
Semiconducting Bilayer Graphene for Device Applications 

 

Tao Chu, Yanjie Zhao  and Zhihong Chen 

 

 ECE Department and Birck Nanotechnology Center,  

Purdue University, West Lafayette, IN 47906, USA 

Email: chut@purdue.edu, zhchen@purdue.edu 

 

ABSTRACT 
 

Absence of band gap limit graphene in logic switching 

application. Although it was predicted that a tunable band 

gap up to 300meV can be generated in bilayer graphene, the 

electronic transport band gap is experimentally found to be 

~100meV. In this paper, double-gated bilayer graphene 

transistor is fabricated and a record high on/off ratio of 

~120 is demonstrated with a band gap up to 170meV. The 

larger band gap is evidenced by the optimization of the 

oxide charge density. A direct band gap exaction technique 

is proposed and compared with the temperature dependent 

extraction method. Device performance of semiconducting 

bilayer graphene devices is analyzed and compared with 

single graphene devices. A true bilayer graphene P/N 

junction with a variable band gap is presented for the first 

time. 
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1 INTRODUCTION 
 

Owing to its unique electronic, thermal, and mechanical 

properties, graphene has sparked enormous scientific 

interest since its discovery in 2004 [1]. However, the 

absence of a bandgap limits its applications in electronic 

and optoelectronic fields. Theoretical calculations and 

experimental measurements [2–5] indicate that a direct 

band gap up to a few hundred meV can be created in 

bilayer graphene (BLG) by applying a vertical electrical 

field or chemical doping. The field induced on-site energy 

difference in the two graphene layers leads to a gap 

between the otherwise degenerate conduction and valence 

bands. In this paper, double-gated bilayer graphene 

transistors are fabricated and a record high on/off current 

ratio of ~120 is achieved at room temperature by opening a 

bandgap up to ~170meV. Compared to a previous report 

[5], the larger bandgap is achieved with half of the gate 

voltage. A unique method of using threshold current to 

extract the bandgap is introduced for BLG and compared 

with other extraction methods. In depth analysis of device 

performance is presented for both bilayer and single layer 

graphene devices. Last, a true semiconducting graphene 

P/N junction device with variable bandgaps is presented for 

the first time. 

 

2 FABRICATION 
 

 

 
Figure 1: (a) SEM of a double gated bilayer graphene FET. 

(b) Transfer characteristics of a double gate BLG-FET at 

VBG = 0V ~ -80V in -10V step. (Vds = 10mV)   

 

Graphene flakes mechanically exfoliated from HOPG are 

deposited onto a 90nm SiO2/p++ silicon wafer. The silicon 

substrate serves as a back gate electrode. Source/drain 

contacts (Ti/Pd/Au of 1nm/25nm/15nm) are defined by e-

beam lithography and metal lift-off. 10nm ALD HfO2 (EOT 

= 4nm) is deposited as gate dielectric, followed by another 

lithographic step to define a top gate (Ti/Pd/Au of 

1nm/15nm/10nm). The SEM of a double gated (top and 

bottom) graphene FET is shown in Fig. 1(a).  
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3 BAND GAP OPENING 
 

 

 
Figure 2: (a) Temperature dependence of transfer 

characteristics. (b) The estimated bandgap Eg vs. average 

displacement field Dav. Bandgaps, Eg were extracted from 

equation Eg = 2KTln(4*Ith/Ioff), low temperature 

measurements and optical measurement from ref [4]. 

 

The bandgap opening in BLG originates from the field 

induced broken symmetry of A-B stacking. The average 

vertical displacement field, Dav, generated by the bottom 

gate (VBG) and top gate (VTG) controls the bandgap size: Dav 

= ½(εSiO2*(-VBG/tSiO2) + εHfO2*(VTG/tHfO2)) [4]. Fig. 1(b) 

plots IDS as a function of VTG at various back gate voltages. 

