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ABSTRACT

We report our experimental efforts to quantify the impact of fluidic and ionic transport on the conductance level of silicon nanowire (SiNW)
sensors configured as field effect transistors (FETs). Specifically, the conductance of SiNW FETs placed in a microfluidic channel was observed
to change linearly with the flow velocity of electrolytic solutions. The direction of conductance change depends on the doping type of the
SiNWs and their location inside the microfluidic channel, and the magnitude of the conductance change varies with the ionic strength and
compositions of the electrolytic solution. Our quantitative analysis suggests that the flow velocity sensing is a consequence of the streaming
potential that is generated by the movement of counterions inside the electrical double layer (EDL) of the silica substrate. The streaming
potential, which varies with the flow velocity and the ionic properties of the electrolytic solution, acts in the same way as the charged analytes
in affecting the conductance of SiNWs by changing the surface potential. This study highlights the importance of considering the ionic
transport in analyzing and optimizing nanowire FET sensors, which can significantly change the conductance of NWs. Moreover, SiNWs were
demonstrated for the first time to be able to detect the streaming potential, the flow velocity and the ionic strength, opening up their new
application potentials in microfluidics.

Semiconducting NWs configured as FETs have recently
attracted considerable attention because of their great po-
tential as label-free, real-time, and ultrasensitive biological
and chemical sensors.1-7 In particular, SiNWs were success-
fully demonstrated to possess great selectivity in detecting
a wide range of charged species, such as proteins, viruses,
and DNAs.1-7 The NW sensors typically operate in an
electrolytic solution and respond to changes in the local
electric potential caused by the specific binding and unbind-
ing events between the receptors and the target molecules.8

However, in the sensing environment, the charged analytes
coexist with charged ions of the electrolytic solution and the
variation in the ionic distribution in the vicinity of the NW
sensors can also affect the local electric potential around the
NWs. This will lead to a conductance change of the NWs,
which may overshadow the signals from the specific binding
events and impact the selectivity of NW FET sensors. The
effects of the ionic distribution on the electric potential inside
an aqueous solution have been recognized and utilized as
the detection mechanism for the ion-sensitive field effect
transistor (ISFET). Nonetheless, the electric properties of ions
have frequently been neglected for simplicity when analyzing
NW FET sensors by assuming the electrolytic solution to
be charge neutral.9-11 Therefore, it is important to investigate
the impact of charged ions on the conductance level of NW
FET sensors so that the performance of NW sensors can be
further improved.

To understand the physics underlying the influence of ions
on NW FET sensors, we have undertaken and report herein
experimental efforts to quantify the impact of ions on the
conductance level of SiNW FET sensors. Our experimental
results indicate that the ionic distribution and the transport
of the electrolytic solution can significantly affect the
conductance level of SiNW FET sensors and that the
interaction mechanism is closely related to the streaming
potential generated by the streamwise ionic movement.
Moreover, the effects of ions on SiNWs can be utilized to
develop SiNW sensors to measure the flow velocity of the
solution and to probe the properties of the solution.

The SiNWs were configured as FETs to detect flow
velocity. The experimental setup is similar to previously
reported SiNW FET sensing experiments,8 as shown in
Figure 1a, where SiNWs are located on the floor of the
microfluidic channel. The channel consists of a Si/SiO2 floor
and a cover made from the polydimethylsiloxane (PDMS).
Differently from some previous NW FET sensing experi-
ments,8 an Ag/AgCl reference electrode was placed in the
center of the channel to fix the local electric potential of
the solution and hence to reduce the noise generated by the
drifting of the solution potential.12-14 The SiNWs were
synthesized using the vapor-liquid-solid mechanism with
20 nm gold nanoclusters, at a 4000:1 Si/B feeding ratio for
the p-type and a 2000:1 Si/P feeding ratio for the n-type
SiNWs, respectively.15-17 Arrays of SiNW sensors were
fabricated using photolithography with Ti/Pd as the source
and drain metal contacts.8,18 These contacts were further* Corresponding author. E-mail: xlzheng@stanford.edu.
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passivated with SU-8 to prevent the leakage of current into
the electrolytic solution. The SU-8 passivation quality was
excellent because devices did not exhibit any noticeable
degradation over 1 week of sensing experiments. The
conductance of SiNWs was measured using lock-in detection
by applying a 30mV voltage with a frequency of a few kHz
and measuring the current.8 The electrolytic solutions used
in this study were potassium chloride in potassium phosphate
buffers, unless mentioned otherwise. The pH value of the
solution was 7, achieved by mixing the monobasic (KH2PO4)
and dibasic (K2HPO4) potassium phosphates in DI water.
The ionic strength of the solution was controlled by diluting
the solution with DI water and adding potassium chloride
(KCl). The flow velocity of the solution inside the microf-
luidic channel was controlled by a syringe pump (Harvard
Apparatus).

