MEA. (b)
Optical image of a retina on top of a commercial MEA. 30 um diameter dark circles with traces
are arrays of electrode and an 80um diameter dark circle in the top right corner is optical nerve
head. (¢) K* stimulation result shows frequency and amplitude difference between normal and high

K" medium from the retina. The color bars show the perfusion time of the medium with different



K" concentrations. (d) Light stimulation results from two channels show typical responses under
blue, yellow, and white light. The color bars show the on/off time of light with wavelength: blue,

yellow, and white.

I first measured mice retina with a commercial MEA (60pMEA200/30iR-T1, Multichannel
Systems). As shown in Figure 5.5, a retina was placed at the center sensor region of the chamber,
with a red tubbing for medium supply and a stainless-steel needle outlet for preventing overflood.
A retina has continuous spontaneous spikes, which will increase the firing rate and amplitude with
high potassium (K") concentration medium stimulation. The light stimulation was also performed
to explore the responses from the retina with blue, yellow, and white illumination. The different
cells in the retina respond to light show different patterns as ON-, OFF-cells for different
wavelength and total brightness.!6% 1% Acute brain slices were also tested on commercial MEA,
which show few spontaneous spikes without stimulation. As the high K™ medium is delivered into

the chamber, spikes can be detected.

Our flexible graphene probes were applied to measure the neural activity of brain slices. In
figure 5.6, a piece of acute brain slice was placed on top of the sensor region, which has arrays of
graphene and gold electrodes. Under the high K* stimulation, I detected a series of spikes from
multiple electrodes. Especially, the graphene electrodes show higher amplitude than gold
electrodes, because of the lower impedance of the probes compared to e-beam deposited gold

electrodes, which demonstrates the performance of the flexible graphene probes.
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Figure 5.6 Flexible graphene probes for brain slices recording. (a) Optical image of a graphene
probe with medium only. (b) Picture of a piece of brain slice in an assembled probing chamber. (¢)
Optical image of a piece of brain slice on the graphene probe. (d) Zoomed-in image of the graphene
probe shows the detail of graphene electrode as the blue dashed line region. (e¢) K" stimulation
results show the higher amplitude spikes detected from graphene electrode than gold. The color

bar shows the perfusion time of the medium with different K* concentrations.

5.5 In vivo device implantation

After flexible graphene probes are fabricated, I can directly apply them as in vivo probes.
Adult mice, used in our study, were anesthetized with diethyl ether, as shown in Figure 5.7. Once
the animals were ready for the surgery, they were transferred on a thermal blanket to maintain at
37° C with a stereotaxic frame, with ocular lubricant to the mouse’s eyes for preventing dryness
under anesthesia. A craniotomy was performed over the cortex for epicortical recordings. Using
flexible flat cable (FFC) as a substrate to support the polyimide film, I can sterilize them together
in ethanol before surgery. The flexible devices placed on the cortex surface will attach to the brain

by themselves. The dental cement was applied to cover the FFC and part of the device, which will
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harden and secure the device on the skull. Mice were allowed to recover from anesthetized and
recover for a week before the following recording. Lab-made printed-circuit boards will be
connected for signal interfacing with a 16-channel amplifier (RHD2132, Intan Technologies) when

mice are ready for recording.

Figure 5.7 Pictures of the implant surgery steps. (a) Anesthetize a mouse in a chamber with diethyl
ether. (b) Mount the mouse on a stereotaxic frame with a thermal blanket underneath. (c, d)
Remove fur and skin on the skull. (e, f) Open a 3 mm? hole on the skull. (g, h) Attach a graphene

probe to the brain, and fix it to the skull with dental cement.

5.5 Conclusion

In this chapter, I demonstrated the process of flexible graphene probe fabrication, which
can be applied for detecting neural activities in vitro and in vivo. Perforated graphene probes were
fabricated on flexible polyimide substrates and integrated into a perfusion chamber for in vitro
recording. I tested devices with different hole configurations and found that uniformly distributed

holes with 20% area with a gentle flow can hold the tissue at the sensor area for achieving better
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mechanical contact than a rigid flat surface. Graphene electrodes show higher amplitude for
detecting neural activities than gold electrode, which may because of the lower impedance of
graphene electrodes than the e-beam deposited gold electrodes. In vivo neural activity detection is
of great importance for future application on nervous system disorder, disorder of consciousness,
motor recovery, and virtual reality. Our flexible graphene probes featured with the high sensitivity,
biocompatibility, and close mechanical match are promising probes for a reliable long-term
implant for in vivo experiments. The potential functionality can be further improved with graphene
transistor configuration. Especially, combining with scanning photocurrent microscopy can help

to achieve high spatiotemporal resolution.
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Chapter 6 Summary and Outlook

6.1 Summary

From the groundbreaking discovery of graphene, 2D materials have attracted extensive
researchers to explore their unique properties and potential applications. From the extraordinary
mobility of graphene to superconducting twisted bilayer graphene, researchers are continuing to
dive deep to study the basic properties of these materials as well as the industrial potentials. Thanks
to the development of various techniques, I have seen a great opportunity for the application of 2D

materials into the real world.