With VBG changing from 0V to -80V, the IV curves shift 

from negative to positive top gate voltages with increasing 

p-type (hole) currents. In addition to this electrostatic 

effect, Dav becomes larger when the top and back gate 

voltage difference becomes larger, resulting in a continuous 

decrease of the device off-current from 2μA to 140nA. At 

VBG =-80V and VTG =2V, the current ratio between the 

device on-state and off-state reaches ~120 at room 

temperature. This is the highest reported on/off ratio in 

BLG devices with a small top gate voltage window of ~4V 

applied. The Dav =0V/nm point is roughly located at VBG 

=0V and VTG =-0.75V -- no bandgap is expected to be 

opened at this point. The current at this Dirac point is the 

sum of the currents injected into the valence and conduction 

band edge. Therefore, half of this current can be defined as 

the threshold current, Ith =1/2Ioff,0, injected into the band 

edge of either the valence or conduction band. Together 

with the off-state current, Ioff, the bandgap at the off-state of 

each curve can be estimated by: . A 

bandgap of ~170meV is calculated for the off-state of the 

VBG=-80V curve, with Dav = 3.1V/nm. Fig. 2(a) shows the 

temperature dependence of transfer characteristics, which 

provides an alternative method to extract bandgap 

information. Fig. 2(b) presents the bandgap as a function of 

the average displacement field, comparing bandgaps 

extracted from these two methods and optical 

measurements from another report [4]. The electronic 

bandgaps obtained from our transport measurements are 

consistent with the optical measurements at small 

displacement fields but appear to be smaller at larger fields. 

Since transport measurements are more sensitive to trap 

charges, we suspect large interface trap density at the 

graphene-gate dielectric interface is responsible for the 

smaller bandgaps.  The subthreshold slopes (SS) and Ioff as 

a function of VBG are shown in Fig.3. The observed 

saturation in both SS and Ioff is due to the saturated 

bandgap. Lower SS and larger bandgap extraction are 

expected with proper passivation of the graphene-gate 

dielectric interface. 

 

 
Figure 3: Subthreshold swing (SS) and off-state current 

(Ioff) vs. back gate voltage (VBG). 

 

4 DEVICE PERFORMANCE 
 

Fig. 4 shows transfer characteristics of a double gated 

single layer graphene FET (SLG-FET) and a BLG-FET, 

both biased at VBG=-50V. Fig. 5 compares their output 

characteristics. Current saturation is clearly observed for the 

BLG-FET due to the gate field induced bandgap, while it is 

missing for the zero band gap SLG-FET [6]. Comparison of 

off-state performance of a large group of devices is 

provided in Fig. 6. Since a bandgap of Eg ≈127meV is 

opened in the BLG device, all devices show similar off-
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state conductivity (~40µS) independent of the device 

geometry. The minimum conductivities of SLG devices are 

also geometry independent, but at a much higher value 

(~250 µS). While a geometry dependent conductivity at the 

Dirac point is expected for ballistic SLG devices with short 

and wide channels because of conduction through 

evanescent modes as well as a universal value of 4e
2
/πh 

(49µS) [7], our data supports diffusive/percolative transport 

at the Dirac point of SLG FETs.  

 

Figure 4: Transfer characteristics of double gated SLG FET 

and double gated BLG FET at VBG=-50V (Eg~127meV). 

 

 
 

Figure 5: Output characteristics of SLG (a) and BLG (b) at 

VBG = -50V and various VTG. 

 

Figure 6: The off-state conductivity σoff vs. channel length 

to width ratio for double gated BLG-FETs and SLG-FETs. 

(Each point represents one device) 

 

5 P/N JUNCTION 
 

 
 

Fig. 7 SEM of a BLG P/N junction device. 

 

Single layer graphene P/N junction devices have been 

demonstrated [8]. Without a bandgap, the so-called P/N 

junction relies on local gate control of carrier type and 

density in two adjacent regions in the graphene channel. 

Based on above demonstrations of bandgap opening in 

BLG, true P/N junction devices consisting of a bottom gate 

and two top gates, TG1 and TG2, separated by a 100nm gap 

are fabricated, as shown in Fig. 7. During measurements 

(Fig. 8), VTG2 is scanned with various VTG1 at a fixed VBG = 

-70V. Since the bandgaps are tunable by the applied 

displacement fields, we expect variable bandgap profiles as 

displaced in the inset of Fig. 8. With the right voltage 

combination –small VTG1 forming a small bandgap p-type 

semiconductor under gate 1 and a large VTG2 forming a 

large bandgap n-type semiconductor under gate 2, a P/N 

junction is formed in our double gated bilayer graphene 
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device. Fig. 8(b) shows the output characteristics of the P/N 

junction at various VTG1 with two fixed VTG2 of -0.5V and 

2.5V. Saturation currents varied with VTG2 due to different 

P/N configuration. 

 

 

 
Fig.8 (a) Transfer characteristics. (IDS as a function of VTG2, 

at various VTG1) and (b) output characteristics of a graphene 

P/N junction device with a back gate and two partial top 

gates separated by 100nm gap.  

 

6 CONCLUSION 
 

A double gated bilayer graphene FET with record high 

on/off ratio and largest bandgap is demonstrated. Bandgap 

extraction and device performance are analyzed in details. 

A P/N junction with variable bandgaps is demonstrated as 

an application of bilayer graphene. 
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