
 

 

 

 
Abstract — We report 3-dimensional (3D) graphene-based 

biosensors fabricated via 3D transfer of monolithic 

graphene-graphite structures. This mechanically flexible 

all-carbon structure is a prospective candidate for intimate 3D 

interfacing with biological systems. Monolithic 

graphene-graphite structures were synthesized using low 

pressure chemical vapor deposition (LPCVD) process relying on 

the heterostructured metal catalyst layers. Nonplanar substrates 

and wet-transfer method were used with a thin Au film as a 

transfer layer to achieve the 3D graphene structure. Instead of 

the typical wet-etching method, vapor-phase etching was 

performed to minimize the delamination of the graphene while 

removing the transfer layer. We believe that the monolithic 

graphene-graphite synthesis combined with the conformal 3D 

transfer will pave the way for the 3D conformal sensing 

capability as well as the intracellular recording of living cells in 

the future. 

 

I. INTRODUCTION 

Graphene is a one-atom thick sheet of carbon atoms packed 

in a sp
2
-bonded atomic scale hexagonal lattice [1]. Graphene 

has been drawing significant attention owing to its unique 

physical properties such as extremely high carrier mobility, 

mechanical stability and flexibility, and thermal conductivity 

[2-4]. Superb electromechanical properties of graphene, 

where the electrical properties remain almost constant even 

when applying more than 20% of elastic deformation, provide 

a promising platform material to realize flexible and 

implantable 3-dimensional (3D) biosensor devices [5-7].  

Several groups have reported electrical measurements from 

cells/tissues interfaced to graphene-based field-effect 

transistors (Gra-FETs) [8-14]. Typical ambipolar behavior of 

Gra-FETs with high signal-to-noise ratio was shown, 

demonstrating the potential advantage over conventional 

nano-FET sensors [10]. Selective interaction/response of 

Gra-FETs has been reported, by functionalizing the surface of 

graphene [13]. These graphene based devices, however, are 

typically planar structures and the electrode materials consist 

of metal, which present significant challenges for 3D flexible 

bioelectronics. 
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Here we report a single-step synthesis of graphene-graphite 

based electronics and conformal/uniform transfer onto 

nonplanar 3D substrates, to realize 3D interfacing of graphene 

FETs to biological systems. Such capability to synthesize 

monolithic graphene-graphite integrated electronics and 

further to integrate with 3D substrates will pave the way for 

integrated bio-electronics which conform to the 

dimensionality and mechanical properties of target 

cells/tissues [6-7]. 
  

II. MONOLITHIC SYNTHESIS AND CHARACTERIZATION OF 

FLEXIBLE GRAPHENE-GRAPHITE STRUCTURES 

We demonstrate the controlled synthesis of graphene and 
graphite by utilizing differences in carbon solubility of 
heterogeneous catalyst metals during chemical vapor 
deposition (CVD) synthesis [6]. By patterning different 
catalyst metals on designated areas, graphene with varying 
thickness can be grown on localized areas. Thick multilayer 
graphene (i.e., graphite) is grown by segregation and 
precipitation of the dissolved carbon on the surface of catalyst 
metals, such as Ni or Co [6, 15, 16]. Thin or single layer 
graphene is synthesized by adsorption of carbon on the 
catalyst Cu surface, which only has negligible carbon 
solubility (<0.0001 at.% at 1000

 o
C) [6, 17]. Figure 1 shows 

the optical image of localized graphene and graphite layers by 
patterning heterogeneous metal letters. 
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Figure 1. Synthetic control of graphene layers. Optical microscope images of 
graphene with different number of layers. Letters on top are composed of 
thinner graphite and letters on bottom are composed of thicker graphite. 
Background is compsed of bi- to tri-layer garphene on a 285 nm thick 
SiO2/Si substrate.  

The electrical properties of graphene can be controlled by 
changing the number of layers. It is known that the 
conductivity or sheet resistance of multilayer graphene can be 
modulated by more than two orders of magnitude by 
performing controlled synthesis of graphene multilayers on 
different metal catalysts [6]. 

Even with the same catalyst metal, the thickness of graphite 

could be controlled by modulating the thickness of the catalyst 

layer. 
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Figure 2. Optical microscope image of graphene with different number of 
layers. Consonant letters are composed of thinner graphite and vowel letters 
are composed of thicker graphite. Background is compsed of bi- to tri-layer 
garphene on a 285 nm thick SiO2/Si substreate. 

Figure 2 shows the optical image of graphite letters and 
graphene background synthesized on different catalyst metals. 
Vowels (i.e. E’s) were patterned with thicker Co (750 nm) on 
Cu background (700 nm), while consonants (i.e. C, H, M and 
S) were patterned with thinner Co (200 nm). The color 
contrast between vowels and consonants shows the difference 
in thickness of synthesized graphite. 
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Figure 3. Raman spectra of graphite and graphene with different thickness: 
red (thicker graphite; vowels), black (thinner graphite; consonants), and blue 
(bilayer graphene; background).  

