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The signal-to-noise ratio (SNR) for silicon nanowire field-effect transistors operated in an

electrolyte environment is an essential figure-of-merit to characterize and compare the detection

limit of such devices when used in an exposed channel configuration as biochemical sensors. We

employ low frequency noise measurements to determine the regime for optimal SNR. We find that

SNR is not significantly affected by the electrolyte concentration, composition, or pH, leading us to

conclude that the major contributions to the SNR come from the intrinsic device quality. The

results presented here show that SNR is maximized at the peak transconductance. VC 2011
American Institute of Physics. [doi:10.1063/1.3608155]

Silicon nanowire field-effect transistors (SiNW-FET)

have shown great sensitivity when employed as biological/

chemical sensors (bioFETs).1–3 The principle of operation is

that a charged species bound to the nanowire (NW) surface

(modified with some receptor molecules) induces a change

in surface potential at the NW surface, which translates into

a change in drain-to-source current (DI) which is then meas-

ured. It is well-known that the sensitivity (defined as DI/I for

a current based sensing experiment) is maximized in the sub-

threshold regime.4–6 However, it is also known that the nor-

malized current noise power amplitude (SI/I
2) reaches a

plateau and is highest in the subthreshold regime for silicon-

silicon oxide devices7,8 and concerns have been expressed

that signal-to-noise ratio (SNR) would be impacted for meas-

urements carried out in subthreshold.4,9 On the other hand,

SI/I
2 is lower in the linear regime but the sensitivity is also

lower. In order to determine the ideal regime for optimal

SNR, we carry out both I-V and noise measurements for so-

lution gated devices. Our measurements indicate that the cur-

rent noise is independent of electrolyte concentration,

composition, or pH, leading us to conclude that the intrinsic

electronic properties of the SiNW bioFETs determine the

optimal SNR achievable by these sensors. We also find that

SNR is maximized in the linear regime at the point where

the transconductance is largest.

The SiNWs were fabricated from SOI wafers (Soitec)

with a high resistivity boron doped active layer (>2000 ohm

cm) as described previously.10 Devices used for the experi-

ments were nominally 100 nm wide and 5 lm long. The

devices were covered with a passivation layer of SU-8 (an

epoxy based negative photoresist) with windows opened for

the NW channel and the contact pads. An optical micrograph

of the devices is shown in Fig. 1(b). The NW surfaces were

functionalized with a monolayer of APTES (3-aminopropyl-

triethoxysilane) using the protocol described earlier,11 which

increases device stability and reduces gate leakage current in

solution. A fluidic well was then glued on top of each chip

for the sensing experiments, with a platinum wire used as the

solution gate electrode. The device structure and experimen-

tal setup is shown schematically in Fig. 1(a). For all noise

and transfer characteristics measurements, the back-gate

contact was left floating and the source-drain voltage was

kept fixed at 100 mV. A typical transfer (Id-Vsg) curve is

shown in Fig. 1(c), including the leakage current (Isg). For

the noise measurements, the current, Id, was amplified using

a current pre-amplifer (SRS 570) and current fluctuations

recorded by a National Instruments DAQ card. The power

spectral density was then determined using Welch’s modified

periodogram method12 implemented in MATLAB. Similar 1/f

power spectra have been explicitly shown previously.13

For number fluctuation noise, including correlated mo-

bility fluctuations, the current noise power spectral density is

given by7

SI ¼ 1þ al0Cox
Id

gm

� �
2g2

mSVFB; (1)

FIG. 1. (Color online) (a) Schematic of the device structure and experimen-

tal setup. (b) Optical micrograph showing two parallel devices. The doped

contact regions (pink) and the metal electrodes can be clearly seen as well as

the openings in the SU8 layer (passivation layer) atop the nanowires (NWs).

An SEM image of a single nanowire is shown. (c) I-V curve for a NW de-

vice (after APTES functionalization) showing the drain current (Id) and solu-

tion gate leakage current (Isg).a)Electronic mail: mark.reed@yale.edu.
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where a is the Coulombic scattering coefficient, l0 is the

low-field mobility, Cox is the oxide capacitance per unit area,

and SVFB is the flatband-voltage noise spectral density due to

fluctuations in the interface/oxide charge. The low-field mo-

bility was determined to be approximately 520 cm2/Vs.

The root-mean-square (rms) current noise amplitude (di)

is obtained by integrating SI over the measurement band-

width and taking the square root. The measured signal

response (DI) is given by the change in surface potential (w0)

multiplied by the transconductance (gm). Thus we arrive at

the SNR which is given by

SNR ¼ DI

di
¼ Dw0ffiffiffiffiffiffiffiffiffi

BW0
p gmðVgÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SIðf ¼ 1HzÞ
p ; (2)

where BW0 ¼ ln (f2/f1) for low frequency cutoff f1 and high

frequency cutoff f2 in the measurement bandwidth. For the

rest of the paper we shall consider BW0 ¼ 1 and refer to SNR

for a change of 1 volt in surface potential. We carried out

measurements in phosphate buffered saline (PBS) at three

different concentrations as well as measurements using a dif-

ferent salt system, namely potassium chloride solution (KCl

– 0.1X). The concentrations were limited to those values

used commonly in sensing experiments. The results of the

noise measurements are shown in Fig. 2. We observe negli-

gible differences both in the noise spectra and the transfer

characteristics, which result in similar SNR for the different

concentrations and solutions investigated. This leads us to

conclude that the gate response and the noise properties are

solely a function of device properties, resulting in similar

SNR across different electrolyte systems and concentrations.

