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INFLUENCE OF THE ELECTROLYTE ON TRANSPORT CHARACTERISTICS  

OF ION-SENSITIVE SILICON NANOWIRE FIELD EFFECT TRANSISTORS 
 

We report on the effect of the electrolyte on transport properties of open-gated silicon nanowire (NW) field effect transistor (FET) 
biosensor studied using noise spectroscopy. Exposing the Si NW FET to the electrolyte solution affects the threshold voltage, because 
it shifts the potential of the top dielectric layer. Also electrolyte ions screen the effect of the gate dielectric traps on channel transport. 
NWs of different lengths were used to exclude contact effects and show consistency of the measurement. 
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Introduction. Silicon nanowire field effect transistors 
(Si NW FETs) are promising structures for the development 
of new biosensors due to their property of directly 
translating |interactions with target molecules into readable 
signals [6], [5]. These structures are highly sensitive and 
selective and are capable of real-time response and label-
free detection. However, there are several important 
challenges, such as the stability and reproducibility of the 
operation of such sensors in a liquid environment due to 
the property changes of the thin gate dielectric when 
exposed to an electrolyte for a long time [4]. In this 
contribution, noise spectroscopy was employed to 
characterize the performance of the Si NW FET biosensors 
with the electrolyte solution (working as a top gate of the 
NW FET structure) on top and also without it. The influence 
of the electrolyte on transport was studied by changes of 
the device transport and noise characteristics. The results 
show that the electrolyte solution not only influences the 
threshold voltage of the transistor, but also affects the 
charge state of the surface traps. 

Experimental Details. Transport and noise properties 
were measured and analyzed in Si NW FETs with a width 
of 500nm and a variety of lengths from 2 to 16μm (Fig. 1A). 
The nanowires were produced on the basis of silicon-on-
insulator (SOI) wafers using nanoimprint technology with 
subsequent wet chemical etching of the NW structures. 
The contacts to the NWs were highly As implanted, so the 
NW represented a FET with inverted n-type channel. The 

NW sensors were protected from the electrolyte by a thin 
thermally grown SiO2 passivation layer (10nm thickness). 
The measurements were performed with phosphate-
buffered saline (PBS) electrolyte on top of the passivation 
layer of the NW FET structure and without electrolyte (in 
air) at different back-gate voltages, VG. 
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Fig. 1. (A) SEM image of a 500 nm wide silicon nanowire.  

(B) Sketch of the measurementset-up 
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The back-gate voltage, VG, was applied to the 
substrate of the silicon-on-insulator (SOI) wafer. The 
schematic of the experiment is shown in Fig. 1B. The 
potential of the drain, VDS, as well as the back gate, VG, 
was set against the grounded source. In all experiments 
shown here, VDS, was set to a value of 100 mV to 
maintain a linear regime of operation of the NW transistor. 
In this regime, the differential resistance of the sample 
equals the normal value of resistance, which makes it 
much simpler to evaluate the normalized current noise 
spectral density (NCNSD), SI/I2, using the measured drain 
voltage noise spectral density. 

It should be noted that the noise spectra and the I-V 
curves were measured in a constant DC mode. The drain 
voltage, VDS, and back-gate voltage, VG, were applied using a 
battery loaded with the sample and a load resistance. 

Results and discussion. The transfer characteristics 
of the Si NW transistors were measured in DC mode in air 
and in electrolyte (Fig. 2).  

 

 
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.00 

0.05 

0.10 

0.15 

0.20 

PBS 

Air 
A 

D
ra

in
 C

ur
re

nt
, I

d (
JA

)

Overdrive Gate, VG–VTh (V)

 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 
10-3 

10-3 

10-2 

10-1 

PBS

Air B 

D
ra

in
 C

ur
re

nt
, I

d (
JA

)

Overdrive Gate, VG–VTh (V)

 
Fig. 2. Transfer curves of the 8μm Si NW FET measured  

in air (red curves) and in PBS (black curves) plotted  
on linear scale(A) and on logarithmic scale(B) 

 
The measurement set-up was as described above. The 

drain current, Id, controlled by the back-gate voltage is 
higher in air than in the electrolyte in overthreshold mode, at 
VG>VTh (Fig. 2A) and higher in electrolyte than in air in 
subthreshold mode, VG>VTh. It should be emphasized that 
each point of the transfer characteristics was measured at a 
stabilized drain current. After the back-gate voltage was 
applied, the drain current increased with time until it reached 
a certain saturation value. The time between applying the 
gate voltage and saturation of the drain current was around 
20 min in the case of air and around one minute in the case 
of electrolyte. The leakage current through the back-gate 
electrode was negligibly small (below 0.1nA). Therefore we 
suggest that such an effect is related to charging of the traps 
located in the top dielectric layer through the back-gate 
electrode [2]. The time constant of such a process is so large 
because the traps are charged with extremely small currents 
through the back-gate dielectric. The decrease of the 
charging time in the electrolyte can be explained by the 

effect of charge screening. In the presence of the electrolyte, 
the charge accumulated in the top passivation dielectric is 
immediately screened by the ions of the electrolyte solution. 
Therefore the conductivity of the channel changes much 
faster in the electrolyte, but the influence of the back gate on 
the channel through the charging of top dielectric layer 
decreases. The slope of the transfer curve is higher in air 
than in the PBS solution (Fig. 2A). And this difference can 
also be explained by charging the top dielectric layer through 
the back gate and the screening effect in the electrolyte. In 
the subthreshold region (Fig.2B), we can observe that the 
subthreshold current in the electrolyte is higher than in air. 

