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3.3 (a) The patch-clamp technique is commonly used for intracellular ac-
tion potential recording with a glass micropipette to record ion currents
and voltage changes with high temporal resolution. (b) Fluorescent cal-
cium indicators have been shown to be effective in optically recording
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3.4 (a) Optical image of �exible probes with graphene electrodes and gold
electrodes, which are marked by red and blue circles, respectively. The
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the micro�uidic platform. The red and green tubing represents the per-
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connected to a media withdraw pump. (c) Typical spontaneous spik-
ing activities of RGCs recorded by transparent graphene probes. (d) A
representative zoom-in view of a single spiking waveform from RGCs. [7] 41

3.6 Response types of RGCs to light stimulation: (a) sustained ON, (b) tran-
sient ON, (c) sustained OFF, (d) transient OFF, and (e) ON-OFF. Each
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x
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3.9 Representative median spikes: (a) biphasic and (d) triphasic waveforms
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CHAPTER 1

Introduction

1.1 Two-Dimensional Materials

Two-dimensional (2D) materials represent a category of materials comprising a single layer

or a few layers of atoms, which exhibit distinctive physical, chemical, and electronic prop-

erties not found in their three-dimensional (3D) counterparts [9; 10; 11; 12; 13]. The fun-

damental reason for these unique properties is attributed to the reduced dimensionality of

2D materials, which con�nes electrons and other excitations to the plane, leading to novel

quantum effects and ampli�ed interactions between constituent particles [14]. The bonding

in 2D materials is mainly maintained by robust covalent or ionic bonds within the plane,

while the layers can be stacked by means of weak van der Waals forces, enabling the design

of intricate heterostructures with customizable electronic and optical properties [15] [16].

Notable examples of 2D materials include graphene, black phosphorus (BP) and transition

metal chalcogenides (TMDCs) (Figure 1.1).

Figure 1.1: Typical 2D material including graphene, black phosphorus (BP) and transition
metal chalcogenides (TMDCs) [1]. TMDCs is composed of a transition metal (M) (like
Mo, W, or Ta) and a chalcogen element (X), (such as S, Se, or Te), forming the chemical
formulaMX2.

These materials have attracted signi�cant attention from researchers due to their po-

tential applications in a wide range of �elds, including electronics, optoelectronics, and

mechanics. For example, graphene has been shown to exhibit exceptional electrical and
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thermal conductivity, making it a promising candidate for use in high-speed electronic

devices and thermal management applications [17] [18]. Similarly, 2D materials-based

topological insulators have been proposed as functional components in spintronic devices,

based on their ability to transport spin-polarized currents with minimal scattering-induced

loss. The study of 2D materials continues to be an active area of research, with the goal of

further exploring their unique properties and potential applications.

Graphene is a 2D material composed of a single layer of carbon atoms arranged in a

hexagonal lattice withsp2 hybridization. This arrangement results in a honeycomb nanos-

tructure that is densely packed and exhibits exceptional electrical properties. For example,

the electron mobility of n-type Si is about 1400cm2V � 1s� 1 [19], while the carrier mobility

of single-layer graphene reaches 200,000cm2V � 1s� 1 at low temperatures [20], which is

100 times higher than traditional silicon materials. Additionally, graphene has a high ten-

sile strength and Young's modulus, reaching up to 125 GPa and 1.1 TPa, respectively [21].

These superior electrical and mechanical properties, combined with its excellent thermal

conductivity [22], make graphene a promising material high-speed electronics, biosensors,

�exible devices, coatings, and batteries. Furthermore, graphene has a resonant optical re-

sponse within the ultra-wideband spectral range of the ultraviolet-visible-infrared-terahertz

band, making it suitable for a wide range of optoelectronic applications [23]. Overall, its

unique properties and stability make graphene a highly attractive material for a variety of

applications.

Raman spectroscopy is a widely used technique for inspecting the quality of graphene

and determining its layer information through identifying the atomic vibration modes in the

sample [24] [25]. In the graphene Raman spectrum, the G peak (� 1587cm� 1) is a signature

of the primary in-plane atomic vibration mode, while the intensity of the 2D (� 2700cm� 1)

peak varies with the number of atomic layers in the graphene sample [26] [27]. As a result,

the 2D-to-G peak ratio provides a reliable way to probe the graphene layer information,

especially for identifying monolayer graphene. In this work, we use Raman spectroscopy
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to demonstrate the quality and layer information of our chemically synthesized monolayer

graphene. Figure 1.2a and 1.2c show optical images of the graphene on copper and sil-

icon substrates with a 300 nmSiO2 layer, respectively. Figure 1.2b and 1.2d show the

corresponding Raman spectra obtained using a 532 nm laser. The Raman spectrum of

the graphene on the copper substrate shows clear 2D and G peaks, even on a noisy back-

ground. The 2D and G peaks are more distinct when the graphene is transferred onto the

SiO2 substrate, with a 2D-to-G peak ratio of up to 2, indicating the presence of a monolayer

structure. In addition, the negligible D peak suggests that the electrochemical transferring

method used does not introduce many defects into the graphene. It is worth noting that no

special treatment, such as annealing, was applied to the graphene after the transfer process

was completed.

Figure 1.2: (a) Optical image of graphene on copper substrate and (c) silicon substrates with
a 300 nmSiO2 layer. The graphene is synthesized via chemical vapor deposition (CVD) and
transferred to theSiO2 substrate using the bubbling transfer method. (b) Raman spectrum
of graphene on copper substrate and (d)SiO2 substrate under 532 nm laser illumination
(the red cursor in (a) and (c) illustrates the laser position), which indicates the monolayer
structure of graphene.

Transition metal dichalcogenides (TMDCs) are a class of 2D materials that are com-
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posed of a transition metal (M) (like Mo, W, or Ta) and a chalcogen element (X), (such

as S, Se, or Te), forming the chemical formulaMX2 [28]. These materials have attracted

signi�cant attention from researchers due to their unique electronic properties, which can

vary depending on the speci�c elements used and the number of layers present. In general,

TMDCs can exhibit metallic, semiconducting, superconducting, and charge density wave

(CDW) behavior [29]. Overall, the unique properties of TMDCs make them promising

materials for a wide range of applications in electronics, optoelectronics, and mechanics.

