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1. Ion/Ioff ratio  
 

The Ion/Ioff for different numbers of NWs with similar diameter shown in Fig. S1 was taken by 
logarithmic of transfer characteristics.  

 
Figure S1. Ion/Ioff measurement (Id-Vgs logarithmic) curves of GaN NW FETs with a diameter of  
440 nm and different numbers of 1, 9, and 100 NWs. 
 
The ON-/OFF current ratio (Ion/Ioff) increases with the higher number of integrated NWs. This 
is due to the fact that this ratio depends on the value of Id,max from the transfer characteristics, 
in which it will increase for the higher number of GaN NWs as shown in Table 1 (main article). 
From the logarithmic Id-Vgs curves, the Ion/Ioff values for 100, 9, and 1 NW FETs could reach 
up to 107, 106, and 105, respectively (see SI Fig. S1). Meanwhile, the normalized Ion/Ioff (i.e., 
Ion/Ioff_norm), which is defined as Ion/Ioff per number of NWs, is found to be similar at values of 
~105 for 1, 9, and 100 NW FETs (see Table 1). Those measured two parameters (Ion/Ioff and 

Ion/Ioff_norm) have demonstrated the scalability and fabrication quality of the n-p-n GaN NW 
FETs, respectively.  
 
The Vth was slightly different due to effect of the logarithmic relation, but the real Vth as 
mentioned in main text was plotted as derivative relation yielding equation1:  
 

݃ = ௫ܥߤ
ௐ

൫ ܸ௦ − ௧ܸ൯                                  (1) 

 
where W and L are the width and length or height of gate metal, µ is the carrier mobility, Cox 
is the oxide capacitance. The oxide capacitances in these FETs are around 4.7 pF, based on 
capacitive-voltage (C-V) measurements, as shown in Fig. S2. The capacitance values in all 
FETs are similar to each other because of their arrangement in series connection (i.e., NW 
array architectures).  
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Figure S2. Dual sweep mode C-V measurement results of 440 nm NW FETs with different wire numbers. 
 
 
2. Dual sweep mode transfer characteristics 

In comparison with our previously developed n-p-n NW FETs using SiO2 dielectric layers2, 
which possess a gate voltage hysteresis of ΔVth = 1.5 V, Fig. S3 has shown a successful reduction 
of the hysteresis by employing the Al2O3 in these proposed NW FETs. The single NW FETs 
in Figs. S3 a,b,c with different diameters demonstrate very low measured gate hysteresis values 
ranging from ΔVth = 0.2 V to ΔVth = 0.4 V. Very low gate hysteresis was also measured for 1, 
9, and 100 NWs FETs with diameter of 220 nm as shown in Figs. S3 d,e,f. However, without 
denying the very low hysteresis in 100 NW FETs with diameter of 220 nm (Fig. S3f), the Vth 
on this NW FETs is lower than those on other NW FETs, which can be attributed to device 
processing (i.e., variation of gate length affected by the mushroom head of GaN NWs during 
device processing and different condition of surface charges) as explained by simulation results 
in Fig. 6.     

 
Figure S3. Dual sweep mode transfer characteristics (sweep rate of 0.8 - 1 V/s) of single NW FETs with 
diameters of (a) 220 nm, (b) 440 nm, and (c) 640 nm. (d) Dual sweep mode for single, (e) 9, and (f) 100 
NW FETs with diameter of 220 nm. All measurements were done in normal ambient condition (room 
temperature) for at least five sweep cycles on each FET device. 
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3. Breakdown voltage 
 

The breakdown voltages (BVs) have varied values from 30-90 V for all developed FETs, in 
which the largest BV was obtained by the 100 NW FET with a diameter of 220 nm (Fig. S4). 
The exact reason for this is still unclear. However, it can be attributed to inhomogeneity of 
drift region doping profile and location of gate Cr metal edge on NW FETs.    

 
Figure S4. Breakdown voltages (BVs) of vertical n-p-n GaN NWs FETs with different NW numbers and 
diameters. 
 
4. TCAD simulation 

 
Figure S5. Effects of surface charging and gate extension on (a) electrical field Fy (V/cm) and (b) current 
density j (A/cm2) at the channel and the drift region. Simulations have been performed based on the 
original experimental parameters (i.e., nominal) and adapted simulation parameters (i.e., calibrated) on 
single GaN NW FET with diameter of 220 nm. The L and D are gate length and wire diameter, 
respectively.  
 
From simulation results (Fig. S5), it has been demonstrated that the gate length (L) of the 
transistors measured in the experiments has a value of ~0.39 µm. Meanwhile, more investigation 
is still required to confirm the surface charge (Qsc) effect, which is most probably caused by 
the impaired quality of gate oxide (Al2O3) deposited by atomic layer deposition (ALD). Thus, 
several parameters used in ALD (e.g., deposition temperature and cycle) should be improved 
to reduce the Qsc in Al2O3 having direct contact with GaN NW surfaces3. 
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