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Supplementary Section 1: Device fabrication process flow 
An optimized top-down process was used to fabricate the SiNWFET devices. The fabrication 
process is presented step by step in Fig. S1. 
 

 
Fig. S1. Fabrication process flow of the SiNWFET device. The top-view and cross-sectional 
schematic illustrations of the device at each step are presented. The dashed line in the top-view 
schematic indicates the position of cross-sectional cut.  



 
 

 

Supplementary Section 2: Fabrication process optimization 

Some optimized steps in the fabrication flow were illustrated in the scanning electron microscope 
(SEM) images in Fig. S2. Firstly, in S/D heavily implantation process, the channel was protected 
by the negative electron beam lithography (EBL) resist UVN. The resolution of UVN is roughly 
300 nm (Fig. S2a), which defines the minimum length of NW to be 400 nm, including 50-nm-long 
margins on both sides for misalignment control. However, 400-nm-long SiNW will collapse or 
break when all processes are done. Therefore, the width of UVN implantation structure was 
reduced to the minimum level of 80 nm (Fig. S2b) by the improved EBL dose modulation. 
Secondly, in the EBL exposure of S/D pads and NW channel, the dose of NW channel was much 
higher than that of S/D pads. Given the short NW length, the S/D pads were in proximity to each 
other, thus the high dose of NW overlapped with the dose of S/D pads would expose the nearby 
resist between S/D pads as indicated by the overdose issue in Fig. S2c. To solve this problem, the 
patterns of S/D pads were narrowed and NW-pad double exposure strategy was used to suppress 
the overlapped dose. Fig. S2d presents a well-defined transistor pattern. Thirdly, although the 
double expose succeeded avoiding the proximity issue, the poor alignment between NW and S/D 
pads exposure appeared as a new concern (Fig. S2e). The quality of alignment mark for EBL 
exposure was improved to control the misalignment in an accepted range (Fig. S2f). 

 
Fig. S2. SiNW transistors fabrication optimization. SEM images of UVN pattern by the (a) 
typical and (b) optimized exposure parameters. Proximity issue of the (c) non-optimized and (d) 
optimized exposure process. Misalignment of the (e) non-optimized and (f) optimized exposure 
process. The scale bar is 200 nm.  



 
 

 

Supplementary Section 3:  Intrinsic device noise of SiNWFET 
The intrinsic noise of a traditional MOSFET is mainly generated by the carrier trapping/detrapping 
process near the gate oxide/channel interface (18-20). The intrinsic noise consists of both carrier 
number (ΔN) and mobility (Δμ) fluctuation components. ΔN is associated with the number 
fluctuation of carriers in the device channel due to carrier trapping/detrapping near the gate 
oxide/channel interface, while Δμ is related to Coulomb scattering near the interface. The 
distribution of traps in the gate oxide accounts for the 1/f-like intrinsic noise spectrum. The intrinsic 
noise amplitude is inversely proportional to the gate area. 
 
In our gate-oxide-free SiNWFETs, the electrical double layer acts as the gate dielectric layer. The 
defects on the SiNW surface are the source for the intrinsic noise and their distribution in the 
energy domain could also lead to 1/f-like noise spectrum. Despite the difference in device structure, 
the intrinsic noise of our device also follows the gate area dependence as it is generated by the 
uncorrelated surface defects (38). As a result, the intrinsic noise the gate-oxide-free SiNWFETs 
will increase with downsizing due to the reduction of gate area, which is a serious concern for our 
SiNWFETs when they are applied for single charge detections.  



 
 

 

Supplementary Section 4: H2 annealing process 

The SiNW surface gets smoothened and the surface defects are eliminated after the annealing in 
the H2 ambient. The SEM images of SiNW with and without H2 annealing are presented in Fig. 
S3. 

 
Fig. S3. SiNW process optimization with H2 annealing. SEM images of SiNWs (a) with and (b) 
without H2 annealing process. The scale bar is 100 nm.  



 
 

 

Supplementary Section 5: Transfer characteristics comparison of the SiNWFETs with and 
without H2 annealing  

Transfer curves of 10 SiNWFET devices with and without H2 annealing are plotted in Fig. S4. H2 
annealing greatly improved SS and reduced device-to-device variation. 

 
Fig. S4. Transfer curves of SiNWFETs with (black) and without (red) H2 annealing measured in 
1 mM KCl at VDS = 10 mV.  



 
 

 

Supplementary Section 6: Output characteristics of the H2-annealed SiNWFET 

The output characteristics of the SiNWFET with H2 annealing measured in 1 mM KCl are shown 
in Fig. S5. The device shows a good Ohmic contact performance. 

 
Fig. S5. Output characteristics of the H2-annealed SiNWFET. The reference electrode voltages 
are marked in the figures.  



