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Methods  

 Nanowire synthesis, device fabrication, and functionalization.  The silicon nanowire 

(SiNW) synthesis, field-effect transistor (FET) device fabrication, modification of device 

surfaces with receptors have been described previously.1 In brief, SiNWs were synthesized by 

nanocluster-catalyzed chemical vapor deposition, with 20-nm-diameter gold nanoparticles used 

as catalysts. Silane (SiH4) and diborane (B2H6) were used as gas reactants, with a B:Si atomic 

ratio of 1:4000 in gas phase to yield p-type materials. SiNW FET devices were fabricated on a 

single silicon <100> substrate with 600 nm thick SiO2 layer. Metal electrode contacts were 

defined by photolithography, followed by 60 nm Ni metal deposition and subsequent passivation 

of the Ni contacts with ca. 50 nm thick Si3N4 layer. The SiNW surfaces were modified with 

monoclonal antibodies via aldehyde silane conjugation followed by ethanolamine passivation.1 

The prostate specific antigen (PSA) samples were diluted in the assay buffer (100 µM phosphate 

buffer solution containing 100 µM KCl, pH = 7.4) prior to sensing measurements, and were 

delivered to the SiNW FET sensor arrays using a flexible PDMS polymer microfluidic channel 

sealed to the device chip. A typical solution flow rate is 0.4 – 0.5 ml/hour. 

 Nanowire sensor measurements. Conventional time domain conductance measurements 

were carried out in the voltage-biased mode,2 in which a constant source-drain voltage (50 mV, 

either AC or DC) was applied, and the current flowing through the SiNW FET devices was 

measured by a current pre-amplifier (Model 1211, DL Instruments LLC.). Frequency domain 

experiments were carried out in the current-biased mode2 due to larger bandwidth of the voltage 



pre-amplifier at the requisite signal gain. A stable current was provided by an Agilent DC 

voltage supply (full output voltage: 0 – 120 V, typically we used 30 – 60 V) and 500 MΩ resistor 

in series with the NW, where the voltage drop across the device was amplified by a voltage 

amplifier (Model SR560, Stanford Research Systems Inc.) with bandwidth of 1 MHz. The power 

spectrum of the amplified voltage across NW was then collected by a FFT spectrum analyzer 

(Model SR760, Stanford Research Systems Inc.).  

Models of frequency domain studies.  Two noise sources were considered for the analysis 

of noise mechanisms in SiNW FET biosensors: (1) equivalent gate voltage noise from both the 

biomolecule-receptor binding/unbinding, and (2) thermal fluctuations. First, we analyzed the 

gate voltage noise induced by biomolecules binding/unbinding on SiNW surface using a 

two-level model. Second, we considered the gate voltage noise induced by thermal fluctuations 

when the NW surface has bound biomolecule layers. 

(1) Noise associated with molecule binding/unbinding. The basic assumptions for this 

model are (i) a total of N binding sites (antibody receptors on a given NW device), where (ii) N0 

are conjugated with target antigen molecules, and the effective gate voltage induced by the 

binding of N0 antigens is Vp, and (iii) antigen molecules are independent, and each bound antigen 

yields an effective gate voltage of Vm.3 Modeling the on/off state switching of the single 

molecule binding/unbinding is similar to the random telegraph signal in a MOSFET.4 In this 

context, binding/unbinding of a single antigen molecule yields a Lorentzian power spectral 

density in gate voltage: 
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where fc = 1/τ0 + 1/τ1, and τ0 , τ1 stand for the average binding and unbinding times, respectively. 

The transition probability (per unit time) from "on" to "off" state is 1/τ1 and from "off" to "on" 

state is 1/τ0, as shown in Figure S1.  

 

Figure S1. Schematic of antigen (purple color) binding and unbinding on a SiNW FET sensor 

surface functionalized with antibodies (green color), which resembles as a two-level-state 

system. 

 

The rate equation for N sites is: 
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at equilibrium. Comparing to the conventional rate equation: 
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we can associate 1/τ0 = ka × c and 1/τ1 = kd, with c as the antigen (PSA) concentration. Thus fc in 

Eq. (1) should be equivalent to (ka × c + kd). This is consistent with the idea of using frequency 



spectrum of fluctuations to study chemical reaction rates, proposed more than 30 years ago.5 

Since ka ~ 106 M-1s-1 and kd ~ 10-2 s-1 for PSA/antibody conjugation, in the concentration range c 

≤ nM, the calculated fc is about 10-2 Hz. This value is outside the typical frequency range of our 

measurements (1 Hz – 100 kHz), and is significantly different from our measured characteristic 

Γ (a few kHz). In addition, due to the existence of 1/f noise background, a 10-2 Hz plateau would 

most likely be dominated by the 1/f curve. Under a different molecule recognition system that 

has a larger ka and a higher concentration, it might be possible to achieve a larger fc, thus being 

able to test the applicability of this model. 