The interaction mechanism between the ions and the
SiNWs is illustrated in Figure 1b. When the surface of the
silica substrate and the SiNWs contacts liquid solutions with
pH values greater than the isoelectric point of the silica
(∼2-3), the surface becomes negatively charged due to the
deprotonation of the silanol groups [SiOH(s) f SiO- (s) +
H+(aq)]. The charged surface attracts a layer of counterions
next to the silica surface to maintain the overall charge
neutrality, forming an EDL. The distribution of ions inside
the EDL affects the surface potential of the SiNWs and
through which influence the conductance level of the SiNW
FET sensor.12 When the electrolytic solution is flowing, it
carries the excess counterions (cations) in the mobile part
of the EDL downstream. Charges are accumulated at both
ends of the channel and a longitudinal electrical field is
established across the channel (Figure 1b), which is the
streaming potential (Vstr). The streaming potential has been

studied both theoretically and experimentally19-24 and can
be expressed as functions of the flow velocity and the fluid
properties as shown in eq 1, assuming the existence of a
fully dissociated, symmetric electrolytic solution with equal
mobilities, a thin EDL, and a hydrodynamically fully
developed flow.

Here, Vstr is the streaming potential (V), εr is the relative
permittivity of the electrolytic solution, ε0 is the vacuum
permittivity (F m-1), � is the zeta potential of the EDL on
the microfluidic channel surface (V), σ is the electrical
conductivity of the bulk solution (S m-1), η is the dynamic
viscosity of the solution (Pa s), P is the pressure (Pa), and u
is the flow velocity (m s-1). Consequently, when the flow
velocity changes, it modifies the streaming potential, which
affects the ionic distributions in the EDL around the SiNWs;
as a result, the conductance of NWs changes with the flow
velocity.

Our experimental results support the fact that the flow
velocity can significantly affect the conductance of SiNW
FETs. As shown in Figure 2a and 2b, the conductances of
both the p-type and the n-type SiNWs (GNW) change linearly
with increasing flow velocity. The direction of the conduc-
tance change is opposite for the p-type and the n-type SiNWs

Figure 1. Experimental setup for the SiNW FET flow velocity
measurement and its operating principle (not to scale). (a) Cross-
section schematic of a SiNW sensor inside a microfluidic channel.
(b) Operating principle of the SiNW FET flow velocity sensor: the
excess counterions inside the EDL formed in the microfluidic
channel are swept downstream by the pressure-driven flow, which
generates the streaming potential (Vstr).

Figure 2. Flow velocity sensing using p-type and n-type SiNWs.
(a) Conductance (GNW) of p-type SiNWs as a function of the flow
velocity. (Inset) GNW versus flow velocity. (b) GNW of n-type SiNWs
as a function of the flow velocity. (Inset): GNW versus flow velocity.
(c) Opposite trends of GNW change in flow velocity sensing for
differently located p-type SiNWs in the microfluidic channel. (d)
Illustration of location-dependent GNW change of SiNWs in terms
of the flow velocity. (The electrolytic solution contained 1 µM
potassium chloride in 0.1 µM potassium phosphate buffer with pH
7 and its measured electrical conductivity (σ) was 11.2 µS cm-1.)

∆Vstr )
εrε0ς
ση

∆P ∼
εrε0ς

σ
∆u (1)

Nano Lett., Vol. 9, No. 5, 2009 1985

D
ow

nl
oa

de
d 

by
 P

U
R

D
U

E
 U

N
IV

 o
n 

Se
pt

em
be

r 
9,

 2
01

5 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 M

ar
ch

 3
0,

 2
00

9 
| d

oi
: 1

0.
10

21
/n

l9
00

23
8a



because the same gate potential change has the opposite
depletion/accumulation effects on the p- and n-type SiNWs,
respectively. The minimum velocity change which can be
detected by the p-type SiNW is in the range of 0.55-1.1
mm s-1, which is more than one order of magnitude better
than the reported flow velocity sensitivity of 20.83 mm s-1

using individual carbon nanotube FET sensors.25 To the best
of our knowledge, this is the first experimental demonstration
that SiNW FET sensors can measure the flow velocity change
through the streaming potential mechanism in an electrolytic
solution.

We further estimated the equivalent gate potential change
per unit flow velocity (∆VG,NW/∆u) for both the p-type and
the n-type SiNWs to compare the gate voltage change caused
by the streaming potential. Specifically, the equivalent gate
potential change per unit flow velocity (∆VG,NW/∆u) was
estimated using eq 2, by dividing the averaged SiNW
conductance change per flow velocity change (∆GNW/∆u)
by the transconductance of SiNWs measured in the same
solution (∆GNW/∆VG,NW). The results are listed in Table 1.