 
 

 

Supplementary Section 7: Intrinsic noise comparison of the SiNWFETs with and without 
H2 annealing 

Area-normalized gate voltage noises of 10 SiNWFETs (IDS = 1, 5, 10, 50, and 100 nA) with and 
without H2 annealing are plotted in Fig. S6. Both of them have 1/f-like noise, but the noise of 
SiNWFETs without H2 annealing is ~10 times higher. 

 
Fig. S6. Area-normalized gate voltage noises. (a) PSD of normalized gate voltage noise and (b) 
10 Hz normalized gate voltage noise at different drain currents of the SiNWFETs with and without 
H2 annealing measured in 1 mM KCl at VDS = 10 mV. The dashed line in (a) is a 1/f reference line. 



 
 

 

Supplementary Section 8: pH response of the H2-annealed SiNWFET 

The pH response generated by Si-OH group on the SiNW surface can be analyzed using site-
binding and Gouy-Chapman-Stern (GCS) models. The surface reactions between H+ ion in liquid 
and Si-OH group on SiNW are 

Si-OH ⇌ Si-O- + H+ 

Si-OH2
+ ⇌ Si-OH + H+ 

Their dissociation constants are denoted as Ka and Kb, respectively. The dynamic equilibrium 
between H+ ion and Si-OH group is capable to buffer the change of surface H+ concentration cHs. 
The intrinsic buffer capacity βint depends on the surface site density NOH (34): 
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The pH response of SiNWFET corresponds to the change of surface potential Δφs, which can be 
expressed as (34) 
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where pHb is the bulk pH value, k is the Boltzmann constant, T is the temperature, q is the elemental 
charge, and CEDL is the capacitance of electrical double layer, respectively. The pH response of the 
H2-annealed SiNWFET can be well fitted by the equations S1 and S2 (see Fig. S7), from which 
the effective surface site density is extracted as NOH = 6×1013 cm-2. 

 
Fig. S7. pH response of the H2-annealed SiNWFET. The pH values were changed by changing 
the HCl concentrations. The solid curve is the fitted results by GCS model with the effective –OH 
group density to be 6×1013 cm-2.  



 
 

 

Supplementary Section 9: Current histograms of Dev. A at different VG − VT 

The current histograms of Dev. A are presented in Fig. S8, where two Gaussian peaks are clearly 
separated at each histogram. The areas of the two current peaks indicate the relative probabilities 
of filled and empty dangling bond (DB) states. 

 
Fig. S8. Histograms of current records listed in Fig. 3A.  



 
 

 

Supplementary Section 10:  Trap occupation probability of Dev. A and Dev. B  

The trap occupation probability P can be calculated by Ah/(Ah + Al), where Ah and Al are the peak 
areas of high and low current states, respectively. 

 
Fig. S9. Transition of trap occupation probability. Trap occupation probability of (a) Dev. A 
and (b) Dev. B at different gate overdrive VG−VT. 
  



 
 

 

Supplementary Section 11:  PSD of time-traces of Dev. A  
The corner frequency fc is determined as 
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where kon and koff are the association and dissociation constant of single H+-DB interaction, 
respectively, cHs the surface H+ concentration, q the elementary charge, Vst the potential drop across 
Stern layer, k the Boltzmann constant, and T the absolute temperature. The calculated fc using 
equation S3 with the parameters in Table S1 fit well the measurements as shown in Fig. S10. 

 
Fig. S10. PSD (solid curves) of Dev. A measured in 10 mM HCl at different gate overdrive VG−VT. 
The solid points on the curves are fc calculated using equation S3. 
  



 
 

 

Supplementary Section 12: Time constants dependence 
Interaction between analyte and its DB receptor on a surface can be described by the first-order 
Langmuir kinetics (39, 40). The fraction of the analyte bound receptors (θ) on the surface is 
determined by both capture and emission processes through 
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where kon and koff are the association and dissociation constants of the analyte-receptor interaction, 
which is determined by the kinetic energy barriers of the capture (ΔEcap) and emission (ΔEemi) 
processes, respectively (see the schematic illustration in Fig. 3C (upper)). However, for the H+-
DB interaction in our system, the potential drop across the Stern layer Vst will add an additional 
barrier qVst to the H+ emission process, as illustrated in Fig. 3C (lower). To include this additional 
emission barrier into our analysis, equation S4 could be written as  
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In the case of a single DB, θ changes from 0 to 1 when an H+ ion is captured, and from 1 to 0 when 
the H+ ion is emitted. Therefore, τc and τe of the H+-DB interaction can therefore be expressed as 
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Supplementary Section 13: Number fluctuation contribution to single charge signal 

The contribution of relative change of number fluctuation ΔN/N is calculated mathematically. 
Once an H+ is captured on SiNW surface, the elemental charge will be shared by the capacitances 
of SiNW and EDL. The induced carrier number in the SiNW is 
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where CSi, Cst, and Cdif are the differential capacitances of SiNW, Stern layer, and diffuse layer, 
respectively. Cst is fixed at 4×10-5 F cm-2 (Table S1). CSi and Cdif are calculated as the changes of 
charge densities divided by the changes of potentials in SiNW and diffuse layer when VG increases. 
The total carrier number N in SiNW channel is calculated by integrating the electron density in 
SiNW channel. The plot of ΔN/N are presented in Fig. S11. The contribution of number fluctuation 
ΔN/N is much lower than the measured single charge signal in Fig. 3E and Fig. 4C. 