1.2 2D Materials Based Optoelectronic Mechanisms and Applications

1.2.1 Photodetector

A photodetector is a device that converts light signals into electrical signals. High-performance

photodetectors have a wide range of applications in scienti�c research and industrial tech-

nology, including optical sensing and communication, �re detection, biomedical imaging,

and environmental monitoring [30; 31; 32]. Photodetectors based on 2D materials can

be broadly classi�ed into three categories: metal-2D-metal, metal-2D+X-metal, and 2D-

heterostructure [33]. The mechanisms of photoelectric conversion in these devices include

the photovoltaic effect (PVE), photo-thermoelectrical effect (PTE), photo-bolometric ef-

fect, and hot electron injection [34]. In the case of PVE (Figure 1.3a), when the photon

energy of the incident light is larger than the bandgap of the semiconductor, electrons in the

valence band can be excited to the conduction band, producing photo-excited electron-hole

pairs (EHPs). The internal built-in electric �elds, which can be created by Schottky barri-

ers, p-n junctions, or defects, can then separate the EHPs and induce a photocurrent [35].

PTE can contribute to photocurrent generation by introducing a non-uniform temperature

gradient to the semiconductor device. Thus it could induce a thermoelectric voltage across

the device for the material featured with different Seebeck coef�cients even without exter-

nal bias [34].

Graphene exhibits a broad electromagnetic spectrum response from the visible to the
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Figure 1.3: (a) The schematic of photocurrent generation mechanism in a semiconducting
material. M represents the metal contacts. For the photovoltaic effect, when the photon
energy is greater than the bandgap of semiconductor channel material, the photo-excited
electro-hole pairs can be separated by the local potential gradients and induce photocurrent.
(b) The temperature gradients can help to induce a thermoelectric voltage across the device
for the material featured with different Seebeck coef�cients (S).

THz range. This makes it an attractive material for use in photodetectors, as it allows

for high-speed responses due to its high carrier mobility (Figure 1.4). However, the zero-

bandgap electronic structure of graphene can lead to a low switching ratio and short car-

rier lifetime, limiting its use in transistors and LEDs [36]. In contrast, 2D TMDCs have

bandgaps in the near-infrared to visible range, which allows for high photoresponsivity in

TMDC-based photodetectors to detect weak light due to the prolonged carrier lifetime, al-

beit at a relatively lower response speed. One of the key characteristics of TMDCs is that

the bandgap can be tuned by changing the number of layers and the chemical composi-

tion of the material [37] [38]. For example, TMDCs can convert from an indirect bandgap

semiconductor to a direct bandgap semiconductor when the number of layers is reduced to

a single atomic layer. This offers the opportunity to adjust the bandgap in the range of 1-2.5

eV, which makes TMDCs highly versatile materials for various applications [37] Moreover,

the strong Coulomb effect in TMDCs leads to a robust exciton emission in the near-infrared

band, thus rendering them highly desirable materials for optoelectronic devices like LEDs

and lasers. TMDCs also exhibit a high ON/OFF ratio (up to 106) as transistor materials,

making them suitable for application in high-speed electronics [39]. However, their rela-
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tively low carrier mobility limits their performance in some applications [40] (Figure 1.4b).

Overall, both graphene and TMDCs have unique properties that make them suitable for use

in photodetectors, but their different electronic structures result in different performance

characteristics.

Figure 1.4: (a) The distribution of the bandgap of 2D material and the corresponding oper-
ation wavelength [2]. (b) The ON/OFF ratio and mobility of 2D material-based photode-
tector [3].

1.2.2 Electrical and Scanning Photocurrent Measurements

Scanning photocurrent microscopy (SPCM) is a type of microscopy that is used to measure

the photocurrent generated in a material or device under illumination. It is a technique that

combines the principles of scanning probe microscopy and photocurrent measurements,
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allowing for high-resolution imaging of the photocurrent distribution in a sample. SPCM

can be used to study a variety of materials and devices, including solar cells, photodetectors,

and optoelectronic devices or to investigate fundamental properties of materials, such as

their band structure and charge transport properties [41; 42].

A schematic of the basic electrical measurement setup for a 2D material-based �eld

effect transistor (FET) device is shown in Figure 1.5a. The setup utilizes a digital-to-analog

data acquisition (DAQ) card from National Instruments to apply bias and gate voltage to the

device. The generated current or photocurrent can be collected by a current preampli�er. In

order to achieve high electrical resolution, a 1000:1 voltage divider is applied to the output

channel of the DAQ card. Since the largest output voltage from the DAQ card is 10 V, the

voltage divider allows for a maximum voltage bias of 10 mV to be applied to the source,

protecting the transistor and enhancing the voltage modulation resolution. For back-gated

transistor devices, the gate voltage required is typically higher than that of electrolyte-

gated devices. In such cases, an external voltage provider is used in place of the DAQ

card. The drain, source, and gate electrodes are connected to the preampli�er and the DAQ

through BNC connectors. All current and voltage settings are controlled and recorded by a

LabVIEW program.

Figure 1.5b is the schematic of SPCM experimental setup. A scan mirror is used to

de�ect the laser beam and control its focus position. By tuning the scanning region, the

diffraction-limited laser beam can scan over the device and the resulting photocurrent signal

can be collected as a function of position. The photocurrent is measured through one

electrode with a current preampli�er, while the second electrode is grounded. A third

electrode connected to the DAQ card can be used as a gate to introduce modulation to

the device's photocurrent response. The maximum scanning range of our setup is 200

mm × 200mm. Additionally, during the scanning procedure, the re�ection light from the

transistor device can be simultaneously detected by a silicon photodetector. This allows

for the simultaneous acquisition of photocurrent and re�ection images, enabling a more
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comprehensive characterization of the device. This system enables the mapping of local

photocurrent response in the device, providing insights into the optoelectronic properties

of the two-dimensional material.

1.2.3 Graphene Based Field Effect Transistor

Figure 1.6a shows a typical optical image of a back-gated graphene �eld-effect transistor

(G-FET). The two gold electrodes in the image represent the drain and source, respec-

tively. Gate-dependent electrical measurements of G-FET is shown in Figure 1.6b. The

atomic force microscopy (AFM) and Raman spectroscopy results can help to identify the

layer information of the corresponding graphene. The gate voltage is applied to the con-

ducting silicon (Si) substrate. As the gate voltage increases, the conductance of the G-FET

initially decreases, then increases as the applied gate voltage passes the Dirac point voltage.