As mentioned above, all measurements were 
performed at low drain voltages (100mV). In such a regime, 
the subthreshold current is not related to transport through 
surface states, but is mainly defined by diffusion [1]. The 
increase of the subthreshold current in PBS solution can 
again be explained by screening of the potential of the top 
dielectric layer by ions in the electrolyte. In the 
subthreshold mode, negative overdrive gate voltages are 
applied to the sample, and screening of the negative 
overdrive potentials by ions in the electrolyte means 
shifting the surface potential to zero, which, in turn, leads to 
an increasing drain current. The curves measured in air 
and in PBS solution coincide within the close vicinity of the 
zero overdrive gate voltage. This means that screening 
does not occur in this point and that the zero overdrive gate 
voltage is close to the flat-band point. Therefore we can 
conclude that introducing PBS on top of the NW transistor 
affects transport in the transistor through screening of the 
surface potential of the top dielectric layer [3]. 

Behavior similar to that described above is also 
registered in the samples with different channel lengths. 
The drain current with the same value of the overdrive 
gate voltage, VG–VTh, is plotted versus the channel length 
of the device in Fig.3.  
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Fig. 3. Drain current through Si NW FETs measured in air  

(red curves) and in PBS (black curves) plotted versus  
chanel length at drain voltage of 100 mV in subthreshold  

mode (A) and in overthreshold mode(B) 
 
The drain current is well scaled with the length of the 

sample (Fig. 3A in air and Fig. 3B). Contact resistance 
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can be estimated from the dependence of the drain 
current on length by linear approximation (Fig. 3A in Air). 
The value obtained is in the range between 8 and 12 
kOhm for different measured chips, which is much lower 
than the device channel resistance, even when it is 
opened. Only Si NWs with shorter channels (4 and 6 μm) 
are affected by the contact resistance (Fig. 3A in Air). In 
the case of the PBS solution on the surface of the Si NW 
biosensor, the subthreshold current is higher than in air 
and vice versa – the overthreshold current in PBS is 
lower than in air. Subthreshold current in PBS (Fig. 3A) is 
no longer scaled with length. This may be due to the fact 
that the current in the subthreshold region is strongly 
affected by the electrolyte, which influences the surface 
potential of the gate dielectric. 

The influence of PBS on transport in Si NW FET is 
also confirmed by noise measurements. Fig. 4 shows the 
normalized current noise spectral density (NCNSD), SI/I2, 
at subthreshold and overthreshold voltages measured in 
air and PBS. In the subthreshold region, NCNSD in the 
device decreased when PBS was introduced into the 
sample. This decrease can be partially explained by the 
changing of the subthreshold current. This current 
increased by a factor of 3 (Fig. 2b at an overdrive gate of 
-0.2V) after submerging a sample in PBS. Therefore, the 
NCNSD, SI/I2, has to decrease by approximately one 
order of magnitude, but from Fig. 4A we can see that the 
value of NCNSD is more than one order of magnitude 
lower in PBS compared to that as in air.  
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Fig. 4. Normalized current noise spectral density (NCNSD),  

SI/I2, at sub-threshold (A) and overthreshold (B) overdrive gate  
voltages measured in air (red curves) and PBS (black curves) 

 

This is possible only if the exchange between the Si 
NW channel and the traps in the gate dielectric is affected. 
Thus, this decrease of NCNSD can be explained by the 
changing of the surface charge state in the sample's top 
dielectric due to PBS electrolyte adsorption and the 
screening effect as well as only a partial contribution of the 
increased subthreshold current. In the region above the 
threshold, submerging the sample in PBS results in a small 
increase in the amplitude of fluctuations in the sample. The 
lower value of the current at VG-VTh = 1.0 V in PBS only 
partially influences the normalized noise level behavior.  

The difference in NCNSD cannot be explained only by 
the difference in current. In this case, the current in air is 
approximately 3.25 times higher than in PBS (Fig. 2A), 
which means that without any other factors NCNSD should 
be at least an order of magnitude lower than in PBS. Our 
results show that exposing the nanowire samples to PBS in 
overthreshold mode decreases NCNSD only slightly. 
Therefore as in subthreshold mode, the overall excess 
noise in the Si NW channel is lower when we expose it to 
the electrolyte, in spite of the fact that the 
transconductance is lower in PBS than in air. 

