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ABSTRACT 
The ion sensitive field effect transistor (ISFET) sensor based 

on microfluidics induced films is reported in this paper.  The 

graphene film demonstrates controllably tunable thickness 

different from the conventional graphene composites, and the 

sensor has a long-term stability in chemical detection.  Using 

capillarity to introduce a graphene suspension solution to a 

microfluidic system, the graphene film patterns were confined and 

formed in microchannels.  SEM, AFM and Raman spectroscopy 

were used to analyze the graphene films, demonstrating the tunable 

thickness of the graphene films in the microchannels.  Ambipolar 

characteristics of the graphene ISFET were also presented.  The 

long-term stability of the ISFET was investigated, and compared 

with graphene/polymer composites under the same patterning and 

measurement conditions. 

 

INTRODUCTION 
Graphene, a natural two-dimensional structure with only one-

atom thick, has attracted more and more attention due to its unique 

electrical, chemical, and mechanical properties [1-4].  Recently, 

graphene ion sensitive field effect transistor (ISFET) has been 

employed to detect various biomolecules, offering advantages 

including large detection area, relatively low 1/f noise [5], tunable 

ambipolar field-effect characteristics, and biocompatibility [6].  

Several graphene synthesis approaches were developed, including 

mechanical exfoliation of graphite [7], epitaxial growth on SiC or 

metals [8, 9], and chemical vapor deposition growth on metal 

substrates [10].  However current techniques proposed to generate 

graphene usually rely on low-yield serial processes typically 

involving the transfer of optically identified exfoliated graphene or 

graphene grown on metal substrates, which requires highly trained 

professionals and high cost.   After the synthesis and preparation, 

graphene films have been extensively integrated with other 

materials such as polymers to obtain various structures with 

superior strength, flexible transparent and conductive films [11] to 

extend their good properties for specific applications.  However, 

most of these graphene composites are not capable of turning or 

controlling their structures owing to their fixed structural synthesis 

processes.  In addition, the integrated materials in the graphene 

composite structures damage the electrical stability of pure 

graphene, introducing an electrical drift in sensing applications.  

To overcome these hurdles of previous graphene synthesis and 

applications, we present a simple and low-cost approach to form 

graphene films, using microfluidics to introduce, confine and 

pattern the graphene films for ISFETs.  This developed graphene 

films were tunable in thickness due to the controllable height of 

microchannels. The graphene was demonstrated with long-term 

stability in ISFET sensors, compared with the graphene/polymer 

composite with the same patterns and measurement conditions.  

Therefore, this tunable microfluidics induced graphene films are 

expected to offer more controllable and flexible applications to 

chemical detection and microfluidics. 

 

DESIGN AND FABRICATION 
The fabrication process of microfluidics induced graphene 

films is illustrated in Fig. 1. Microfabrication was utilized to build 

the microchannels, and microfluidics was used to deposit the 

graphene films.  First, a layer of photoresist (Shipley S1813) was 

spin coated on silicon wafers with silicon dioxide 300 nm thick, 

followed by a patterning of photoresist with photolithography.  

Subsequently, the patterned substrate was immersed into HF buffer 

solution (10:1) to obtain the microchannel array in the silicon 

dioxide layer.  To control the etching time, different channel 

heights from 50 nm to 250 nm were generated.  After striping the 

photoresist, research grade graphene (PureSheetsTM, Nanointegris 

Inc, 0.25 mg/ml) suspension solution was introduced into the 

reservoir.  Due to the hydrophilic property of silicon dioxide, the 

capillarity induced the graphene suspension into the microchannel 

array.  Next, the whole system was placed in a vacuum oven 

(Model 280A) for 30 min to degas and dry up the solution at room 

temperature under vacuum condition.  The extra graphene films in 

the reservoir were gently scraped off by a blade.  Chromium/gold 

layers 10/100 nm thick were deposited at the two ends of the 

microchannels with an AJA sputter system (Model ATC 2000), 

and sensor electrodes were patterned by photolithograph with the 

same photoresist.   