This ambipolar behavior illustrates the transition of graphene from p-type doping to n-type

doping. The electron and hole mobility of the G-FET can be calculated using the following

expression:

mFET = L=W � 1=Cbg � dG=dVG (1.1)

wheremFETis the electron mobility of the graphene, L and W are the length and width of

the graphene channel,Cbg is the capacitance of the 280 nm thickSiO2 layer, anddG=dVG

is the transconductance at the linear operating regime of the gate-dependent curve.

The band structure of graphene under different gate voltages can be illustrated in Fig-

ure 1.6c, 1.6d, 1.6e. Based on a simple capacitor model, the energy difference between

the Fermi level and the band edge can be expressed as:DE = EF � EDirac � } vF
p

pn =

} vF

q
pa

�
�VG � VDirac

G

�
� . Additionally, when the gate voltage is increased toVFB

G , there is

almost no photocurrent in the center region due to the �at band structure. Therefore, the

potential at the graphene/gold electrode interface can be estimated according to the ex-

pression:DE = } vF

q
pa j VFB

G � VDirac
G j. Furthermore, as the gate voltage is increased

further, the main body of the graphene ribbon eventually becomes n-type when the band
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Figure 1.5: (a) The schematic of electrical measurement setup to a two-dimensional
material-based �eld effect transistor. The setup includes a digital-to-analog data acqui-
sition card (DAQ) which applies a drain-source voltage (VDS) and a gate voltage (VG) to the
FET through the output channel. The current generated across the two-dimensional mate-
rial is then collected by a current preampli�er and sent to the input channel of the DAQ
for further data processing. (b) The schematic of scanning photocurrent microscopy which
can convert light into current. When the laser beam focuses on device, a scanning mirror
is used to de�ect the laser beam and control the scan region. As a result, the correspond-
ing the re�ection light and current can be detected by a silicon photodetector and current
preampli�er, respectively.
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edge moves below the Fermi level. These results provide important information on the

energy band structure and carrier distribution in the graphene transistor, which are crucial

factors in its electronic and optoelectronic properties.

Figure 1.6: (a) A schematic illustration of graphene-based �eld effect transistor. The ma-
terial of the back gate for this G-FET device is n-doping silicon (Si) substrate. (b) Gate-
dependent electrical measurement of G-FET. With the gate voltage increasing, the graphene
changes from p-type doping to n-typing doping. (c), (d) and (e) The graphene band diagram
under different gate voltages as a function of position along drain and source electrodes.
The black dotted line highlights the Fermi level, while the solid line marks the band edges
of the graphene ribbon.VFB

G represents the gate voltage that produces the �at band struc-
ture and zero photocurrent of the main body of graphene ribbon.

To evaluate the performance of a typical photodetector, electrical and optoelectronic

measurements can be performed on the photodetector device in a cryogenic station un-

der high vacuum (10� 6 Torr) to avoid device degradation and maintain device stability.

The gate-dependent measurements can be used to obtain the corresponding transconduc-

tance and calculate the mobility of the photodetector. By applying a bias to one elec-

trode, the I-V characteristics can be used to determine the type of contact between the

metal electrode and the channel material. To study the optoelectronic properties of the
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photodetector, a diffraction-limited laser beam can be scanned across the device to ob-

tain the photocurrent value. Further, wavelength-dependent photocurrent measurement can

provide information about the bandgap of the semiconductor material used in the photode-

tector. In addition, the polarization-dependent photocurrent measurement can be used to

study the lattice structure and anisotropic behavior of the channel material. Furthermore,

temperature-dependent measurements can be used to determine the effect of temperature

on the photocurrent. Importantly, the photocurrent signal can be recorded as a function of

time to measure the rise and decay time of the corresponding 2D material-based photode-

tector. This can be achieved by applying an ON/OFF light modulation using an optical

chopper, which alternately blocks and unblocks the light incident on the photodetector. To

study the mechanisms of photocurrent generation, gate-dependent photocurrent measure-

ments can be performed. If the photocurrent signal is monotonically dependent on the gate

voltage, the photocurrent is generated by the photovoltaic effect (PVE). However, if the

gate-dependent photocurrent exhibits non-monotonic behavior, the photo-thermoelectric

effect (PTE) could present in the photodetector. In the case of PTE, a temperature gradient

across the device can generate a photocurrent even in the absence of an external bias, due

to the different Seebeck coef�cients of the gold and channel material. Additionally, if the

photodetector generates a photocurrent below the bandgap of the semiconductor material,

the observation may be due to the hot electron injection effect.

1.3 Two-dimensional Materials-based Biosensing

Graphene and other 2D materials are promising candidates for biosensing. Previous re-

search has shown that graphene-based gas sensors can detect individual gas molecules [43].

This is due to the single atomic layer thickness of graphene (0.335 nm) renders the en-

tire volume exposed to the external electrochemical environment. For example, various

graphene nanodevices such as graphene nanopores, nanogaps, and nanoribbons have been

explored for DNA sequencingvia pi-pi stacking [44; 45; 46]. In particular, with the
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whole volume exposed to the environment, graphene is highly sensitive to surface charges.

Electrolyte-gated graphene-FET can be used to detect label-free cells [47] [48]. The charged

molecules can act as a local gate to modulate the carrier concentration of graphene, thus

modifying the conductance of the graphene channel. Moreover, its non-toxic and bio-

compatibility allows for direct contact with biological �uids and tissues, which can be

employed in bothin vivo and in vitro conditions [49]. In chapter 3, the use of trans-

parent graphene electrodes allows for direct detection of electrical activities from retinal

ganglion cells (RGCs), which provides the possibility ofin-situ high-resolution imag-

ing of the sensed neuronal processes that cannot be done with traditional opaque metal

electrodes [50; 51]. Furthermore, scanning photocurrent microscopy has been a power-

ful method for studying potential gradients in 2D devices. By integrating graphene-FETs

with scanning photocurrent microscopy, a novel sensing platform can be created to ad-

vance neurobiological research. This platform offers high temporal (due to the high car-

rier mobility of graphene) and spatial resolution, thanks to the use of a diffraction-limited

laser spot [52] [53]. However, compared to graphene, biosensors based on transition metal

dichalcogenides (TMDCs) have limited applications in the biosensing �eld due to their tox-

icity to bioanalytes [54] [55]. For example, research has shown that the viability of human

lung cells decreases sharply with increasing concentrations of TMDC material. Overall,

the unique properties of graphene make it a very promising material for use in biosensor

applications, while the toxicity of TMDCs limits their use in this �eld.