It is true that Debye screening is a function of buffer concen-

tration and composition, and affects the sensitivity of the

sensing experiment,14 but this variation only affects the Dw0

seen at the NW surface. The SNR (defined per volt change in

surface potential) is therefore independent of the actual

change in surface potential and intrinsic to the device as our

results indicate, which means that we can safely define and

use this figure-of-merit to predict the detection limit of these

bioFET sensors. We also observe that SNR for our devices is

maximized in the linear regime, close to the peak transcon-

ductance (gm,peak), which is contrary to what was observed in

other works,15,16 where SNR was determined to be maxi-

mum in subthreshold. The difference in the operating regime

at which maximum SNR occurs can be explained by differ-

ent mobility fluctuation noise regimes13 (potentially caused

by different material systems used, by different gate configu-

rations, or by contact resistance dominated regimes). The

power spectral density due to gate voltage fluctuations can

be extracted using SVG¼SI/gm
2. For a negligible scattering

coefficient a, in the linear regime of operation, SVG¼SVFB.

Fig. 3 shows that SVG is not linearly proportional to gate

voltage, which indicates a negligible a and for lower gate

voltages, SVG is found to increase which is most likely due

to the gate voltage dependence of SVFB as observed previ-

ously.13 From Fig. 3, we can also see that the gate voltage

noise, which is important in the case of measurements of

threshold voltage shifts and which corresponds to the inverse

of SNR, is minimized in the region of peak transconduc-

tance. SVFB can be modeled as17

SVFB ¼
kkTq2Nt

f WLC2
ox

; (3)

where k is the tunneling attenuation distance, W is the width,

L is the length, Cox is the capacitance per unit area, and Nt is

the trap density. For the data shown in Fig. 3. we estimate

the minimum flatband-voltage noise at about 1.3� 10�4 V2/

Hz and using dimensions W¼ 100 nm and L¼ 5 lm with a

capacitance of 4.3� 10�7 F/cm2 (as previously modeled in

Silvaco10), we extract a trap density of Nt¼ 2.3� 1018 eV�1

cm�3. This trap density is comparable to values obtained for

FIG. 2. (Color online) (a) Normalized current noise power density at f¼ 1

Hz is plotted against drain current. The noise profile does not change signifi-

cantly with changes in PBS (phosphate buffered saline) concentration or by

changing the electrolyte to KCl (potassium chloride). The proportionality to

(gm/Id)2 confirms that our data are well fitted by the number fluctuation

model. (b) Signal-to-noise ratio (as defined in text) is plotted against solution

gate voltage to highlight the regime at which SNR is maximized. (c) Trans-

conductance values extracted from I-V measurements are also plotted

against solution gate voltage to point out that maximum SNR occurs close to

the point of peak transconductance.

FIG. 3. (Color online) The gate voltage noise fluctuations (HSV) are plotted

against solution gate voltage (limited to the linear regime of operation). The

absence of a linear dependence indicates that number fluctuations are the

dominant cause of the noise of these bioFET devices. The dip in the data

also highlights the region of maximum signal-to-noise ratio (1/HSV), which

is again shown to occur around the region of peak transconductance.
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gate-all-around silicon nanowire devices8,18 and slightly

larger than values obtained for ultra-thin Si-FinFETs.19

Similar and consistent results were obtained for meas-

urements carried out at different pH values, which show

that the charge state of the NW surface (due to different

solution pH) does not have a significant impact on the

noise properties or SNR. The I-V curves show the expected

threshold voltage shifts but, again, the peak transconduc-

tance and the peak SNR are both minimally affected by

the change in pH and SNR is still maximized around the

peak transconductance region. SNR is also a more impor-

tant figure-of-merit in determining the limit of detection.

For example, assuming a measurement bandwidth of 100

Hz, with a peak SNR of approximately 8000 per 1 V

change in surface potential, we have Dw0,min � 3� 10�4 V

(assuming the minimum SNR to be 1) and assuming a NW

capacitance of 2� 10�15 F we obtain the minimum detect-

able charge to be around 4 elementary charges for our bio-

FETs. This of course does not consider screening or any

surface chemistry which would reduce the effective charge

that can be detected or affect the surface potential pro-

duced by such a charge. However, this represents the best

case scenario of the minimum number of charges that can

be detected by this bioFET sensor, given the intrinsic de-

vice SNR.

In this report, we study and characterize the SNR of Si

NWs under a solution gate bias and different electrolyte

composition, concentration, and pH. We conclude that SNR

is an intrinsic device property and is maximized at the region

of peak transconductance. SNR is a figure-of-merit which

can be used to estimate the best possible detection limit for

bioFET sensors and compare across different material sys-

tems and device designs.
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