In the first chapter, I introduced the electronic, mechanical, and optoelectronic properties
of graphene and TMDs. Various synthesis methods help researchers to study materials from
different aspects and for diverse applications. From the general introduction about the application,
2D materials show great potential in electronics, optoelectronics, energy, environment, and
biomedical fields. Chapter 2 shows the details in materials synthesis, basic device fabrication, and
characterization. Micro-mechanical exfoliation is widely used to fabricate for proof of concept
high-quality 2D devices. CVD and liquid phase exfoliation are high yield approaches for study
various applications. Graphene transistors are fabricated via photolithography and characterized
with Raman spectroscopy, electrical and scanning photocurrent measurements. I also introduced
the fabrication of WSe, transistors via EBL and basic characterization with Raman spectroscopy.
I discussed the WSe> devices in detail about anisotropic photocurrent response with systematic
measurement and theoretical studies in chapter 3, which help to understand the basic property of

TMDs.
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From chapter 4, I started to explore the application of graphene in biomedical fields,
especially biosensors for neural activity detection. Retina, with organized structure and light-
sensitive, is an ideal target to study. I first accessed the effect of graphene as a culture substrate for
primary RGCs growth, which shows the biocompatibility for cell culture and potential for
biosensing. Then, a unique graphene probe is developed to detect retina activity. Strong
photocurrent signals are detected at ONH, which indicated the electrical activity at ONH can
modulate local graphene band structure, which can efficiently separate photoexcited electron-hole
pairs. To improve the mechanical contact between tissue, in chapter 5, I discussed how to fabricate
flexible graphene probes for in vitro detections as well as in vivo implants. The perforated graphene

probes show promising results for neural activity recording.

6.2 Outlook

I have seen the success of graphene in biomedical applications. However, it can be further
improved to achieve high spatiotemporal resolution for both in vitro and in vivo recording with a
graphene transistor configuration. With well-developed graphene biosensors, combining with
scanning photocurrent microscopy, I can investigate the complex network of retina and brain in
detail, which may change the traditional electrophysiology approaches in studying various diseases

and drug development.

I can also explore the non-invasive graphene techniques for neural activity detection or
stimulation, which can be of great importance for future brain-computer interfaces, which can be
applied for motor or consciousness recovery. Beyond graphene, many other 2D materials with
potential for flexible device application can be integrated together to form multifunction

optoelectronic probes. Current studies have shown the potential of 2D materials in all kinds of
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applications. With the development of nanotechnology and the synthesis of materials, 2D materials

devices have the potential to achieve industrial production and are utilized in assorted applications.

77



APPENDIX

A.1 Recipe of CVD Graphene Growth

1. Make sure flammable gases are ready to use.

2. Cut a piece of Cu foil.

3. Put the foil in a 5% nitric acid bath for 10 min, and three deionized water baths for 5 min each.
4. Gently dry the cleaned foil with nitrogen gun in a clean dish.

5. Load the dry foil into a cleaned loading boat, and insert into tube furnace.

6. Connect the tube furnace with upstream gas line and exhaust. Make sure a good sealing with
vacuum gun.

7. Start the vacuum pump. Normally, It will reach target vaccum level in 30 min.

8. Record the starting pressure and humidity. Start flow 0.2 slm Ar for 5 min and start 200 sccm
H> flow.

9. Turn off Ar flow, close the furnace and turn it on. Set the temperature to 950° C for 1 h.

10. After 1 h annealing, reduce the flow rate of H> to 100 sccm, and start flow 30 sccm CHa.

11. After 30 min, remove the boar out of the hot zone with a magnetic bar, turn off furnace, start
0.2 slm Ar flow and stop CH4 flow.

12. Open the furnace with a small disk for cooling down the furnace. Completely open the furnace
after temperate below 400° C.