Next we discuss the electrical detection mechanisms for gold electrodes and graphene

FETs. Figure 1.7a illustrates the cross-sectional view of the equivalent electrical circuit

model of gold microelectrodes. The gold-electrolyte interface can be modeled as a paral-

lel capacitor and resistor for the charged electrodes in the electrolyte environment.Cg� e

represents the electric double-layer capacitance, andRg� e is the charge transfer resistance.

Rs is the resistance for the solution.Vin is the input signal recorded for the recording sys-

tem. According to this circuit model, the recorded signal depends on the impedance of the
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microelectrodes and recording system:

Vin( f ) =
Vsig ( f )Z0

a( f )
Z0

a( f ) + Z0
e( f )

(1.2)

WhereZ0
a represents the impedance of the recording system andZ0

e illustrates the mi-

croelectrode's impedance. If we want to achieve a high recorded input signal (Vin=Vsig),

Z0
a needs to be substantially larger thanZ0

e. Otherwise, the recorded input signal might be

severely attenuated and shifted compared toVsig.

In the case of graphene FET, Figure 1.7b shows the corresponding electrical model for

the graphene FET. The signal, as the gate voltage, can modulate the conductance of the

graphene channel through the gate capacitance, in which the output current is related to the

transconductance for a given gate voltage and the input gate signal (Figure 1.7c). As such,

the recorded current can be written as:

Ids� sig(Vgs;Vsig) = Ids(Vgs) + gm(Vgs+ Vsig)Vsig (1.3)

HereVsig is the input signal induced by the charged molecules andIds� sig is the corre-

sponding recorded current signal.Ids is the drain-source current andgm is transconductance

at a speci�c gate voltage. The above equation indicates that the electrolyte gate's ability

to effectively modulate the Fermi level of monolayer graphene, which relates to the gain

(ampli�cation factor) between the input signal and output current [56].

1.4 Organization of the Dissertation

This dissertation studies the optoelectronic properties of graphene and its applications in

electrophysiological measurements of the retina. It is �rst demonstrated that laser heating

can controllably tune the structure of graphene by folding a monolayer graphene nanorib-

bon into multiple layers, as disclosed by scanning photocurrent microscopy (SPCM) and

Raman spectroscopy characterizations. Taking advantage of graphene's high electron mo-
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Figure 1.7: Cross-sectional view and electric equivalent circuit models of (a) gold mi-
croelectrodes (b) and graphene FET. The metal area is passivated by a SU-8 photoresist,
which allows the gold probe to have direct exposure to the electrolyte environment. The
gold-electrolyte interface can be modeled as a parallel resistor and capacitor, in which
the value is highlighted asRg� e andCg� e, respectively.Rs is the resistance for the solu-
tion. Z0

a represents the impedance of the recording system andZ0
e illustrates the microelec-

trode's impedance. In the case of graphene FET, the resistance between the drain and the
source can be modulated by the electrostatic capacitance between the charged molecules
and graphene. (c) The gate-dependent transport curve of a graphene FET.
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bility, optical transparency, and biocompatibility, novel micro�uidic platforms with in-

tegrated graphene probes have been constructed and applied to detect the electrical ac-

tivities of retina ganglion cells (RGCs) and their axons in explanted mice retina. The

well-controlled microenvironment rendered by the micro�uidic platform allows for the

probing of the correlated response of RGCs to locally-delivered chemical stimulations.

Importantly, the transparent graphene enables light stimulation and high-resolution opti-

cal imaging to correlate the signals with the neuronal processes. Further, by integrating

graphene transistor-based micro�uidic platforms with SPCM, it is demonstrated that two-

dimensional mapping of electrical potential can be achieved for retina tissues with high

spatial resolution. Moreover, it is shown that optical tweezers can be used to manipulate

cells to study electrical interactions between the cell membrane and graphene nanoribbons

through SPCM. These studies provide important insights into graphene-based SPCM as a

powerful tool for optoelectronic characterization of two-dimensional materials, a study has

been performed to show that SPCM can disclose charge density wave phase-transition in

1T-TaTe2 more clearly than the electrical resistance measurement.

Chapter 1 serves as a brief introduction to 2D materials, including graphene and TMDCs,

and their potential applications in photodetection and biosensing.

In Chapter 2, I provide a practical and facile method to manipulate the morphology of

a suspended graphene ribbon using a laser to locally induce heating while monitoring its

electrical and optoelectronic propertiesin situ.

Chapter 3 presents the use of perforated �exible graphene electrodes integrated with mi-

cro�uidic platforms to explore real-time extracellular electrical activities of retina ganglion

cells (RGCs).

Chapter 4 combines the perforated MEA with PDMS based micro�uidic platform to

allow for simultaneous a high-resolution imaging as well as the ability to deliver media to

speci�c regions of the retina through a local delivery channel.

In Chapter 5, I cooperated the perforated MEA device with scanning photocurrent mi-
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croscopy to investigate neural systems with ultrahigh temporal and spatial resolution. This

includes both measurements of RGCs in retina with a �exible graphene FET and other

types of cells using a suspended multi-graphene ribbon transistor combined with an optical

tweezer system to explore the interaction between graphene and cell membrane.

Chapter 6 presents the phase transition ofTaTe2 materials with charge density wave

phase transitions through scanning photocurrent measurements. The results indicate that

remarkable photocurrent responses were detected atTaTe2-metal junctions and exhibit

an abrupt change in the CDW phase compared to the metallic phase. The temperature-

dependent photocurrent and dynamic photoresponse demonstrate a fast response speed.

The �ndings offer new opportunities for investigating the CDW material phase transition

process and the potential for developing ultrafast metallic TMDC-based electronic and op-

toelectronic devices.