 
Fig. S11. Calculated results of number fluctuation as a function of VG − VT. 



 
 

 

Supplementary Section 14: Mobility fluctuation contribution to single charge signal 

ΔIDS/IDS is mainly ascribed to Δμ/μ due to the change of local Coulomb scattering strength induced 
by a single charge (37): 
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Electron mobility μ is extracted from the transfer curve. Since the SiNWFET works at the linear 
region (VDS = 10 mV), the on-state current follow 
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where CEDL is the capacitance of EDL, which acts as the gate dielectric. CEDL can be obtained from 
the calculation of the potential and charge distribution in the EDL. The extracted electron mobility 
using equation S9 is plotted in Fig. S12. At higher VG, the Coulomb scattering strength will be 
weakened due to the screen effect (37). The scattering coefficient αsc was reported to show the 
dependence of the carrier density in SiNW (Nden) due to the screen effect: 

  den d 0sc 1 2 enln /N N    . (S10) 

Nden is calculated using the total carrier number in SiNW and surface area of SiNW, i.e., Nden = 
N/A. Nden0 is the reference carrier density for logarithm calculation. Here, Nden0 is defined as Nden0 
= 1012 cm-2. The parameters α1 and α2 are extracted by fitting the measured data of ΔIDS/IDS in Fig. 
3E and 4C. α1 and α2 and the range of αsc are listed in Table S1. 

 
Fig. S12. Extracted electron mobility from transfer curve. Electron mobility of (a) Dev. A 
and (b) Dev. B as a function of VG−VT.  



 
 

 

Supplementary Section 15: Current histograms of Dev. B at different VG 

The current histograms of DB 1 (left hand side) and DB 2 (right hand side) of Dev. B. 

 
Fig. S13. Histograms of current records listed in Fig. 4A. 



 
 

 

Supplementary Section 16: Charge density calculation in the SiNWFETs 

In our measurements, VG is higher or slightly lower than VT, so the hole density is negligible 
compared with electron density. The charge density is obtained by solving the Poisson equation in 
the scaled gate-all-around SiNW (see the schematic of SiNW cross section in Fig. S14a): 
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where ψ is the potential in SiNW, q the elemental charge, ε the dielectric constant of Si, n the 
electron density, NA the acceptor density (NA = 1015 cm-3), n0 the equilibrium density of electron 
(n0 = 105 cm-3), k the Boltzmann constant, T the temperature. Since the SiNW is central-symmetric, 
the Poisson equation is solved in one side (0 < x < r). At SiNW surface (x = r), the boundary 
condition is ψ = ψSi, and at SiNW central (x = 0), the boundary condition is dψ/dx = 0. Once the 
potential distribution is solved, the net charge density in SiNW σSi is obtained by Gaussian law: 
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The Poisson equation and net charge density is solved numerically by Matlab. For a direct 
comparison with the surface charge density, the net charge density in SiNW averaged by r(|σSi/ r|) 
is plotted as a function of ψSi, in Fig. S14b. The correction factor γ is defined as the ratio of the 
surface charge density and the average charge density, and the calculated results of γ (black dots) 
is fitted well with γ = 0.978 + 1.72×exp(0.0256×ψSi) (black curve). 

 
Fig. S14. Charge density calculation and correction in a SiNWFET. (a) Schematic potential 
distribution in the SiNW cross section. (b) Calculated charge density as a function of surface 
potential. The average charge density can be expressed as the surface charge density divided by 
the correction factor.  



 
 

 

Table S1.  
Parameters extracted from the fitting of single H+-DB interaction kinetics and signal amplitudes 
of Dev. A and B. 

Parameters Dev. A Dev. B (DB1) Dev. B (DB2) 

Cst (F cm-2) 4.0×10-5 4.0×10-5 4.0×10-5 

kon (M-1 ms-1) 0.10 0.05 0.10 

koff (ms-1) 0.20 1.4 0.15 

αsc (V s) 5.4–8.4×10-15 2.7–2.8×10-15 5.8–8.5×10-15 

α1 (V s) 1.3×10-14 2.8×10-15 1.2×10-14 

α2 (V s) 3.1×10-15 1.0×10-16 3.0×10-15 
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