The equivalent gate potential changes per unit flow velocity
for the p-type and the n-type SiNWs were very similar, at
3.9 mV s mm-1 and 3.6 mV s mm-1, respectively. It should
be noted that the measured p- and n-type SiNWs were located
at almost identical positions inside the microfluidic channel
and with respect to the reference electrode. Therefore, the
observed near-equality of the local surface potential change
per unit flow velocity strongly suggests that SiNWs are
responding to the streaming potential change caused by
the fluidic motion of an electrolytic solution.

Furthermore, even SiNWs of the same doping type can
exhibit opposite conductance changes in response to increas-
ing flow velocity when the SiNWs are located upstream and
downstream of the reference electrode, respectively (Figure
2c). Because the electrical potential of solution is fixed at
the center of the channel by the reference electrode (Figure
2d), the solution potential at the downstream and upstream
locations increases and decreases with increasing the flow
velocity, respectively. Consequently, even the same type of
SiNWs, depending upon their locations, can detect the
opposite potential change and respond oppositely to the same
flow velocity change. This observation implies that the ionic
transport will have different effects on FET sensors at
different locations inside the microfluidic channel. This is
of concern in biosensing because if the local electric potential
change caused by the ionic transport is greater than that
generated by the specific analyte-receptor binding event, it

may produce false signals, such as an opposite conductance
change.

The sensitivity of the flow velocity measurement for the
p-type SiNW was further characterized as a function of the
ionic strength of the electrolytic solution. The ionic strength
of the potassium chloride solution (pH 7) was varied over a
broad range, including strengths of 1, 10, 100, and 1000 µM.
As shown in Figure 3a, the conductance of the p-type SiNW
(GNW) increases monotonically with increasing flow velocity
for all the cases. However, the average amount of NW
conductance change per unit flow velocity (∆GNW/∆u)
decreases significantly as the ionic strength increases as
shown in Figure 3b. The ionic strength affects the sensitivity
of the flow velocity measurement by affecting both the
solution conductivity (σ) and the zeta potential (�) (eq 1).
Specifically, the conductivity (σ) of the solution is linearly
proportional to its ionic strength,26,27 and the zeta potential

Table 1. Estimation of the Equivalent Gate Potential
Change Per Unit Flow Velocity Change

unit p-type SiNWs n-type SiNWs

∆GNW/∆VG,NW (nS mV-1) 5.60 0.45
∆GNW/∆u (nS s mm-1) 21.8 1.6
∆VG,NW/∆u (mV s mm-1) 3.9 3.6

∆VG,NW

∆u
)

∆GNW/∆u

∆GNW/∆VG,NW
)

∆Vstr

∆u
∼

εrε0ς
σ

(2) Figure 3. Effects of the ionic strength on the sensitivity of SiNW
flow velocity sensing. (a) Flow velocity sensing of p-type SiNWs
in potassium chloride solutions with ionic strengths of 1, 10, 100,
and 1000 µM. (b) The SiNW conductance change per unit flow
velocity (∆GNW/∆u) with respect to the ionic strength (C). The solid
line is a fitted curve, ∆GNW/∆u ) (-162.5 + 391.8 × log (C +
10.9))/(C + 10.9), where C is in µM. (c) The SiNW conductance
(GNW) versus the ionic strength (C) at different flow velocities. All
curves show logarithmic fittings: GNW)5887.0-1265.0 × log(C
+ 25.3) for u ) 1.1 mm s-1, GNW ) 5869.0-1258.0 × log(C +
21.3) for u ) 4.4 mm s-1, GNW ) 5901.0-1268.0 × log(C + 19.1)
for u ) 7.7 mm s-1, GNW ) 5920.0-1271.0 × log(C + 17.2) for
u ) 11.1 mm s-1, and GNW ) 5944.0-1279.0 × log(C + 15.5)
for u ) 14.4 mm s-1, where C is in µM.
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(�) has a logarithmic dependence on the ionic strength
(� ∼ a0 + a1log C, where a0 and a1 are constants) for a
symmetric electrolyte of C < 100 mM at pH >6.19 The change
of the streaming potential per unit flow velocity (∆Vstr/∆u),
according to eq 1, is proportional to �/σ, and varies with the
ionic strength as (a0 + a1log C)/C. Furthermore, the SiNWs
were selected to operate in the linear transconductance
regime. Thus, the conductance change of the SiNWs (∆GNW)
is linearly proportional to the change of the streaming
potential (∆Vstr). Therefore, the conductance change of
SiNWs per unit flow velocity (∆GNW/∆u) varies with the
ionic strength as (a0 + a1log C)/C. Our experiments support
this relation as shown in Figure 3b where the solid line is a
fitted curve of ∆GNW/∆u ) [-162.5 + 391.8 × log(C +
10.9)]/(C + 10.9) and 10.9 is a concentration correction term
to account for the surface conductivity of the microfluidic
channel.