Finally, in Chapter 7, I summarize main conclusions from the studies presented in this

dissertation as well as future directions.
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CHAPTER 2

Laser-Induced Graphene Ribbon Morphological Changes

2.1 Introduction

Two-dimensional (2D) materials, including graphene, transition metal dichalcogenides (TMDs),

and hexagonal boron nitride (h-BN) have triggered extensive research due to their novel

mechanical, optical, and electrical properties as well as their successful applications in

electronic and optoelectronic devices such as �eld-effect transistors, integrated circuits,

photodetectors, solar cells, light-emitting diodes, and lasers [57; 58; 12; 59; 60]. Graphene

has become one of the most promising materials for photodetection and photovoltaics due

to its ultrahigh charge-carrier mobility and broadband absorbance in the near-infrared and

visible spectral ranges [61] [62]. However, graphene's semi-metallic nature and associ-

ated zero bandgap have greatly limited its implementation in electronic and optoelectronic

applications. Despite the majority of graphene research focusing on planar geometry prop-

erties, several theoretical and experimental studies show that folds in graphene's structure

alter its electrical and optical properties to overcome some of these limitations and enhance

the performance of graphene-based devices [63; 64; 65]. Theoretically, molecular dynam-

ics (MD) simulations predict that twisting a graphene nanoribbon would lead to a tunable

modi�cation of the electrical properties of graphene [66] [67]. Experimentally, suspended

graphene sheets have been shown to fold under powerful ultrasonic stimulations [68] or by

the introduction of anisotropic surface curvature during graphene synthesis or the transfer

process [69]. It has also been demonstrated that a scanning tunneling microscope (STM) tip

can be used to induce the folding and unfolding of the graphene membrane along a speci�c

direction resulting in altered electrical properties [70]. In addition to these methods, other

ways have been explored to change graphene's morphology but keep its original electrical

properties such as in kirigami-inspired manual folding of pre-patterned graphene ribbons
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to build mechanical metamaterials such as stretchable electrodes, springs, and hinges [71].

Despite these advancements, there appears to be no facile method that can simultaneously

alter the morphology of graphene while monitoring the associated changes in the elec-

trical and optoelectronic properties in a tunable and variable fashion. It is necessary to

establish a platform that enables change of the graphene morphology with in-situ electrical

characterization, which would allow for the study of underlying physical mechanisms as

well as novel engineering approaches to tune the electrical and optoelectronic properties

of graphene. Such a unique platform could have profound implications and may open the

door for next-generation graphene-based photodetection and photovoltaics.

In this work, we report a practical and versatile method to manipulate graphene's elec-

trical and optoelectronic properties by locally modifying the morphology of a suspended

graphene ribbon via a laser beam. We compare the conductance and photoresponse of �at

graphene ribbons with those possessing various degrees of folded structures, suggesting

that the electrical properties can be tuned and the photocurrent can be locally enhanced.

An increase of 12.9% in the conductance of graphene ribbons is observed, followed by a

decrease of 36% upon folding, which is attributed to the nature of the folding process that is

triggered when the local temperature increases to 600 K via a laser beam. Furthermore, the

spatial control over the photocurrent enhancement was also demonstrated by employing lo-

cal laser-induced heating. Further studies reveal that the enhanced photocurrent responses

of the folded graphene structures are mainly due to the photo-thermoelectric effect (PTE).

These experimental results provide a facile method to alter the morphology of graphene as

an effective approach to manipulate its electrical and optoelectronic properties.

2.2 Graphene Transistor Fabrication and Characterization

Figure 2.2a shows the schematic diagram of a typical graphene transistor. Graphene was

synthesized through a standard chemical vapor deposition (CVD) method [72; 73; 74].

Graphene was grown on copper foil at 1000°C in the presence of 20 sccm of methane and
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80 sccm of hydrogen for 30 minutes (Figure 2.1a). Not only does copper foil serve as a

substrate, it also acts as a catalyst by reducing the energy barrier of the reaction. Upon

exposure to high temperatures, hydrocarbon sources can undergo decomposition, leading

to nucleation on the copper substrate, subsequent growth of carbon atoms into islands, and

eventually merging with one another to form a graphene layer. During this process, hydro-

gen plays a crucial role in terminating the edges of the graphene. Accurate modulation of

the �ow rate betweenCH4 andH2 is critical for controlling the number of graphene lay-

ers generated. Then the as-grown graphene was transferred onto a 170 µm thick coverslip

with pre-patterned Ti/Au electrodes using the bubbling transfer technique [75]. Here, the

drain and source electrodes were patterned via standard photolithography, followed by a

deposition of 5 nm of Ti and 40 nm of Au through e-beam deposition. Next a 2 µm-wide

graphene ribbon was de�ned using a standard photolithography and etching process. The

graphene ribbon device was then sealed into a micro�uidic chamber, which was formed

by placing a piece of patterned para�lm between the blank coverslip and the one with the

graphene ribbon [76]. After that, the graphene ribbon was suspended across an 11 µm

wide and 2 µm deep trench by a buffered oxide etchant (BOE) wet etching process. This

wet etching process doesn't signi�cantly impact the quality of the graphene ribbon nor

induce signi�cant strain as con�rmed by Raman spectroscopy measurements provided in

Figure 2.2b. The Raman spectrum of graphene on the substrate shows that the intensity

of the 2D band (� 2682cm� 1) is � 1.8 times that of the G band (� 1584cm� 1), indicating

that the as-grown graphene is monolayer. After the wet etching process, the symmetric 2D

band, and the small D band (� 1350cm� 1) suggests that the pristine quality of the graphene

ribbon be maintained. There is no obvious split or shift observed in either G or 2D band,

indicating that the graphene ribbon is under limited strain [77; 78; 79]. Deionized water

was then used to �ush the device to remove all BOE residues. Finally, the cleaned chamber

was �lled with a 1X phosphate-buffered saline (PBS) solution and a third gold electrode

was used as an electrolyte-gate to change the electrochemical potential, creating an elec-
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trolyte gated �eld-effect transistor (EGFET). The suspended graphene ribbon exhibits an

ambipolar behavior with the Dirac point close to 1.57 V (Figure 2.2c), suggesting p-type

characteristics at a zero gate voltage [52] [53].

Figure 2.1: (a) Schematic diagram of chemical vapor deposition (CVD) system with cop-
per foil as graphene synthesis substrate. (b) Graphene growth mechanism based on CVD
method. The copper foil performs a dual function as a substrate and catalyst, thereby lower-
ing the energy barrier of the reaction. Under high temperatures, it can degrade hydrocarbon
sources, while hydrogen can terminate the graphene edges. Proper control of the �ow rate
betweenCH4 andH2 is crucial in regulating the number of graphene layers produced.

2.3 In situ Monitoring of Electrical and Optoelectronic Properties of Folded Graphene

Ribbons

In order to manipulate and monitor the optoelectronic properties of the suspended graphene,

two lasers were used in this experiment. The �rst system consists of a high power 1064

nm laser which was applied to alter the morphology of graphene. The laser was ported

into an inverted microscope and focused onto a graphene ribbon with a diffraction-limited

laser spot (< 1 µm) by using a 60X water immersion Olympus objective with NA=1.2. To

tune the laser power, a continuously variable ND �lter controlled by a mechanical stage

was placed in the optical path. The second 785 nm continuous-wave laser system was

employed to perform scanning photocurrent microscopy to monitor the photoresponse of

the suspended graphene ribbon. The laser beam was transmitted through the transparent

substrate to scan over the entire suspended graphene device using piezo-controlled mirrors

with nanometer-scale spatial resolution. Photocurrent signals were collected via a current
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preampli�er and the corresponding re�ection image was recorded through a silicon pho-

todetector.