(2) Thermal fluctuation driven noise. By treating the NW-receptor-target layer as a 

macroscopic system in thermal equilibrium with the environment, we can estimate the gate 

voltage noise due to the thermal fluctuations.6,7 The equivalent circuit for the NW FET biosensor 

is shown in Figure S2. Here we discuss the effect of antigen binding on the gate voltage noise 

power spectral density using a circuit diagram shown in Figure S2, where Cox, Cab and Cdl are the 

capacitances of the silicon dioxide, the antibody layer, and the electrical double layer at the NW 

biosensor-water interface, and Rb is the resistance of bulk solution between NW and the solution 

gate. Binding of antigens adds an extra layer of capacitance and resistance between the 

electrolyte double layer and the antibody-oxide dielectric layer to the NW surface, where CPSA, 

RPSA represent the capacitance and resistance of the PSA layer, respectively.  



 

Figure S2. Schematic of the equivalent circuit for NW FET biosensor after the binding of 

antigens (PSAs) on antibodies. 

 

The voltage (Johnson) noise of RPSA in Figure S2 creates a gate voltage noise δVg. Because 

δVg is coupled to the NW transport through various resistors and capacitances, the RC time 

constant τ = RC will set a high frequency cutoff in SVg(f), where the power spectral density of 

δVg in the frequency domain SVg(f) will exhibit a Lorentzian shape with corner frequency fc = 

1/2πτ, as follows:6-8 

                           2
2

)2(1
4

)(
τπ

δ
f

TRk
fV B

g +
=             (2)   

with τ being the overall RC time constant of Figure S2 determined by the Johnson noise source 

and the combined capacitance. As the conductivity of an electrolyte solution is much higher than 

that of protein layers,9 we assume Rb << RPSA, and get: 

       )]/(1[ 111 −−− +++≈ oxabdlPSAPSA CCCCRτ          (3) 

Since all the capacitances in Eq. (3) are on order of fFs for the geometry of NW devices,10 to 

obtain τ ~ 0.3 ms measured in our experiment, the resistance of the antigen layer (RPSA) needs to 



be on the order of tens of GΩs, which is possible in molecule layers,11 and consistent with our 

assumption that Rb << RPSA. 

 From this analysis, we can see that both the antibody concentration (which determines Cab) 

and the antigen concentration can affect fc. However, for antigen concentration > 0.15 pM, the 

spacing between two neighboring antigen molecules on the NW is smaller than the Debye length 

of the buffer used (~ 50 nm). As a result, the capacitance of the antigen layer will saturate for 

antigen concentrations > 0.15 pM. This explains our observation that the corner frequency of the 

Lorentzian noise of NW sensor with conjugated PSA-PSA antibody on surface only depends on 

the coverage density of PSA antibodies, but not PSA in the concentration range tested here. 

 This model of Lorentzian noise induced by antigen-antibody binding is further supported by 

the noise spectrum measurements for a different type of antibody-antigen system. Figure S3 

shows noise measurement of a SiNW FET sensor in the presence of 0.15, 5 and 150 pM cholera 

toxin sub-unit B (CTB). Here the SiNW sensor surface was modified with CTB-antibodies under 

conditions similar to Figure 2 of the main manuscript (the "medium antibody coverage" case). 

This CTB functionalized sensor exhibits a corner frequency Γ ~ 2500 Hz in the presence of CTB, 

quite different from the corner frequency for the PSA sensors (Γ ~ 3800 Hz). In addition, similar 

to the PSA sensing experiment, changing the CTB concentration by three orders of magnitude 

did not lead to a measurable change of the corner frequency Γ for CTB concentrations > 0.15 

pM. These results further point to the importance of the properties of the biomolecules on the 

noise spectrum of a NW FET biosensor. In summary, the Lorentzian noise of NW FET 

biosensors is consistent with the thermal noise of antigen layer bound to the surface of nanowire. 



Resistance of GΩs is required for the antigen layer to obtain characteristic corner frequency of 

kHz for the Lorentzian noise. In the future, a more quantitative understanding of the noise 

spectra require further detailed understanding of Cab, CPSA, and RPSA. 

 

 

Figure S3. The power spectra of the SiNW FET sensor with CTB-antibody modification, in 

buffer solutions with different CTB concentrations, 0.15 pM, 5 pM, 150 pM. All the spectra 

show Lorentzian noise with characteristic corner frequency (Γ) ca. 2500 Hz for all the different 

CTB concentrations. 
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