Conclusion. Transport properties of silicon nanowire 
field effect transistors exposed to air and to the electrolyte 
solution were investigated and compared utilizing noise 
spectroscopy. The results were obtained under quasistatic 
conditions in DC mode. It has been shown that the 
submerging of the nanowire samples in PBS affects the 
current in the NW channel by screening the charges, which 
accumulate in the top dielectric layer due to coupling 
between back and front gate. The investigated nanowire 
structures show good reproducibility in parameters. The 
devices of different lengths show similar behavior with the 
electrolyte and air on top. The produced Si NW FETS are 
well scaled with length and have contact resistance in the 
range of 10 kOhms, which is much lower than channel 
resistance. The noise measurements show that the 
electrolyte influences transport properties in the Si NW 
channel not only by screening surface potential, but it may 
also change the charge state of the traps in the top 
dielectric layer. As a result of such influence, the value of 
the excess noise is much lower in PBS than in air in the 
subthreshold region. 
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REMOTE MEASUREMENT OF POLARIZED RADIATION PARAMETERS 
 

In this work a method for measuring the polarized radiation parameters by determining its ellipticity angle and azimuth of 
polarization ellipse is describes. It is proposed to additionally mechanically modulate the polarization plane of the analyzed radiation, 
pre-calculating the modulation amplitude. This method allows measuring relative Stokes vector components of radiation with highly 
accuracy in the entire optical range. 

Keywords: polarized radiation, Stokes vector components, remote measurement 
 

Introduction. Polarization is a fundamental physical 
characteristic of the radiation, which is conditioned by 
electromagnetic nature of light. Its measurement, followed 
by a theoretical analysis is a powerful diagnostic tool. The 
polarization state of light carries information not just about 
the characteristics of separate particles but also about the 
surface of the objects. Polarization methods of analysis 
have been used particularly in medicine [1, 2, 5], during 
studying material surface [4], in aerospace remote sensing 
[3, 8]. Increasing the accuracy of determining the Stokes 
vector components of the polarized radiation is an 
important and urgent problem. 

In [6] authors proposed a photopolarimetric method for 
determining the polarized radiation parameters. The basis 
of this method is the measurement of the ellipticity angle 
and the azimuth of the polarization ellipse of optical 
radiation by Stokes polarimeter with the modulation of the 
polarization plane of analyzed radiation by Faraday cell. 
The active element of a Faraday cell is transparent in the 
near-infrared range yttrium iron garnet. Additional 
modulation of the polarization plane of the radiation 
increased the accuracy of the ellipticity angle and the 
azimuth of the polarization ellipse measurement, and, 
consequently, the relative values of the Stokes vector 
components. However, using the yttrium iron garnet as an 
active element of Faraday cell limits the application of the 
proposed Stokes polarimeter by IR range. Additionally, the 
domain structure of yttrium iron garnet partially depolarizes 
passing light radiation that reduces the accuracy of the 
determination of the Stokes vector components. 

In this work the Stokes polarimeter is described, in 
which instead of a magneto-optical Faraday cell is 
proposed to use a mechanical modulation of the 
polarization plane. This Stokes polarimeter will allow to 
provide studies of radiation in the entire optical range 
without significantly reducing the accuracy and sensitivity 
of measurements. 

Description. Block diagram of proposed Stokes 
polarimeter is shown in Fig. 1. To determine the azimuth of 
the polarization ellipse �  and the ellipticity angle �  one 
needs to make two measurements. 

While measuring the azimuth of the polarization ellipse 
�  the most transmission plane azimuths of analyzers 1 
and 2 are set to � � �  and � � �  angles respectively 

(Fig. 1, a). The angle �  is pre-calculated so that the signal-
to-noise ratio at the output of photodetector was maximal 
[7]. The switch 5 converts the voltage into an alternating 
electric signal by passing signals in turn from the two 
photodetectors 3 and 4. 
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Fig. 1. Block diagram of Stokes polarimeter: 
1 – }/4 phase plate; 2, 3 – analyzers; 4, 5 – photodetectors;  

6 – switch; 7 – amplifier; 8 – synchronous detector;  
9 – ammeter (indicator) 

 
Intensities of radiation at the output of the analyzers will 

be given by: 

� 	 � 	 � 	
2OUT 1 2 1 1 2 cos2 cos2 ;

2
II k k Gd p
 �� �  � � � � �� � �� �  

� 	 � 	 � 	
3OUT 1 2 1 1 2 cos2 cos2 ,

2
II k k Gd p
 �� �  � � � � �� � �� �  

where I  is the total intensity of the incident radiation; 1k , 

2k  are the principle transmittances of polarizing prisms; 
Gd  is polarization defect of prism, p  is the polarization 
degree of the analyzed radiation. 
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