Electrical and optoelectronic properties were examined before altering the morphology

of the suspended graphene ribbon. Figure 2.2d displays the measured conductance of the

�at graphene ribbon (black line). The optical and photocurrent images of the �at graphene

ribbon are shown in Figure 2.4a and 2.4b, respectively. The photocurrent response for a

suspended �at graphene ribbon is less than 1 nA under a zero drain-source bias and a zero

gate voltage. Here the photocurrent signals at metal-graphene junctions originate from the

Schottky-like barriers formed between the graphene ribbon and metal electrodes, leading

to built-in electric �elds in these regions to ef�ciently separate photo-excited electron-hole

pairs and thus to generate photocurrent [41]. The photocurrent response along the sus-

pended graphene ribbon may result from the chemical residues created during the fabrica-

tion process.

Once the initial properties were assessed, the graphene morphology was altered by a

focused 1064 nm laser beam. At the same time, the conductance of the graphene ribbon

was recorded under a 10 mV drain-source bias when the laser power gradually increases.

Initially the current slowly increased, owing to photocurrent generation [61]. However,

when the laser power was above 46 mW, an abrupt change in the total conductance was

observed (Figure 2.3), likely resulting from the laser-induced morphology change (folded

graphene ribbon I). As shown in Figure 2.4c, the center of the graphene ribbon, where the

1064nm laser was focused, was slightly folded, which was further evidenced by the asso-

ciated change in Raman spectroscopy measurements (Figure 2.5). The related photocur-

rent image also con�rmed that there was a relatively narrow central region in the folded

graphene ribbon I (Figure 2.4d). Moreover, the I-V characteristics imply that the conduc-

tance of the folded graphene ribbon device (red line in Figure 2.2d) increased in comparison

with the �at graphene counterpart, which is likely attributed to the formation of a multi-

layer graphene structure. When the graphene ribbon forms a folded structure, additional
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Figure 2.2: (a) Schematic diagram of our experimental setup showing a laser beam focused
on a �at monolayer graphene ribbon suspended across a trench to locally change the mor-
phology of the graphene ribbon. Drain-source electrodes are used to apply a voltage across
the suspended graphene ribbon and the third electrode was used as an electrolyte gate. (b)
Raman spectra of the graphene ribbon after the wet etching process under 532 nm illumi-
nation. (c) Gate-dependent transport characteristics of a suspended �at graphene transistor.
(d) The linear output characteristics of the graphene ribbon with different morphologies
(VG = 0 andVDS = 10 mV). [4]
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layers can move to cover the voids and cracked areas of the original monolayer graphene,

resulting in the increased conductance of the suspended graphene ribbon [80] [81].

Figure 2.3: The current of graphene (black) and the power of laser (red) as a function of
time to examine the laser induced conductance change process. The 1064 nm laser beam
is blocked when an abrupt current change is noted.

When we continued to expose this suspended graphene ribbon to the 1064 nm laser

at the same focused position for 150 seconds, the center of the graphene ribbon was fur-

ther folded as shown in Figure 2.4e (folded graphene ribbon II), where the width of the

suspended graphene ribbon in the center region was further reduced. Interestingly, the

conductance of the graphene ribbon decreased (blue line in Figure 2.2d). Here the deeply-

folded graphene ribbon may form crease regions with tubular nanostructures on the edge

in random directions, which can act as tunnel barriers to block the current �ow and thus

to reduce the conductance of the device [70; 82; 83]. We have also found that a further

deeply-folded process (another 150 second laser exposure, folded graphene ribbon III, Fig-

ure 2.4g) cannot signi�cantly change the device conductance (magenta line in Figure 2.2d).

However, the deeply-folded process can induce substantially strong photocurrent signals in
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the deeply-folded region of the graphene ribbon (Figure 2.4h). Our studies suggest that

a focused laser beam can be utilized to manipulate the conductance and photocurrent re-

sponse of a graphene ribbon.

Figure 2.4: (a) Optical and (b) photocurrent images of the suspended �at graphene ribbon.
(c) Optical and (d) photocurrent images of the folded graphene ribbon I. (e) Optical and
(f) photocurrent images of the folded graphene ribbon II. (g) Optical and photocurrent
images of the folded graphene ribbon III. The trench edges are marked by the black dashed-
lines. [4]

2.4 Folded Graphene Structure

Raman spectroscopy measurements were utilized to characterize the laser-induced morpho-

logical changes of a suspended graphene ribbon. As shown in Figure 2.5, a suspended �at

graphene ribbon has a strong symmetric 2D band with a 2D-to-G ratio of� 1.7, indicating

that the graphene is of a monolayer structure. After an initial laser heating process, the 2D-

to-G ratio of the laser heated region in the folded graphene ribbon I substantially reduced

to � 1, suggesting a bi-layer or tri-layer folded structure was generated in this region. After

further heating this region to form the folded graphene ribbon II, we have found that its

2D-to-G ratio is further decreased to 0.4, suggesting that multi-layer structures form.
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Figure 2.5: (a) Optical and (b) photocurrent images of a suspended �at graphene ribbon.
(a') Optical and (b') photocurrent images of the folded graphene ribbon I. (a”) Optical
and (b”) photocurrent images of the folded graphene ribbon II. (c) Raman spectra of the
suspended graphene ribbons with different morphologies.