We also performed Raman characterizations to 

demonstrate thickness control (Figure 3). Raman spectra from 

these three different graphite or graphene regions exhibited 

the three characteristic bands of graphene and graphite: (1) D 

band centered at ~1,350cm
-1

, (2) G band centered at 

1,590cm
-1

, and (3) 2D band  centered at ~2,690cm
-1

 [6]. The 

background graphene shows a smaller G band intensity 

compared to the 2D band intensity (2D/G~1.6), indicating bi- 

or tri-layer graphene. The graphite on vowel regions shows a 

much lower 2D band intensity compared to that on consonant 

regions. This low 2D to G ratio, non-symmetric tendencies, 

and a slight blue-shift due to interlayer binding prove that the 

graphite on vowel regions represents much thicker graphite 

than that on consonant regions.  

III. ELECTRICAL CHARACTERIZATION OF GRAPHENE 

BIOELECTRONICS 

We carried out the device fabrication and electrical 

measurement of graphene FETs. Figure 4 shows the 

fabricated graphene FET with Au metal contacts. Nine 

individual graphene FET channels were patterned, 

followed by the Au contacts, with standard 

photolithography and thermal evaporation. 
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Figure 4. Optical microscope image of fabricated graphene FET device 

array. 

 

The electrical characterization of graphene FET is shown 

in Figure 5. The Ids-Vds characteristics of graphene FET 

shows the linear behavior at room temperature, which 

indicates Ohmic contact behavior.  
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Figure 5. Ids-Vds of the graphene FET devices with Au contacts. 

We further performed S/D current (Ids) versus back-gate 

bias (Vgs) characterization of the graphene FET structure at 

room temperature (Figure 6). The result demonstrates that 

the fabricated device showed p-type behavior within a gate 

voltage (-100 V ~ 100 V), possibly due to adsorbates in air 

[18]. 
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Figure 6. Ids-Vgs of the graphene FET devices with Au contacts. 
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IV. 3D TRANSFER OF GRAPHENE DEVICES FOR 3D 

BIO-INTERFACING 

A. 3D Conformal Large Area Graphene Transfer 

Due to its mechanical flexibility and robustness, graphene 

can be transferred onto various nonplanar substrates and form 

a conformal 3D structure. Figure 7 illustrates the fabrication 

procedure for transfer of graphene onto pyramid-shaped 

substrate. Pyramid arrays of polydimethylsiloxane (PMDS), 

which exhibits superior biocompatibility, were fabricated and 

used as substrate material [19]. A thin Au layer was used as a 

transfer/sacrificial material for the solution transfer method; 

the Au layer provides ductility that is crucial for the conformal 

transfer, which is challenging for conventional poly(methyl 

methacrylate) (PMMA) layers that are relatively brittle.  

To remove the Au layer after the transfer, vapor phase 

etching was performed in a sealed chamber at room 

temperature.  Compared to typical wet etching methods, this 

method minimizes the damage or delamination of graphene 

during the etching process. Figure 8 shows the optical 

microscope and scanning electron microscope (SEM) images 

of the graphene transferred onto the pyramid arrays. Graphene 

was uniformly covered over a wide area and it was conformal 

with the underlying 3D features without significant 

suspensions/damages. 

 

 

Figure 7. Schematic illustration of 3D graphene transfer. (a) Graphene 

synthesis based on CVD on a 25 um-thick mechanically polished Cu foil. (b) 

Thin Au film deposition (30 nm) onto graphene/Cu. (c) Etching the Cu 

catalyst layer. (d) Solution transfer onto various nonplanar substrates. (e) 

Removal of the Au sacrificial layer is based on vapor-phase etching. (f) 

Graphene on 3D substrates. A and B indicate the height and the distance 

between the shapes, respectively. 

B. Raman Characterization of 3D Graphene 

 To further demonstrate that graphene was not damaged 

with respect to the 3D features, Raman characterizations were 

carried out (Figure 9). I2D/IG ratios of 2.86 and 2.72 for 3D and 

planar graphene, respectively, without significant D band, 

demonstrate that graphene was successfully transferred over a 

large area. The Raman shift of 2D bands as well as the full 

width at half maximum (FWHM) were also analyzed. For 3D 

graphene, dispersive (broader) and blue-shifted 2D bands 

were observed compared to planar graphene.  

 
 

 

Figure 8. (a) Optical microscope image of monolayer graphene transferred 

onto PDMS pyramids array. Scale bar: 10 µm. (b) 30º tilted SEM image of a 

single PDMS pyramid with the graphene. Scale bar: 1 µm.  

 

Figure 9. Raman spectra demonstrating graphene existing on 3D features and 

nearby planar area. The wavelength of the excitation laser was 633 nm. The 

Raman spectrum from the underlying PDMS was subtracted to clearly 

visualize only 2D (2,632–2,778 cm-1) and G (1,537–1,624 cm-1) bands. 

V. DISCUSSION AND CONCLUSION 

 We have demonstrated monolithic synthesis of 

mechanically flexible graphene/graphite structures with 

controlled thickness of graphene layers. In addition, these 

graphene structures were fabricated into arrays of FETs. 

Furthermore, we have demonstrated conformal 3D transfer of 

free-standing graphene layers for the first time for the 

integration of graphene devices onto 3D structures. We 

believe that the monolithic synthesis of graphene-graphite and 

3D integration provides unique capabilities to form conformal 

and flexible 3D interfaces with biological systems. Future 

studies will be focused on 3D intra- and extracellular 

electrophysiology of electrogenic cells/tissues based on 

developed structures and devices. 
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