13. Turn off pump when the temperate is below 200° C. Loose the cap at the downstream.

14. Stop Ar flow when the pressure push the cap out.

15. Take the boat out and put the graphene/Cu in a clean petri-dish.

16. Take Raman spectroscopy to make sure the graphene growth quality.
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A.2 Estimation of Local Potential Changes via Photocurrent Measurement
As photocurrent signals are proportional to the local potential gradients, I can extract band
diagrams (Er — Epirqc) Of graphene through numerical integration of photocurrent profiles.’® 5

Based on a simple capacitor model, I obtained an expression for the energetic difference AE =

Er — Epirqc = hvpynn = hvp\[ng |l(g — VDimC|, where vz ~ 10° m/s is the Fermi velocity, n

is the charge carrier concentration, and C is the combination of the electrostatic capacitance
between a graphene and a synapse/spine and the quantum capacitance of the graphene.®® The

minimum quantum capacitance Cg pnis about 6.5 uF / cm?,'%7 and the double layer capacitance

of the electrolyte C; is approximately 20 uF/cm? .'®®  Thus, the total capacitance C is

~4.9 uF /cm?.

As described in chapter 2, from electrical transport measurement and scanning
photocurrent measurement, I can estimate the constant energetic offset at the graphene-electrode

contacts: ¢prg = AE(V, = Vig) ~ 0.1067 eV.

On the other hand, I can extract the band diagrams by numerical integration from the
photocurrent profiles across the drain and source electrodes (Figure A1 A&B). The integrated
difference across the drain and source is Ap5LPP* ~ 2.4880, corresponding to the energetic
difference AE(V, = V,fob@ = 0) ~ 0.4864 eV. Based on this relationship, I can calculate the
local energetic difference induced by neurons. Figure Al D&F show the photocurrent
measurements of a typical graphene-synapse junction (blue circle in figure A1H) at rest (4 mM
K™) and during depolarization (60 mM K*), respectively. As illustrated in Fig. A1F (G), the local
integrated difference of the graphene-synapse at rest (during depolarization) is A¢pZ™ ~ 0.0460

( APS2™M ~ (.0430), corresponding to an energetic difference of AE*™M ~ 0.4954 eV
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2
(AESO™M ~ (0.4948 eV). I then calculate the local carrier concentration n = (hATE) /7 and derive
F

a local carrier concentration change of ~ 6.7 X 101° cm™2, corresponding to a local potential

change of ~2 mV.

Similarly, I can estimate the local potential change from the temporal photocurrent
measurements, where 1 assume the integrated difference is proportional to the photocurrent

intensity, which is illustrated in our spatial photocurrent measurements (Figure A1l).
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Figure A1 Estimation of local potential change. (A) Photocurrent image of a graphene transistor
underneath neurons. (B) Photocurrent profile and (C) integrated difference along the dashed line
in (A). The yellow shaded regions indicate Au electrodes. Photocurrent profiles and integrated
difference in 4 mM K" (D, F) and 60 mM K" media (E, G) of a graphene-synapse junction circled
by a black line in (C) and a blue line in (E). (H) Scanning photocurrent image of neurons on top

of a graphene transistor.
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A.3 Flexible Device fabrication

1. Clean a wafer with Acetone bath and IPA rinse for 30s.

2. Spin coat 5 um polyimide (PI-2611, HD Microsystems) on the clean four-inch wafers.

3. Start the curing process from 70° C on hot plate, and slowly increase to 160° C. Then take the
wafer to an oven to continue curing, gradually increase the temperature from 160° C to 300° C.
Hold at 300° C for 30 min and turn off oven, gradually cool down the wafer.

4. Metal contact pattern is defined via photolithography with a negative resist NR9-1000PY. You
may treat the surface with O, plasma before spin-coating.

5. After develop the pattern, and nitrogen dry the wafer. Hold the wafer at 200° C oven until the
following steps.

6. E-beam deposit a layer metal (Ti/Au, 10/100 nm). Lift-off with Acetone, then IPA rinse,
Nitrogen dry.

7. Spin coat 10 pum thick SPR220-7.0 photoresist via photolithography as an etching mask. You
may treat the surface via HMDS process. Make sure waiting for enough time during the relax
process.

8. The polyimide film and holes were structured via a dry etching process via Trion Phantom II
(0294 sccm, CF4 6 sccm, Pressure 200 mtorr)

9. Graphene sheets, synthesized as previously described, were transferred on the desired areas.
After removing the PMMA layer, continue the graphene transfer to guaranty an optimal coverage
for around 4 layers

10. Spin coat ~500 nm thick S1805 photoresist as etching mask for graphene pattern. After
photolithography, graphene active areas were then defined with O plasma etching

11. Spin coat 2 um thick SU-8 2002. Passivate the device via photolithography.
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12. The polyimide film can be easily peeled off from the wafer with a pair of fine tweezers.
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