To further understand these folding mechanisms, we estimate the local temperature

distribution along the suspended graphene ribbon. When the laser beam is focused on

the center of the suspended graphene ribbon the laser beam can locally heat carbon atoms

to provide energies for a local folding process as predicted by MD simulations [84]. The

temperature distribution along the graphene ribbon can be obtained from the following heat

diffusion equation in the cylindrical coordinate [85; 25; 86]:

1
r

d
dr

�
r
dT
dr

�
�

2g
kst

(T � Tw) +
q
ks

= 0 (2.1)

whereTw is the ambient temperature, r is the radial position measured from the center of

the laser spot, t is the graphene thickness (0.335 nm),ks = 2800Wm� 1K� 1 is the thermal

conductivity of the suspended graphene, andg = ( 7:2+ 1:4=� 5:5) � 105Wm� 2 K� 1 is

the interface thermal conductance per unit area between the graphene and the surrounding

water molecules [25] [87].q = q0
t exp

�
r2=r2

0

�
is laser-induced local heat,q0 is the peak

absorbed laser power per unit area at the center of the beam spot.r0 = l
pNA is the radius
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of the Gaussian laser spot, NA is the numerical aperture. The total absorbed laser power is

given byP = q0pr2
0, which can be estimated by our trigger power (46 mW) and the optical

absorption of graphene (2.3%) [88]. By using the boundary conditions ofdT
dr

�
�
r= 0 = 0 and

DTjr= ¥ = 0, we can calculate the temperature distribution along the graphene ribbon:

DT = T � Tw =

R¥
0 T(r) exp
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0
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rdr
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0 exp

�
r2

r2
0

�
rdr

(2.2)

The calculated temperature rise (DT) in the radius of the 1064 nm Gaussian laser spot

area is� 300 K, which is expected to provide suf�cient energies for carbon atoms to gener-

ate the necessary random momenta to induce the folds in the graphene ribbon as predicted

by the aforementioned MD simulations [84].

In addition, we can further enhance the photocurrent response of an entire graphene

ribbon by generating a series of locally-folded structures along it. The evolution of this

process is shown in Figure 2.6a-h. To begin the folding process, the 1064 nm laser was �rst

focused on the center of the suspended �at graphene ribbon (Figure 2.6c and 2.6d), then

moved up by a step of 1 µm relative to center (Figure 2.6e and 2.6f), and �nally moved

down by a step of 1 µm relative to center (Figure 2.6g and 2.6h). As we expected, the laser

beam could create a series of folded-structures and thus strong photocurrent signals along

the graphene ribbon. Here we provide a facile way to locally manipulate photocurrent

responses in a graphene ribbon.

2.5 Photocurrent Generation Mechanism

Furthermore, we performed gate-dependent scanning photocurrent measurements to inves-

tigate the photocurrent generation mechanisms present in these folded graphene structures.

Figure 2.7a and 2.7b show the optical and photocurrent images of a folded graphene rib-

bon, respectively, in which the monolayer region of the graphene is maintained between

the folded region and the electrodes. By scanning the laser along the gray dashed-line in

Figure 2.7b while sweeping the gate voltage from 1.5 V to 2.2 V, we obtained the gate-
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Figure 2.6: (a), (c), (e), and (g) are the optical images of the graphene ribbon. (b), (d), (f),
and (h) are the corresponding photocurrent images. The laser power was 0.5 mW for all
photocurrent images. The trench edges are marked by the black dashed-lines. [4]

dependent scanning photocurrent map (Figure 2.7c). The photovoltage established across

the device can be determined fromVpc = IpcR, whereIpc is the linecut across the green

dashed-line in Figure 2.7c and R is the gate-dependent resistance obtained from the elec-

trical transport measurements (Figure 2.7f). As shown in Figure 2.7d,Vpc exhibits strong

nonmonotonic gate-dependence, which is likely related to the photo-thermoelectric effect

(PTE). Because the Seebeck coef�cients (S) in different regions of a folded graphene rib-

bon are expected to be different, the photovoltage due to the PTE can be formulated as

VPTE = DSDT. According to the Mott relation [89], we can derive the Seebeck coef�cient

as

S= �
p2k2

bT
3e

1
G

dG
dVG

dVG

dE

�
�
�
�
E= EF

(2.3)

Where T is the sample temperature, e is the electron charge,kb is the Boltzmann con-

stant andEF is the Fermi energy [90]. We can considerdVG
dEF

(VG) =
p

e
CGp

2
} vF

p
jDVGj, where

DVG = VG � VDirac , } is the Plank's constant, thevF is the Fermi velocity andCG is the
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gate capacitance [91]. The calculated Seebeck coef�cient as a function of gate voltage is

shown in Figure 2.7e. It is obvious thatVpc has a nearly similar gate-dependent pattern to

the calculated Seebeck coef�cient, suggesting that photocurrent signals in folded structures

are mainly attributed to the PTE [34] [92]. Recently PTE-induced photocurrent responses

have also been observed at single-bilayer graphene junctions and TMDC-metal junctions

due to the Seebeck coef�cient difference across these junctions [90] [93].

2.6 Conclusion

We report a simple strategy to alter the morphology of a suspended graphene ribbon through

laser-induced local heating and in-situ monitoring its electrical and optoelectronic proper-

ties. Electrical transport measurements reveal that the graphene folding process results

in an increase in its conductance followed by a decrease upon further folding, likely ow-

ing to the nature of the folding patterns in graphene. Scanning photocurrent microscopy

measurements further show that this folding process can induce strong photocurrent sig-

nals in a deeply-folded region of graphene. Moreover, a series of folded structures can be

created along the entire graphene ribbon, illustrating the capability to locally tuning the

optoelectronic properties of graphene via a laser beam. Further experimental results sug-

gest that strong photocurrent responses in folded graphene structures primarily contribute

to the PTE. Our fundamental studies not only provide a way to manipulate the morphol-

ogy and the electrical/optoelectronic properties of graphene, but also shed light on the

underlying mechanisms of these folded graphene structures, opening up avenues to build

next-generation graphene-based electronics and optoelectronic devices with desired prop-

erties.1

1This chapter is adapted from In situ monitoring of electrical and optoelectronic properties of suspended
graphene ribbons during laser-induced morphological changes. Nanoscale Advances 2, no. 9 (2020): 4034-
4040. Xiaosi Zhang, Thayer S. Walmsley, and Ya-Qiong Xu zhang2020situ.
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Figure 2.7: (a) Optical and (b) photocurrent images of a folded graphene ribbon withVG =
2.1 V andVDS= 0, respectively. (c) The gate-dependent scanning photocurrent image when
VG varies from 1.5V to 2.2V. The laser scanning position is indicated by a gray dotted-line
in (b). (d) PhotovoltageVpc = IpcR, whereIpc is the horizontal cut along the green dotted-
lines in (c). (e) Seebeck coef�cient and (f) conductance of the folded graphene ribbon
transistor as a function ofVG. The laser power was 0.5 mW for all photocurrent images.
The trench edges are marked by the black dashed lines. [4]
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CHAPTER 3

Probing Light-stimulated Activities in Retina via Transparent Graphene Electrodes

