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The GBT layout is similar to the structure of a double-gate graphene field effect 

transistor (GFET)
18
.  This allows a classic field effect measurement to verify the 

presence and functionality of the transferred graphene sheet.  The schematic in Fig. 

S1a shows the wiring for a GBT measured in GFET mode. The two base contacts are 

connected as source and drain, while the emitter and collector become bottom- and 

top gate, respectively.  For these particular measurements, devices with a 2 nm SiO2 

emitter-base insulator and a 22 nm base-collector insulator Al2O3 were used.  Fig. S1b 

and c show the GFET transfer characteristics of a GBT as a function of top and 

bottom gate voltage.  The data show a typical “V”-shape with a distinct charge 

neutrality point.  This confirms the presence and conductivity of the graphene layer 

and the successful process integration.  The back gate voltage can further be used to 

tune the charge neutrality point of the top gate (Fig. 1Sd).  A linear relationship was 

established that confirms the presence of a single layer graphene sheet
1
.   

The GBT fabrication process was designed to be compatible with standard CMOS 

technology.  In fact, the first part of the process was carried out in a pilot fabrication 

line.  Fig. S2 shows a photograph of thee silicon wafers with STI and emitter 

structures prior to dicing. 

Variable temperature measurements (Fig. S3, device F) of the input MIM structure 

(Emitter - SiO2 - Base) show that electrons are injected from the emitter to the 

graphene mostly by Fowler-Nordheim tunneling when the emitter-base voltage 

exceeds approximately 5 V.  At lower biases, a temperature-dependency is observed 

which is consistent with the injection dominated by defect-mediated processes. 

Finally, we note that from early 60s, Hot Electron Transistors have been investigated 

starting with structures like MIMIM (M: metal, I: insulator). Since then, HETs have 
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been developed applying different structures and choices of materials to improve both 

the barriers and the base electrode. The presented GBT can be categorized under 

MIMIM HETs, and, despite of having higher injection barriers, it shows comparable 

performance with other reports in this category (table S1). One should note that 

barrier optimization is necessary to realize the full potential of the GBTs. We include 

the report by Saitoh et al. with αmax = 94%, which was achieved using different 

barriers.
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Table S1: Comparison of the transfer ratio of several MIMIM structures [2] and the 

GBT. 

Emitter 
Metal 

E-B 
barrier 

E-B 
barrier 
thickness 
(Å) 

Base 
Metal 

Base 
Thickness 
(Å) 

B-C 
Barrier 

B-C 
Barrier 
(Å) 

Collector 
Metal 

αmax 
%  

Al  Al2O3 70 Al 100 Al2O3 100 Al 10 [3] 

Al  Al2O3 40 Al 200 Al2O3 50 Al 2 [4] 

Al  Al2O3 33 Al 150 Al2O3 33 Al 1 [5] 

Al  Al2O3 100 Al 130, 150 Al2O3 100 Al 26, 20 [6][7] 

CoSi2  CaF2 19 CoSi2 19 CaF2 50 n-Si 94 [8] 

n-Si SiO2 50 Graphene 
a 

monolayer Al2O3 210 Ti 6.5  
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Figure S1. (a) Schematic cross-section of a four-terminal GFET.  By contacting the 

two base contacts separately, they can be used as source and drain, with graphene as 

the channel material.  (b) Top gate transfer characteristics with a bottom-gate voltage 

of Vbg = 1 V. (c) Back gate transfer characteristics with a top gate bias of Vtg = 3 V. 

(d) Changing the top-gate electrode voltage changes the charge neutrality point 

linearly.  
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Figure S2. Photograph of three silicon wafers with shallow trench isolation, emitter 

implantation and emitter-base insulator (EBI). 
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Figure S3. Variable temperature I-V characteristics of the input MIM structure with 

5 nm SiO2 (device F).  
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