 

 
Figure 1: (a) Microchannels were patterned on a substrate; (b) 

Introduce graphene solution; (c) Remove the extra graphene films 

in reservoir; (d) Deposit and pattern electrodes; (e) Sketch of the 

microfluidics induced graphene ISFET.  Target solutions were 

introduced onto the graphene films, and an Ag/AgCl reference 

electrode was immersed to apply a desired gate. 
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Fig. 1(e) demonstrates the structure of the microfluidics 

induced graphene ISFET.  Target solutions were introduced onto 

the graphene films, and an Ag/AgCl reference electrode was 

immersed to apply a desired gate voltage.  Electrical measurements 

were carried out using a semiconductor device analyzer (HP 

4145B).  The microfluidics induced graphene films were also 

inspected by scanning electron microscope (SEM) and atomic 

force microscope (AFM).  As shown in Fig. 2(a), the microchannel 

array was fabricated in the silicon dioxide layer on a silicon 

substrate.  Two electrodes were deposited in the microchannel to 

form the ISFET structure, as shown in Fig. 2(b).  Fig. 2(c) and 2(d) 

present the porous surface profile of microfluidics induced 

graphene, and the graphene nanoplatelets were deposited randomly 

across the channel of two electrodes.  Besides, the samples of 

graphene films deposited in microchannels were studied by Raman 

mapping (100×100 pixels, Witec Alpha300R), and G peak and 2D 

band mapping results were presented in Fig 3(a) and 3(b), 

respectively.  The intensity difference of the G peak and 2D band 

was clearly shown between internal and external channels, which 

proved that the graphene film patterns were successfully deposited 

and confined by microchannels.  

 

 
Figure 2: SEM images of (a) microchannel array, (b) ISFET 

structure with two electrons deposited at both ends of the 

microchannels, and (c) porous surface profile of microfluidics 

induced graphene films. (d) AFM image of the graphene 

nanoplatelets deposited randomly across the channel of two 

electrodes. 

 

RESULTS AND DISCUSSION 
AFM was used to characterize the thickness of graphene films 

in different microchannels with various heights.  To control the 

etching time of silicon dioxide in HF buffer solution, the heights of 

microchannels were obtained from 65 nm to 221 nm.  After 

degasing and drying up in a vacuum oven, the thickness of the 

deposited graphene films was measured in the microchannels with 

different heights.  As shown in Fig. 4, the thickness of the 

graphene films were raising with the increase of the microchannel 

heights.  This can be explained that different amounts of graphene 

suspension were introduced by capillarity with various channel 

heights.  As a result, the thickness of the graphene films is capable 

of tuning by adjusting the height of microchannel. 

 

 
Figure 3: (a) G peak and (b) 2D band Raman spectroscopy 

mapping results. (c) Typical Raman spectra of microfluidics 

induced graphene films. The intensity difference of the G peak and 

2D band was clearly shown between internal and external 

channels, which proved that the graphene film patterns were 

successfully deposited and confined by microchannels.   

 
Figure 4: AFM was used to characterize the thickness of graphene 

films in different microchannels with various heights.  The 

thickness of the graphene films increases with the increase of the 

microchannel heights. 

 

Drain-to-source current versus solution gate voltage were 

recorded to investigate the electrical properties of microfluidic 

induced graphene ISFET.  Fig. 5(a) presents ambipolar 

characteristics of the graphene ISFET measured in PBS buffer 

solution (Dulbecco’s phosphate buffered saline, Invitrogen Inc.) at 
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room temperature, showing the transition from p-type region to n-