Moreover, it can be seen from Figure 3c that the
conductance levels of SiNWs (GNW) even at the same flow
velocity are different for solutions with different ionic
strengths and that GNW decreases logarithmically with
increasing ionic strength when the flow velocity and pH value
are fixed. For example, GNW can be related to the ionic
strength through the logarithmic fitting of GNW ) 5887.0 -
1265.0 × log(C + 25.3) for u ) 1.1 mm s-1, where 25.3 is,
again, a correction to account for the surface conductivity.
The similar dependence of the baseline conductance of NW
FETs on the ionic strength of the solution was also observed
for SnO2 nanobelt FET sensors in an aqueous solution.28 The
reason for this dependence is that the ionic strength affects
the thickness of the EDL and the distribution of ions inside
it. This changes the surface potential, through which the
conductance of SiNWs is modified. The observation of the
ionic strength-dependent conductance of SiNWs implies that
SiNW FET sensors can potentially be utilized to measure
the ionic strength of an electrolytic solution. As for NW
biosensing, this observation indicates that the concentration
of the analyte should be much smaller than the concentration
of the buffer solution to prevent the conductance change of
NWs induced by the change in the ionic strength of the buffer
solution with/without the analyte.

The sensitivity of the flow velocity measurement also
depends on the compositions of the electrolytic solutions
since different solutions have different relative permittivity
εr, zeta potential �, and electrical conductivity σ (eq 1). For
the same n-type SiNW, the averaged conductance change
in ethanol29 was 3.8 times higher than that in a 1 µM
potassium chloride solution for the same flow velocity
change, as shown in Figure 4a and 4b. This difference is
consistent with the streaming potential difference estimated
from their different properties according to eq 1 as shown
in Table 2, where the estimated streaming potential change
(∆Vstr) in ethanol is 3.2 times higher than that in 1 µM
potassium chloride, given the same flow velocity change.
Hence, the larger conductance change of NWs (∆GNW) in
ethanol comes from the larger streaming potential change
generated in ethanol. Again, it suggests that SiNWs measure
the flow velocity change by responding to changes in the

streaming potential. Furthermore, the observed enhanced
sensitivity for measuring the flow velocity of ethanol
indicates the versatility of the SiNW flow sensor and its
potential to distinguish different solutions.

In summary, we have demonstrated the first flow velocity
sensing of an electrolytic solution in a microfluidic channel
using both the p-type and the n-type SiNW FET sensors.
The conductance level of SiNWs reveals a clear and
reproducible dependence on the flow velocity. The magnitude
of conductance change of the SiNWs (∆GNW) depends on
the ionic strength and the composition of the electrolytic
solution, and the direction of ∆GNW depends on the doping
type of the SiNWs and the location of the SiNWs in the
microfluidic channel. Our quantitative analysis suggests that
flow velocity sensing is a consequence of the streaming
potential generated by the movement of counterions inside
the EDL. The streaming potential, which varies with the flow
velocity, the ionic strength and the composition of the
electrolytic solution, acts in the same way as charged analytes
in affecting the conductance of SiNWs. This study demon-
strates that in addition to the analyte binding events, the
properties and the velocity of the electrolytic solution can
significantly change the conductance of NW FET sensors
and it is important to consider these factors in analyzing and
optimizing the sensing. Moreover, our study opens up a new
type of sensing application for NW sensors in probing the
streaming potentials, the flow velocity, the ionic strength,
and more.

Acknowledgment. D.R.K. acknowledges support from the
Link Foundation Energy Fellowship. X.L.Z. sincerely thanks
the Center of Integrated System at Stanford University and
the DARPA/YFA program for support of this work.

Figure 4. Effects of the ionic compositions on the sensitivity of
SiNW flow velocity sensing. The conductance of SiNW (GNW) as
a function of the flow velocity in (a) a 1 µM potassium chloride
solution and (b) an ethanol solution.

Table 2. Comparison of the Streaming Potential
Generated by the 1 µM Potassium Chloride Solution and
Ethanola

unit 1 µM potassium chloride ethanol34

εr 80.0 24.0
� (mV) -100.0 -73.0
σ (µS cm-1) 8.50 0.58
∆Vstr ∼ ε�/σ 1.0 3.2

a The relative permittivity and the zeta potential for the 1 µM potassium
chloride solution were assumed to be the same as the DI water because the
solution was very dilute, and the electrical conductivity for both solutions
was measured.
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