3.1 Introduction

The retina is an attractive target for electrophysiology studies due to its complex compo-

sition of various neuron types. These neurons, characterized by soma, extended dendrites,

and axons, constitute parallel yet interactive neural building blocks that detect and transmit

output information to the brain [94; 95; 96; 97]. The retina is a highly intricate structure

located at the posterior of the eye that is responsible for the detection and conversion of

light into electrical signals that can be processed by the brain. It consists of several layers

of neurons, including the photoreceptor cells (rods and cones) and the retinal ganglion cells

(RGCs) (Figure 3.1). The photoreceptor cells are located in the outermost layer of the retina

and are responsible for the detection of light and the initiation of electrical signals that are

transmitted to the brain. The RGCs, on the other hand, are situated in the inner layers of

the retina and receive electrical signals from the photoreceptor cells. Each RGC comprises

a cell body (soma) from which dendrites and axons extend. The dendrites receive electrical

signals from the photoreceptor cells, while the axons transmit the signals to the brain via

the optic nerve. The unique architecture of the retina allows for the detection and trans-

mission of light information to the brain, enabling us to see and perceive the world around

us. This complex structure is an important area of study in the �eld of neuroscience, as

understanding its function can provide insights into vision and other higher cognitive pro-

cesses. Such a unique neural connection, cell morphologies, and information processing

and delivering mechanisms make the exploration of their electrical activities imperative to

understand how these units achieve higher functions such as sight and cognition ability.

The propagation of action potentials is a critical process that enables neurons in a net-

work to communicate and transmit information [98]. This occurs when the membrane
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Figure 3.1: Schematic of the retina structure. The retina is a layer of tissue that lines the
inner surface of the eye and is responsible for sensing light and converting it into electrical
signals that are transmitted to the brain. It is composed of several different types of cells,
including photoreceptors, bipolar cells, and ganglion cells. Photoreceptors, such as rods
and cones, are responsible for detecting light and transmitting this information to the bipo-
lar cells. Bipolar cells, in turn, transmit the information to the ganglion cells, which send
the signals to the brain via the optic nerve. The retina also contains other supportive cells,
such as glial cells and pigment cells, which help to maintain the health and function of the
retina.
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potential of a neuron is stimulated and undergoes a rapid change in potential (Figure 3.2).

The intracellular membrane potential is regulated by channels that control the concentra-

tion of ions such as sodium (Na+ ) and potassium (K+ ). When a neuron is at rest, both

Na+ andK+ channels are closed, maintaining the membrane potential at -70mV. In this

state, the concentration ofNa+ outside the membrane is higher than inside the cell, while

the concentration ofK+ is distributed in the opposite manner. When a stimulus triggers

the opening ofNa+ channels, the chemical gradient causesNa+ ions to �ow into the cell,

resulting in a depolarization of the membrane potential. If this depolarization reaches the

threshold voltage of the neuron, it will generate an action potential. The depolarization

process maintains the opening ofNa+ channels and deactivatesK+ channels, making the

inside of the membrane more positive than the outside. However, after the peak of the ac-

tion potential, mostNa+ channels will close, whileK+ channels open. This allows more

K+ ions to �ow out of the cell, resulting in a repolarization of the membrane potential.

Eventually, the membrane potential returns to the resting state. The rapid changes in mem-

brane potential allow neurons to quickly and accurately transmit electrical signals to other

neurons, muscles, or glands. This allows the nervous system to quickly and ef�ciently re-

spond to stimuli, enabling complex behaviors such as movement, sensory processing, and

decision-making. The ability of neurons to propagate action potentials is a key feature of

the nervous system that underlies many of its functions.

Various techniques have been developed to study the electrical activities in the retina.

The patch-clamp technique (Figure 3.3a) has been widely used to record intracellular action

potentials and their associated response to extracellular stimulations of the retinal neurons.

It involves placing a glass micropipette onto a cell membrane and applying suction to cre-

ate a seal. This enables the recording of ion currents and voltage changes within the cell,

which offers sub-millisecond temporal resolution but is limited in spatial resolution be-

cause of the sizable probes and bulky manipulator [99; 100]. It has also been demonstrated

that �uorescent calcium indicators can be utilized to optically record electrical activities
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Figure 3.2: The action potential is a rapid and transient change in the electrical potential of
a neuron or muscle cell. It is the result of a rapid depolarization and repolarization of the
cell membrane and is characterized by a rapid and large change in the membrane potential.
Action potentials are generated by the movement of ions across the cell membrane through
specialized ion channels. They serve as the primary means of communication between
neurons and muscle cells and play a crucial role in the functioning of the nervous system.
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in retinal cells with a high spatial resolution at the micrometer scale [101; 102], as shown

in Figure 3.3b. These indicators work by binding to calcium ions, which allows for the

detection of changes in intracellular calcium concentrations. Since calcium plays a critical

role in neuronal activity, the �uctuations in calcium ion concentration can be correlated

with changes in the cell's electrical activity. However, the electrical sensitivities are signif-

icantly lower than the patch-clamp method.

Microelectrode arrays (MEAs) contain high-density probing electrodes and offer sev-

eral advantages over traditional single-electrode recording techniques. [103] (Figure 3.3c).

For example, they integrate high-throughput measurements of neuronal activity into a sin-

gle platform and simultaneously record spiking activity from multiple channels, which can

provide insight into the dynamics of retinal neuronal circuits. Additionally, MEAs can be

used for real-time electrophysiological measurements, which is particularly important for

investigating the timing and coordination of neural activity in the retina. Recently, two-

dimensional (2D) materials (e.g. graphene) have been shown to exhibit great potential in

electrophysiology and neuroimaging [50]. Adopting transparent graphene electrodes in

MEAs could offer several advantages, especially for retinal neuron recording. The �exi-

bility of graphene enables easy integration with �exible substrates while maintaining high

performance. Its biocompatibility allows for direct contact with biological �uids and tis-

sues, which can be employed in both in vivo and ex vivo conditions [52; 104; 105]. In ad-

dition, the 2D nature of graphene with the entire volume exposed to the environment makes

it extremely sensitive to surface charge changes [43; 49]. Last but not least, the transparent

nature of �exible graphene electrodes facilitates direct light modulation to targeted RGCs

in comparison with traditional opaque electrodes [51; 88]. The novel mechanical, electri-

cal, and optical properties as well as the extensive applications of graphene in electronic

and optoelectronic devices offer the possibility of creating revolutionary graphene-based

platforms for retinal neurological research.

In this work, we integrate transparent graphene probes with a micro�uidic platform to
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