type region at the Dirac point.  The electrolyte gate response of the 

ISFET’s drain-to-source current (Id) in different pH solutions were 

also recorded.  As shown in Fig. 5(b), solutions from pH 6 to pH 9 

were delivered to ISFET sequentially.  While the ISFET was 

biased at Vds at 2 V, and the gate voltage was applied from -4.5 to 

4.5 V.  The Dirac point of graphene ISFET was obviously 

observed to shift positively from pH 5 to pH 9, suggesting that H+ 

ions act as n-type dopants to the graphene.  Adsorption of a 

positively charged H+ induces additional negative charge in the 

graphene, thus n-type doping the graphene and shifting the Dirac 

point toward more negative gate voltages.  The graphene films 

behave as a p-type material when negative gate potential is 

applied, and the Id of the ISFET increases with the increase of pH 

values. On the contrary, when the gate potential is switched 

positive, transition from p-type region to n-type region occurs, and 

the Id of the ISFET decreases with increased pH.   

 

 
Figure 5: (a) Ambipolar characteristics of the graphene ISFET 

measured in a PBS buffer solution at room temperature; (b) 

Solutions from pH 6 to pH 9 were delivered to ISFET sequentially.  

Adsorption of a positively charged H+ induces additional negative 

charges in the graphene, thus n-type the graphene and shifting the 

Dirac point toward more negative gate voltages.   

 

The ISFET was also verified for functionality and detect 

limitation of glucose sensing. After the graphene ISFET was 

fabricated, glucose oxidase (GOx) was immobilized on the sensing 

region. The GOx on the surface reacted with the glucose and 

created hydrogen ions as such: 

2 2 2

GOxD glucose O D glucono lactone H O          

2D glucono lactone H O D gluconate H          

As demonstrated previously, the graphene ISFET was capable of 

responding to the H+.  Different concentrations of glucose can 

cause different local pH.  As shown in Fig. 6(a), different 

concentrations of glucose solutions were delivered to the graphene 

ISFET.  The Vds was biased at 2 V, and the gate voltage was kept 

at 4 V.  The current from source to drain was measured at different 

concentrations of glucose, demonstrating the detection limits of 

graphene ISFET down to 400 pM.  

 
Figure 6: (a) Glucose detection was characterized on an ISFET 

modified by GOx, presenting a detection limit down to 400 pM .  

(b) Microfluidics induced graphene ISFET was much more stable 

than the self assembled graphene ISFET.  The absence of polymer 

or other materials in the microfluidics induced graphene may be 

less sensitive to the disturbance of the environments, compared 

with the composite graphene structures. 

 

The long-term stability of the graphene ISFET was 

investigated, and compared with layer-by-layer self assembled 

graphene ISFET.  The fabrication processes of self assembled 

graphene were reported in our previous work [12].   Two types of 

graphene ISFET under same patterning and testing conditions were 

used to measure the response of Id for pH 7 solutions in 7 days 

continuously.  During the idle time, the ISFETs were kept in DI 

water to prevent from contamination and disturbance.  Both of the 

ISFETs were biased at Vds of 1 V, and the gate voltage was fixed 

at 2V.  To obtain more clear results, a normalized Id was 

introduced.  Id in the first day result was used as an initial current 

Io.  Normalized Id was represented as the ratio of the following day 

result to the initial current (Id/I0).  As shown in Fig. 6, the 

microfluidics induced graphene ISFET was much more stable than 
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the self assembled graphene ISFET.  The absence of polymer or 

other materials in the microfluidics induced graphene may be less 

sensitive to the disturbance of the environments, compared with 

the graphene composite structures. 

 

CONCLUSIONS 
In summary, the microfluidics induced graphene films offer a 

number of advantages over the current graphene composites.  Due 

to controllable microchannel heights, the graphene thickness is 

tunable, superior to that of general macroscopic graphene 

composites with fixed structures.  Using a microfluidic system as a 

fabrication platform, the graphene ISFET should be low cost, and 

easy to integrate with microfluidic system for many biomedical 

applications.  In addition, owing to the absence of other materials 

in its structure, this graphene ISFET exhibits long-term stability for 

various chemical detections.  This microfluidics induced graphene 

films can be a general strategy to fabricate a broad class of 

macroscopic graphene structures with tunable properties and long-

term stability. 
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